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Abstract

In this study, the molecular dynamics method was used to simulate the process of repeated friction of TiC/Ni composites
under a hard diamond grinding ball and the mechanical properties of abrasion depth and morphology, wear rate, atomic
displacement, internal defect evolution, and temperature, were systematically investigated during multiple friction processes.
It was found that when the action of the grinding ball on the workpiece is transmitted to the TiC phase, extreme value of
friction force appears, the depth of the abrasion marks is shallow, the number of atoms in the workpiece that undergo large
displacements is low, the atoms exhibit a tendency to bypass the TiC phase for displacement, and the TiC is subjected to
external action energy, which leads to an increase in temperature and discontinuity in the workpiece temperature distribution.
During repeated friction processes, the friction force reaches a maximum, the friction coefficient fluctuates drastically, the
increment in the abrasion depth decreases, the large structural defects generated by initial friction events are decomposed
into small structural defects or stable laminar dislocation tetrahedral structures leading to the formation of dislocation entan-
glement which improves the overall wear resistance of the workpiece, the temperature of the TiC increases rapidly, and the

temperature difference compared to the substrate gradually increases.
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1 Introduction

Nickel matrix composites have good high-temperature
strength, thermal fatigue resistance, oxidation resistance,
and thermal corrosion resistance. They are novel types of
composite materials that are used to manufacture impor-
tant heat components in aerospace, ships, and industrial
gas-turbine engines [1-4]. In particular, nickel matrix com-
posites doped with carbide phases combine the excellent
properties of ceramics and nickel matrix materials, and
nickel matrix titanium carbide composites are mainly used
in high-temperature components with high processing and
mechanical property requirements [5]. Such composites are
of great importance for the development of industrial materi-
als because they retain the characteristics of low mass, high-
temperature resistance, high hardness, and corrosion resist-
ance of ceramic materials, without compromising the high

> Zongxiao Zhu
zhuzongxiaolut@163.com

School of Mechanical and Electrical Engineering, Lanzhou
University of Technology, Lanzhou 730050, China

performance of nickel-based materials [6—11]. However,
nickel-based titanium carbide composites often fail under
actual service conditions from mechanical wear [12] and
the strengthening mechanisms of carbides on nickel-based
metal materials are unknown. Therefore, an in-depth study
of the frictional wear behavior of nickel-based composites
is of great scientific importance.

Traditional friction experiments mainly simulate the fric-
tion and wear of materials based on actual working con-
ditions, and infer friction and wear mechanisms from the
analysis of friction products, friction surface morphologies,
and the influence of wear on structural characteristics [13,
14]. In response to the limitations of traditional means of
friction test analysis, molecular dynamics simulation bridges
the gap between the macroscopic and microscopic nature of
materials with the advantages of high operational efficiency
and simulation systems of large. It can compensate for the
shortcomings of actual experiments by constructing more
ideal models and quantifying the dynamic processes that
occur in real solids online. At the same time, the surrounding
environmental conditions and the properties of the material
can be easily changed according to the needs of the research.
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In addition, the wear of materials is a continuous process
in small increments with transient wear up to the micro/
nanometer level. Therefore, it must be studied according to
the basic units that make up materials. Molecular dynam-
ics (MD) is promising for analyzing the motion of discrete
atoms or molecules at the nanometer level. Additionally, the
processes of dynamic migration and phase transitions of the
material can be observed, including microscopic evolution
[15-19] which can reveal the strengthening mechanisms and
interfacial structures of reinforcement in nickel-matrix com-
posites, as well as the frictional wear mechanisms of nickel
matrix composites.

TiC carbide-reinforced nickel-based composites have
been widely used in tools, molds, wear-resistant compo-
nents, and high-temperature oxidation-resistant compo-
nents [20]. Liu et al. [21] studied the effects of TiC nano-
particles on the microstructure and tensile properties of a
Ni—Fe matrix. Various studies have demonstrated that as-
cast grains are refined and yield strength, ultimate tensile
strength, and elongation are improved by the presence of
trace TiC nanoparticles. Testa et al. [22] obtained a com-
posite coating through the mixed plasma spraying of a TiC
suspension and dry Tribaloy-400. They found that the coat-
ing with 25 vol% TiC exhibited good performance in terms
of hardness and toughness, and the sliding wear rate was
approximately 1075107 mm*/(N-m). Lv et al. [23] mixed
FeCrAl powder and TiC nanoparticles via directional energy
deposition. Experimental results revealed that when the
content of TiC particles was 3.5 wt.%, the yield strength of
the alloy was 208 MPa, the tensile strength was 223 MPa,
and the elongation was 53%, thereby, providing excellent
mechanical properties. Wang et al. [24] prepared TiC-
reinforced Inconel 718 composites using a selective laser
melting technique. Experimental results demonstrated that
the tensile strength and yield stress of the composites was
improved. It was also observed that the TiC particles sig-
nificantly refined the organization of Inconel 718 and that
the reinforcing particles significantly hindered the growth of
columnar crystals. Zhang et al. [25] added micro-amounts
of in situ TiC nanoparticles to 40Cr steel. Experimental
results revealed that the trace TiC nanoparticle/40Cr steels
prepared using this method exhibited better room- and high-
temperature properties than pristine 40Cr steel. Reddy et al.
[26] prepared nanoscale SiC-reinforced aluminum matrix
nanocomposites using microwave sintering and hot extru-
sion techniques. Experimental results demonstrated that the
5 vol% SiC nanocomposites exhibited the best mechanical
and thermal properties. Cai et al. [27] prepared a graphite/
CaF,/TiC/Ni-base alloy composite coating using plasma
spraying technology. Their research revealed that the friction
coefficient of the composite coating was between 0.22 and
0.288, which is 25.9-53% lower than that of a pure nickel-
based alloy coating. Its wear rate was also 18.6-70.1% lower
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than that of a pure nickel-based alloy coating. Yin et al. [28]
studied the nano-wear behavior of SiC particle-reinforced
aluminum matrix composites (SiC/Al-NCs) under the action
of a spherical diamond indenter. They found that dislocation
strengthening occurred in the nano-scratches on the SiC/Al-
NCs. Zhang et al. [29] studied scratches on Al/Si composites
using MD simulations. They found that the hardness and
friction coefficient of the composites were equivalent to the
average values of the two materials at the interface. Wang
et al. [30] used MD to simulate the deformation behavior of
single-crystal GaN processing. The effects of cutting speed,
cutting depth, and abrasive particle shape on the atomic
strain, stress, temperature, cutting force, and deformation
layer were systematically studied. Hao et al. [31] used MD to
simulate the diffusion mechanism of Ni-based superalloy Ni-
Fe-Cr series nano-cutting tools and studied the interaction
mechanisms between tools and workpiece materials during
the cutting simulation process. The mean square displace-
ment method was used to describe the diffusion process of
workpiece atoms in SiC accurately.

In the present work, there are a large number of gaps
in the nickel matrix composites at the nanoscale and the
strengthening mechanism of the particle reinforcement
on the nickel matrix at the nanoscale are still unclear. To
explore the nanoscale wear properties of TiC/Ni composites,
the effects of various parameters such as friction force, fric-
tion coefficient, wear scar depth and morphology, atomic
displacement, and temperature are investigated in depth. The
results obtained will help in the further application of TiC/Ni
composites. This study is the first to establish an MD model
of nickel-based composites containing TiC reinforcement,
to simulate the microscopic friction and wear behaviors of
nickel-based composites under repeated friction processes.
This is also the first systematic study on the effects of TiC
reinforcement on nickel-based composites during repeated
friction processes. The strengthening mechanisms of TiC
reinforcement in Ni-based materials during repeated fric-
tion processes were systematically studied and the essence
of various friction and wear characteristics in Ni-based
composites was revealed, which lays the foundation for the
microscopic study of the effects of particle reinforcement
on matrices.

2 Methods
2.1 Simulation modeling

In this study, repeated friction processes on TiC/Ni compos-
ites were studied using an MD method. As shown in Fig. 1,
the proposed models include diamond grinding balls and
TiC/Ni composites. The diameter of the grinding balls was
60 A. Because the hardness of a diamond grinding ball is
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Fig. 1 Geometrical characteris-
tics of a TiC/Ni sample from the
(a) front and (b) top views
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Table 1 Calculation parameters for MD friction simulations

Materials Workpiece Tool: Diamond
Dimensions Cubic: 40 X 40 X 15 nm Spherical: R = 3 nm
Atomic number 2184288 20112

Interatomic potential MEAM/c EAM Morse  Tersoff

Time step 1fs

Initial temperature 300K

Grinding velocity 100 m/s

Normal load 66 nN

Grinding radius 11.3 nm

much higher than that of a TiC/Ni composite, the grinding
balls deform negligibly during the friction process. Addi-
tionally, this study mainly focused on the friction and wear
behavior of the TiC/Ni composite, so the grinding ball was
largely ignored. The TiC/Ni composite material is composed
of a pure nickel phase and TiC phase, as shown in Fig. la.
Four spherical TiC phases are uniformly distributed in the
nickel matrix with a radius R of 30 A and a distance of
30 A from the workpiece surface. The distance between the
TiC phases is 160 A. In our simulations, the grinding ball
performed periodic rotating friction events on the work-
piece under a fixed load and constant rotation speed, which
accurately reflects the characteristics of repeated friction
on a workpiece under actual working conditions. This is an
established scientific testing method for studying the friction
and wear of materials [32], where the grinding ball rotation
radius r is 113 A and its movement direction is indicated by
the blue arrow in Fig. 1b. Based on this model, the repeated
friction behavior of a nickel-based alloy containing a carbide
phase can be studied.

Table 1 lists the parameters selected for simulation. The
size of the workpiece is 400 x 400 x 150 A and it contains
2.18 million atoms, of which 2,141,697 are Ni atoms and
42,591 are TiC atoms. The workpiece atoms are divided
into three zones: the uppermost yellow atoms represent the
Newtonian layer, the middle purple atoms represent the

ﬂ Constant load

=8 TiC molecule
= Thermostat

| 400A |

Yooy

#z Ni atoms
= Fixed

thermostat layer, and the lowermost green atoms represent
the boundary layer. The boundary layer is 10 A thick and
prevents the movement of the workpiece during the fric-
tion processes [33]. The constant-temperature layer is 10 A
thick and the temperature is maintained at 300 K by periodi-
cally adjusting the atomic velocity. The rest of the atoms are
Newtonian layers, which follow Newton's second law and
define the important region for studying material deforma-
tion and damage [30]. Additionally, to reduce the influence
of boundary effects on simulation results, periodic bounda-
ries are used in the x- and y-directions, and free boundaries
are used in the z-direction [18, 30, 33]. Additionally, the
conjugate gradient method is used for energy minimization
to eliminate unreasonable factors for model building, such
as atomic overlap.

2.2 Selection of potential function

To describe the interactions between different atoms, the
neighborhood-modified embedded atom method (MEAM
potential), atomic embedded potential (EAM potential), Ter-
soff potential, and Morse potential (Morse) were used in this
study. MEAM (second-nearest-neighbor modified embedded
atom method) was used to describe the interaction forces
between Ti-Ti, Ti—C, and Ti—Ni in the composite. The total
energy of the system E is defined as follows [16, 34, 35]:

1

where F; is the embedding energy for atom i embedded in a
background electron density p;, S;; is the screening function,
Qij(rij) is the pair interaction between atoms i and j, andry; is
the distance between atoms i and j.

EAM is the two-body potential [31] used in metal and
alloy systems to describe Ni—Ni interaction forces. The total
potential energy is expressed as follows [28, 36]:
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Table 2 Parameter settings for the Morse potential function

Atomic type ~ Cohesion energy  Elastic modulus @ Equilibrium

D distance r
C-Ni 0.100 eV 22 A7 24A
1
Ey = D) Z ¢1j(rij) + Z Fi(p), Q)
ij i
pi = Z pj(rij)s 3)
J#i

where F; is the embedded potential energy of atom i, p; is the
electron cloud density of the other atoms, D is the intera-
tomic pair potential, and r; is the interatomic distance.
The Morse potential is used to describe the forces
between C and Ni atoms and is defined in (4) [37].

Uptorse(7y) = D721~ = 2e=eti=10), @)

Here, D, r,, and r; are the cohesive energy of exchange
interactions, equilibrium distance, and separation distance
between atoms i and j, respectively, and « is the bulk modu-
lus fitted to the material. Table 2 lists the corresponding
potential energy parameters.

Tersoff is used to describe the forces between C—C atoms
in diamond tools and the interatomic energy is given by (5)
[38].

E= % Zi Zj#l Vi
Vi = fo(ry) fa(ry) + bt ()]

Here, the interatomic potential energy is V;, phase radius

is f, (r;), pair potential for mutual attraction between atoms
is fg (r;;), modulation function is b, and atomic spacing is r;;.

&)

ija

3 Results and discussion

3.1 Study on the mechanical properties and wear
trace morphology of the workpiece

To ensure that our simulation results were valid and accu-
rate, the workpiece was relaxed before friction began, using
the canonical ensemble (NVT) and the temperature was
set to 300 K. The time step was 1 fs to ensure authenticity
and stability of the system [39]. The friction process used
a micro-canonical ensemble (NVE). Because the system
energy balance is the result of the atomic self-adjustment
of the equilibrium position, changes in the system energy
are closely related to the adjustment of atom displacement.
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Figure 2 presents the variation in the atomic displacement
deformation and total energy of the workpiece, with the
aforementioned time step during the relaxation process. One
can see that the total energy increases sharply with the num-
ber of steps at the beginning of relaxation and after reaching
the highest point, the total energy tends to stabilize and fluc-
tuate slightly. During relaxation, the matrix Ni atoms first
shift and their color changes to light green, whereas the TiC
phase atoms do not shift and their color is blue, as shown
in Fig. 2a. As the number of relaxation steps increases, the
total energy gradually increases. The matrix atoms transfer
their displacement to the TiC phase through interactions,
such that the TiC phase atoms shift as well and their color
changes to orange-yellow, as shown in Fig. 2c. When the
energy of the system reaches its maximum and tends to
stabilize, all the atoms except those in the fixed boundary
undergo large displacement under deformation adjustment
and the overall color becomes red, as shown in Fig. 2e.
Thereafter, the system reaches equilibrium and the energy
only fluctuates slightly, and there are no large displacements
in the workpiece atoms.

To accurately study the force changes of the grinding
ball in the X- and Y-directions during the entire friction pro-
cess, the forces between the grinding ball and workpiece
were extracted, as shown in Fig. 3. One can see that F, and
F), vary periodically according to sine and cosine curves,
respectively. The main reason for these fluctuations is the
plastic deformation that occurs during the friction process.
In the figure, a, b, and ¢, and @', b', and ¢’ represent the val-
ley and peak values of F y in the first, second, and third fric-
tion processes, respectively. One can see that the absolute
values of a and a' are greater than those of b and ', indicat-
ing that the absolute values of the peak and valley values
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Fig. 2 Effects of relaxation of the workpiece on changes in the atomic
displacement and total energy of the workpiece
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Fig.3 Interaction between the grinding ball and workpiece in the X
and Y directions

for the initial friction process are greater than the absolute
values of the corresponding peak and valley values for the
secondary friction process. This is because the surface of the
workpiece is relatively intact at the time of initial friction,
so it produces more atoms in the form of abrasive chips,
and thus more resistance to the grinding ball. However, the
absolute values of b and b’ are smaller than the absolute
values of ¢ and ¢’, indicating that the Y-directional friction
component of the secondary process friction is smaller than
that of the tertiary friction process. This is because, as the
number of friction processes increases, the position of the
grinding ball gradually moves downward and the distance
to the TiC phase decreases, but the hardness of TiC is rela-
tively high, which causes the resistance to the grinding ball
to increase. This indicates that as the number of friction
processes increases, the strengthening effect of TiC on the
workpiece gradually increases.

To accurately study the relationship between the change
in friction and deformation of the material, the friction com-
ponents can be combined to obtain the resultant friction
force F' s as shown in formula (6).

Fp=4/(F)? + (F))? (6)

Here, F ) is the frictional force, the X-directional force is
F,, and the Y-directional force is F' 3

Figure 4 presents the dynamic response curve of the
friction force with advancing time steps. One can see that
the defect at the lower end of the grinding ball nucleates
and develops toward the inside of the workpiece. When the
defect is blocked by the TiC phase, a tendency to extend
inward is prevented and the energy cannot be released

250
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Timestep/fs

1
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Fig.4 Dynamic friction response curve with advancing time steps

through the extension and development of defects, resulting
in energy accumulation in the action area, which leads to
increased friction force. With the continuous action of the
grinding ball on the workpiece, the frictional force reaches
an extreme value, as shown at point “a” in Fig. 4. When the
grinding ball passes through the TiC phase, the friction force
decreases sharply and a minimum value appears at point “b.”
This is because the defects at the lower end of the grinding
ball can be completely extended and developed inside the
workpiece at this time, and the accumulation energy of the
grinding ball on the workpiece can be fully released, which
leads to a reduction in the friction force.

Additionally, after experiencing two friction processes,
the frictional force at point “c” also exhibits an extreme
minimum value. This can be attributed to the relatively
stable structure of TiC atoms, which prevents defects from
extending toward the inside of the workpiece, so the energy
cannot be fully released. However, the energy passes through
the TiC phase, causing the nucleation and development of
defects below the TiC phase; the energy is released and the
frictional force exhibits a minimum value. This indicates
that there is a blocking effect on the motion of the grinding
ball at the interface between the pure nickel phase and the
TiC phase, and that the large fluctuations in friction force
are caused by the accumulation and release of energy at this
interface.

The coefficient of friction can reflect the frictional proper-
ties of the material and is defined as follows [7]:

u=F;[F, @)

where u is the coefficient of friction, F/ fis the frictional force,
and F is the Z-directional force.
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Fig.5 Dynamic response curves of the force and friction coefficient
with advancing time steps in the Z-direction

Figure 5 presents the variation in the force F, and friction
coefficient between the grinding ball and workpiece atoms
in the Z-direction, with advancing time steps. As the grind-
ing ball is rubbed under a fixed load throughout the friction
processes, I, fluctuates up and down around the equilibrium
position. The main reason for this fluctuation is the plastic
deformation of the material during friction and the presence
of TiC.

At the beginning of friction, the value of the friction coef-
ficient changes significantly because the surface of the work-
piece is not damaged and the surface quality is excellent.
Entering the secondary friction, the friction coefficient peaks
near the TiC phase. This is due to the strengthening effect
of the two-phase interface on the workpiece atoms, and the
wear rate has a certain periodic peak around the relative
position of the TiC phase. When the grinding ball reaches
the third circle, the friction coefficient fluctuates greatly,
and a large peak appears near the TiC phase. Therefore, the
change of the friction coefficient is closely related to the
relative position of the TiC phase. The closer the grinding
ball is to the TiC phase, the more obvious the strengthening
effect of the TiC phase.

Figure 6 presents the atomic Z-directional height of three
friction troughs with depth of color calibration to highlight
the wear depths and morphologies of different numbers of
friction processes. In Fig. 6al—c1 shows the grinding ball
on the TiC phase the morphologies of the wear marks the
grinding ball on the TiC phase, and (a2), (b2), and (c2) show
the morphologies of the grinding ball on the non-TiC phase.
By comparing (al) to (a2), (bl) to (b2), and (c1) to (c2),
one can see that the depth of the abrasion marks is shal-
lower with the same number of turns with the TiC phase
than without the TiC phase. The differences between the
two are 4.299 10%, 7.527 A, and 8.796 A for the first, second,
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(a2)

Fig.6 Wear scar morphology after different numbers of friction pro-
cesses: (a) first process, (b) second process, and (c) third process

and third identical friction processes, respectively. This is
a result of the interfacial effect that exists between the TiC
phase and substrate, which prevents the continuous removal
of material and results in differences in the depth of the
abrasion marks. By comparing the abrasion depths between
(al), (bl), and (cl), and (a2), (b2), and (c2), one can see
that the differences in abrasion depth at different numbers
of turns become smaller as the number of friction processes
increases. When the grinding ball is located above the TiC
phase, the depths of the wear marks in the first, second, and
third turns are 11.458 A, 16.112 A, and 19.742 A, respec-
tively. This is because repeated friction processes lead to
the hardening of the friction surface, causing the wear mark
differences to decrease.

A detailed analysis of the depth of the abrasion marks at
each friction moment is presented in Fig. 7. One can see that
the variation in the depth of the initial friction marks is small
and it fluctuates relatively sharply. This is a result of the
drastic plastic deformation that occurs inside the workpiece
during the initial friction processes, which make changes
in the depth of the abrasion marks more frequent. As the
number of friction processes increases, the variation range
of the wear scar depth increases, the peak and valley values
alternate with each other, the difference between the peak
and valley values becomes larger, and the peak value mainly
appears near the TiC phase, as shown in Fig. 7 for Ah,, Ah,,
and A#h;. This indicates that the TiC phase has a strengthen-
ing effect and the closer the grinding ball is to the TiC phase,
the more apparent is the strengthening effect.

During the friction processes, the wear rate can be calcu-
lated from the volume of the workpiece atoms removed by
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Fig.7 Dynamic response curves of wear scar depth with continuous
friction processes

the grinding ball. Figure 8 presents a schematic diagram of
the calculation of the wear volume, where the calculation of
the wear volume is divided into volume calculations for the
initial and repeated friction processes. Because the depth of
the abrasion marks did not exceed the radius of the grinding
ball in our simulations, only cases in which the depth of the
abrasion marks did not exceed the radius of the grinding ball
were considered. Figure 8a presents the calculation of the
first friction wear volume and Fig. 8b presents the calcula-
tion of the repeated friction chip volume. The instantaneous
wear volume AV can be calculated based on the abrasion
depth Ah, as shown in formula (8).

R
AV =

R—Ah

(mr?)dz. (8)

Here, AV is the instantaneous wear volume, R is the
radius of the grinding ball, and A# is the depth of the wear
marks.

With homogeneous materials, the relationship between
the wear volume (V), normal load (F), and sliding distance
(L) at the contact point follows the Archard equation [40].

V = §FL. 9

Here, 6 is the instantaneous wear rate. The instantaneous
wear rate formula is:

8=V/FL (10)

where § is the instantaneous wear rate, V is the wear volume,
L is the sliding distance, and F is the normal load at the point
of contact.
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Fig. 9 Wear rate curves

Fig.8 Schematic diagrams of friction processes: (a) schematic diagram of primary friction and (b) schematic diagram of repeated friction

@ Springer



294 Page8of18

M. Zheng et al.

The wear rate reflects the wear of the material. By using
formula (9), the change curve of the wear rate over time can
be calculated, as shown in Fig. 9. One can see that the ini-
tial frictional wear rate is large and fluctuates significantly.
Additionally, the fluctuations are mainly concentrated near
the TiC phase, indicating that TiC has a strengthening effect
relative to the nearby nickel atoms. However, in the repeated
friction process, the average wear rate gradually decreases
with the second and third lap wear rates being 0.03198 and
0.027009. It indicates that repeated friction leads to hardening
of the friction surface, the grinding ball cannot remove more
atoms, and the more the number of friction, the stronger the
hardening of the material. Meanwhile, the peak of the wear
rate appears, which is mainly related to the strengthening
effect of the TiC phase, indicating that the change of the
wear rate is closely related to the location of the TiC phase.

3.2 Effects of atomic displacement

To some extent, atomic displacement reflects the deforma-
tion of the material. Atomic displacement can be color-cali-
brated according to its magnitude during friction processes,
as shown in Fig. 10. In Fig. 10a, one can see that when the
grinding ball touches the atoms of the workpiece and is not
in contact with the TiC, and the number of atoms displaced
in the entire workpiece is high. However, neither TiC nor its
neighboring Ni atoms are displaced. This indicates that the

presence of the TiC phase hinders the deformation of the
workpiece. However, when the grinding ball rubs directly
above the TiC, only the front end of the grinding ball and the
workpiece atoms, in the area being ground, are displaced,
as shown in Fig. 10b. This is because the TiC as a whole
withstands the action of the grinding ball on the workpiece,
meaning no extensive deformation of the workpiece occurs.
As the grinding ball continues to press down and rotate, and
as it moves closer to the TiC phase, the number of displaced
workpiece atoms increases again and the range of workpiece
deformation increases, but the TiC and nearby atoms remain
in place, as shown in Fig. 10c. Again, when the grinding ball
rubs on the TiC, only the front-end of the grinding ball and
the atoms in the workpiece being ground are displaced, as
shown in Fig. 10d.

After the first friction process, repeated friction processes
were performed on the friction surface, as shown in Fig. 10e,
f. We determined that the change trend in the atomic dis-
placement of the workpiece was the same as that during the
initial friction process. The deformation hindrance of the
workpiece and the ability of the TiC to bear the action of
the grinding ball still exist in the repeated friction processes.

To accurately analyze the deformation law of the work-
piece during friction and eliminate the effects of small
displacements of atoms caused by excitation, temperature,
etc., the number of atoms with displacements greater than
1.8 A during the friction processes was counted, as shown

-
I

\

Displacement

S .

Fig. 10 Changes in atoms with displacement greater than 1.8 A during friction processes. (a—f) represent the friction morphologies at different

times
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in Fig. 11. The red line represents the number of internally
displaced atoms in the workpiece when the grinding ball
is not in contact with the TiC (e.g., moments a, c, ) and
when it is in contact with the TiC (e.g., moments b, d, f).
The blue line was obtained by counting the average number
of displaced atoms inside the workpiece, when the grinding
ball was in contact with the TiC and when it was not. By
analyzing the average slope of the displaced atom numbers,
we found that the number of atoms displaced during the
friction processes continued to increase and that the growth
rate AJ, of the number of displaced atoms during the initial
friction process was greater than the growth rates Ad, and
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Fig. 11 Changes in the number of atoms with displacements greater
than the 1.8 A in the form of a dynamic step response curve

A5 during the repeated friction processes. This indicates
that in the initial friction process, the number of displaced
atoms increases rapidly and the grinding ball has a large
range of action on the workpiece, whereas in the repeated
friction processes, the number of displaced atoms increases
slowly and the range of action of the grinding ball on the
workpiece is relatively small. The main reason for this is
that in the initial friction process, there is no damage inside
the workpiece and the deformation can be transmitted to the
entire workpiece through the interaction between atoms. In
the repeated friction processes, the hardening of the rubbed
surface and defects in the subsurface prevent the transfer of
interactions between atoms, so the scope of action of the
grinding ball on the workpiece is reduced. The moments
of a, b, ¢, d, e, and fin Fig. 11 correspond to those shown
in Fig. 10, where one can see that during the initial friction
process, the number of atoms displaced is high when the
grinding ball is not in contact with the TiC and low when
it is in contact with the TiC. This phenomenon is repeated
during repeated friction processes.

To clearly interpret the deformation behavior of the work-
piece during the friction processes, an atomic displacement
vector change diagram was obtained, as shown in Fig. 12.
When the grinding ball acts on the nickel substrate away
from the TiC phase, the atoms above the grinding ball move
obliquely upward under the friction and extrusion of the
grinding ball, and eventually become wear debris. The atoms
below the grinding ball move toward the inside of the work-
piece and the direction of friction relative to the displace-
ment trend is 45°, as shown in Fig. 12a. This is because the
target of the grinding ball action is single-crystal Ni with
a face-centered cubic (FCC) structure, which is prone to

Fig. 12 Different position
displacement vector displays;
(a) the grinding ball acts on the
nickel substrate away from the
TiC phase; (b) the grinding ball
rubs near the TiC phase; (c) the
grinding ball is located at the
far-end of the TiC phase
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displacement along its plane of slip when subjected to exter-
nal action. When the grinding ball rubs near the TiC phase,
an elastic recovery of the atoms behind the grinding ball
occurs based on the departure of the grinding ball, produc-
ing an upward displacement vector, as shown in Fig. 12(b)1.
The matrix atoms below the grinding ball are hindered by
the TiC phase during their movement toward the interior of
the workpiece. As the action energy of the grinding ball on
this portion of the matrix atoms continues to increase, the
action of the atoms on the TiC phase also increases. Based
on the high hardness of the TiC phase, the atoms are unable
to break through the TiC phase and continue their move-
ment in their original direction, so the direction of displace-
ment is deflected and begins to extend toward the interior of
the workpiece along both sides of the TiC phase, as shown
in Fig. 12(b)2. Noticeable hindrance of SiC particles was
also observed by Xu et al. [41] when cutting SiC/Al-NCs.
It is important to note that at this time, the matrix atoms
still have a strong effect on the TiC phase, so the TiC phase
as a whole produces a small downward displacement, as
shown in Fig. 12(b)3. When the effect of the TiC phase is
sufficiently large, it is transferred to the matrix atoms on
the lower side, causing those atoms to move away from the
original lattice points, as shown in Fig. 12(b)4.

When the grinding ball is located at the far-end of the
TiC phase, the action of the grinding ball on the workpiece
causes the matrix atoms to bypass the TiC phase and move
along the S7 and S2 directions. After the two sets of atoms
with opposite vectors intersect in the middle of the work-
piece, they produce a downward displacement trend S3, as
shown in Fig. 12c. Because S3 is the result of the intersec-
tion of the S7 and S2 vectors, the displacement is numeri-
cally larger and has an orange color, as shown in Fig. 12(c)5.

3.3 Variation of internal defects with friction
processes

Figure 13 presents the distribution of dislocations in the
workpiece during the friction processes. In this study, dis-
locations were identified using the dislocation extraction
algorithm [42] in OVITO.

Previous studies have demonstrated that for metal matrix
composites, a semi-coherent interface forms between the
matrix and inclusions when the lattice mismatch exceeds 5%
[43]. This also occurs in TiC/Ni matrices, where the lattice
mismatch is calculated as follows:

6= ; (11)

where ay, is the TiC atomic lattice constant and ay is the
nickel atomic lattice constant. According to the relevant lit-
erature, the TiC atomic lattice constant is 4.33 [44] and the
nickel atomic lattice constant is 3.52 [45]. The mismatch of
the lattice in the TiC/Ni matrix is approximately 18%.

As shown in Fig. 13a, during the initial friction process,
the material is plastically deformed when the grinding ball
first touches the workpiece surface, generating many Shock-
ley partial dislocations with a Burgers vector of 1/6 (112)
that extends as far as the workpiece surface or the TiC phase.
Additionally, a few Shockley dislocations occur on the TiC
surface, which are isolated into “u-shaped” dislocations and
ringed on the TiC phase surface, as shown in Fig. 13(a)l.
Under the continuous action of the grinding ball on the
workpiece, the TiC phase blocks the further growth of dis-
locations along the slip system, resulting in a large number
of dislocations between the grinding ball and TiC phase,
as shown in Fig. 13(b)2. When the dislocation extension
is blocked, friction hardening eventually occurs. Moreover,

Perfect
1/2<110> |
Shockley
1/6<112>

Stair-rod
1/2<110> =

Hirth
1/3<001>

Frank
1/3<111>

oter [N

Fig. 13 Evolution of dislocations in a TiC/Ni workpiece. (a) The grinding ball just touches the workpiece surface. (b—d) Grinding ball friction at

the first, second, and third positions on the same TiC workpiece
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Ni—Cu interface [37], Al-Si interface [46], grain boundary
[47], stacking faults [48], etc., have also been observed in
similar scenarios. Additionally, after the grinding ball leaves
the area under grinding, the number of dislocations between
the grinding ball and TiC phase decreases as a result of elas-
tic recovery, marking a transition from agglomerate disloca-
tions to linear dislocations, as shown in Fig. 13(b)3.

When entering the repetitive friction stage, as the friction
increases, the action energy between the grinding ball and
TiC phase continues to increase with an increasing number

300
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2 1/6<112> (Length) 1150
250 P other (Length)
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Fig. 14 Statistics on the length and number of dislocations in differ-
ent positions

of dislocations, as shown in Figs. 13(c)4 and (d)5. This indi-
cates that as the number of friction processes increases, dis-
location continues to increase and dislocation entanglement
is generated, leading to friction hardening and improving the
deformation resistance of the workpiece. Additionally, stair-
rod dislocations are present throughout the friction process,
which mainly connects the two Shockley dislocations and
extend to the workpiece surface to form a stable structure.

The number and length of the stair-rod, Shockley, and
other dislocations in the first friction process, repeated fric-
tion processes, and when the grinding ball just touches the
workpiece, were counted to accurately analyze the disloca-
tion distribution law during friction, as shown in Fig. 14.
Moments 1, 2, 3, and 4 in Fig. 14 correspond to moments
a, b, c, and d in Fig. 13. One can see that as the number of
friction processes increases, the length and number of dis-
locations increase. Considering the results in Fig. 13, this
further verifies that repeated friction processes are prone to
forming dislocation entanglements, which eventually leads
to friction hardening.

In this study, defect analysis of the workpiece surface
during three friction processes was conducted, as shown in
Fig. 15. The common neighbor analysis method was used
to color different types of atoms, and the nickel atoms in
the intact FCC structure were removed. The atoms with the
hexagonal close-packed (HCP) structure were colored red,
the atoms of the body-centered cubic (BCC) structure were
colored blue, the amorphous atoms were colored white, and
the stacking faults were represented by two layers of red
atoms. As shown in Fig. 15a, in the initial friction process,

N

J

Fig. 15 Types of defects in the workpiece under different friction processes. The green atoms represent atomic clusters. Numbers 1, 2, 3 high-
light schematic diagrams of defects near the TiC phase in each friction ring
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the defect distribution is uneven, large structural defects 900
are ger.lerated between the .T1C phase and. the. surface of the 200 L :;gz};gi Z .
workpiece, and the extension of defects is hindered by the Lo / 7

700 - 0%

TiC phase, which makes it difficult to produce large struc-
tural defects below the TiC phase, thereby protecting the
internal matrix. It should be noted that the structure domi-
nated by large structural defects around the TiC phase, as
shown in Fig. 15(a)l. When entering the second friction
process, the large structural defects generated by the initial
friction process fail to form a stable structure, evolve under
the continuous extrusion of the grinding ball and decompose
into smaller defects, such as clusters of atoms and amor-
phous atoms, as well as relatively stable a stacking fault-like
tetrahedral structure, as denoted by “t1” in Fig. 15b. At this
point, the defects around the TiC phase are numerous and
mainly in the form of small layer faults, as in Fig. 15(b)2.
When entering the third friction process, as the distance
between the grinding ball and TiC phase shrinks, the force
on the TiC phase increases. Therefore, a portion of the defect
structure above the TiC phase is decomposed into an amor-
phous structure under the extrusion of the grinding ball and
large structural defects occur in the middle part of the TiC
phase, as shown in Fig. 15(c)3. Simultaneously, more defects
appear inside the workpiece and form a new structure of a
whole, which leads to the improved stability of the internal
material of the workpiece, as shown in Fig. 15¢. Addition-
ally, repeated friction processes cause the relatively stable
laminar dislocation tetrahedral-like structure to evolve into
a more stable laminar dislocation tetrahedral-like structure,
as denoted by “t2” in Fig. 15c.

To accurately analyze the dislocation distribution law
between the grinding ball and TiC phase during the friction
process, at positions 1, 2, and 3 in Fig. 15 the length and
total number of stair-rod, Shockley, and other dislocations
in a sphere with the TiC center as the sphere center and
diameter of 80 A was counted, as shown in Fig. 16. One can
see that the total number of dislocations gradually increases
with the number of friction processes and the lengths of the
stair-rod, Shockley, and other dislocations vary less in the
first and second processes, but elongate significantly in the
third process, which can be attributed to the reduced distance
between the grinding ball and TiC phase. The results dis-
cussed above further indicate that as the number of friction
processes increases, dislocation plugging is more likely to
occur near the TiC phase, making the material less easy to
remove and leading to a reduction in the wear rate.

To describe variations in the regular pattern of defect
atoms inside the workpiece, the number of defect atoms was
partially counted, as shown in Fig. 17. Figure 17a presents a
statistical plot of the numbers of atoms with BCC, HCP, and
amorphous structures during the friction process. One can
see that the atomic numbers of the HCP structures and other
structures increase rapidly during the initial friction process,
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Fig. 16 Statistics for different winding numbers, lengths, and num-
bers of dislocations in the same position

based on the large number of abrasive chips and dislocations
generated during the initial friction process, which causes
the atomic number of the other structures to increase faster,
while the rapid increase in the atomic number of the HCP
structures can be attributed to the energy generated by the
continuous squeezing of the grinding ball on the workpiece,
which is released in the form of dislocations. When entering
the second friction process, the increase in the atomic num-
ber of the other structures slows as a result of the hardening
of the friction surface by the initial friction process, which
makes it more difficult to remove material during subsequent
friction processes, thereby lowering the production of abra-
sive debris, resulting in a slower increase in the atomic num-
ber. Large fluctuations in the HCP atoms occur because this
stage is associated with the process of destroying the large
structural defects produced by the initial friction process.
The defects with HCP structures are squeezed or recovered.
Upon entering the third friction process, the atomic numbers
of the Other and HCP structures increase rapidly again as
a result of the reduced distance between the grinding ball
and TiC, which causes more atoms of the Other and HCP
structures to be produced between the grinding ball and TiC.
The atomic number of the BCC structures remains almost
unchanged during the repeated friction processes.

Figure 17b presents a comparison of the total numbers
of BCC, HCP, and amorphous structure atoms per friction
process. One can see that the total number of atoms gener-
ated by the initial friction process is greater than the amount
generated by continued friction processes. This is because
the initial process removes more material and produces more
defective atoms, resulting in a higher total number of atoms.
The total number of atoms in the secondary friction process
first increases and then decreases as a result of the rotating
downward pressure of the grinding ball and removal of the
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Fig. 17 Defect atomic number statistics; (a) Numbers of BCC, HCP, and other atoms during repeated friction processes and (b) comparison of

the total number of defects per friction process

residual workpiece material from the initial friction process
by the grinding ball at the beginning of the second friction
process. The increase in the total number of atoms during
the third process can be attributed to the fact that the dis-
tance between the grinding ball and TiC decreases, caus-
ing a large number of amorphous atoms to appear between
them. Simultaneously, a large number of defective structures
appear inside the workpiece, leading to an increase in the
total number of atoms.

Figure 18 presents the evolution process of the forma-
tion and volume decrease of stacking fault tetrahedrons.

Fig. 18 Evolution process of the
formation and volume reduction
of stacking fault tetrahedrons.
(1—4) Formation of stacking
fault tetrahedrons, (5) extrusion
process, and (6) stable stacking
fault tetrahedron and atomic
clusters.

According to the previous dislocation analysis, one can see
that the Shockley dislocations continue to move and gradu-
ally begin to separate from the stair-rod dislocations, making
the stair-rod dislocations appear independently and form-
ing a complete stacking fault tetrahedron. As highlighted
by labels in 1-4 in Fig. 18, two connected stacking fault
tetrahedrons are first formed on the side with more atoms.
These tetrahedrons release a large amount of energy during
their formation process, separating them from other types of
defective structures and eventually forming two connected
tetrahedral structures. However, based on the continuous

Extrusion
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squeezing of the workpiece by the grinding ball during
friction processes, the structure of the larger stacking layer
dislocation tetrahedron is disrupted and the dislocations
first begin to extend from the apex of the tetrahedron, devi-
ate from the original crystal position, and then continue to
evolve, as shown in Fig. 18 (label 5). During this evolution-
ary process, interstitial atoms are continuously formed and
they attract each other under the action of internal stress,
and gradually aggregate to form atomic clusters. The smaller
stacking fault tetrahedrons become stable and are separated
to form a more stable stacking fault tetrahedron structure, as
shown in Fig. 18 (label 6). The generation of stacking fault
tetrahedrons reduces the energy of internal defects and forms
stable defects in the workpiece, which ultimately leads to
friction hardening [33].

3.4 Temperature change mechanisms
during friction

Figure 19 presents the distribution of the atomic tempera-
ture of the workpiece with repeated friction processes. As
shown in Fig. 19a, when the grinding ball reaches the vicin-
ity of the TiC phase in the initial friction process, the high-
temperature atoms are primarily grinding chips. However,
the temperature of the TiC atoms is higher than the tem-
perature of the nickel matrix atoms at the same height, as a
result of the energy generated by the movement of defect and
matrix atoms acting directly on the TiC phase. As shown in

Fig. 19b, when the grinding ball comes near the TiC phase in
secondary friction process, the temperature of the TiC phase
is higher than the temperature in the initial friction process.
This is a result of the increase in the number of friction
processes, stronger action of the grinding ball on the TiC
phase, additional defects acting directly on the TiC phase,
and more intense movement of the matrix atoms around
the TiC. However, the temperature of the matrix atoms at
the same height is still lower than that of the TiC atoms.
As shown in Fig. 19(c1), when the grinding ball rubs near
the TiC phase for the third time, the TiC atoms are mainly
dominated by high-temperature atoms. This is because the
grinding ball destroys the defects between the TiC phase and
itself, so the grinding ball has a stronger effect on the TiC.
Additionally, there is only a small difference in hardness
between the grinding ball and TiC atoms, which causes all
of the TiC atoms to become high-temperature atoms. At the
same time, the temperature of the atoms on the workpiece
surface around the TiC is higher than the temperature of the
atoms around the TiC-free zone, as shown in Fig. 19(c2)1.
However, the temperature of the matrix atoms is still lower
than that of the TiC atoms

The atomic temperatures at each of the three moments in
Fig. 19a—c are extracted to analyze the temperature distri-
bution rule, as shown in Fig. 20. One can see that with an
increase in the number of friction processes, the tempera-
ture continuity between the base atoms and TiC degrades,
as shown in Fig. 20 (label 1). This is attributed to the fact

g

Fig. 19 Atomic friction distribution diagram of the workpiece: (a) first process, (b) second process, and (c1-¢2) third process
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Fig. 20 Temperature scatter distribution. (a—c) Scatter plots of temperature from the first to the third friction processes

that the stability of the TiC phase structure blocks the exten-
sion and development of defects in the interior of the work-
piece and a portion of the moving atoms directly act on the
TiC phase. Additionally, as the number of friction atoms
increases, more defects and motion of atoms act directly
on the TiC phase, which increases the extrusion of the TiC
phase and leads to a continuous increase in temperature.
As shown in Fig. 20a—c, it is noticeable that the number of
high-temperature TiC atoms above 1000 K increases con-
tinuously with the number of friction processes, As shown
in Fig. 20a—c. This eventually results in increasing disconti-
nuity in the temperature between the matrix atoms and TiC
atoms. However, during the entire process, the temperature
of the atoms at the lower end of the TiC phase remains
essentially unchanged. These results further demonstrate
that TiC has a protective effect on lower-end matrix atoms.

Figure 21 presents a graph of the friction temperature
with advancing time steps, where one can see that the over-
all temperature of the workpiece first increases slowly and
then tends to stabilize and fluctuate slightly as a result of
the mutual extrusion, shearing, and friction between the
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Fig.21 Response curve of friction temperature over time

grinding ball and workpiece during the friction process,
which causes plastic deformation of the workpiece material
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Fig.22 Temperature response curve of the TiC ball with advancing
time steps

and generates a large amount of heat energy. However, the
friction initially produces fewer wear atoms that cannot
carry a large amount of heat, allowing the temperature to
increase slowly. As the ball is gradually pressed downward,
a larger number of swarf atoms are produced, allowing the
temperature to stabilize. Additionally, the increase in tem-
perature with small fluctuations indicates dislocation nuclea-
tion and diffusion within the workpiece.

Regardless, the average temperature of the TiC atoms
increases rapidly at the beginning of friction process and is
higher than the average temperature of the workpiece. This
is because the TiC phase is squeezed by the motion of atoms,
causing the conversion of kinetic energy into heat. Simulta-
neously, the defects inside the workpiece act directly on the
TiC phase, causing the temperature to increase rapidly above
the average temperature of the workpiece. It should be noted
that there are large fluctuations in the average temperature
of the TiC atoms throughout the friction processes. This is
a result of the non-uniformity of the dislocation nucleation
and development during the entire process, which leads to
discontinuities in the dislocations acting on the TiC phase,
causing large fluctuations in the average temperature of the
TiC atoms.

To accurately analyze the temperature variation rule of
the TiC ball during the friction processes, the average tem-
perature variation curve of the TiC ball with advancing time
steps was extracted, as shown in Fig. 22. One can see that
the average temperature of the TiC ball varies approximately
periodically based on the extension of defects being blocked
by the TiC phase each time the grinding ball reaches the
vicinity of the TiC phase, which generates a large amount of
heat. Additionally, the movement of some of the surrounding
atoms also causes an increase in temperature. It should be

@ Springer

noted that the peak of the average temperature of the TiC
increases gradually with the number of friction processes, as
shown by the straight line “ab” in Fig. 22. This is principally
attributed to the fact that with an increasing number of fric-
tion processes, the distance between the grinding ball and
TiC phase decreases, which gradually increases the action on
the TiC phase and the number of defects that are obstructed,
resulting in a gradually increasing peak in the average tem-
perature of the TiC phase.

4 Conclusions

In this study, repeated friction processes on TiC/Ni compos-
ites were simulated using MD to systematically investigate
the frictional wear mechanisms of carbides on nickel-based
alloys. Our conclusions are summarized below.

During the relaxation process, with a change in system
energy, the matrix nickel atoms are the first to undergo dis-
placement deformation. The displacement is transferred
to the TiC to make the entire workpiece reach equilibrium
through atomic displacement adjustment. The appearance of
the peak and valley values of the friction force is related to
the hindrance of dislocation development inside the matrix
by the TiC.

In the first friction process, the variation in the wear depth
is small and the range of action of the abrasive ball on the
workpiece is large. With the increase in the friction times,
the maximum variation of the abrasion depth is 8.79576 A,
the range of action of the grinding ball on the workpiece
decreases and the average wear rate decreases to 0.02709;
when the grinding ball is located above the TiC phase under
the same number of rubbings, the abrasion depth is shallow.

The displacement direction of the workpiece atoms is
deflected and extends toward the interior of the workpiece
when the grinding ball acts above the TiC phase. With the
increase in friction times, the length of dislocations becomes
longer and the number of strips increases, forming disloca-
tion entanglement and leading to friction hardening.

During the friction process, the temperature of the work-
piece atoms slowly increased to 400K, while the average
temperature of TiC rapidly increased to more than 850 K.
The temperature of the TiC phase reflected a certain perio-
dicity with the relative position of the grinding balls; the
temperature of TiC and matrix atoms reflected a certain
discontinuity, and the temperature discontinuity gradually
increased with the increase in the friction times.
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