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Abstract: In this study, the nanogrinding process for single-crystal nickel was investigated using a
molecular dynamics simulation. A series of simulations were conducted with different tool radii and
grinding methods to explore the effects of chip morphology, friction forces, subsurface damage, and
defect evolution on the nanogrinding process. The results demonstrate that the workpiece atoms
at the back of the tool were affected by the forward stretching and upward elastic recovery when
no chips were produced. Although the machining depth was the smallest, the normal force was
the largest, and dislocation entanglement was formed. The small number of defect atoms indicates
that the extent of subsurface damage was minimal. Moreover, when spherical chips were produced,
a typical columnar defect was generated. The displacement vector of the chip atoms aligned with

heck f the machining direction and as the chips were removed by extrusion, the crystal structure of the
check for

updates chip atoms disintegrated, resulting in severe subsurface damage. By contrast, when strip chips were
Citation: Wei, X.; Wang, X.; Qu, D.; produced, the displacement vector of the chip atoms deviated from the substrate, dislocation blocks
Zhu, Z.; Chen, W.; Chen, W.; Shi, T;; were formed at the initial stage of machining, and the rebound-to-depth ratio of the machined surface
Peng, B. Molecular Dynamics was the smallest.
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Nickel-based single-crystal materials have been widely used in aviation applications,
aerospace engines, gas turbines, and other national defense industrial equipment owing to
their excellent high-temperature resistance, oxidation resistance, and thermal fatigue prop-
erties. With the increasing demand for the development of specialized parts, nanogrinding
technology has developed rapidly and has come to symbolize the technical advancement
of a country [1-3]. However, hardening often occurs during the machining of single-crystal
nickel, leading to increased surface roughness and subsurface damage [4]. This determines
the performance of the structural components of the aeroengine. In the physical cutting

process, the machining of different tools leads to different degrees of hardening, which

causes many unnecessary problems in the subsequent machining process [5,6]. Moreover,
when the machining accuracy reaches the nanometer level, the continuous medium the-
ory is unsuitable for explaining the nanogrinding mechanism [7-9]. Furthermore, atomic
This article is an open access article  transient changes cannot be observed accurately or effectively using nanogrinding experi-
distributed under the terms and ~ Ments using existing machining technology. Therefore, molecular dynamics simulation has
conditions of the Creative Commons ~ become an important tool for nanogrinding research [10,11].
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nickel, and other important single-crystal aerospace materials [14,15]. It is an important
component of nickel-based single-crystal blades and plays a key role in aerospace applica-
tions. In this study, single-crystal nickel, which is the component material of the y-matrix
in nickel-based single-crystal blades, was used as the research object. As both single-crystal
copper and nickel are FCC crystals, the research based on single-crystal copper provided
insight for this study [7,16]. Karkalos et al. [17] investigated cases of nanogrinding work-
pieces of three different fcc metals, namely, copper, nickel, and aluminum, under different
preheating temperatures to determine the efficiency of the hot nanogrinding technique.
Huang et al. [18] found, by comparing the nanogrinding simulation results of single-crystal
copper and aluminum, that the plastic deformation of two materials was caused by the
nucleation and movement of dislocations. Fang et al. [19] studied the effects of different
machining parameters on the subsurface damage and material removal of Ni/Cu mul-
tilayers using molecular dynamics. Eder et al. [20] used large-scale molecular dynamics
simulations to study the effect of temperature on the deformation response of FCC CulNi
alloys of various compositions under various normal pressures. Hao et al. [21] studied
the diffusion mechanism of machining tools using molecular dynamics. Wang et al. [22]
studied the evolution of subsurface defect structures in the process of single-crystal copper
nanogrinding and found ladder rod dislocations, stacking-fault tetrahedrons, atomic defect
clusters, and vacancy defects in the subsurface. Wang et al. [23] investigated the effect of
cutting speed and depth on the deformation behavior of single-crystal GaN. Xu et al. [24]
studied the nanogrinding process of copper—silicon at different speeds and depths. Pre-
vious studies have not focused on chip morphology differences and their root cause, and
consequently, there is a lack of research on the material flow law and chip generation
mechanism under different chip forms in nanogrinding.

In this study, the law of atomic motion, chip morphology, atomic kinetic energy
distribution, characteristics of the machining force, internal crystal structure, typical defects,
evolution of defects, and subsurface quality when different forms of chips were generated
were studied. The chip formation mechanism for different chip forms was described. The
findings of this study can serve as a good foundation for understanding the machining and
deformation mechanisms of nickel-based single-crystal parts.

2. Modeling and Simulation Details

In this study, a molecular dynamics simulation model of a nickel-based single crystal
composed of a single-crystal nickel matrix and a diamond tool is presented. The workpiece
and tool models were established using the LAMMPS simulation software [25,26]. The
workpiece material was a nickel single-crystal model with a face-centered cubic lattice
structure with the lattice constant determined as 0.352 nm. During the friction process,
the tool performed linear contact motion. It was assumed that the tool wear behavior in
the friction process could be ignored and that the elastic—plastic deformation of the matrix
was uniform.

Figure 1 shows the molecular dynamics simulation model of single-crystal
nickel nanogrinding at the different tool radii. The dimensions of the workpiece were
58 x 24 x 7.5 nm3, which included 807,080 atoms; the diamond cutter contained 57,661 car-
bon atoms. In addition, periodic boundary conditions were applied on the workpiece in
the Z direction, and aperiodic boundary conditions were applied in other directions during
the simulation.

To achieve cutting, a constant machining speed and backdraft were used in the sim-
ulation. Fixed, constant temperature, and Newton layer assumptions were used for the
workpiece and tool. The fixed layer supported the entire workpiece and prevented it from
moving during friction [27]. The yellow atom between the fixed layer and the substrate was
the constant temperature layer, which adopted the Berendsen thermal bath method [28].
The temperature was maintained at 300 K by periodically adjusting the atomic velocity to
keep the temperature at approximately ambient temperature. The blue and green atoms
represent Newton layer atoms. The key research objective was to observe the processing
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deformation and damage of materials. Both the constant temperature and Newton layer
motion followed Newton’s second law and were determined by the direct integration of
the classical Hamiltonian equations of motion using the velocity—Verlet method [29,30].
Compared with previous simulation models, the size of the model used in this study was
large enough to eliminate the influence of the size effect on the simulation results [31-34].
The MD simulation parameters of nano machining are shown in Table 1.

- Newton atoms of workpiece Thermostatic atoms

(1.58nm)
. Boundary atoms Rake angle ., Nose

Machining direction
—_—

- Newton atoms of tool

Machining depth |

s|Bue souelEs|)

Figure 1. The nanomachining model of single-crystal nickel.

Table 1. MD Simulation parameters of nanomachining.

Workpiece Material Single-Crystal Nickel
Tool material Diamond
Rake 15°
Radius (nm) 0,1.58, 3.24, 4.62
Clearance angle 9°
Machining depth (nm) 0.3,0.5,1,15,2,3,4
Machining speed 200 m/s
Machining direction [100] on (100) surface
Steps 1fs

The embedded atom method (EAM) potential was adopted to describe the atomic
interactions in Ni-Ni. The formula used is as follows [35-38]:

1
Y Eiwot =) . Fi(pi) + 5 Y ij i (Rij) @, @)
1 7]
where p; is the electron density at each atomic location, F; is the embedding energy function,

and ¢;; is the action-coupled potential between the two nuclei.
The interaction between tool atoms is described by the Tersoff potential. The formula

is as follows [39]:
1

1

where E is the binding energy; E; is the contribution of the ith atom in the system to the
binding energy of the system; and Vj; is affected by the local environment where the ith

atom is located.
The interaction between the tool and workpiece atoms is described by the Morse

potential. The expression is as follows [24,40]:

E; = ZI#] D |:e—2"‘(”z‘j—70) _ ze—Za(rij—ro)] , (3)
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where « is the potential energy curve gradient coefficient, D is the binding energy, and
ro is the interatomic distance when the force is zero. The correlation parameter of the
Morse potential function between the C-Ni atoms is as follows: D, = 0.100 eV, o« =2.2 A1
re=2.4 A [41].

3. Simulation Results and Discussion
3.1. Atomic Displacement and Machining Force at Different Machining States

Similar to conventional machining, when the machining depth does not reach the
minimum machining nanothickness, the tool only plows the workpiece surface without
continuous and stable chip generation. Chip generation occurs when the machining depth
exceeds the minimum machining thickness [42]. However, it was found in this study
that the chips showed different shapes with changes in the tool radius and machining
depth, and there were significant differences in the effect of the action mode of the tool
on the workpiece, defects inside the workpiece, and the physical state of the chip atoms
when different chips were generated. Machining processes with tool radii of 0, 1.58,
3.24, and 4.62 nm and machining depths of 0.3, 0.5, 1, 1.5, 2, 3, and 4 nm were analyzed.
Figure 2 shows the atomic displacement vectors of different chips generated by the atomic
displacement vector method.

Figure 2. Atomic displacement vector of workpiece at different chip states. Here, Ab represents the
elastic recovery distance, and h is the height of the strip chip (nm). The machining depths of (a,b) are
0.3 and 0.5 nm respectively, and the tool radius is 1.58 nm, (c) the machining depth is Inm and the
tool radius is 4.62 and 0 nm. The red arrow indicates the displacement vector.

To accurately observe the displacement variation in the atoms at different depths of
cut, the displacement vectors of each atom were displayed using the displacement vector
command in OVITIO [43]. It was observed that no chips were produced when the tool
radius was 1.58 nm and the machining depth was 0.3 nm, as shown in Figure 2a. The
workpiece surface was plowed by the machining tool, the atoms in front of the cutter tip
were squeezed, and the displacement vector of these atoms was downward, extending
to the interior of the workpiece. This is shown in Figure 2a. The deformation of the
workpiece atoms at the back of the tool tip was restored because of the departure of the
tool. Simultaneously, the distance between the workpiece atoms at the back of the tool tip
increased under the action of the tool. After synthesizing the deformation trends of these
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(a)

Ratio of displacement

two parts, the workpiece atom at the back of the tool tip produced an upward displacement
trend. The displacement vector of an atom is shown as B in Figure 2a.

When the tool radius was 1.58 nm and the machining depth was 0.5 nm, spherical
chips were formed, as shown by b1 in Figure 2b. The displacement vector of the chip atoms
radiated in the machining direction, which is related to the forward movement of spherical
chips in the manner of stacking and rolling during machining. Strip chips were formed
when the tool radius was 1.58 nm and the machining depth was 1.5 nm, as shown by b2
in Figure 2b. The displacement vector of the atoms in the chips was almost the same, the
material was removed as a whole, and the chips were removed by shearing, which shows
that an increase in machining depth leads to a change in the chip from spherical to strip-like.
When the machining depth decreased to 1.0 nm and the tool radius changed from 4.62 nm
to 0 nm, different chips were generated, as shown in Figure 2c. A tool radius of 4.62 nm,
shown in cl1, produced the spherical chip. However, the tool radius of 0 nm, shown in 2,
produced the strip chip. This indicates that an increase in tool radius leads to a change in
the chip from strip-like to spherical.

To investigate the movement of the workpiece and chip atoms in the machining
process, the X and Y displacements of the workpiece atoms located on the left and right
sides of the tool tip were extracted. A scatter diagram reflecting the atomic displacements
under different processing conditions was obtained, as shown in Figure 3. The abscissa
represents the distance between the workpiece atom and the tool tip. If the distance is
negative, it indicates that the workpiece atom is on the left side of the tool tip. Conversely,
a positive distance indicates that the workpiece atom is on the right side of the tool tip. The
ordinate represents the ratio of Y and X displacements of the atoms.
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Figure 3. Atomic displacement scatter plot for different chip states. (a) Both sides of the tip; (b) The
spherical chips; (c) The strip chips.

When plowing, as indicated in Figure 3a, the displacement ratio of atoms on the left
side of the tool was 1. This indicates that the angle between the displacement vector and
machining direction was 45°, and the trajectories of atoms were in the slip system of a
single crystal. The displacement ratio of the atoms on the right side of the tool was in the
range of 0-4. The closer the atoms are to the tool, the smaller the ratio, which means that the
forward stretching effect of the workpiece atoms was more evident, and the upward elastic
recovery effect was weaker. As shown in Figure 3b, when spherical chips were produced,
the displacement ratio of chip atoms was concentrated between —1 and 1. The chip rolled
into a ball and so the displacement vector between adjacent atoms changed continuously.
As shown in Figure 3¢, the displacement ratio of the chip atoms was a fixed value when
strip chips were generated. This suggests that the chips are removed in a general manner,
and the value is related to the shape of the tool.

Figure 4 depicts the chip height and surface rebound under different cutting depths
(with a tool radius of 1.58 nm) and different tool radii (with a cutting depth of 1 nm). As
shown in Figure 4a, the chip height decreased with the increase in tool radius. With a
cutting depth of 1.0 nm, the largest chip height was produced when the tool nose radius
was 0 nm. With the increase in tool radius, the chip quickly became spherical, and the chip
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height decreased gradually. When the tool radius was 1.58 nm, the chip height enlarged
with the increase in cutting depth, but the growth rate of the chip height varied in different
stages. When the cutting depth increased from 0.5 nm to 1 nm, spherical chips were
produced, and the chip height increased gradually. By contrast, the chip height increased
sharply when the cutting depth ranged from 1 nm to 1.5 nm, and strip chips were generated.

Subsequently, the chip heights increased gradually with increasing cutting depth.

Chip height
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Figure 4. Line plots of chip height and rebound. (a) Variation in chip height when the cutting depth
was 1 nm and tool radius was 1.58 nm; and (b) variation in rebounding on the machined surface

when the chip depth was 1 nm and the tool fillet was 1.58 nm.

Figure 4b shows that the rebound of the cut surface increased with the increase in
the tool radius at the cutting depth of 1.0 nm, which is related to the extrusion degree of
the workpiece due to the large tool radius. It led to a more serious extrusion and greater
elastic recovery on the surface during chip formation. At a tool radius of 1.58 nm and an e
cutting depth of 0.3 nm, no chips were generated. The surface of the workpiece experienced
complete elastic deformation, and the surface rebound was at the maximum when the
machining depth was 0.3 nm. With the increase in cutting depth, spherical chips were
produced, and the surface rebound decreased rapidly. When strip chips were produced,
the surface rebound increased slightly and remained stable. Therefore, this processing form

is conducive to obtaining an ideal surface.

The changes in the tangential force, normal force, and ratio of the tangential force
to the normal force in the aforementioned machining states were analyzed, as shown in
Figure 5, wherein the friction coefficient is the ratio of the tangential force to the normal
force. As shown in Figure 5a, the tangential forces in the three different states tended to
stabilize after a rapid increase in the initial stage. When spherical chips and strip chips were
produced, the tangential forces were large, the variation in these two forces was almost
identical, and the tangential force in the plowing state was the smallest, which is because
only a few atoms in the horizontal direction interacted with the tool. As shown in Figure 5b,
after the forces stabilized, the normal force in the plowing state was the largest. The strip
chip was the smallest, which was the opposite of the cutting depth in the three machining
states. The results show that when plowing, the tool had the strongest destructive effect on
the subsurface, and when strip chips were produced, the damage to the subsurface was the
weakest, which was conducive to obtaining a better machined surface. The change in the
ratio of the tangential force to the normal force in the three machining states is shown in
Figure 5c. After stable machining, the ratio was less than 1 during plowing and ball chip
generation. The downward extrusion effect of the tool on the workpiece atom was greater
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Figure 5. Change in tangential forces, normal forces, and friction coefficients at different chip states.
(a) Change in tangential forces at different chip states; (b) change in normal forces at different chip
states; and (c) change in ratio of tangential force to normal force at different chip states.

3.2. Internal Defects in Different Machining States

The common neighbor analysis (CNA) [44] method was used to analyze the internal
crystal structure of the different machining states, as shown in Figure 6. To facilitate the
analysis, the perfect FCC atoms in the crystals were removed. Red represents the HCP
atoms, white represents the surface and amorphous atoms, and blue represents the BCC
atoms. When plowing, the action range of the tool on the workpiece was limited, and the
material was always in the early stage of plastic deformation; thus, a high-density region
of dislocations was formed in the machining area [45]. The limited machining depth was
not sufficient to form large defects in the high-density region of dislocations to absorb and
destroy small dislocations. The small dislocations gradually increased and tangled with
each other, finally forming a dislocation tangle [46], as illustrated by 1 in Figure 6a. After
the tool left, the subsurface defects of the workpiece almost recovered, and only a few point
defects remained, as demonstrated in Figure 6a, vacancy defect 2.

A V-shaped dislocation loop was generated in front of the tool when spherical chips
were formed, as shown 1 in Figure 6b. Stacking-fault tetrahedrons and atomic clusters were
present inside the machined surface, as shown by 2 and 3 in Figure 6b. Several types of
defects were formed in this stage, indicating that subsurface damage is more severe when
spherical chips are produced. This was primarily caused by the increase in machining
depth and the removal of material by extrusion.

Figure 6¢ shows that when strip chips were produced, slip channel B was formed,
which penetrated the workpiece surface. Atomic region A above the slip channel was
removed in an overall manner, and the atoms in region A were composed of HCP and FCC
atoms. The degree of damage to atoms in this region was relatively small. Because of the
formation of the slip channel, the internal energy stored in the workpiece was released, so
the number and volume of defects in zone C gradually decreased with machining, and
only a few defect structures remained in the subsurface. It is worth noting that a sliding
channel was generated when the strip chip was generated. At this time, the machining
efficiency was high, and the tool wear was small.
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Figure 6. Internal defects of the workpiece at different chip states. (a) Plowing, (b) spherical chip,
and (c) strip chip. Red represents HCP atoms, white represents surface and amorphous atoms, and
blue represents BCC atoms.

To analyze the formation process of the dislocation tangle in detail, internal defects
in the plowing state were analyzed when the machining distances were 12, 13, 14, and
20 nm using the dislocation extraction algorithm (DXA) [47], as depicted in Figure 7. Small
L-C dislocations I and II formed on the subsurface when the machining distance was
12 nm, as displayed in Figure 7a. With the continuous input of cutting energy, the extended
dislocation E around the L-C dislocation began to develop and increase, and the energy
storage inside the crystal was partially released; therefore, the L-C dislocation I balanced
the decrease in internal energy by reducing the volume, as seen in Figure 7b. Figure 7c
shows that when the extended dislocation increased to a certain extent, it interacted with
L-C dislocations I and II. Owing to the limited machining depth, there was no large defect
structure with dominant deformation on the subsurface; therefore, L-C dislocations and
extended dislocations repeated the interactive process. This resulted in a dislocation tangle,
as shown in Figure 7d.
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yellow represent Shockley, perfect, stair-rod, Frank, Hirth, and other dislocations, respectively.

As displayed in Figure 8, the dislocation evolution during the formation of a dislo-
cation tangle was quantitatively studied, and the change rules of the number, average
length, and density of dislocations in the subsurface during machining were analyzed. It
can be seen from Figure 8a that the number of dislocations increased with the machining
distance, the number of Shockley partial dislocations was large, and the growth rate was
fast. Conversely, the number of stair-rod and Hirth dislocations formed by the Shockley
partial dislocations was relatively small. The length of the dislocations first increased and
then decreased sharply, as shown in Figure 8b. This is because dislocations gradually
develop and increase in length at the beginning of machining. However, because of the
inability to form a large defect structure, dislocations such as Shockley interact with the
stair-rod and Hirth dislocations and begin to decompose, so the length of dislocations
decreases sharply. Based on an analysis of the dislocation density in the 4 x 4 nm? region
of the workpiece in front of the tool, it was found that the dislocation density in front of the
tool increased gradually. Combined with the changes in Figure 8a,b, it can be concluded
that a dislocation tangle occurs in the workpiece after plowing enters the stable stage, and
the defects are characterized by large quantities and small volumes. As shown in Figure 8c,
the dislocation density increased as the cutting distance increased.
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Figure 8. Number, length, and density change in dislocations during plowing. (a) Change in number
of dislocations; (b) changve in dislocation length; and (c) change in dislocation density.

As shown in Figure 9a, in the early stage of spherical chip formation, the distance
between the workpiece atoms in front of the tool became increasingly smaller, leading
to the destruction of the crystal structure to form an amorphous atomic layer S. As the
tool continued to move forward, the amorphous atoms began to move relative to each
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other, and the atoms in direct contact with the tool were squeezed and began to flow to the
workpiece surface. As the amorphous atoms accumulated in front of the tool and the tool
continued to move, a large number of atoms accumulated in front of the tool, leading to an
increase in the thickness of the amorphous atomic layer and a gradual shift from the action
range of the cutting tool. Moreover, because of the weakening of the force and temperature,
recovery began to occur in the amorphous atoms, forming a relatively concentrated crystal
structure, A, as illustrated in Figure 9b.

Figure 9. The crystal structure change diagram of the spherical chip formation process. (a—c) is a
continuous process of spherical chip formation, green, red, blue and white are FCC, HCP, BCC and
other structural atoms respectively.

As seen in Figure 9c, the crystalline structure A grew as the number of amorphous
atoms and the distance from the tool increased. In addition, a laminar dislocation with a
structure-strengthening effect was generated internally, which increased the strength of
crystalline structure A and impeded the forward flow of amorphous atoms. The extruded
and discrete flowing atoms could only continue to move upward for accumulation. Thus, it
provided the frictional force F2 to generate the rotational motion of the original accumulated
chip A. It was then pushed by the tool and propelled forward by the thrust force F1, as
shown in Figure 9. Therefore, the spherical chips started to roll forward owing to the
combined effects of these two forces. The mechanical model is depicted in Figure 10.

Figure 10. Schematic diagram of spherical chip movement. A is the rolling direction of spherical
chips; S is the flow direction of chip atoms; and V is the direction of tool movement.

The spherical chip generation and columnar defects on the lower subsurface are
shown in Figure 11a. The arrangement of the defect in the [011] direction shows strong
regularity, with one 1 atom in the center of the defect at each end, and the interior consists
of four 2 atoms and two 3 atoms in a repeating arrangement. Figure 11b,c show the atomic
arrangement of the defect and the perfect FCC, respectively, including a comparison of
specific data between this defect and that in nickel. The results show that the average
atomic spacing of the defect relative to the standard FCC of nickel was reduced to 2.442 A.
Owing to the small interatomic distance and the increase in repulsive forces, the N1 and N2
atoms were extruded from their original positions. In addition, the bonding angle increased
to 119.712°, as shown in Figure 11b. It can be inferred that the defects were subjected to a
large external force during their formation to rearrange the atoms and form a new structure.
It was found that the lamellar pattern of the defects was closely related to its mode of
formation and that this columnar defect was caused by dislocation strengthening.
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Figure 11. Columnar defect and standard FCC structure with the specific parameter. (a) is a columnar
defect, (b,c) show the atomic arrangement of the defect and the perfect FCC, respectively. The red
atom is the atom leaving the lattice point.

Figure 12 displays the occurrence of the dislocation jog reaction during the formation of
columnar defects. As illustrated in Figure 12a, the dislocation NN’ with the Burgers vector
b1 and the dislocation MM’ with the vector b2 developed forwardly on the two parallel
sliding surfaces S1 and S2, respectively. Due to the small distance between the sliding layers
S1 and S2, the dislocations NN" and MM’ tend to hinder each other’s original movement
when passing through each other’s crossing position. The defects were perpendicular to the
two slip surfaces that were formed at M’ and N and can be seen in Figure 12b. Dislocations
NN’ and MM’ continuously developed in the direction of their Burgers vector with the
continuous effect of external machining force that resulted in the defects formed at M’ and
N being stretched along the B direction. The columnar defect D was then generated, shown
in Figure 12c.

Figure 12. Dislocation jog reaction process. (a—c) is a continuous dislocation jog reaction formed by
columnar defects.

When strip chips were produced, a dislocation block was generated in the initial
stage of machining, as indicated in Figure 13. The stacking fault S that developed earlier
hindered the development of dislocation 1, which stopped in front of the stacking fault
S. The dislocation source started to release several homologous dislocations, 2, 3, and
4 of dislocation 1. The force between leading dislocations 1 and the barrier was the
largest [48]. With an increase in the number of blocked dislocations, the force between
leading dislocation 1 and the barrier increased. To a certain extent, stacking fault S was
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broken. The relationship between the number of dislocations N and the distance L from
the obstacle to the dislocation source is as follows [6]:

N  kom

L~ Gb @

where ¢ is the component of the external force in the slip direction, k is the type of coefficient
of dislocation, b is the Burgers vector of dislocation, and G reflects the rigidity of the
material. When homologous dislocations accumulate in the obstacle, the resultant force of
the dislocations on the obstacle is }_!" ; iy, and can be expressed as:

NGb
F= Z?:l Uix = Lt ®)

It can be seen that when the number of blocked dislocations increases, the force
increases; thus, the obstacles are broken, and dislocations continue to develop.

.............
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Figure 13. Dislocation block.

In the process of strip chip generation, chips are removed in their entirety, and the
method of removal is different when spherical chips are formed. Figure 14 shows the
evolution diagram of the subsurface defects and the corresponding mechanism in the strip
chip generation process. During machining, dislocation band B developed inward from
the tool tip and was blocked by stacking faults in other directions. Therefore, external
energy acted on the barrier stacking fault through the dislocation band, increasing the
stacking-fault energy. This was manifested in the increase in stacking fault size, as shown
by 1 in Figure 14a. When the energy increased to some extent, the dislocation band broke
through the stacking fault, and a new energy release path was found. Additionally, the
broken stacking fault energy decreased and began to recover along the previous path,
leading to a decrease in the stacking-fault size. Point defect 2 of the small structure was
formed on the recovered path, as shown in Figure 14b. When the entire slip channel
reached the workpiece surface, the atoms above the channel began to generate an overall
displacement. It can be observed that all atoms in zone A generated displacement vectors
in the same direction after the slip channel was formed, and the atoms were lifted and
became chips, as shown in Figure 14c. Otherwise, the upper and lower surfaces of the slip
channel would have exhibited different deformation laws. During the slip process, zone
C, below the slip channel, was subjected to extrusion and shear. The original recovered
defects began to develop again and formed interweaving stacking faults under the complex
stress environment, which was the main reason for the hardening of the subsurface, as
shown by 3 in Figure 14c.



Coatings 2022, 12, 647 13 0f 17

(a) (b (¢

w0 11

S
o Clusters ')35

1
Stacking fault interweave

Figure 14. Slip channel formation process. (a) Defect displacement diagram; and (b) schematic
diagram. (aj—cy) is the schematic diagram diagram corresponding to (a—c).

3.3. Chips at Different Machining States

As shown in Figure 15a, the arrangement of the atomic crystal structure of the spherical
chip was disordered, owing to the crimping and continuous pushing of the cutter. The
atomic composition of the chip was statistically analyzed, as depicted in Figure 16a. The
results show that the ratio of surface and amorphous atoms in the spherical chip was high
(almost 90%); therefore, the crystal structure in the chip was nearly destroyed.

Figure 15. Crystal structure of the different chips. (a) Crystal structure of the spherical chip; and
(b) crystal structure of strip chip. Green, red, blue and white are FCC, HCP, BCC and other structural
atoms respectively.

As shown in Figure 15b, the arrangement of strip chip atoms was relatively neat.
The arrangement direction of the HCP twin boundary was 45° with the Y and Z-axis,
and the number of perfect FCC atoms and HCP atoms in the strip chip accounted for a
considerable proportion. Additionally, the number of HCP atoms was greater than that of
perfect FCC atoms, as shown in Figure 16b. This indicates that the crystal structure of the
atoms in the strip chip were destroyed to a low degree, and more crystal atoms existed in
the HCP structure.
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Figure 16. Atomic proportions of different chip forms. (a) Proportion of different atoms in the
spherical chip; and (b) proportion of different atoms in strip chip.

The kinetic energy of the chip reflects the active degree of the chip atoms. As shown in
Figure 17a, the atomic kinetic energy of the spherical chips was predominantly distributed
in the range of 0-0.6 eV. The atomic kinetic energy of strip chips was primarily distributed
in the range of 0-0.4 eV, as shown in Figure 17b. It was found that the number of atoms
with high kinetic energy in the spherical chip was greater than that in the strip chip, and
the maximum kinetic energy value of the atoms was, similarly, larger than that of the strip
chip. This is largely because the spherical chip was always experiencing the pushing and
friction action between the tool fillet and the rake face during machining, which caused the
atomic energy in the chip to increase. Several perfect atomic bonds were broken during the
curling and rolling process of the chip; thus, the chemical energy of the atomic bonds was
converted into kinetic energy.

(b)

Atomic proportion (%)
Atomic proportion (%)

Dbothepinsires,
02 04 08 08 1.0

02 04 06 08 1.0
Kinetic energy (eV) Kinetic energy (eV)

Figure 17. Instantaneous atomic kinetic energy distribution of different chip forms. (a) Kinetic energy
distribution of spherical chip; and (b) kinetic energy distribution of strip chip.

4. Conclusions

Three different machining states of nanoground single-crystal nickel were analyzed.
It was found that the atoms in front of the tool were extruded inward during plowing,
whereas the atoms in the back of the tool were affected by forward stretching and upward
elastic recovery. The defects in front of the tool were characterized by large quantities and
small volumes, dislocation tangles were formed, and the degree of subsurface damage was
low. Although the machining depth was the smallest, the normal force was the largest.

When spherical chips were formed during the friction process, the removal of atoms
by the tool primarily caused crowding damage, resulting in the formation of defects and
complex structures in the workpiece. It was further found that the displacement vector of
the spherical chip atoms diffused radially along the machining direction, the normal force
was less than the plowing force, and the typical cylindrical defects were produced.
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When strip chips were produced, the chip atoms were entirely removed and the
displacement vectors were approximately the same. Although the machining depth was
the largest, the normal machining was the smallest, and a dislocation tangle was formed
in the early stages of machining. However, owing to the formation of slip channels, the
machining efficiency was high, the tool wear was small, and subsurface damage was small.

In comparison, the arrangement of the spherical chip atoms was disordered, the pro-
portion of amorphous atoms was high, and the overall atomic energy was large. However,
the arrangement of strip chip atoms was regular, major forms of existence were predomi-
nantly formed by HCP twin boundaries and FCC crystals, and the overall atomic energy
was small. The machined surface rebound was the largest during plowing, but it was the
smallest when the spherical chip was produced. The rebound can therefore be ignored
relative to the machining depth. The atomic kinetic energies of the spherical chip and strip
chip showed different quantitative differences, and atomic stacking and disorder were
formed. FCC and HCP atoms dominated the strip chips. The atomic kinetic energies of the
two chips showed significant quantitative differences. The number of high-kinetic-energy
atoms in the spherical chip was greater than that in the strip chip, and the maximum kinetic
energy of the atom was also greater than that of the strip chip. The results show that the
tool caused great damage to the matrix, forming spherical chips, fast chip accumulation,
and significant damage to the complete crystal structure.
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