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Abstract The process of material removal of single crystal
copper with rough surfaces subjected to nanoscale scratching
is studied in the present paper. We explore the key material
removal mechanism by means of the observed variation of
material removal under different surface roughnesses, tool
speeds, scratching directions, tip shapes, feeds, double tip,
and single tip. The investigation reveals that a higher peak
on the surface reduces the local area roughness, and a higher
valley enhances the stability of surface structure. The plastic
deformation by means of dislocation loop transfers from the
surface of substrate to the interior of workpiece with the rough
or smooth surface during scratching process. A higher
scratching velocity results in the increasing surface smooth-
ness and reducing the impact on the rough surface atoms. The
scratching along the critical angle 45° between scratching
direction and surface texture orientation makes the surround-
ing atoms produce the minimal variation structure, helps to
improve the structural stability, and plays an important role in
protecting the scratching surface. The double-tip and single-
tip scratching under different scratching feeds makes the
rough surface perpendicular to the scratching direction sub-
stantially covered by chips or side flow. For different tip
shapes, a cone diamond tip causes less plastic deformation
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in the subsurface than a prismatic diamond tip due to using
different diamond tips with a contact area unequal.
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1 Introduction

The rapid development of micro/nanoscale electromechanical
systems (MEMS/NEMS) has demanded the miniaturized
components of nanoscale accuracy [1, 2]. The surface feature
production of such components presents significant chal-
lenges to understanding the machining mechanisms required
for the machining design. However, the nanoscale surface
roughness affects the components of accuracy owning to the
machining process induced the adhesive and frictional forces
[3-5]. In micro/nano mechanical machining, such as cutting
and grinding, the adhesion contribution to friction can no
longer be neglected because of the large surface area-to-
volume ratio of structures and the increasing surface smooth-
ness [60]. Therefore, a fundamental understanding of adhesive
and frictional behaviors on a nanoscale-level mechanical pro-
cess is of great scientific and technological significance [7, §].

Study of the rough surfaces is of fundamental importance
in an improved understanding of the friction and wear be-
tween workpiece and tool. Since in reality all engineering
surfaces are rough to some degree, the modeling of the contact
between these rough surfaces is very important. Under the
rough surfaces together, only the peaks or asperities on the
surface are in contact and carry very high loads, which cause
yielding in the vicinity surface of the materials [9, 10].

In the literature, investigations on mechanical process have
been mostly associated with theoretical modeling and molec-
ular dynamics (MD) simulations, which are widely used to
solve practical problems, such as nanoparticles [11],
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nanowires [12—15], and nanofilm [16]. For example, Zhang
and Tanaka [17] investigated the deformation mechanisms of
copper under the contact sliding with a diamond tip, and they
showed that the material removal can take place only when the
depth of cut reaches a critical value. Sun and Cheng [18]
performed the nanoscale cutting of single crystal aluminum
using a quasicontinuum (QC)-based multiscale simulation
method. Zhu et al. [19] studied the nanoindentation and
nanoscratching of single crystal copper using 3D multiscale
method coupling MD and finite element (FE) analysis. Sim-
ilarly, Chen et al. [20] conducted a systematic study of surface
topography in the potassium dihydrogen phosphate (KDP)
crystal fly cutting process through multiscale surface simula-
tion. Tong et al. [21] simulated a single-tip and a multi-tip
nanoscale diamond tool scratching on copper workpiece using
MD simulation. They observed that the diamond multi-tip tool
might be more applicable than the single-tip tool. The similar
conclusions have been obtained by Tong et al. [22] in a study
on nanometric cutting of copper using nanoscale diamond
tools. Xu and Zhang [23] investigated the material removal
mechanisms and the mechanics behind the vibration-assisted
cutting of unidirectional fiber-reinforced polymer composites
through a comprehensive analysis. Ji et al. [24] examined the
friction behaviors in the interface between the tool and chip
interface during the nanometric cutting of a single crystal
copper. Han and Gan [25] pointed that the surface
planarization realized by the mechanical effect depending on
the tribology behavior of nanoparticles is observed by MD
simulation techniques during the chemical mechanical
planarization. Alao and Konneh [26] reported that precision
grinding can be used to generate massive ductile surfaces on
silicon so that the polishing time can be reduced immensely
and surface quality improved. Zhang et al. suggested a model
of grinding hard-brittle silicon wafers [27] and soft-brittle
mercury cadmium telluride [28, 29] as well as crystalline
nanoparticles of silicon [30] by experimental method using
an ultrafine diamond wheel. They showed that the employ-
ment of ultrafine abrasive wheels with a hybrid bond material
is important to reduce subsurface damage and the cycle time
and cost of subsequent polishing process. Zhang and his
coauthors [31, 32] discussed through a systematic experimen-
tal investigation into the surface integrity of polycrystalline
diamond composites (PCDCs) generated by an efficient
abrasive-free dynamic friction polishing. Recently, Li et al.
[33] investigated the mechanisms of subsurface damage and
material removal of monocrystalline copper under a nanoscale
high-speed grinding of a diamond tip, found that the transition
of deformation mechanisms depends on the competition be-
tween the dislocations and deformation twinning, and showed
that the Shockley dislocation emission is most likely to occur
with the crystal orientations of (0 0 1) [1 0 0] at the angle 45°
by the established analytical model. Unfortunately, the tradi-
tional simple empirical laws of mechanical process on surface

@ Springer

geometry do not always hold effective for or applicable to a
micro/nanoscale process due to high surface-to-volume ratio
and the greater importance of surface roughness. Thus, the
conventional nanoscale scratching models without consider-
ing rough surfaces are not always adequate. The following
work attempts to provide a more accurate model and also a
clearer understanding of material removal of rough surfaces
under nanoscale scratching.

The purpose of this paper is to build up an actual model for
the mechanism of material removal on single crystal copper
workpiece with rough surfaces under nanoscale scratching
with the aid of MD analysis. The effects of nanoscale surface
roughnesses, tool speeds, scratching directions, double tip and
single tip, feeds, shape of the tip on the variation of the surface
integrity of ground surface, temperature, and scratching forces
will be performed with the single crystal copper with rough
surfaces subjected to nanoscale scratching.

2 Simulation method

The MD simulation model of nanoscale scratching of copper
with rough surfaces contains a face-centered cubic (FCC)
single-crystal copper workpiece and a rigid diamond
scratching tip/tool, as shown in Fig. 1. A peak width is a,
valley width b, valley depth ¢, and depth of cut 4, with which
the sum of peak width and valley width is equal to a constant
value of 1.5 nm. The nanoscale surface roughnesses are de-
fined as the surface roughness factors R,=a and R.=c, which
can be independently and separately analyzed depending on
the function of interest. The size of the workpiece is 25.3 nmx
18 nmx 12 nm and three orientations of the workpiece in x-[1
0 0], y-[0 1 0], and z-[0 O 1]. The atoms of copper workpiece
are allocated into one of three different zones: boundary
atoms, thermostat atoms, and Newtonian atoms. The motions
of the thermostat and Newtonian atoms obey the classical
second Newton’s law. The three layers of the boundary atoms
at the left and bottom of the workpiece are kept fixed in space
to eliminate the rigid body motion of the workpiece [25, 33].
The next three layers of the atoms adjacent to the boundary
ones at the left and bottom of the workpiece are thermostat
atoms. The initial workpiece temperature is 293 K. As con-
siderable energy adds to the thermostat atoms during
scratching, heat dissipation is carried out during the MD
simulation to keep the thermostat atoms at the constant tem-
perature of 293 K, by adjusting the atom velocities at every
five computational time steps using the velocity rescaling
method. Based on the previous work of MD simulations [34,
35], a periodic boundary condition is maintained along the x
and y directions to reduce the effect of the simulation length
scale.

The diamond tip/tool created from the perfect diamond
atomic lattices has a spherical shape with a radius of 3 nm.
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Fig.1 MD simulation model ofa
nanoscale scratching copper
workpiece with rough surface

BN Newtonian atoms
WSS Thermostat atoms

Boundary atoms

Due to much higher hardness of diamond than copper, the tool
is treated as a rigid body during the nanoscale scratching
process. There are three different atomic interactions in the
MD simulation: (1) the interaction between copper atoms
(Cu—Cu) in the workpiece, which will be described by the
embedded atom method (EAM) potential [33, 36] in our
study, as the EAM potential has been found reliable; (2) the
interaction between diamond atoms (C—C) in the tool, which
will be ignored in the present study as the tool is treated as a
rigid body; and (3) the interaction between the workpiece and
tool (Cu—C) atoms, which will be depicted by the Morse
potential [33, 37, 38]. The parameters for the Morse potential
in our simulations are taken as the cohesion energy D=
0.087 eV, the elastic modulus «=5.14 A_l, and the equilibri-
um distance between two atoms r,=2.05A according to [33,
37, 38]. The cutoff radius of the Morse potential is chosen to
be 9.025 A [38] to ensure the computational efficiency.

3 Simulation results and discussion

All MD simulations are completed using the classical molecu-
lar dynamics package IMD with a time step of 1 fs [39]. The
software OVITO is utilized to visualize the MD data and
generate the MD snapshots [40]. Our MD scratching simulation
consists of three stages: the relaxation stage, the indentation
stage, and the scratching stage. Before scratching, we firstly
relax the copper workpiece to obtain equilibrium configurations
by taking the following steps: the workpieces are first relaxed to
their minimum energy configurations at 293 K using the Nose—
Hoover thermostat. Then, the equilibrated workpieces are sub-
jected to scratching by using a spherical tool in the
microcanonical ensemble (NVE). The scratching process in-
volves an initial penetration and subsequent scratching. The

Scratching direction

<

tool firstly penetrates into the surface of copper workpieces

along the negative z direction at a constant velocity of 20 m s~

until it reaches the pre-determined penetration depth of 1 nm
[41]. Lastly, it scratches along the [1 0 0] direction on the (0 0 1)
surface of the workpiece at a constant velocity of 30 m s .
Table 1 summarizes the main computational parameters used in
the MD simulations for reference.

3.1 Effect of nanoscale surface roughness

To investigate nanoscale scratching monocrystalline copper
with rough surfaces, a series of simulations are performed and
atoms are colored according to their heights out of the original
surface. The rough surface with a deterministic pattern in the
peak and valley regions introduces new issues in nanometer
scratching for studying surface characterization, with which
existing experiment works little analyses due to the limitations
of the current real-time detection equipment. Here, new MD
simulations are considered allowing the adjustment and set-
tings of the functional features composing the shape of rough
surface. The top partial views of the scratching surface of the

Table 1 Computational parameters used in the MD simulations

Materials Workpiece: copper Tool: diamond
Dimensions 253 nmx18 nmx 12 nm Radius 3 nm
Number of atoms 469,000 19,955

Time step 1fs

Initial temperature 293 K

Scratching velocity 30, 50, 100, and 200 m s *

Depth of cut 1 nm

Scratching distance 0-20 nm

Scratching direction

[100]on (00 1) surface
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specimen with different surface roughness factors R, and R,
are shown in Fig. 2a—d and 2e-h, respectively. Figure 2 shows
that as the surface roughness factor R, rises, a volume of the
surface pileups increases as well. For the surface roughness
factor R, there is a contrary result that a larger surface rough-
ness factor R, reduces a volume of the surface pileups. It is
known that the accumulation of surface steps produces the
material pileup, accompanying dislocations nucleating gliding
and terminating at the surface [42]. A larger surface roughness
factor R, accelerates the reduction of the local area roughness
due to the fact that it improves the diffusion of surface
atomics, fills the low-lying region, and reduces the partial
protrusion owing to the shear stress dispersed by the surface
roughness factor R,. Moreover, when the surface roughness
factor R, is 1 nm, this effect becomes extremely strong on
scratching surface. For different surface roughness factors R,
the scratching surface with a smaller surface roughness factor

Fig. 2 The top partial views of
scratching surface. The surface
roughness factors R, are a 0 nm, b
0.5nm, ¢ 0.7 nm, and d 1 nm.
(The scratching distance and
surface roughness factor R, are
20 nm and 0.3 nm, respectively.)
The surface roughness factors R,
are e 0 nm, £ 0.3 nm, g 0.5 nm,
and h 0.8 nm. (The scratching
distance and surface roughness
factor R, are 20 nm and 1 nm,
respectively.)
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R. suffers from the surface deformation that the layers of
Newtonian atoms subjected to scratching force will shrink or
swell on the rough surface of the workpiece. The scratching
force passes through the surface atoms and depends upon the
surface roughness factor R.. Although a larger value of surface
roughness factor R, shows a natural obstacle of atomic diffu-
sion between two rectangular textures, it is at all possible to
protect surface structure from the scratching force. On the
other hand, the rough surface can store wear particles and
has a positive effect on reducing the abrasion of the tool.
Figure 3 illustrates MD simulations of dislocation loops
taken with a reflection of [1 1 1 ] at different surface rough-
ness factors R, during the diamond tool scratching. The lattice
defects are identified by the common neighbor analysis
(CNA) [43]. Similar results have been reported by experimen-
tal methods [44] and MD simulations [45] for prismatic dis-
location loops, which is made up primarily of four stacking

13nm

11nm
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Fig. 3 The side partial views of
the lattice defects during the
scratching process at the

scratching process distance: a, ¢ o ;

4 nm and b, d 8 nm. (The surface
roughness factor R, isOnmina, b
and 0.7 nm in ¢, d. Atoms are :
colored according to the A/
calculated CNA values: ISF (red)

and partial dislocation and surface

atoms (white). FCC atoms are (a)
excluded for a clearer
visualization of the defect
structures.)

Dislocation loops

<= Scratching direction

]

Dislocation loops

(c)

LA Z

fault planes in {111} plane, each stacking fault plane
consisting of two partial dislocations sandwiching a stacking
fault zone in Fig. 3. Dislocation loops emit into the workpiece
material, corresponding to the deformation by means of dis-
location loop transfers the interior of workpiece material to
release the plastic deformation beneath the tool to improve the
stability of the materials beneath the tool. This phenomenon
clearly explains the behavior of plastic flow during scratching
rough surface workpiece. The effect of surface roughness also
affects the shape and position of dislocation loops, which
reduces the accumulated scratching energy corresponding to
the temporary drop of the scratching force. The results on the
plastic deformation and dislocation mechanism has a great
benefit to enhance understanding of the surface roughness
effect during nanoscale scratching process for the reasonable
selection of machining parameters.

The variations of the average temperature and the
scratching forces with different surface roughness factors R,
and R, are showed in Figs. 4 and 5, respectively. A compar-
ison of Fig. 4a, b shows that the average temperature increases
with the increment of the scratching distance, and the effect of
surface roughness factor R, more strongly affects on the
temperature than the effect of surface roughness factor R.. F,
and F, represent the average tangential and normal scratching
forces, respectively, which are obtained by summing the
atomic forces of workpiece atoms on tip atoms during the
scratching process. Both the tangential and normal scratching
forces increase with the increasing surface roughness factor
R, but decrease with the increasing surface roughness factor

<= Scratching direction

e
... 4

<=1 Scratching direction

L e

<C=—= Scratching direction
EEEEESEENTE T

R.. As can be seen from Fig. 4, the larger surface roughness
factor R, and the smaller surface roughness factor R, produce
more chips requiring the larger forces to complete this process.
In addition, the average scratching forces are strongly affected
due to the effect of the surface roughness factor R, than due to
the effect of surface roughness factor R,. The observed
scratching forces on our simulated rough surfaces are similar
to the experimental results by Tyrell and Attard [46].

Results for the average friction coefficient of single crystal
copper with different surface roughness factors are shown in
Fig. 6. The average friction coefficient is defined as the ratio of
the average friction force to the average normal force, and the
average friction force is considered as the force parallel to the
scratching direction. According to the work of Zhu et al. [47],
the friction coefficients at nanoscale consist of the ploughing
friction coefficient, the adhesion friction coefficient, and the
chip component of friction coefficient. It can be seen that the
average friction coefficients increase with the increasing sur-
face roughness factor R, but decrease with the increasing
surface roughness factor R.. This is considered to be the cause
of the scratching on the rough surfaces that produces more
chips to lead the chip component of friction coefficient in-
creasing when the surface roughness factor R, increases or the
surface roughness factor R, decreases.

3.2 Effect of tool speeds

Figure 7 shows the surface morphologies as a result of varying
nanoscratching speed, in which the atoms are colored
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Fig. 4 Variation of the average
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according to their heights. It can be seen that a higher
scratching velocity obtains a larger volume of the surface
pileups. It is known that the chip formation is more pro-
nounced in workpiece with less work hardening [33, 37].
From the above MD simulation, we can conclude that the
stronger work hardening in the copper workpiece is caused by
the frequent dislocation-ISF interactions. In addition, the dis-
locations nucleate and glide freely in a single crystalline
copper. Figure 7 also demonstrates that the scratching speed
has a strong influence on the distribution of the surface
pileups. A comparison of Fig. 7a—d shows that the chipping
volume in front of the scratching tip increases with the in-
creasing scratching speed, but the volume of the material
pileups on the sides of the groove decreases. When the
scratching speed is 200 m s ', however, the above effect
becomes trivial, indicating that the material removal rate will
reach a critical value as the tool speed increases. These results
are consistent with machining smooth copper at nanoscale
[33] and show that the smooth or rough surface lightly affects
on the material removal of monocrystalline copper. Moreover,
a higher speed results in better removing the surface and
reducing the impact on the surrounding surface. Especially,
this advantage may be more prominent in this case, which
machines the local part of the surface.

In the MD simulations, when surface roughness factor R,
and R, are fixed at 1 and 0.3 nm, the average temperature
increases with the increasing scratching speed during the

Fig. 5 Variation of the average
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L
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scratching on the rough surface, as shown in Fig. 8a. It can
be seen that a higher scratching speed produces a greater
temperature with the scratching distance increment because
of dramatically accelerating the dislocation nucleation and
movement to cause more thermal energy. Additionally, it is
clear that the fluctuation increment of the average temperature
becomes smoother as the scratching distance increases due to
the most heat taken away by chips under a stable scratching
process. Figure 8b shows that during scratching on the rough
surface, at the low scratching speed, both the tangential and
normal scratching forces appear as sharp rising and then at the
high scratching speed, the asymptotic behavior approaches a
constant. The transition from fast to slow scratching force
takes place over a relatively narrow range of speed, which is
very sensitive to the scratching speed. It is noted that the
stability of rough surface rapidly reduces, and the groove on
both sides displays distortions (see, Fig. 7) with the increasing
tool speed because a higher scratching speed brings more heat
and lager scratching forces.

3.3 Effect of scratching directions

MD simulations of the line-type grooves with different
scratching angles (6—0°, 30°, 45°, 60° and 90°) are also
conducted. The scratching angle 6 is defined as the angle
between the scratching direction and the surface roughness
direction (texture orientation) as schematically shown in
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o
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surface roughness factors R, and
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Fig. 6 Relationship between
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Fig. 9a. Figure 9b—f presents the chips of the deformed copper
workpiece for different scratching angles. The scratching
speed with four scratching angles is kept at a constant value
of 30 m s ! along the scratching direction. The depth of cut
and tool radius are kept as a constant value of 1 and 3 nm,
respectively. When the scratching angle is below the critical
value 0f45°, the chipping volume in front of the tool increases
and the volume of material pileup on both sides of the groove
decreases. When the scratching angle is above the critical
value of 45°, however, the chipping volume in front of the
tool decreases and the volume of material pileup on both
sides of the groove increases. It seems that with the
scratching angle of 45°, the best surface quality of groove
can be obtained [33, 38]. The scratching along the
scratching angle of 45° makes the surrounding atoms pro-
duce a minimal variation structure, helps to improve a
structural stability, and plays an important role in protecting
the finished surface. Hence, the surface integrity of work-
piece during the scratching process strongly depends on the
surface roughness direction or the texture orientation, and
the effect of the scratching direction.

Fig. 7 Variation of surface
morphology with the change of
scratching speed of a 30 m s, b
50ms ', ¢100ms ', andd
200 ms~'. (The scratching
distance, surface roughness
factors R, and R. are 20, 1, and
0.3 nm, respectively.)

I
1.04 | - -\
1.02
. s 1.00 L . . s s
8 10 0 2 4 6 8

Surface roughness R,

Figure 10a shows a comparison of the average value of the
temperature for these four scratching angles. It can be seen
from Fig. 10a that the average temperature at the scratching
distance from 5 to 15 nm firstly increases and then keeps
relatively stable for different angles. With the increasing
scratching angle, the average temperature to the scratching
distance curve decreases from 0° to 30°, increases from 30° to
45°, and decreases from 45° to 90°. In addition, a comparison
of the scratching angle of 90° and 0° reveals a different trends
and values of the average temperature due to the surface
roughness direction, although these two scratching processes
have the same scratching direction family. The average force
Fg and normal force Fz curves of workpiece under different
scratching angles are shown in Fig. 10b. The force Fg=Fx
cosf+Fysinf is defined as along the scratching direction
force, in which the average values are defined as the values
of force components at the scratching distance from 5 to
15 nm. For different angles between the scratching direction
and the surface roughness direction, the average values of the
normal force Fz are roughly consistent about 35 nN. However,
the average values of force Fg increase and then decrease with

11nm

@ Springer



1064

Int J Adv Manuf Technol (2015) 77:1057-1070

Fig. 8 Effect of scratching speed
a variation of the average
temperature and b variations of
scratching forces. (The surface
roughness factors R, and R, are 1
and 0.3 nm, respectively.)

(a)360

Temperature (K)

—=— Scratching speed=30m s™
—e— Scratching speed=50m s
—a— Scratching speed=100m s™
—v— Scratching speed=200m s™

—~
Average scratching force (nN) &

L L L L L
6 8 10 12 14 16 18 20

Scratching distance (nm)

TR R

B R R

Fig. 9 a A schematic illustrating fabrication process for different
scratching angles. Illustration of the strategy of studying the effect of
scratching directions is b 0°, ¢ 30°, d 45°, e 60°, and £ 90°. (The tool speed

@ Springer

~
o

(2]
(&

(2]
o

o
o

o
o

—=— Tangential force Fx
—e— Normal force Fz

L L L L L L
60 90 120 150 180 210

Scratching speed (m s™)

13nm

11nm

and surface roughness factors R, and R, are 30 m s 'and 1 and 0.3 nm,
respectively. Atoms are colored according to atomic height.)



Int J Adv Manuf Technol (2015) 77:1057-1070

1065

Fig. 10 Effect of the scratching (a)
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the increase of the scratching angles. In addition, the force Fig
rises to its highest amount at the angle of 45° and 60° to the
surface roughness direction. Especially, both the force Fg and
normal force Fz at the angle of 90° are the lowest values. This
is because the scratching tool just above the valley reduces the
material removal under scratching direction with the angle of
90°.

3.4 Effect of double-tip and single-tip scratching

The top view of the scratching surface of the specimen in
simulation with double tips and simulation with single tip
under different feeds are shown in Fig. 11. In our simulations,
the depth of cut is 1 nm and the scratching feeds are 0.5, 1, 1.5,
and 2 nm, respectively. With the increasing feed, the volume
of the workpiece material pileup at the region between the
grooves sharply increases. A comparison of these different
scratching processes shows that the chipping volume in front
of the tool has a significant change between double-tip and
single-tip scratching for different scratching feeds. The
double-tip scratching obtains more chipping volume than the
single-tip scratching, reduces less the side flow volume, and
improves the material removal rate. In the single-tip
scratching, the first groove on the right side distorts and the
scratching width of first groove narrows. This is because when
the second time scratching, due to the lack of material support
from the left side, the second time scratching chips move
toward the first groove, which leads the first groove to shallow
and the middle side flow material to tilt toward the left side.
However, in simulation with double tips, two parallel grooves
are always obtained on the workpiece surface with different
feeds. It also reveals that when the feed decreases down to
nanometer range, the second time scratching has a significant
influence on the first scratching. Recently, Zhang et al. [48]
have reported that when the feed between the first and second
grooves is larger than 3.1 nm, two parallel grooves after
scratching with double or single tip cause just a little distortion
during a cone diamond tip scratching copper. Our results agree
with their conclusion and fulfill it by further confirming that
this phenomenon happens not only in a sphere-shaped tool tip

0
120 135 150 0° 30° 45° 60° 90°
Scratching distance (nm)

Scratching angle

but also in rough surface. It can be clearly seen that the rough
surface perpendicular to the direction of the scratching is
substantially covered by chips or side flow, which reveal that
the double-tip and single-tip scratching has a significant im-
pact on the surface. Figure 11 also provides some key insights
into the differences between the scratching mechanisms asso-
ciated with the double-tip and single-tip scratching. In addi-
tion, a significant improvement in surface roughness is ob-
tained when the double-tip scratching is used.

Figure 12 shows that the average temperature for different
feeds slightly changes as the scratching distance increases.
The double-tip scratching shows the highest temperatures at
the workpiece than the single-tip scratching under different
feeds. A high temperature in the scratching zone increases the
thermal activation energy, which further accelerates the dislo-
cation nucleation and motion and brings about the hardening
and lower plasticity. The beneficial effect of high temperatures
by an appropriate coolant may help to reduce surface rough-
ness [49, 50]. Figure 13 shows the variation of the scratching
forces for a combination of (0 0 1) [1 0 0] orientation. The
forces first decrease, increase, and then keep stable with the
increasing scratching distance under the double-tip scratching.
It seems that the tangential scratching force remains larger
than the normal force for both the double-tip and single-tip
scratching during nanoscale scratching process on rough sur-
faces with different scratching feeds. This means that the tool
has a large intrusion action to the workpiece, which causes the
generation and evolution of the dislocations [51]. Compared
to the conventional scratching, the difference is that the tan-
gential forces over normal forces are attributed to the chip
component of friction force [47]. This strongly suggests that
the chip-induced scratching forces are independent of the
scratching feeds and cannot be neglected for studying nano-
scale scratching on the rough surface.

3.5 Effect of tip shape
To analyze different tip shapes impacting on the scratching
surface, simulations are performed with a sphere, cone, and

prismatic diamond tips, as shown in Fig. 14. The CNA is
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Fig. 11 The top view of
scratching surface under double
tips for different feeds: a 0.5 nm,
b 1 nm, ¢ 1.5 nm, and d 2 nm;
under single tip for different
feeds: ¢ 0.5 nm, f 1 nm, g 1.5 nm,
and h 2 nm. (The surface
roughness factors R, and R, are 1
and 0.3 nm, respectively. Triangle
indicates the first time scratching
under single tip)

adopted to identify the feature of each atom before and after
deformation during nanoscratching [43]. The difference be-
tween ISF and dislocation cores is distinguished. Hence,
Fig. 14a—c presents the instantaneous structures of the de-
formed workpiece under different tip shapes. It can be seen
that a prismatic diamond tip generates more ISF atoms in the
subsurface and a cone diamond tip less ISF atoms due to
scratching using different diamond tips with a contact area
unequal. Figure 14d—f shows the resulting surface morphol-
ogies of different tip shape combinations of crystal orientation
(00 1)[1 0 0] and illustrates that scratching is simulated with

@ Springer
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either the symmetric edge or the larger flat surface of the tip
plowing the workpiece. It is seen that a prismatic diamond tip
causes more chipping volume and less volume of the work-
piece material pileup on both sides of the groove. In addition,
the number of the surrounding atoms with structural changes
depends on the tip shape in Fig. 14d—f.

Figure 15a shows the variation of average temperature
versus the scratching distance for different diamond tips on
the copper surface. The prismatic diamond tip generates more
heat due to forming more chips. The average temperature
tends to stable under different diamond tips, because the heat
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Fig. 12 Comparison of average
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is carried away by chips and by conduction into the tool and
workpiece. As observed with different diamond tips in
Fig. 15, both the tangential and normal scratching forces
obtained with the diamond tips are the minimum value when
the diamond tip is spherical. The tangential scratching force
with the prismatic tip reaches a maximum because of forming
the larger volume of chip. The normal scratching force with
the cone tip obtains the peak compared with the other two
shape tips due to the fact that the contact area between the tip
and workpiece in the cone tip vicinity is larger than in the
sphere or prismatic tip vicinity. It can be seen that the increas-
ing number of workpiece atoms interacting with atoms at the
front of the tip intensifies the scratching force and depends on
the tip shape.

4 Conclusions

Molecular dynamics simulations of nanoscale scratching
are performed with the single crystal copper with rough
surfaces to examine the effects of surface roughness,
tool speed, scratching direction, shape of tip, feed, dou-
ble tip, and single tip on the variation of material
removal, temperature, and scratching force. Based on
the presented results and discussions, the following
main conclusions can be drawn.

Fig. 13 Comparison of forces

-
14 16 18 20 0 2 4 6 8 10 12 14
Scratching distance (nm)

16 18 20
Scratching distance (nm)

1) A higher surface roughness factor R, reduces the local
area roughness due to exacerbating the diffusion of sur-
face atomics and filling the low-lying region, and a larger
value of surface roughness factor R, protects the stability
of surface structure from the scratching force.

As a higher scratching velocity increases, it can cause the
surface to better remove and reduce the impact on the
surface atoms. These results indicate that a higher
scratching velocity results in more chipping volume, larg-
er scratching force, and higher temperature in workpiece
are consistent with scratching smooth copper at
nanoscale.

The scratching along the critical value of the angle 45°
between the scratching direction and the surface rough-
ness direction (texture orientation) makes the surrounding
atoms produce minimal variation structure, helps to im-
prove structural stability, and plays an important role in
protecting the scratching surface.

Under different scratching feeds, the double-tip
scratching obtains more chipping volume than the
single-tip scratching, reduces the side flow volume, and
improves the material removal rate, specifically making
the rough surface perpendicular to the scratching direc-
tion substantially covered by chips or side flow.

For different tip shapes, a prismatic diamond tip generates
more ISF atoms in the subsurface, and a cone diamond tip
brings about less ISF atoms due to scratching using

2)

3)

4)

5)
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13nm

11nm
Fig. 14 Illustration of the strategy of studying the effect of tool shape is atoms are colored according to the calculated CNA values (red, ISF
(a, d) sphere, (b, e) cone, and (¢, f) prismatic at the scratching process. atoms; blue, FCC atoms; white, other atoms including surface atoms

(The tool radius, depth of cut, tool speed, and surface roughness factors R, and dislocation cores) and d—f according to atomic height
and R, are 3nm, 1 nm, 30 m's ', and 1 and 0.3 nm, respectively.) a—¢
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