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Mechanisms of subsurface damage and material
removal during high speed grinding processes in
Ni/Cu multilayers using a molecular dynamics study

QiHong Fang, Qiong Wang, 2 Jia Li,* Xin Zeng and YouWen Liu

The molecular dynamics (MD) simulation of Ni/Cu multilayers under a high speed grinding process with
a diamond tip is performed, with the aim of investigating the effects of varying machining parameters on
subsurface damage and material removal in the Ni/Cu multilayers. A series of key factors, consisting of
grinding speed, tool radius and depth of cut, that influence the deformation of the workpiece are
systemically studied in terms of surface morphology, dislocation movement, grinding temperature and
average grinding force. Both the grinding temperature and force increase with increasing grinding speed,
tool radius and depth of cut. In addition, a relatively small grinding velocity results in more stacking faults
(SF) and a greater volume of material pileups on the sides of the groove. A good surface integrity of the
Ni/Cu multilayers, with relatively fewer lattice defects, is more easily obtained by a machining process
with a smaller tool radius or cutting depth. The results also show that the grinding temperature of Ni/Cu
multilayers with varying grinding speeds, tool radii and cutting depths is higher than that of pure Ni thin film.

using the MD method. Fang et al.*® investigated the indentation

Nanoscale machining processes in multilayers have attracted
extensive research interest in recent years and have been
demonstrated to offer great potential for broad applications in
magnetic media, the aerospace field, micro-electro-mechanical
systems (MEMS) and nano-electro-mechanical systems
(NEMS)."® Nanoscale multilayer materials offer superior
strength, strong hardness, high ductility and good morpho-
logical stability.*® Nevertheless, it is challenging to understand
the deformation mechanism of the multilayers and further
improve the machining properties of NEMS. This is because the
processes of ultra-precision machining, with a length scale of
only a few nanometers or less, are so difficult to observe
experimentally. However, the above processes can be made
visible by a molecular dynamics (MD) simulation.'*** At the
same time, it is also essential to identify the defect structure
efficiently in a given atomistic configuration.'>**

MD simulation has been conducted for the investigation of
ultra-precision multilayer machining processes in the past few
years. Guo et al.”® studied the thermal effect on the process of
nanoscale material removal. Weng et al'®" analyzed the
strengthening effect of a twin interface and the evolution of
crystal defects in Ni/Cu multilayers via MD simulation. Cao
et al.*® explored the effect of a semi-coherent interface on the
mechanical and tribological properties of Ni-Al multilayers by

State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan
University, Changsha, Hunan Province, 410082, PR China. E-mail: lijia123@hnu.edu.
cn

This journal is © The Royal Society of Chemistry 2017

mechanical properties of Al/Ni multilayer films with different
temperatures, hold times and applied loads on the structure.
Cheng et al.** solved the effect of a misfit dislocation network on
the movement of dislocations in Ni/Cu multilayers with MD
simulation. Moreover, Li et al.>** explored the subsurface
damage mechanism of single crystal silicon subjected to a high
grinding speed, and a model was built to predict the occurrence
of dislocations.

The previous research work contributes to our under-
standing of dislocation evolution, interface effects and
mechanical properties in multilayers. Simultaneously, the
mechanisms of material removal in Ni/Cu multilayers are
helpful for further understanding. Here, our work studies the
surface integrity of Ni/Cu multilayers by analyzing the deformed
structure and dislocation movement considering different
machining parameters. In addition, the effects of grinding
speed, tool radius and cutting depth on the subsurface damage
mechanism are revealed in Ni/Cu multilayers.

2. Simulation method

The 3D schematic of Ni/Cu multilayers is shown in Fig. 1; the
MD simulation model consists of a Cu substrate, Ni thin film
and a rigid diamond tip. Table 1 shows the computational
parameters utilized in our MD simulations. The Cu substrate
with a crystallography configuration of X - [0 3 —1], Y- [0 1 3]
and Z — [1 0 0] has a size of 14 x 22 x 6 nm? along the X, Yand Z
directions, respectively, and contains 160, 327 atoms. The Ni
thin film is bonded to the Cu substrate in an epitaxial mode in
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Fig. 1 MD simulation model of the nanoscale grinding of Ni/Cu
multilayers.

Table 1 Computational parameters utilized in MD simulations

Workpiece: Ni thin film

Materials and Ni/Cu multilayers Tool: diamond

Dimensions 14 nm x 22 nm X 9 nm Radii 2.0, 3.0, 4.0
and 5.0 nm

Time step 1fs

Initial temperature 293 K

Grinding velocity (v) 30, 50, 100, 150,

and 200 m s™*

Grinding depth (%) 0.5, 1.0, 2.0,
and 2.5 nm
Grinding distance (/)  0-10 nm

Grinding direction [0 1 0] on (00 1) surface

the current simulations. The Ni thin film, with a layer thickness
of 3.0 nm, has a crystallography configuration of X — [0 3 1], Y —
[0 —1 3]and Z — [1 0 0], and contains 84, 301 atoms. In order to
reveal the interface effect on subsurface damage and material
removal in Ni/Cu multilayers caused by a high speed grinding
process, a pure single crystal Ni thin film with the same size as
the Ni/Cu multilayers is also constructed. The tool tip is treated
as arigid body in a rational assumption, since diamond is much
harder than either pure Ni thin film or Ni/Cu multilayers.****
Both X and Y directions are free surfaces in our simulations.
The workpiece consists of three kinds of atoms: boundary
atoms, thermostat atoms and newtonian atoms. The initial
temperature of the workpiece is 293 K. The boundary atom layer
(colored yellow in Fig. 1) is kept fixed, and has a thickness of
0.5 nm to support the whole system and restrict the rigid body
movement of the workpiece.>*** The thermostat atoms, with
a thickness of 0.5 nm, dominate the heat dissipation of the
Ni/Cu multilayers and maintain the grinding temperature at the
constant 293 K by utilizing the velocity rescaling method once
every five computational time steps during the MD simulation
process. The motions of the thermostat atoms and newtonian
atoms obey the classical second Newton's law by using the
velocity-Verlet algorithm method.*®

The diamond tips/tools created from perfect diamond
atomic lattices have spherical shapes with radii of 2.0 nm,
3.0 nm, 4.0 nm and 5.0 nm. Each tool is treated as a rigid body
because the diamond is much harder than the substrate Ni or
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Cu. The diamond spherical tool is modeled by a strong repul-
sive potential, which has been used in previous studies.”®*” The
diamond tool in our simulation is spherical since the grinding
tip could be simplified as a single grain in real simulation
processes.

There are five different atomic interactions in the Ni/Cu
multilayer MD simulation: (1) the interaction between dia-
mond atoms (C-C) in the tool, which could be ignored since the
tool tip is treated as a rigid body in the current investigation.>®
(2) The interaction between the tool and the workpiece (C-Ni)
atoms, which is expressed by the Morse potential,>*** and
could be calculated from E = ZDO [e’2°‘(r”°> — Ze’z(r”“)]where

ij

E is a pair potential energy function, Dyis the cohesion energy,
«ais the elastic modulus, and r and r, are the instantaneous and
equilibrium distances, respectively, between atoms i and j. In
our simulations, the parameters of C-Ni are taken as follows:
cohesion energy D = 0.1 eV, elastic modulus a = 2.2 A~ and
equilibrium distance between two atoms r, = 2.4 A. The cut-off
radius of the Morse potential is chosen to be 0.9025 nm in order
to guarantee computational efficiency. All the above parameters
are chosen according to a study by Lin et al.>® With this method,
Lin et al. combined 3D MD with a finite deformation model of
nano-scale cutting, to calculate the stress and strain of a single
crystal nickel material in various axis directions (3, 4, 5). The
interactions between atoms in the workpiece: Ni-Ni, Cu-Ni and
Cu-Cu, which can be depicted by the distinguished embedded-
atom method (EAM) to determine the interatomic potential of
the Ni/Cu multilayers.?***

In this study, the classical molecular dynamics package
IMD?*? with the time step of 1 fs is utilized in all MD simulations.
The OVITO* software is used for visualizing the MD data and
generating the MD snapshots, during which the color coding
command is selected to show the surface morphologies during
the machining process. The common neighbor analysis (CNA)
command is also chosen to show the instantaneous deformed
structures and identify the feature of each atom.

3. Results and discussion

Our simulation process consists of three stages: the relaxation
stage, the indention stage and the grinding stage. Atoms in the
system are allowed to relax to their equilibrium configurations
by using the following procedures: the atoms in the workpiece
are first relaxed to their minimum energy configurations by
using the famous fast inertia relaxation engine algorithm. Then
the workpiece is heated up to 293 K using the Nose-Hoover
thermostat for 100 ps under the isothermal-isobaric NPT
ensemble.** The purposes of the relaxation stage are to release
internal stress as well as to adjust the surface tension. After full
relaxation, the indentation process is carried out by moving the
tip vertically towards the surface of the pure Ni thin film or
Ni/Cu multilayers at a constant speed of 100 m s~ ' until the
desired cutting depth is reached. This is followed by the
grinding process which is performed by moving the tip along
the [0 1 0] direction on the (0 0 1) surface of the workpiece. In
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this work, we investigate the subsurface damage and material
removal of the Ni/Cu multilayers when subjected to different
machining methods such as tool speed, tool radius and depth
of cut.

3.1. Effect of tool speed

In accordance with the classification of different grinding speeds,
there are three categories used to depict the speed of nanoscale
machining: a general grinding speed which is less than 45 m s,
a high grinding speed of 45-150 m s~ ', and an ultra-high grinding
speed which is more than 150 m s™". In order to investigate the
effect of tool speed on the deformation mechanisms of Ni/Cu
multilayers during grinding processes, five grinding speeds are
selected, namely 30, 50, 100, 150 and 200 m s~ .

Fig. 2 exhibits the instantaneous deformed structures of Ni/
Cu multilayers. Fig. 2(a) presents the evolution of different
kinds of atoms in pure Ni thin film and Ni/Cu multilayers at
a grinding speed of 100 m s™', and Fig. 2(b) presents the
evolution of different kinds of atoms in Ni/Cu multilayers at
different grinding speeds. Fig. 2(c) and (d) show the deformed
structures in Ni/Cu multilayers. As shown in Fig. 2(a), the
changed atom numbers for the Ni/Cu multilayers are greater
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than those for pure Ni thin film. It can be seen that the plastic
deformation of Ni/Cu multilayers is more serious than that of
pure Ni thin film. Zone I in Fig. 2(a) shows that the curves of
changed atom number fluctuate slightly and irregularly,
because a few dislocation events occur when the samples are
first subjected to the nanoindentation process, and over time,
the dislocations formed in the plastic deformation process
release energy by means of gliding.***” The three curves of Ni/Cu
multilayers remain stable in zone II, during which successive
dislocations emitted from the tool-workpiece interaction zone
are absorbed by the interface in the Ni/Cu multilayers.** The
following sections (zones III, IV, V) of Ni/Cu multilayers show
that the number of intrinsic stacking fault (ISF) atoms increases
with the decreasing number of FCC atoms, indicating that
nucleation and gliding of lattice dislocations dominate the
plastic deformation; these ISF atoms turn solid and rapidly
emerge at the surface and then reinforce grains as the diamond
tip advances. It can be distinctly observed in Fig. 2(c) that a large
number of dislocations nucleate in the Ni layer, and cannot be
absorbed entirely by the interface in the Ni/Cu multilayers. As
grinding proceeds, the chipping volume both in front of the
grinding tip and at two sides of the grinding direction increases.
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Fig.2 (a) Evolution of different kinds of atoms in pure Ni thin film and Ni/Cu multilayers with a tool speed of 100 m s~ (b) Evolution of different
kinds of atoms in Ni/Cu multilayers at different grinding speeds. The tool radius and the depth of cut are 3 nm and 2 nm, respectively. (c, d) The
cross-sectional views of dislocation nucleation during the grinding process in Ni/Cu multilayers (the tool radius, depth of cut, tool speed and
grinding distance are 3 nm, 2 nm, 100 m s~! and 9 nm, respectively). The local lattice structure according to the calculated CNA values is
indicated by color: red is for ISF (partial dislocation), gray is for the FCC structure (surface atoms), and purple is for the BCC structure. The atoms
in the FCC structure are removed for a clearer visualization of the damaged structures.
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The dislocation area is pushed forward by the grinding tip.
Stacking faults (SFs) are shown in Fig. 2(d) at the grinding
distance of 9 nm, illustrating that the interface in the Ni/Cu
multilayers can serve as a valid barrier to the motion of dislo-
cations. Due to the slipping mechanism of SFs, the internal
stress can be released and in turn lead to greater strength in the
multilayers. As shown in Fig. 2(b) the number of ‘other atoms’
in Ni/Cu multilayers increases quickly with grinding speed
while the increase in ISF atoms is still relatively flat. This may be
ascribed to the fact that there is a shorter time for the disloca-
tions to initiate and nucleate in an orderly way when the sample
is subjected to a higher grinding speed. In other words, more
dislocation cores can come into being because there is little
time for the atom lattices beneath the tool tip to rearrange when
the grinding speed is higher.

Fig. 3(a—j) exhibits the surface morphologies of pure Ni thin
film and Ni/Cu multilayers when subjected to varying grinding
speeds. For the purpose of revealing the surface pileups, the
atoms are colored in accordance with their heights out of the
original surface. It is apparent that the volume of the surface
pileups expands with increasing grinding velocity. It is known
that the increasing grinding distance results in the formation of
atom accumulations, thus crystal defects induce dislocation
cores. These atoms spring up on the surface and thus grow into
grinding chips. There is a process of recrystallization,***
during which lots of dislocations nucleate and glide freely on
the (1 1 1) slip planes.? Fig. 3 shows that the chipping volume on
the surface of Ni/Cu multilayers is greater than that on pure Ni
thin film at the same grinding speed. Fig. 3(f-j) shows that the
distribution of pileups on the surface of Ni/Cu multilayers can
be strongly affected by the grinding speed. By comparing Fig. 3
parts (f-j), one can see that the volume of material pileups on
the sides of the groove decreases with increasing grinding
speed, but that the chipping volume in front of the tool tip
increases first and then decreases. It can also be found that the
chipping volume in front of the grinding tip reaches a critical
state at the speed of 100 m s~ . From the above, it can be found
that grinding speed plays a crucial role in the surface
morphologies of the Ni/Cu multilayers.

Fig. 4(a) displays the temperature change versus grinding
distance in pure Ni thin film and Ni/Cu multilayers, during
which the cutting depth is fixed at 2 nm. It can be seen that the
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grinding temperature basically remains unchanged at low
grinding speeds since the wide distribution of thermostat
atoms can accelerate the heat dissipation of the system when it
is subjected to the grinding process. In the case of a high or
ultra-high grinding speed, the grinding temperature rises with
the advancement of the tool tip, and a larger grinding speed
results in a greater increment in grinding temperature. Since
the dislocations pile up with a higher grinding speed, the fric-
tion and extrusion between atoms become more intensive along
with the motion of dislocations activated by the grinding force.
At the same time, the deformed crystal lattice can release much
of the friction and strain energy, and immediately transform it
to the grinding heat. Thus, a higher grinding velocity inevitably
results in higher grinding forces and more thermal energy.
Then the curves become smooth, because the many thermostat
atoms play an important role in transferring grinding heat and
taking away some heat from the grinding tip during the stable
grinding process. When the grinding speed remains the same,
the increment in temperature in Ni/Cu multilayers is more
pronounced than that in pure Ni thin film, and the curves of the
Ni thin film reach a steady state earlier when compared to the
Ni/Cu multilayers.

Fig. 4(b) shows the relationship between the average
grinding force and grinding speed in pure Ni thin film and Ni/
Cu multilayers. With increasing grinding speed, both the
normal force and the tangential force increase. When the
grinding speed is lower than the spread speed of a plastic wave,
many of the dislocations nucleate easily, and then spread into
the dislocation network. Thus the materials are strengthened
and give rise to the grinding force. It can be found that the
average grinding forces of pure Ni thin film are larger than
those of Ni/Cu multilayers, for maintaining a high grinding
speed and moving the atoms in front of the grinding tip.

3.2. Effect of tool radius

Fig. 5(a-h) shows the instantaneous deformed structures in
pure Ni thin film and Ni/Cu multilayers as a result of grinding
with different tool radii; atoms are colored on the basis of the
calculated CNA values. It can be seen that the number of ISF
atoms increases with increasing tool radius, and that more
dislocations nucleate and move away from the grinding regions.
It can be found that the atomic lattice distortion becomes more

Fig. 3 Variation of surface morphology of samples subjected to grinding speeds of (a, f) 30 ms™2, (b, g) 50 ms™, (c, ) 100 ms™%, (d, i) 150 m s %
and (e, j) 200 m s™%; (a—e) and (f—j) show surface morphologies of pure Ni thin film and Ni/Cu multilayers, respectively. The tool radius, depth of
cut and grinding distance are 3 nm, 2 nm and 9 nm, respectively; (a—j) are colored in accordance with the atomic heights out of the original

surface.
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Fig.4 Effects of grinding speed. (a) Temperature versus grinding distance at different grinding speeds. (b) Average grinding force versus grinding
speed. The tool radius and depth of cut are 3 nm and 2 nm, respectively.

serious as the tool radius increases and therefore the surface
properties are dramatically improved with a smaller tool radius.
The tool radius plays a crucial role in the nanoscale grinding
process of multilayers. When the grinding tool radius remains
the same, the increment in the number of deformed structures
of Ni/Cu multilayers is more serious than that of pure Ni thin
film.

Fig. 6(a) shows the relationship between the change in
grinding temperature and grinding distance; the depth of cut
and tool speed are fixed at 1 nm and 100 m s~ ', respectively. It
can be seen that the grinding temperature rises sharply at first
and then reaches a steady value with the advancement of the
tool tip. This is because the thermal conductivity of pure Ni thin
film and Ni/Cu multilayers is relatively high, and so lots of

e AT A

Fig. 5 Variation in instantaneous deformed structures as a result of grinding with tool radii of (a, €) 2.0 nm, (b, f) 3.0 nm, (c, g) 4.0 nm, and (d, h)
5.0 nm; (a—d) and (e—h) show the deformed structures of pure Ni thin film and Ni/Cu multilayers, respectively. The tool speed and depth of cut
are 100 m s~ and 1 nm, respectively. (Green: FCC atoms; red: ISF atoms; gray: other atoms, including surface atoms and dislocation cores.)

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effect of tool radii. (a) Changed temperature versus grinding distance (b) average grinding force versus tool radius. The depth of cut and
tool speed are fixed at 1 nm and 100 m s™%, respectively.

thermostat atoms play an important role in the rapid transfer of =~ Cu multilayers. The larger tool radius produces more grinding
grinding heat. It can be found that a larger tool radius results in  heat and leads to thermal activation,** thus energy barriers get
a higher increment in temperature in pure Ni thin film and Ni/ lower and this makes it easier for dislocations to occur, as

Fig. 7 Variation in instantaneous deformed structures with cutting depths of (a, ) 0.5 nm, (b, f) 1.0 nm, (c, g) 2.0 nm, and (d, h) 2.5 nm. The tool
radius, grinding speed and grinding distance are 3 nm, 100 m s~ and 8.5 nm, respectively; (a—d) are colored according to atomic height, (e—h)
are colored according to the calculated CNA values.
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Fig. 8 Effect of depth of cut. (a) Changed atom numbers versus grinding distance in Ni/Cu multilayers, and (b) average grinding force versus
depth of cut in pure Ni thin film and Ni/Cu multilayers. The tool radius and tool speed are fixed at 3 nm and 100 m st respectively.

shown in Fig. 5. It can also be found that the increment in
grinding temperature in Ni/Cu multilayers is more pronounced
than that in pure Ni thin film at the same tool radius. Fig. 6(b)
shows the relationship between average grinding force and tool
radius, revealing that the increment in tool radius results in
increases in both normal and tangential grinding forces in pure
Ni thin film and Ni/Cu multilayers. Compared with the
tangential grinding force, the increment in the normal grinding
force is more pronounced. In other words, a larger grinding
radius results in a larger tool-workpiece interaction zone, and
a larger normal grinding force is required to maintain the high
grinding speed. It can also be found that both normal and
tangential grinding forces in pure Ni thin film are much bigger
than those in Ni/Cu multilayers.

3.3. Effect of depth of cut

Fig. 7 shows the relationship between instantaneous deformed
structures in Ni/Cu multilayers and different cutting depths,
when the tool radius and grinding speed are fixed at 3 nm and
100 m s !, respectively. Fig. 7(a-d) shows the surface
morphologies with various cutting depths, in which atoms are
colored in accordance with their heights out of the original
surface. Fig. 7(e-h) are the Y-Z plane cross-section snapshots, in
which atoms are colored in accordance with their calculated
CNA values at the corresponding depth of cut. As shown in
Fig. 7(a-d), it can be found that the chipping volume on the
sides of the groove increases with increasing cutting depth, and
the volume of the material pileups in front of the tool tip also
increases. This is because a relatively larger depth of cut
accelerates more atoms around the tool tip, resulting in more
chipping volume. Fig. 7(e-h) shows that when the cutting depth
is lower than 1.0 nm, there are few dislocations nucleated in the
region of the tool tip (see the rectangle part in Fig. 7(e)). With
increasing cutting depth, there are more lattice defects and
greater dislocation nucleation as the tool tip moves. In the case
of a cutting depth of 2.5 nm, the atomic lattice distortion
becomes so serious that the interface migrates as the tool

This journal is © The Royal Society of Chemistry 2017

advances (see the ellipse part in Fig. 7(h)). Owing to the exis-
tence of an external stress field beneath the grinding tip, the
arrangement of Ni atoms in the tool-workpiece interaction zone
changes dramatically. As grinding proceeds, the plastic defor-
mation is dominated by partial dislocations nucleated from the
free surface. Then, these partial dislocations slip along their
constant slip planes {111}. Hence, the dislocation structure with
the cross-section view along the vertical x-axis direction may
form a straight line, as shown in Fig. 5 and 7. The combination
of Fig. 2(c) and (d), 5 and 7 contributes to our comprehension of
the instantaneous deformed structures.

Fig. 8(a) displays the changed atom number in Ni/Cu
multilayers at different cutting depths. It can be seen that
the deepening of cut causes an increase in both ISF and ‘other
atom’ numbers. This is because a larger cutting depth results
in a greater chipping volume and more dislocations as the
tool advances. It can be seen that the increase in both other
and ISF atom numbers in the cutting depth range from 1.0 nm
to 2.0 nm is greater than that in the cutting depth range from
0.5 nm to 1.0 nm, or from 2.0 nm to 2.5 nm. Fig. 8(b) shows
the curves of average grinding force versus depth of cut. It can
be seen that both tangential and normal grinding forces
increase with increasing cutting depth. With increasing
cutting depth, more lattice defects and SFs occur in the tool-
workpiece interaction zone. Fig. 8(b) also shows that the
increase in tangential grinding force is more pronounced
than that in the normal grinding force in Ni/Cu multilayers.
This is because a larger cutting depth at the same grinding
distance results in the acceleration of a larger region of atoms,
and the glide of dislocations results in the dramatic increase
of the tangential force. It can also be found that the increases
in both the normal and the tangential grinding forces of pure
Ni thin film are bigger than those of Ni/Cu multilayers.

4. Conclusion

In summary, the effects of different machining parameters on
the subsurface damage and material removal behavior caused
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by a nanoscale high speed grinding process in pure Ni thin film
and Ni/Cu multilayers are clarified by utilizing MD simulation.
For the purpose of maintaining better surface integrity,
consideration needs to be given to three machining parameters
(grinding speed, tool radius and depth of cut) as discussed
below:

(1) The selection of grinding speed is vital to the grinding
process in the current investigation. In Ni/Cu multilayers,
a higher grinding speed increases the machining efficiency by
generating more chipping volume, and simultaneously,
because a larger grinding force is required to maintain the high
speed, a higher grinding temperature results which further
influences the propagation of dislocations. With increasing
grinding speed, the above effects reach a critical state. At
a constant grinding speed, the grinding temperature of the Ni/
Cu multilayers is larger than that of pure Ni thin film.

(2) Comparing different tool radii with the same grinding
distance in Ni/Cu multilayers, a smaller tool radius improves
the quality of the ground surface by lowering the grinding heat,
and reducing damaged structures by decreasing the number of
ISFs. This enhances the grinding efficiency.

(3) The depth of the cut plays a significant role in the
nanoscale grinding process of Ni/Cu multilayers. A high speed
grinding process with a smaller cutting depth leads more easily
to low subsurface damage, since fewer lattice defects and
dislocations take place compared with a larger cutting depth.
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