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Abstract: The nano-friction behavior of nickel-based Ag film composites was evaluated using molecu-
lar dynamics simulations. The mechanical properties, the surface morphology, the migration behavior
of Ag atoms and the defect evolution during repeated friction were investigated. Our results show
that the poor mechanical properties of the Ag film surface at the first stage of friction are related to a
large amount of abrasive chip pileup. The slip channel with low shear strength formed by secondary
friction significantly reduces the friction coefficient of the Ag film surface. Meanwhile, the migration
of Ag atoms at the two-phase interface relies mainly on the repeated friction of the grinding ball, and
the friction coefficient of the nickel surface decreases as the number of migrating atoms increases.
In addition, the extension of defects inside the Ag film and atomic displacement is hindered by the
two-phase interface. The defects inside the Ag film near the friction zone gradually evolve from an
intrinsic stacking fault to a horizontal stacking fault as the friction proceeds. This is attributed to the
horizontal layer-by-layer motion of Ag atoms, promoting the formation of horizontal stacking faults.

Keywords: molecular dynamics; nickel-based composites; Ag film; nano-friction

1. Introduction

Novel nickel matrix composites with excellent comprehensive performance, such as
high-temperature strength, heat fatigue resistance and corrosion resistance, are widely used
in the high-tech fields of aerospace, ships and gas-turbine engines [1-3]. However, as a
matrix material under sliding contact components, the mechanical wear of nickel-based
composites is the main cause of their failure under complex operating conditions [4]. Mean-
while, as an excellent solid lubricant, Ag is often used to improve the tribological properties
of nickel-based material components [5-7]. Thus, an in-depth study of the friction and
wear behavior of nickel-based composites containing Ag is of great scientific importance.

Recently, nickel-based composites containing solid lubricants have been widely inves-
tigated due to their excellent self-lubricating properties exhibited in a wide temperature
range [7-9]. These works are required for tribological applications to enhance the lifetime
and performance of mechanical systems. Duan et al. [5] investigated the mechanism of
Ni/Ag composite glaze film formation. The results showed that a compact glaze film
consisting of NiO, Ni and Ag, formed on the contact surface at 600 °C, played an im-
portant role in the improvement of the tribological performance. NASA developed a
nickel-based composite coating material (containing 10 wt% Ag) that provides low friction
over a wide temperature range of 800 °C, which provides solid lubrication for high-speed,
high-temperature oil-free turbomachinery [10,11]. Recently, Sun et al. [12-14] developed
Ag-containing nickel-based composite coating materials that are expected to be widely
used in engineering fields such as aerospace, gas turbines and nuclear power. However,
the study of material properties based on conventional friction experiments is limited by
its length and time scale, and is unable to accurately analyze the microscopic nature at the
atomic scale [15]. Meanwhile, the wear behavior is a small and continuous incremental
process that allows for material removal at the micro/nanometer level. However, the study
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of such discrete objects acting on the atomic scale is difficult to achieve through experiments.
Therefore, the emergence of molecular dynamics (MD) simulation has undoubtedly built
a bridge between macroscopic and microscopic study. This analytical tool enables the
analysis of a series of dynamic change processes in solid materials by constructing an ideal
model [16-19]. At the same time, the nature of the simulated object and the environmental
conditions can be easily changed according to the actual needs of the research, which is in-
comparable to the tedious and expensive experimental simulations. Thus, it is necessary to
study the dynamic migration, phase transitions and defect structure evolution of materials
at the nanoscale by MD from the basic units that constitute the materials.

MD simulations have been used by many researchers to study the nanomachining
behavior of materials, and a great deal of constructive work has been performed on chip
formation, dislocation evolution and surface thermal effects [20-22]. Among them, the
study of simulating the nanoscale wear characteristics of nickel matrix composites has been
a focus of attention in recent years, aiming to reveal the micro nature of the physical and
chemical changes during the friction and wear of nickel matrix composites. Zhu et al. [23]
simulated the repetitive nano-friction of nickel-based single-crystal (NBSC) superalloy
by the MD method. They found that with the increase in friction cycles, the wear scars
of the v’ phase deepened, whereas those in the vy phase became shallower. Meanwhile,
repeated friction reduced the volume and number of stacking faults. Zheng et al. [24]
investigated the friction and wear mechanisms of TiC/Ni composites on the nanoscale
by the MD method. The results showed that the formation of dislocation entanglement
around the TiC phase improved the wear resistance of the workpiece, and the depth of
the abrasion became shallow when the grinding ball acted above the TiC phase. Moreover,
they further simulated the repeated frictional behavior of nickel-based single crystals in
an aqueous environment [25]. It was emphasized that in the presence of water, the force
exerted by the grinding ball on the workpiece is shared by the water molecules, which
results in a reduction in the machined surface’s roughness, a decrease in the number of
internally generated layer errors, a lower overall friction temperature and a nickel substrate
protected by water molecules. Fang et al. [26,27] developed a cutting model for multilayer
Ni/Cu materials to analyze the mechanism of subsurface damage and material removal
during the high-speed grinding of single-crystal Cu and Ni/Cu multilayer films. It was
found that smaller grinding speeds led to increased stacking faults and a large volume
of material pileups. Recently, Zhou et al. [28] investigated the nano-friction behavior and
deformation mechanism of Cu-Ni alloy based on MD simulation. The results showed that
the stacking faults and dislocation density increased rapidly with increasing Cu content,
and that Cu atoms improved the deformation resistance of the Cu-Ni alloy. Doan et al. [29],
on the other hand, conducted an MD simulation study of the NiFeCo alloy grinding process.
The results showed that a higher machining speed and a greater grinding depth and tool
radius led to a larger grinding force and chipping volume, as well as a higher substrate
temperature. In addition, MD simulation studies of the nano-grinding [30-35] and nano-
polishing [36—-41] of multiple grains have been widely reported recently. These studies are
of great importance in guiding ultra-precision machining and obtaining high-precision
surfaces. However, the study of the frictional behavior of Ni/Ag bilayer structures on the
nanoscale is rarely reported, and its frictional wear mechanism is still unclear. Hence, it is
necessary to systematically investigate the friction and wear behavior of Ni-based Ag film
composites at the nanoscale.

To simulate the friction effect of real materials, an MD model of nickel-based Ag film
composites with semi-area lubrication is developed for the first time in this paper. The
influences of the friction force, friction coefficient, atomic displacement and interface effects
on the nanoscale friction and wear behavior of nickel-based Ag film composites were
systematically investigated. The migration behavior of Ag atoms on the nickel surface
during repeated friction was analyzed, and the lubrication mechanism was revealed. These
results provide a good basis for the microscopic study of the lubricating effect of an Ag
coating on the substrate.
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2. Method
2.1. Simulation Modeling

Figure 1 shows the schematic diagram of the real friction experiment of the nickel-
based composites. As shown in Figure 1, the Ag particles are dispersed on the substrate
surface at the initial stage of friction. When the friction proceeds to a certain stage, more
Ag particles are coated on the entire worn surface by frictional heat and extrusion. This
has a favorable friction reduction and lubrication effect on nickel-based composites [42].
Therefore, in this study, the modeling was performed using the LAMMPS simulation
software [43]. As shown in Figure 2, the model consists of a nickel substrate, Ag film
and rigid diamond grinding ball. Since previous studies simulating the friction and
wear of materials were performed at specified depths, this does not correspond to real
friction experiments (performed at specified speeds and under constant loads). Thus, the
magnitude of the rotary speed of the grinding ball and the downward pressure load are set
to constant values in this simulation. The friction at the nanoscale is achieved by repeated
rotational friction of the grinding ball on the workpiece surface.

Coating containing silver (Ag)

Figure 1. Schematic diagram of friction experiments on nickel matrix composites.

400A

Ni Ag

- Ni atoms m Thermostatic atoms . Boundary atoms

Figure 2. Nano-friction model of Ni-based Ag film composite: (a) front view, (b) top view.

To avoid generating van der Waals forces between the grinding ball and the workpiece
atoms, the initial position of the grinding ball is 10 A above the workpiece surface. Where
the radius of the grinding ball is 30 A, the atomic number is approximately 20,051, and
the rotational radius R is 110 A. Moreover, the dimensions of workpiece were set to
400 x 400 x 150 A, which included 2,009,844 atoms, and where the thickness of the Ag
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film is 20 A. The crystal orientations of both Ni and Ag were set to [100], [010] and [001].
The size of the model is large enough to eliminate the influence of boundary effects [44,45].
The workpiece area is divided into fixed, thermostat and Newton layers. Among them, the
atoms of the fixed layer remain stationary during the friction process. The atoms of the
thermostat layer follow Berendsen thermodynamics to ensure that the workpiece conducts
heat transfer outward, making it closer to the real situation [46]. The Newtonian layer
includes Ni and Ag atoms and follows Newton’s second law [47]. To ensure accurate
simulation results, the system was fully relaxed to reach equilibrium before the friction
started. Firstly, the thermostat layer atoms were maintained at 300 K using the Nosé-Hoover
method to simulate the heat dissipation during the machining process. Then, 100,000 steps
were performed under an NVT (constant number of atoms, volume and temperature)
ensemble for energy minimization and sufficient relaxation to reach equilibrium [48]. In
addition, to reduce the influence of boundary effects on the simulation results, periodic
boundaries were used in the X and Y directions, and free boundaries were used in the Z
direction [22,47,49]. The detailed simulation parameters are shown in Table 1.

Table 1. Calculation parameters in MD friction simulation.

Materials Workpiece Tool: Diamond
Dimensions Cubic: 400 A x 400 A x 150 A Spherical: R = 3 nm
Atomic number 2,009,844 20,051
Interatomic potential EAM Morse Tersoff
Time step 1fs
Initial temperature 300K
Grinding velocity 200m/s
Normal load 60 nN
Grinding radius 11.67 nm

2.2. Selection of Potential Function

The interatomic potential is the key to the feasibility of the simulated material [50,51].
Therefore, in order to accurately describe the interactions between different atoms, three
potential functions, the Morse potential, embedded atom method (EAM) potential and
Tersoff potential, are chosen to describe the potential energy of the system in this paper.
Among them, the Morse potential is suitable for describing the potential energy between
diatomic molecules on the molecular dynamics simulation of tool cutting. Therefore, the
Morse potential is used to describe the interaction potential between C-Ag and C-Ni, which
is expressed as Equation (1) [52,53]:

uMorse(rij) = D[e—sz(rij—rU) - 26—“(71‘/‘—70)] (1)

where D, rp and r;; are the cohesion energy of the exchange interaction, the equilibrium
distance and the separation distance between atoms i and j, respectively. « is the elastic
modulus of the material, and the corresponding potential energy parameters are shown in
Table 2 [53,54].

Table 2. Parameter setting of Morse potential function.

Atomic Type Dy (eV) « (A1) ro (A)
C-Ni 0.100 2.2 24
C-Ag 0.1 1.7 2.2

The EAM potential was proposed by Daw et al. [55]. This many-body potential can
well describe the potential energy between metal atoms. Therefore, the EAM potential is
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chosen to represent the interatomic interaction potential between Ag-Ag, Ni-Ni and Ni-Ag.
The formula used is as follows (2):

Etot = 3 X ¢ij(rij) + L Fi(pi)
1] 1

pi = X pj(rij) @
j#
where F; is the embedding potential energy of atom i; p; is the electron cloud density of
other atoms; ¢;; is the pair potential between atoms; r;; is the distance between atoms; and
p;j is a function of the electron cloud density.
The Tersoff potential is used to describe the C-C interactions (diamond tools). The
interatomic energy can be obtained from (3) [56]:

E=3YiYia Vi
Vij = fc(rij) [fr(rij) + bijfa(ri)]

where Vj; is the interatomic potential energy function; fc(ri]-) is the phase radius; fR(rl-]-)
is the pair potential of mutual attraction between atoms; f4(r;) is the pair potential of
mutual repulsion between atoms; bij is the modulation function; and rij is the distance
between atoms.

®)

3. Simulation Results and Discussion
3.1. Effect of Friction on the Mechanical Properties and Atomic Displacement of the Workpiece

Figure 3 shows the variation law of the force of the grinding ball in the X, Y and Z
directions with time steps under rotational friction. As shown in Figure 3, the forces in the X
and Y directions exhibit sine and cosine variation characteristics. To deeply understand this
type of friction, it is illustrated by the schematic diagram in Figure 4. As shown in Figure 4,
when the absolute value of one of the component forces is the maximum, the absolute value
of the other component force is zero. Thus, when the grinding ball performs a circular
motion, the peak and valley values of the forces in the X and Y directions alternate, and
the difference between them is 7t/2. In addition, when the grinding ball is rubbing on the
workpiece under a constant load, the Z-directional force always fluctuates around a certain
value due to the discontinuity of the abrasive chip formation.

Rotation angle of grinding ball
2n 4n

0 b/ 3n 5m 6T
250 — ; —
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150 | i
100 | l 3 !
Z I
E .
S 50 b | |
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' ! !
I I
-100 - i i
/2 i i
_150 " 1 " 1 " 1 " 1 " 1 "
0 84,000 168,000 252,000 336,000 420,000 504,000

Step

Figure 3. Interaction between grinding ball and workpiece in X, Y and Z directions.
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Figure 4. Rotary force diagram of grinding ball.

To accurately analyze the law between the change in friction force and material
deformation, the X- and Y-directional forces are combined to obtain the total friction force
Fy, and the equation is shown in (4):

Fr =/ (F)* + (B)? @)

where Fy is the frictional force; in the X and Y directions, Fx and F, represent the component
forces, respectively.

Figure 5 shows the dynamic response curves of the friction force and friction coefficient
with time steps. The initial friction starts from the nickel surface. As shown in Figure 5, the
friction force continues to increase as the grinding ball presses down and creates a rotating
motion. Further, after the load-bearing capacity of the material and the downward pressure
load of the grinding ball reach equilibrium, the grinding ball no longer moves downward,
and the friction force reaches its maximum at this time (position 1 in Figure 5a). Thereafter,
the friction force slowly decreases to position 2, which is because the nickel substrate
maintains better surface quality during the initial friction, resulting in a reduction in the
friction force. Meanwhile, peaks appear near 7t/2 and 37/2, respectively. The analysis
reveals that the grinding ball is precisely at the two-phase interface at this time, and the
peak of the friction force is caused by the accumulation and release of strain energy at the
co-grid interface [23]. When the grinding ball undergoes friction in the Ag film region
(1t/2-37/2), the friction force first increases and then decreases, which is related to the
poor load-bearing capacity of the soft metal Ag. Further analysis reveals that the material
removal from the Ag film surface increases at the first friction stage, and the increase in
the friction force is associated with a large pileup of abrasive chips in front of the grinding
ball movement. However, the fluctuation of the friction force is more dramatic during the
repeated friction stages, which is caused by the unevenness of the grinding groove surface.
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Figure 5. Dynamic response curve with time steps of (a) friction force, (b) friction coefficient.

In addition, the friction reduction effect of Ag as the lubricating primitive for this
simulation on the nickel substrate is usually evaluated by the friction coefficient. Therefore,
Figure 5b shows the variation law of the friction coefficient with the time steps. It can
be seen that the friction coefficient shows periodic fluctuations with the friction, which is
related to the model established with a semi-area characteristic. Here, the green regions
(A, B and C) show the variation in the friction coefficient tracked in real time on the Ag
film surface during the three friction processes. The friction coefficient in the B region
seems to be the lowest, followed by the more fluctuating C region, while the A region
has the highest and more dramatic fluctuations in the friction coefficient. This suggests
that the number of friction laps has a significant influence on the friction coefficient of
the Ag film surface. Meanwhile, the peaks at positions 1, 2 and 3 marked in Figure 5b
gradually decrease (blue line segment). The analysis reveals that the three positions are
exactly at the two-phase interface (the movement of the grinding ball from the Ag to the Ni
surface). It shows that repeated friction facilitates the reduction of the friction coefficient in
the interface transition zone.

To analyze accurately the variation law of the friction coefficient with the number of
friction laps in different friction regions, as shown in Figure 6, the friction region during
the friction process is divided into three parts (Figure 6a—c), where interval S1 indicates
the friction of the grinding ball on the whole workpiece surface; interval S2 indicates the
friction of the grinding ball on the Ag film surface only; and interval S3 indicates the friction
of the grinding ball half way from the interface to the nickel surface. The friction coefficient
in Figure 5b is converted into the average friction coefficient for the three intervals (Table 3)
and plotted in Figure 6d. As shown in Figure 6d, the friction coefficients of interval S1
and interval S2 first decrease and then increase with the increase in the number of friction
laps, whereas the average friction coefficient of interval S3 continuously decreases with
the increase in the number of friction laps. These results (interval S2 and interval S3) are
consistent with the observed phenomena in Figure 5b.
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Figure 6. The average friction coefficient in different intervals during friction: (a) the friction of the
grinding ball on the whole workpiece surface, (b) the friction of the grinding ball on the Ag film
surface only, (c) the friction of the grinding ball half way from the interface to the nickel surface,
(d) the average friction coefficient of intervals S1, S2 and S3 during the three-rotation friction.

Table 3. The value of the average friction coefficient in Figure 6.

Friction Interval Average Friction Coefficient/(Number of Laps)
S1 0.63/(1 lap) 0.52/(2lap) 0.54/(3 lap)
S2 0.70/(1 1ap) 0.49/(2 1ap) 0.58/(3 lap)
S3 0.73/(1 1ap) 0.66/(2 lap) 0.63/(3 lap)

The analysis of the above shows that the higher friction coefficient of the Ag film
surface (interval S2) during the first friction stage (Figure 6 and Table 3) is related to the
large pileup of abrasive chips during the motion of the grinding ball. Indeed, the large
pileup of abrasive chips leads to a gradual increase in the friction force (Figure 5), which in
turn causes an increase in the friction coefficient. However, the friction coefficient of the
Ag film surface decreases to 0.49 during the second lap of friction. This can be clarified
as the following. On the one hand, the weakening of the blocking effect on the grinding
ball by the lesser accumulation of abrasive chips at the second friction stage resulted in the
reduction of the friction force; on the other hand, the abrasive grooves formed on the Ag
film by the first friction act as a slip channel with low shear strength to reduce the resistance
of the grinding ball. Thus, the small amount of material removal from the Ag film surface
and the formation of the slip channel contribute to the friction reduction and lubrication
effect of the Ag film. Moreover, the friction coefficient of the Ag film surface increases to
0.58 as the friction continues (third lap). This is due to the fact that the third friction stage
mainly occurs on the nickel substrate below the Ag film, leading to the weakening of the
friction-reducing effect on the Ag film.

In addition, it is found that the friction coefficient of interval S3 continuously decreases
with the increase in the number of friction laps (Figure 6 and Table 3), which may be related
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to the migration behavior of Ag atoms at the interface. Therefore, an in-depth analysis
of the frictional behavior at the interface is performed. Figure 7 shows the abrasive chip
morphology on the interface at the first friction. Among them, Figure 7a shows the abrasive
chip morphology at the interface when the grinding ball first moves from the Ni to the Ag
surface. Similarly, as the friction continues, the corresponding abrasive chip morphology
when the grinding ball moves to the next interface is shown in Figure 7b. From Figure 7a, it
can be seen that the grinding ball shows a certain degree of sagging on the biased Ag side,
and the height difference between the two-phase transition zone is measured to be 1.6 nm.
Meanwhile, comparing Figure 7a,b, it can be observed that there is a significant difference
in the abrasive chip morphology at different friction stages. The measured chip heights of
3.5 nm and 6.8 nm for Figure 7a,b, respectively, indicate the continuous accumulation of
chip atoms in front of the grinding ball motion. Furthermore, it is noted that the thickness
of Ag atoms directly interacting with the grinding ball in Figure 7b is 0.6 nm, which is 50%
more than the thickness of Ni atoms (0.3 nm) in Figure 7a. This further indicates that a
large number of Ag atoms can reach the Ni surface by migration under the pushing action

( (a)

of the grinding ball.
(b) = )

Figure 7. Abrasive chip morphology when the grinding ball first moves to the two-phase interface:
(a) friction process from Ni to Ag, (b) friction process from Ag to Ni.

To deeply understand the migration behavior of the workpiece atoms at the interface,
the distribution of Ag and Ni atoms migrating towards each other during the friction
process is shown in Figure 8. As shown in Figure 8, most of the abrasive atoms are
separated by the grinding ball to the sides of the grinding groove during the friction
process. Here, the length extended by the Ag atoms migrating on the nickel surface is
expressed in terms of the angle swept. Therefore, it can be clearly seen that Ag atoms are
heavily aggregated on the nickel surface with friction. Meanwhile, the angles swept by
Ag atoms on the nickel surface during the three friction laps were measured to be 60°, 75°
and 90°, respectively. This indicates that repeated friction contributes to the migration of
Ag atoms. Additionally, it should be emphasized that the large amount of debris (Ag and
Ni atoms) that accumulates on both sides of the grinding groove usually results in further
hardening of the material.
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Figure 8. Migration changes of abrasive atoms (Ag and Ni atoms) during repeated friction.

In order to accurately describe the change in the number of Ag atoms migrating during
the friction process, the variation in the number of Ag and Ni atoms migrating with the
number of friction laps is plotted in Figure 9. As shown in Figure 9, repeated friction leads
to an increase in the total number of Ag atoms migrating. Meanwhile, the increments in
Ag atoms on the nickel surface during the three friction laps are Ay = 2833, A, = 1853 and
Az = 1609, respectively, clearly A > Ay > Az. This demonstrates that the migration of Ag
atoms is most significant quantitatively during the first friction stage, and this quantitative
advantage becomes less pronounced with repeated friction. These laws are related to the
destruction of the Ag film and the gradual depletion of Ag atoms during repeated friction.
However, it is necessary to emphasize that the continuous increase in the number of Ag
atoms migrating to the Ni surface plays a key role in the friction reduction of its surface as
the friction proceeds, which is the main reason for the decrease in the friction coefficient of
interval S3 in Figure 6.

7000

6000 —e— The number of Ag atoms 000000
—o— The number of Ni atoms
A=1609

5000 [
St o-0-0-8-
- @
E
5 000 A,~1853
=
= A=2833

3000 -[A1~ _ — 3
£ =
< A=1119

2000 °

A,=805
1000 | M
AF=1115
1 lap 2 lap 3 lap
Number of laps

Figure 9. The curves of the change in the number of Ag and Ni atoms during the friction process in
Figure 8.

In addition, a similar migration phenomenon of Ni atoms exists on the Ag film. The
Ni atoms are in an increasing trend in migration range and number during the three laps of
friction (Figure 8). As can be seen from Figure 8, the migration increments in Ni atoms on
the Ag film are A1 = 1115, Ap =805 and A3 = 1119, respectively, and Az > A1 > Aj. This can
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be explained by the fact that during the first friction stage, the abrasive chips formed on the
Ni surface are carried to the Ag film surface by the grinding ball. At this time, the grinding
ball only rubs on the Ag film, and has no direct effect on the nickel substrate below the
Ag film. When repeated friction is performed, the protective effect of the Ag film on the
substrate is weakened, resulting in enhanced damage to the interface by the grinding ball.
The Ni atoms are eventually detected as abrasive chips mixed in the Ag film and increase
with the number of friction laps. Therefore, from the variation law of Ag atom migration at
the interface, repeated friction contributes to the migration of Ag atoms to the Ni surface
and decreases the friction coefficient of its surface as the number of migrations increases
(Figures 5 and 6). This provides a microscopic insight regarding the understanding of the
friction reduction and lubrication behavior of an Ag-containing coating on a Ni substrate
at the macroscopic level [57-59].

3.2. The Effect of Friction on the Displacement of Workpiece Atoms

The deformation behavior of the workpiece can be realized by studying the change
in atomic displacements. Figure 10 shows the displacement variation during the initial
friction process. Here, only atoms with displacements greater than 3 A are included to
eliminate the influence of displacement due to atomic vibration. The letter B indicates the
position where the grinding ball is located, and the red arrow indicates the direction of the
displacement extension. Moreover, in order to accurately analyze the variation law of the
displacement, the number of atoms with displacements exceeding 2 nm, 2.5 nm and 3 nm
for each friction moment in Figure 10 was calculated, as shown in Figure 11.

SERT w130

Figure 10. The change in atoms with displacement greater than 3A during sliding rotational friction:
(a—f) indicate the variation of the atomic displacement of the workpiece at the different positions of
the grinding ball during the first friction, respectively.
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Figure 11. Atomic number of workpiece displacement when grinding ball is in different position.

In Figure 10a, the Ni atoms that undergo displacement during the first friction appear
only at the abrasion mark. This is related to the stronger resistance of nickel to defor-
mation [23,24]. However, when the grinding ball moves to the interface (position B in
Figure 10b), a large range of displaced atoms appears on the Ag film surface (Figure 11b).
This indicates that the atomic displacement can be super-conducted to the Ag film surface
through the two-phase interface, and also demonstrates that the workpiece is in an energy
storage state at this time. After the grinding ball passes through the two-phase interface, the
energy stored in the workpiece is partially released and the displaced Ag atoms undergo
elastic recovery, resulting in the disappearance of the displaced atoms from the Ag surface
(Figures 10c and 11c). At this point, only larger displaced atoms are observed near the wear
marks. However, it is noteworthy that the number of displaced atoms on the Ag surface
is significantly higher compared to the Ni surface (Figure 11), indicating the significant
atomic movement of Ag as a lubricating film during the friction process.

When the grinding ball is in the stage in Figure 10d, the displacement area of the Ag
surface continues to increase compared to the stage in Figure 10c. The Ag atoms with large
displacements (red atoms) show a band-like distribution along the inner and outer sides
of the grinding ball. Meanwhile, the distribution of atoms with large displacements (red
atoms) is more pronounced on the outer side, which is due to the larger linear velocity
of the outer side. Moreover, the displacement continues to move in the direction of the
red arrow and ends at the interface. When the grinding ball is in the stage in Figure 10e,
the extension of the displacement is still bounded by the two-phase interface, and no
significant displacement occurs on the nickel side, indicating that the interface acts as a
barrier to the conduction of the Ag atomic displacement. This is in contrast to the observed
super-conduction of displacement in Figure 10b.

When the grinding ball passes through the interface and continues its movement to
the stage in Figure 10f, the distribution of displaced atoms on the nickel surface is consistent
with the law of Figure 10a. The atoms with large displacement on the outer side of the
grinding groove are distributed on the nickel surface, in addition to the Ag surface. This is
due to the large accumulation of Ag atoms at the interface (Figure 7b) and their migration
to the nickel surface with the pushing of the grinding ball. Therefore, it follows from the
quantification results of Figures 10 and 11 that the increase and decrease in the displacement
atoms is a concrete manifestation of the plastic deformation and elastic recovery processes.

From the above analysis, it can be seen that Ag atoms possess significant displacement
changes. Therefore, it is necessary to analyze in depth the general motion law of Ag atoms
during the friction process. In order to facilitate the comparison of the effect of the substrate
on the displacement of Ag atoms, the whole workpiece was intercepted in the X-Z plane,
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and the grinding ball was always at the same position on the Ag surface during the repeated
friction stages, as shown in Figure 12.

(b) (c)

Iy’
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Figure 12. Displacement changes of the workpiece atoms during friction and the corresponding
schematic diagram: (a) first lap, (b) second lap, (c) third lap.

As can be seen in Figure 12, repeated friction has a significant impact on the displace-
ment of Ag atoms. The analysis reveals that the Ni atoms that undergo large displacement
during the friction process are only at the edge of the grinding groove. However, as the fric-
tion proceeds, more atoms colored green in the typical region of the Ag film are observed,
indicating that repeated friction assists the movement of more Ag atoms. Meanwhile, no
extensive movement of Ni atoms is observed at the two-phase interface, which is consistent
with the analysis in Figure 10.

Additionally, the variation in the atomic displacement vector of Ag on the inner side
of the grinding ball in Figure 12 is analyzed, where the red arrows indicate the direction
and magnitude of the atomic displacement. During the initial friction (Figure 12a), the
displacement of the Ag atoms in the typical region changes regularly. It is clear from the
schematic diagram that the change in displacement of the Ag atoms can be divided into
different regions. This is caused by the discontinuity in the interaction between the Ag
atoms. This discontinuity is reflected in two aspects. On the one hand, the squeezing effect
of the grinding ball is exerted on the Ag atoms on the inside and, as can be seen by the
direction of the displacement, this squeezing effect dominates. On the other hand, the
interface also acts as a force on the motion of the Ag atoms. Thus, the combined effect of
the two factors eventually leads to an increase in the number of Ag atoms with different
displacements. However, during repeated friction, the distribution regions of different
displacements gradually decrease (Figure 12b,c), and the number of Ag atoms displaced
increases along the horizontal direction. This is because the repeated friction adjusts the
Ag atoms more towards the equilibrium position.

In addition, the motion of the Ag atoms in Figure 12 was further investigated. The
X and Z displacement components of the Ag atoms on the inner side of the grinding ball
were extracted and scatter plots were drawn. As shown in Figure 13, the majority of Ag
atoms are distributed in the negative half-axis of the X displacement, indicating that the
direction of atomic motion coincides with the direction of extrusion of the grinding ball
to the left. Meanwhile, the displacements of almost all the atoms in the X direction are
larger than those in the Y direction, illustrating that the motion of the Ag atoms is mainly
transverse deformation. This is consistent with the analysis results in Figure 12, i.e., the
squeezing effect of the grinding ball on the Ag atoms is the main reason for the deformation
of the Ag film. Moreover, in Figure 13a, the scattering points are almost all below the 45°
line. This indicates that the displacement direction of the atoms does not coincide with the
slip direction of the crystalline Ag, which is also observed in the machining simulation of
single-crystal nickel [22].
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Figure 13. Displacement scatter plot of Ag atoms during the friction process: (a) first lap, (b) second
lap, (c) third lap.

However, when the second friction is performed (Figure 13b), the displacement in the
Z direction increases, which indicates a tendency for the Ag atoms to move toward the Ag
film surface. This is consistent with the tendency of Ag atoms to diffuse toward the surface
in Figure 12b. In previous friction experiments, Ag particles were able to disperse and
coat the worn surface under the extrusion of high stress and friction heat, thus providing
excellent lubrication to the substrate [60]. Here, the squeezing action of Ag atoms by the
grinding ball and the migration behavior at the interface are further illustrated at the atomic
scale. Meanwhile, the majority of the atoms in Figure 13b are dispersed on the 45° line,
which indicates plastic deformation due to the movement of Ag atoms along the slip plane
of the crystal. Furthermore, when the third friction step is performed (Figure 13c), the
displacement in the Z direction is maintained near its zero value, which is a result of the
elastic recovery of the Ag atoms. At this point, significant atomic displacements appear
only in the negative direction of the X axis, indicating that the Ag atoms are easier to move
along the horizontal direction under repeated squeezing.

3.3. Variation in Internal Defects of the Workpiece with Friction

Figure 14 shows the morphology of the inside of the workpiece during friction. Here,
the structure types of the crystals are identified using the common neighborhood analysis
method in the OVITO visualization software [61], where green represents perfect FCC
atoms, red represents HCP atoms, blue represents BCC atoms, and white represents surface
and defective atoms of unknown structure. As shown in Figure 14, the depth difference
of the wear marks and the depth and direction of the defect extension are marked and
measured, respectively.

As shown in Figure 14a, during the first friction step, the difference in the depth of the
wear marks measured at both ends of the workpiece is hy = 0.96 nm, which is caused by
the difference in the resistance to deformation of the two materials. When the friction is
repeated, the difference in the depth of the wear marks is measured as hy = 1.08 nm and
h3 = 1.10 nm, respectively, which is obviously hy < hj. This is because, during the second
friction stage, the motion of the grinding ball is only near the two-phase interface, and
the strengthening of the interface causes the removal of the material to become difficult.
However, the difference in the depth of the wear marks increases at the third friction stage,
which is due to the second friction stage causing a broken ring at the interface, resulting in
the loss of the strengthening effect. Eventually, the removal of the material by the grinding
ball becomes apparent.
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Figure 14. Surface morphology of the workpiece during friction: (a) first lap, (b) second lap, (c) third lap.

In addition, friction has a significant impact on the evolution of defects inside the
workpiece. As shown in Figure 14a, during the first friction step, defects (HCP) form inside
the nickel substrate on its intrinsic stacking fault. However, the extreme susceptibility of
Ag to intergranular slip leads to more defects along the orthogonal direction on the Ag
film [62]. Meanwhile, the defects are not extended to the interior of the nickel substrate due
to the hindrance of the two-phase interface. However, the repeated friction (Figure 14b,c)
leads to the formation of more atomic clusters with an amorphous structure compared to
the first friction. Meanwhile, the repeated friction causes the formation of defects inside the
Ni substrate below the Ag film, and the defect types are mainly HCP, BCC and defective
atoms of unknown structure.

Additionally, the extension depth of the defect inside the Ni substrate during the
friction process is measured and plotted in Figure 15. As shown in Figure 15, it can be
clearly seen that a significant change in the extension depth of the defect occurs with the
increase in the number of friction laps. On the pure Ni surface (at the left abrasion mark),
the depths of defect extension at the first and second friction stages are measured to be
d; =4.14 nm and dj = 2.36 nm, respectively; obviously, d; > d,. This is because the large
structural defects produced by the first friction step undergo elastic recovery and energy
release during the repeated friction stages, causing the unstable, large defect atoms to
reconstruct and eventually form more stable defect structures (Figure 14b).
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Figure 15. Extension depth of internal defects during friction.

When the third friction step is performed, the extension depth of the defect (d3 = 2.83 nm)
increases slightly compared to the second friction step. This is attributed to the surface
hardening caused by the second friction step. The hardened surface acts as a protective
barrier to weaken the direct damage of the grinding ball to the interior of the substrate.
Moreover, combining Figures 14 and 15, it is found that no defects are produced under the
Ag film at the first friction stage, which is due to the protection of the Ni substrate by the
two-phase interface. However, during repeated friction, some defects are formed on the
Ni substrate due to the destruction of the interface. During the second and third friction
processes, the depth of defect extension in the substrate is measured as D, = 3.97 nm and
D3 =3.95 nm. Apparently, the difference between D2 and D3 (difference of 0.02 nm) is
within its error range, indicating that repeated rubbing leads to surface hardening, which
allows the formation and extension of defects inside the workpiece in a steady-state phase,
which is significantly different from the generation of large defects by the first stage of
friction. It is noteworthy that the defects inside the Ag film show a significant change
in the extension direction during the friction process. As can be seen in Figure 14, the
inclined intrinsic stacking fault gradually evolves into a horizontal stacking fault with
repeated friction. This is also observed in the Cu/Ni multilayer model with a similar layer
fault change [63]. According to the explanation of Fu et al. [63], the horizontal layer-by-
layer motion of atoms affects the crystal orientation and thus contributes to the stacking
faults” motion. Hence, the horizontal movement of Ag atoms increases layer-by-layer with
repeated squeezing of the Ag film by the grinding ball, leading to the disappearance of the
intrinsic stacking fault and the formation of more horizontal stacking faults. Moreover, the
slip of horizontal stacking faults can release the internal stresses, and their presence near
the interface facilitates the hardening of multilayers.

Figure 16 shows the evolution of defects inside the nickel substrate at the first friction
stage. The different types of atoms were colored using the common neighborhood analysis
(CNA) method [64] and the perfect FCC atoms in the crystals were removed. As shown in
Figure 16a, a large structural defect (HCP) is formed in the subsurface layer at the initial
stage of friction, and a large number of amorphous atoms (defects of unknown structure)
and a small number of BCC atoms are collected at the lower surface near the abrasion marks.
As the friction proceeds, the number of amorphous atoms decreases and the volume of
the defect continues to increase, as shown in Figure 16b. This indicates that the workpiece
is in a state of energy storage at the initial stage of friction, and the stability of the large
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structural defect is poor. When the grinding ball imparts a continuous energy input to the
interior of the workpiece, a significant stacking fault change is formed, which results in
the transformation of more amorphous atoms into HCP (Figure 16b). When the friction
enters the stabilization stage, the damage inside the workpiece by the grinding ball is
weakened. Meanwhile, the stacking fault atoms under larger deformation undergo an
elastic recovery process, leading to the evolution of the large-volume defect (Figure 16b)
into a smaller-volume stacking fault structure and a “V”-shaped dislocation loop, as shown
in Figure 16¢. Therefore, the evolution of the defect structure in Figure 16 is a gradual and
stable development process [65].

Step 8000

Figure 16. Evolution of internal defects in nickel substrate during friction: (a) internal defects in the
nickel matrix at 4000 steps, (b) internal defects in the nickel matrix at 6000 steps, (c) internal defects
in the nickel matrix at 8000 steps.

Throughout the friction process, the Ag film is highly susceptible to stacking faults
inside (Figure 14), while the large structural defects (HCP) formed undergo slip recon-
struction as the friction proceeds. Therefore, the HCP structure formed in the Ag film due
to friction is classified into three different types of changes, and the phase transition is
analyzed by the atomic tracing method, as shown in Figure 17. Furthermore, the number
of atoms (e.g., FCC, BCC, HCP and other atoms) of the three types at different time steps is
calculated, as shown in Figure 18.

Figure 17. Distribution of defects in Ag film during friction.
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Figure 18. The formation process of HCP structure inside Ag film and the corresponding number of
atoms (FCC, BCC, HCP and other atoms) with time steps: (a) type 1, (b) type 2, (c) type 3.

In Figure 17, type 1, type 2 and type 3-A are considered as stacking faults with a
horizontal orientation, and their formation is closely related to the horizontal displacement
of Ag atoms (Figure 12). In Figure 18a, the corresponding type 1 is a horizontal stacking
fault at the two-phase interface. At the initial stage of HCP structure formation, defective
atoms of unknown structure at the interface are the majority and a small fraction arises
from FCC atoms. Meanwhile, a very small amount of BCC atoms undergo interconversion
between amorphous, HCP and FCC atoms. As the grinding ball squeezes the interface,
part of the perfect FCC structure undergoes a phase transition to form HCP, while the
amorphous atoms recover by elasticity to form the original FCC. As the friction continues,
more amorphous atoms recover to FCC, accompanied by the transformation of FCC to
a HCP structure. Through this changing law, type 1 is finally formed. It is important to
emphasize that the horizontal stacking faults formed at the interface are helpful for the
strengthening of the interface [63].

Figure 18b corresponds to type 2 in Figure 17. It can be clearly seen that type 2 is
mainly distributed in the abrasive chips on the surface of the Ag film, and this type of HCP
structure has significant plastic deformation at the initial stage of formation. By tracking
this phase transition process, it is found that perfect FCC is dominant in the initial stage of
HCP structure formation and a small amount of surface amorphous atoms are present. As
the friction continues, the FCC structure tends to transform more into amorphous atoms,
accompanied by the transformation of individual BCC and HCP. When the disruption of
the FCC crystal structure by the grinding ball intensifies, almost all of the FCC undergoes
phase transformation to form amorphous atoms. This is undoubtedly true, because this
area belongs to the abrasive chip accumulation zone. The grinding ball causes severe
damage to the FCC structure through material removal and chip diversion.

The transformation process of type 3 corresponds to Figure 18c. As can be seen in
Figure 17, type 3 is subdivided into type 3-A and type 3-B, where type 3-A is mainly located
near the inner side of the grinding groove, but it is distinct from type 2 in the region of
abrasive chips, and type 3-B is formed mainly at a location away from the friction. Therefore,
in the early stage of HCP formation, the area near the abrasion marks and away from the
abrasion marks is almost entirely a perfect FCC structure (Figure 18c). As the friction
proceeds, the action of the grinding ball on the FCC atoms around the abrasion marks
gradually intensifies. When the squeezing action reaches the critical value of the phase
transition, the FCC near the abrasion marks first undergoes the phase transition, leading to
the formation of type 3-A. As the friction continues, the conduction of displacement and
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the continuous input of energy causes a stacking fault to develop away from the abrasion
marks, leading to a phase transition in the FCC to form HCP, as shown in Figure 17,
for type 3-B. It is noteworthy that type 3-A, located near the wear marks, extends along
the horizontal direction, while type 3-B, which is located away from the friction zone,
extends the intrinsic stacking fault. This is mainly caused by the displacement of the Ag
film. The formation of type 3-A is attributed to the movement of Ag atoms along the
horizontal direction (Figure 14). In contrast, for type 3-B, being far from the friction zone,
the squeezing effect is gradually weakened during the Ag atomic displacement transfer.
Therefore, the smaller forces can only influence the crystalline Ag to carry out the inclined
intrinsic stacking fault, and thus the phase transition from FCC to HCP occurs.

To understand more deeply the effect of repeated friction on the three HCP structures,
in Figure 17, the atomic numbers of the different structures (FCC, BCC, HCP and others)
are presented for the three types (type 1, type 2 and type 3) undergoing phase transitions
during the three-loop friction process, as shown in Figure 19. Figure 19a shows the variation
in the number of atoms of different structures in the three-loop friction for type 1. It is clear
that the amorphous atoms are mainly dominant at the two-phase interface, followed by
FCC and HCP atoms, while BCC atoms have the smallest number. Moreover, it is noted
that the number of horizontal stacking faults (type 1) at the interface increases with the
number of friction laps, indicating that repeated friction contributes to the formation of
more horizontal stacking faults. Figure 19b shows the variation in the atomic numbers
of different structures with the number of friction circles during the phase transition of
type 2. Since type 2 is in the abrasive chip pileup zone, more defective atoms of unknown
structure are detected, followed by HCP atoms with horizontal stacking faults. However,
the destructive action of the grinding ball is the main reason for the low number of perfectly
structured FCC atoms (Figure 19b). Additionally, for type 3, the variation law of the
number of atoms with the number of friction circles for the different structures is shown
in Figure 19c. As depicted in Figure 18c, the formation of type 3 is mainly transformed
between FCC and HCP. As a result, the number of atoms in FCC and HCP is always higher
in all three laps. It is noteworthy that all three types of HCP atoms show a significant
increase when rubbing in the second lap and still maintain a high number of atoms during
the third lap. Therefore, the continuous frictional action increases the number of defects
inside the Ag film and intensifies the hardening of the Ag film.
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Figure 19. Variation in the number of different structures (FCC, BCC, HCP and others) during
three-lap friction: (a) type 1, (b) type 2, (c) type 3.

4. Conclusions

The molecular dynamics method was used to simulate the nano-friction process of
a diamond grinding ball on nickel-based Ag film composites. By systematically investi-
gating the frictional wear mechanism of nickel-based Ag film composites, the following
conclusions were drawn.

1. Friction has a significant effect on the mechanical properties of the workpiece. At
the first friction stage, a large amount of abrasive chip pileup in front of the grinding
ball movement leads to a high friction force and friction coefficient on the Ag film
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surface. During the second friction stage, the Ag film exerts a better friction reduction
effect due to the formation of slip channels with low shear strength. Moreover, the
migration of Ag atoms at the two-phase interface contributes to the friction reduction
and lubrication of the nickel surface.

2. The Ag film has more significant atomic displacement than the Ni substrate. The
displacement of Ni atoms occurs only near the abrasion mark, while Ag atoms near
the friction zone eventually become horizontally displaced with repeated friction,
which assists the interlayer flow of Ag. Meanwhile, the two-phase interface plays a
suppressive role in the transfer of Ag atomic displacements.

3. As friction proceeds, the large structural defects (HCP) in the nickel matrix gradually
transform into amorphous and more stable small structural defects. In addition, the
Ag film has a more active slip system inside than the nickel substrate. In particular,
the defects near the friction zone gradually transform from intrinsic stacking faults to
horizontal stacking faults with repeated friction. This is attributed to the formation of
horizontal stacking faults promoted by more horizontally oriented moving Ag atoms.

4.  The extension of defects inside the Ag film is hindered by the two-phase interface.
Meanwhile, the horizontal stacking fault structure formed at the two-phase interface
helps in the strengthening of the interface.
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