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In view of the inherent poor tribological properties of copper, the reinforcement of copper matrix composites with WC
particles presents a promising research area with significant industrial influence. Therefore, in the present study, a molecular
dynamics approach is used to simulate the process of repeated friction of diamond grinding balls on WC/Cu composites, and
the friction force, friction coefficient, abrasion depth, wear rate, abrasion morphology, von-Mises stress, internal defects,
workpiece energy, and performance comparison of different layer thicknesses are systematically investigated in the multiple
friction process. It is found that the fluctuation amplitude of friction force, friction coefficient, and abrasion depth are
smaller and the fluctuation frequency is larger during the initial friction, whereas near the WC phase, there appears extreme
values of the above parameters and the von-Mises stress is highly concentrated while the workpiece energy contonues to
increase. In the case of the repeated friction, with the increase of friction times, the friction force, friction coefficient,
and abrasion depth fluctuation amplitude increase, the fluctuation frequency decreases, the workpiece energy reaches an
extreme value near the WC phase, and a large number of dislocations plug, therefore, the region is strengthened. As the
distance between the grinding ball and the WC phase decreases, the more obvious the strengthening effect, the stronger the

ability of workpiece to resist the wear will be.
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1. Introduction

Tribology is a subject that studies the friction, wear, and
lubrication of interacting surfaces. Wear is an essential field
of tribology, and has a significant influence on the lifetime of
mechanical components from a nanoscale to a macro scale,
which is a lasting phenomenon of deformation, damage, or
removal of materials on contacting surfaces.!!! According to
statistics, approximately 23% of the energy consumption in
the world came from tribological contact, of which 20% is
used to overcome friction and 3% is spent on remanufacence
worn parts and spare equipment due to wear and wear-related
failures.!?! With its excellent plasticity, toughness with ductil-
ity, and corrosion resistance, copper matrix composites have
been widely used in various fields such as automotive, rail
transportation, machinery manufacturing, defense industry,

e.3*! In recent years, with the accelerating de-

and aerospac
velopment of modern industrial technology, higher require-
ments for the mechanical properties of copper matrix compos-
ites have been put forward. Copper matrix composites with
Cu serving the matrix, after a certain quantity of reinforce-
ments has been added, can break through the limitations of
a single metal or alloy matrix to give excellent mechanical
properties, wear resistance, and corrosion resistance, >3 in

particular, the copper matrix composites doped with carbide
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phase integrates many excellent properties of ceramic and cop-
per matrix materials in unity.[”) The high melting point, high
hardness and load-bearing capacity of metal-ceramic WC par-
ticles can make them better withstand wear with reduced vol-
ume loss during frictional wear of WC/Cu composites, which
are widely used in the preparation of anti-wear materials under

10.111 Mechanical components, manufactur-

harsh conditions.|
ing tools, and most engineering systems (whose mating parts
are in relative motion) can face serious failures due to the fric-
tional wear resulting in significant energy dissipation, thereby
making the study of frictional wear of copper matrix compos-
ites greatly important.

Molecular dynamics (MD) simulations as a scientific al-
gorithm have proven to be a powerful tool for studying physic-
ochemical changes in materials at a microscopic level.[!>~14]
Shabani er al.!'] investigated the effects of SiC particles and
the preparation method on the tribological properties of pure
Cu and SiC/Cu composites by dry sliding wear tests. It was
reported that the lowest wear loss is observed for the sin-
tered forged Cu composite compacts with 60% SiC content.
Wei et al.l'®! prepared graphene/Cu-based (Gr/Cu) compos-
ite foils by pulsed electrodeposition and characterized their
morphology, microstructure, tensile properties, and nanoin-
dentation hardness. The obtained results showed that the vari-
ances in tensile strength and hardness are mainly attributed to
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the variation in grain size. Freschi et al.l'’l experimentally
investigated the micro and nano WS, structures to improve
the tribological properties of copper matrix composites. Li
et al.'"® investigated the effect of different spatial structures
of ball-milled graphene/copper powders on the microstructure
and mechanical properties of the composites. It was demon-
strated that the yield strength and tensile strength of graphene-
copper matrix composites are increased by 136.6% and 16.7%,
respectively, while elongation is maintained at 35.2% com-
pared with pure copper. Chen et al.l'”) prepared gradient-
distributed SACNT/Cu composites as well as SACNT films
covered with electroplated copper layers by electrodeposition.
It was found that the stress and strain hardening from dis-
location stacking are responsible for their superior mechan-
ical properties. Bahador et al.!?"! prepared Cu-8wt% TiO,
composites with different holding times by using a hot ex-
trusion process and investigated the synergistic strengthening
mechanism of nano-TiO, and copper matrix composites. It
was noted that uniformly distributed reinforcing particles and
grain refinement triggered both strengthening and ductility en-
hancement. Zhang et al.”!! designed several graphene/copper
nanocomposites and investigated their compressive behavior
by molecular dynamics simulations. By reducing the twin
spacing and introducing multiple layers of graphene, they
found that the interaction between graphene and copper nano
matrix can be enhanced. Song et al.!*?! investigated the ef-
fect of the amorphous phase CuZr on the plastic deformation
behavior of nano-polycrystalline Cu by using molecular dy-
namics simulations. It was demonstrated that the introduction
of the amorphous phase can effectively improve the plastic-
ity of nano-polycrystalline Cu due to the synergistic effect be-
tween the amorphous and crystalline phases. Peng et al.[*]
investigated the strengthening mechanism of graphene coat-
ings on copper film substrates by molecular dynamics simu-
lations of nanoindentation. In the study, it was found that the
load-bearing capacity of the copper substrate is significantly
increased after graphene coating coverage, which is propor-
tional to the number of layers of graphene from single to triple
layers. Feng et al.’*! revealed the deformation characteris-
tics and plasticity mechanism of WC—-Co composites through
molecular dynamics simulations. Then, it was found that the
nucleation, expansion, and interaction of dislocations substan-
tially depend on the loading direction. Zhu et al.’>! investi-
gated the strengthening effect of graphene blocking disloca-
tion propagation in graphene-reinforced copper matrix com-
posites by MD simulations. Sequentially, it was found that the
strengthening effect of graphene can be improved by adjusting
the angle and arrangement of graphene.

In the comprehensive researches of copper matrix com-
posites on a microscopic scale, there remain numerous topics
to be studied, in particular, repeated friction studies on the sur-

face of the workpiece have not been carried out, and the mi-
croscopic reinforcement effect of the particle reinforcement on
the copper matrix, the repeated friction of copper matrix com-
posites friction and wear phenomenon are still unclear. By
building a molecular dynamics model of copper matrix com-
posites containing WC particles for reinforcements and simu-
lating the frictional wear behavior under repeated friction ac-
cording to the actual working conditions, and investigating the
strengthening effect of the metal-ceramic WC on the copper
matrix from various aspects, the present paper lays an exten-
sive foundation for microscopic study of the effect of particle
reinforcements on the matrix.

2. Computation and modeling
2.1. Friction modeling and simulation process

The conventional friction test principle is illustrated in
Fig. 1, where the pallet is used to support the workpiece sub-
strate, the fixture serves as loading the workpiece, the pres-
sure plate as holding the workpiece, and the thermocouple is
utilized to adjust the test temperature, in addition, a constant
load is used to implement the counterweight balance. The
pallet, fixture, workpiece, and press piece are combined into
one component of rotational motion, where @ denotes the ro-
tational angular velocity, and the grinding ball is welded to
the connecting rod to apply a constant load through a counter-
weight.

(a) Load Tablet pressing

Thermocouple

(b)

Trajectory

Fixture
‘Workpiece

Grinding ball

Fig. 1. Schematic diagram of friction test.

For this simulation, the metal-ceramic WC/Cu phase mi-
croscopic wear strengthening mechanism is investigated by
combining the above friction principle and molecular dynam-
ics simulation method. The simulation model consists of two
parts as shown in Fig. 2: one is a diamond grinding ball and
the other is a WC/Cu composite. The emphasis in this paper is
placed on the effect of the presence of the cermet WC on the
matrix Cu, furthermore, the hardness of the diamond grind-
ing ball is much higher than that of the WC/Cu composite, so
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the grinding ball under reasonable assumptions is considered
as a rigid body. As shown in Fig. 2(a), the purple rectangle
represents the workpiece, the red ball refers to the diamond
grinding ball, the red arrow is the direction of the grinding ball
movement, the yellow dotted circular ring denotes the grind-
ing ball movement trajectory, the four black dashed circles
represents the reinforced phase WC phase distribution posi-
tions, and R is the rotational friction radius. To prevent van der
Waals forces from appearing between the atoms of the grind-
ing ball and the substrate, the initial position of the grinding
ball is set to 20 A away from the upper surface of the substrate,
which is far greater than the free range between the grinding
ball and the workpiece, to ensure the accuracy of the simu-

300 A

300 A

: ~ |EEE WC atoms
B Cu atoms

#88 Thermostatic atoms

lation. The workpiece shown in Fig. 2(b) consists of three
layers, i.e., boundary layer, thermostatic layer, and Newtonian
layer. The boundary layer always keeps the atoms fixed, i.e.,
subjected to no atomic vibrations, maintains periodic bound-
ary conditions along the x and y directions, and free boundary
conditions in the z direction to eliminate boundary effects; the
constant temperature layer is utilized to keep the system tem-
perature constant; the Newtonian layer is the focus of micro-
friction and wear research, and it satisfies Newton’s second

[26-28

law of motion. I The conjugate gradient method has been

used for energy minimization in the relaxation process to elim-
inate unreasonable factors for model building, such as atomic

overlap.[?]

B Diamond atoms

M Boundary atoms

Constant

Fig. 2. Geometrical characteristics of WC/Cu sample of (a) front view and (b) top view.

Table 1 lists the parameters chosen for the simula-
tion in this work. The dimensions of the workpiece are
30 nmx30 nmx12 nm, containing 923824 atoms, with a
grinding ball radius of 2 nm, containing 5955 atoms. In this
work, the Verlet algorithm is chosen for MD simulations in
time steps of 1 fs and an initial temperature is set to 300 K. 30!
The grinding ball moves circularly at a constant linear veloc-
ity of 1.6 x 1073 A/fs and a constant load of 60 nN, with a

rotation radius of 8.5 nm.

Table 1. Calculation parameters for MD friction simulations.

Materials ‘Workpiece Tool: Diamond
Dimensions Cubic: 30 nmx30 nmx12 nm Spherical: R =2 nm
Atomic number 923824 5955
Interatomic potential Morse EAM Tersoff Morse
Time step 1fs
Initial temperature 300K
Grinding velocity 1.6x1073 A/fs
Normal load 60 nN
Grinding radius 8.5 nm

2.2. Selection of potential function

The choice of potential function is particularly critical to
the accuracy and precision of molecular dynamics simulation
calculations. In this work, Morse potential (Morse), embed-
ded atom potential (EAM potential), and Tersoff potential are
used to describe the interactions between different atoms.

Morse potential refers to a simple model that can simu-
late the potential energy of interaction between metal atoms
and other atoms, which is widely used in the simulation of

BI1 In this work,

molecular dynamics of metal tool grinding.
Morse potential is used to describe the force between C atom
of tool, and W atom of strengthening phase, C atom of tool,
C atom of tool and Cu atom of matrix, C atom of strengthen-
ing phase and Cu atom of matrix, which is specifically shown

below: 3%
AUnorse (rij) =D e—2(r,-j—ro) _2e—(x(r,-j—r0)] , €))

where D is the cohesive energy of the interaction, o and r;;
are the equilibrium distance and separation distance between
atoms 7 and j, respectively, and o is the bulk modulus fitted to
the material. The parameters are shown in Table 2.

Table 2. Parameter settings of Morse potential function. 33341

Atomic type Dy (eV) a (A1 o (A)
C-wW 6.64 1.80370 1.90547
Cc-C 6.0 2.1 1.39
C—Cu 0.087 1.7 22

The EAM potential function is a typical many-body po-
tential applicable to metal-atom systems, which can describe
the interaction between metal atoms more accurately. The
EAM potential describes the interaction forces between Cu—
Cu, W—Cu, and W-W in this paper, with their expressions
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shown in Egs. (2) and (3)1*37! and some of fitting parame-
ters used here are shown in Table 3:

1
Eio = EZ‘Pij(rij)ZFi(Pi)a ()
ij i
pi=Y pi(rij), 3)
i

where F; is the embedded 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; is a
function of the electron cloud density.

Table 3. Fitting parameters for Cu—Cu, W—W, and Cu-W potentials. 331

Cu-Cu W-W Cu-W
x 11.13411 x 6.180475 A 0566522
a V) 0.72840 ko (V) —0.581958
B 3.45096 ki (eV) —2.175059 B(A) 0495555
ra(A)  1.62684 ko (eV)  17.053662
Fi (eV) 0.67648 k3 (eV) —8.215139 Cc(A) 0.083299
rs (A) 3.696 rs (A) 3.236
re (A) 4.102 re (A) 3.592
n 0.33333 n 0.44

Using the Tersoff potential to describe the interaction be-
tween carbon and tungsten atoms in the reinforcing phase WC,
and the reinforcing phases C—C and W-W atoms, the expres-
sions are shown in Egs. (4) and (5),133-31 and some of the pa-
rameters used for fitting are shown in Table 4:

1
E=3).) Y “)
i j#l
J

Vij = fe(rip)[fr(rij) + bijFalrij)], ()
where Vj; is the potential energy between atoms, f; (r;;) the
phase radius, fg (7;;) the pair potential of mutual attraction be-
tween atoms, b;; the modulation function , and r;; the atomic
spacing.

Table 4. Main parameters for fitting Tersoff potential function.3?!

Parameter C-W Cc-C W-W
Dy (eV) 6.64 6.0 5.41861
r(A) 1.90547 1.39 2.34095
B (A 1.80370 2.1 1.38528
S 2.96149 1.22 1.92708
y 7.2855%1072  2.0813x10~*  1.88227x1073
c 1.10304 330.0 2.14969
d 0.33018 3.5 0.17126
h 0.75107 1.0 —0.27780
R(A) 2.80 1.85 3.50
D (A) 0.20 0.15 0.30

3. Results and discussion

3.1. Effect of friction on mechanical properties of work-
piece and shape of abrasion marks

For investigating the effect of the grinding ball on the fric-
tion force during repeated friction, the force on the workpiece

in x, y, and z directions are extracted as shown in Fig. 3. It can
be seen that the component force in the x and y directions are
periodically distributed in the form of sine and cosine func-
tion, respectively, which can be attributed to the fact that the
grinding ball moves circularly and its motion determines the
distribution pattern of the x and y directional forces when the x
directional force is O (e.g., point L in Fig. 3), the y directional
force reaches its peak (e.g. point H in Fig. 3). Meanwhile,
the z-directional force increases rapidly to the point at the ini-
tial friction and then fluctuates up and down around a fixed
value. This is attributed to the fact that the grinding ball starts
as a downward pressure process and the workpiece undergoes
elastic deformation, resulting in a continuous increase in the
force in the direction of F;. Afterward, it enters into a stable
friction phase, always fluctuating up and down around a fixed
value, which is caused by the constant downward force exerted
on the grinding ball. b, ¢, and d represent the peak values of
F; in the initial, secondary, and tertiary frictions, respectively.
It can be seen that the value of b is greater than the that of ¢
and d. Owing to the initial friction, the grinding ball releases
more atoms of abrasive chips, which cause the workpiece to
produce a larger resistance.

60

401,

[\~
]

Force (nN)
=

|
)
]

—40§ 2 4 6 8 10
Step (10° fs)

Fig. 3. Interaction between grinding ball and workpiece in x, y, and z
directions.

To further study the law between the influence of fric-
tion fluctuation and material deformation accurately, the x-
and y-directional components are combined to obtain a fric-

tion force, which is given by

Fr=/(F)?+(F)?, ©)

where is the frictional force, F; the x-directional force, and F,
the y-directional force.

The dynamic response curve of F; versus time step is
shown in Fig. 4, where I is the initial friction phase and II
is the repeated friction phase. By observation, it is found that
increases rapidly from O during the initial friction, and then
stabilizes around a fixed value with small fluctuations, aver-
aging 24.58 nN. Entering into the repeated friction phase, the

curve fluctuates sharply, moreover, the peak appears near the
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WC phase and the trough occurs far from the reinforced phase,
and the average value of this phase is 20.04 nN, which is much
smaller than the average value of the initial friction. In addi-
tion, at the same position, it is found that the difference be-
tween the peak value and valley value of the third friction is
greater than the difference between the peak value and val-
ley value of the second friction, i.e., Ahy > Ahy, as shown in
Fig. 4. This is attributed to the fact that the closer to each other
the grinding balls in the WC phase as the friction increases, the
more noticeable the effect of WC relative to the matrix Cu.

2 4

40
351
30
25F

20

Force (nN)

15

10 : :
51 : 1

O 1 . 1
Step (105 fs)
Fig. 4. Dynamic response curve of friction versus time step.

The coefficient of friction represents the ratio of the fric-
tional force between two surfaces to the normal force acting on
one of them, reflecting the frictional properties of the material,
whose expression is shown below: 4]

1 =F/F, )

where p is the friction coefficient, F; the combined friction
force, and F, the normal force.

The dynamic response curve of the friction coefficient
versus time step is shown in Fig. 5, indicating that the vari-
ation of the friction coefficient also shows two stages with dif-
ferent characteristics. In the initial friction stage I, the friction
coefficient increases rapidly from 0, and then fluctuates above
and below a fixed value, with an average friction coefficient of
1.4436. This is attributed to the better flatness of the workpiece
surface during the initial friction, meanwhile, the distance be-
tween the grinding ball and WC phase is large, with the WC
having no significant action relative to the substrate Cu, mak-
ing the fluctuation of the friction coefficient relatively gentle.
In the repetitive friction phase II, the alternation of the curve
crest and trough is more intense, and the average friction coef-
ficient is 1.9223, which arises from the increase in the rough-
ness of the friction on the surface with the increase of the num-
ber of friction, in addition, smaller distance between the grind-
ing ball and the WC phase, making the average friction coeffi-
cient gradually increase, therefore, the difference between the
crest and trough becomes more and more obvious.

Friction coefficient

IT

0 L : L L
0 2 4 6 8 10
Step (10° fs)

Fig. 5. Dynamic response curve of friction coefficient versus time step.

To investigate the variation of the abrasion depth, the
workpiece z-directional height is color-calibrated as shown in
Fig. 6, where blue is the deepest abrasion mark, and red is
the shallowest abrasion mark, with the black dashed ellipse
marking the deepest abrasion mark during each friction cir-
cle. To investigate the variation of the abrasion depth, the
workpiece z-directional height is color-calibrated as shown in
Fig. 6, where blue is the deepest abrasion mark, red is the shal-
lowest abrasion mark, and the black dashed ellipse is the deep-
est abrasion mark during each friction circle. When the grind-
ing ball grinds through the center of the WC phase, the grind-
ing depth starts to deepen, but when the grinding ball moves to
the front end of the WC phase, the depth of the friction marks
is the shallowest. This results from the WC phase causing
the workpiece atoms driven by the grinding ball motion to be
blocked at its front end. However, after the grinding ball has
ground through the WC phase, the grinding ball only acts on
the single crystal copper and the material is removed relatively
easily, ultimately resulting in a difference in material removal.
In the repeated friction phase, the above phenomenon becomes
more and more obvious. As shown in Figs. 6(b) and 6(c), in
the front end of the WC phase, there is no blue area, but at
the back end of the WC phase, there are more and more blue
area, and their areas become larger and larger. It shows that
the presence of the WC phase makes the friction surface depth
gap larger and larger with the increase of friction times.

(b)

Fig. 6. Nephogram of depth distribution of wear marks in three circles of
workpiece.

Figure 7 shows the analysis of the real-time abrasion
depth data in the whole friction process, revealing that the fluc-

tuation of abrasion depth is small during the initial friction,
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nevertheless, the fluctuation frequency is larger, and when the
friction is repeated, the fluctuation frequency decreases grad-
ually, whereas the fluctuation amplitude gradually increases.
This is because in the initial rubbing process, the surface of
the workpiece is flatter, therefore the change of the wave crest
and trough becomes more gentle. However, the internal de-
formation of the intact workpiece is more violent during the
initial friction, resulting in a faster frequency of change in
the depth of the abrasion marks. In the three rubbing pro-
cesses, the difference between the second wave crest and the
wave trough grinding marks respectively are Ah; = 2.36482 A,
Ahy = 4.71513 A, and Ahs = 7.17584 A. It is evident that
Ahy < Ahy < Ahj, i.e., the difference between the wave crest
and the wave trough becomes larger as the friction increases.
The reason for this phenomenon is that the smaller the dis-
tance between the grinding ball and the WC phase, the more
obvious the strengthening effect of WC than that of the matrix
Cu.

5
—— First friction
—— Second friction
of —— Third friction

Ahy,=2.36482

—10[™

Depth of wear track

Ahy=17.17584
—15r Ahy=4.71518
—205 0.8 1.6 2.4 3.2

Step (10° fs)

Fig. 7. Dynamic variation curve of wear mark depth versus time step.

The wear rate refers to an important measure of material
stiffness, which can be calculated by the wear chip volume
during the friction process. Figure 8 shows a schematic dia-
gram of three frictional wears. In these three frictional pro-
cesses, none of the depths of the abrasion marks exceeds the
radius of the grinding ball, so only the case where the depth
of the abrasion marks does not exceed the radius of the grind-
ing ball is considered in the calculation of the chip volume.
According to the instantaneous abrasion depth Ah, the instan-
taneous grinding chip volume AV can be calculated, and the
formula is

AV = g (3R — Ah) (Ah)?, ®)
where AV is the instantaneous grinding chip volume, Ah the

instantaneous grinding mark depth, and R the grinding ball ra-
dius.

Workpiece

Fig. 8. Schematic diagram of friction process.

For homogeneous materials, the relationship of abrasive
chip volume AV, with the sliding distance L and the normal
load F at the contact point is described as the Archard equa-
tion as follows:[*!]

AV = OFL, C))

where 9 is the instantaneous wear rate and is the instantaneous
wear volume, L is the sliding distance, and F is the normal
load at the contact point. Thereby the formula for calculating

the instantaneous wear rate is obtained as follows:
AV

U= 7L (10)
The dynamic response curve of the wear rate against time step
is shown in Fig. 9. It can be seen that the curve fluctuates
greatly during the initial friction, the peak position appears
at the position without the WC phase, the trough position ap-
pears near the WC phase,and the average wear rate is relatively
large with a value of 0.1503 nm3/nN-nm. For the initial fric-
tion, the distance between friction surface and WC phase is
larger, thereby making it easier to remove the workpiece ma-
terial. In the process of repeated friction, the average wear
rate decreases rapidly as the number of friction increases, with
a wear rate of 0.0124 nm3/nN-nm for secondary friction and
0.0097 nm?>/nN-nm for tertiary friction, respectively, which is
because of repeated friction leading to friction hardening on
the surface of the abrasion marks and the weakened ability
of the grinding ball to remove material. The wear rate curve
more fully illustrates that the existence of the WC phase has
a certain enhancement effect on the matrix Cu, in addition,
when the distance between the grinding ball and the WC phase
is smaller, the effect of the enhancement of the WC phase
on the matrix Cu is more obvious. Khosravi et al.*?! pre-
pared WC/Cu composites by friction stirring process and the
results showed that the microhardness of WC/Cu composites
increases up to twice that of pure copper, which is in agree-
ment with the one we reached.

0.25 —a— First friction

—e— Second friction
ird friction

T

Wear rate (nm?/nN-nm)

0 0.8 1.6 2.4 3.2
Step (10° fs)

Fig. 9. Dynamic change curve of wear rateversus time step

To observe the stress distribution in the Cu/WC work-

piece, the stresses are calculated by using von-Mises and the

expression is shown below: (43
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1
0w = |/ & [ (0= 0 + (60— 0207 + (6~ 0207] +3 (03 + 53+ 02). an

2

where oy, Oyy, and o, are all-directional positive stresses,
Oy, Oy;, and Oy; are all-directional tangential stresses.

Von-Mises stress distribution in the friction process is
shown in Fig. 10. During the initial friction, the von-Mises
stress distribution of grinding balls passing through the second
WC ball and the third WC ball are shown in Figs. 10(a) and
10(b), while that passing through the substrate Cu is shown in
Fig. 10(c). It can be seen that the local stresses are larger and
highly concentrated when the grinding ball moves to the front
end of the WC phase, whereas the local stresses are smaller
and dispersed when the grinding ball only acts on the matrix
Cu.

Figures 10(e)-10(g) show the von-Mises stress distribu-
tions at the same position during the first friction, second fric-
tion, and third friction, respectively. It is observed that the area
of the red region increases with the increase of the number of
friction turns as well, and it is always distributed near the WC
phase, indicating that the distance between the grinding ball
and the WC phase gradually decreases with the increase of the
friction times, and the von-Mises stress near the WC phase
gradually increases.

((a)

(b) (c)

~

12 GPa

(f) 1

) 0 GPa

Fig. 10. Stress distribution diagram of friction processes.

3.2. Variation of workpiece debris atoms, internal defects,
and energy with friction process

To investigate the distribution of abrasive chips generated
by the grinding ball during the motion, color calibration of the
workpiece in the z-direction height is made, with the red posi-
tion having the most abrasive chip accumulation and the blue
position having the least abrasive chip accumulation, as shown
in Fig. 11. As can be seen, at the first friction, near the WC
phase, fewer abrasive chips accumulate, whereas, in the ab-
sence of the WC phase, more abrasive chips accumulate, with
the increase in the number of friction turns, this phenomenon
becomes more obvious. The reason for this is that when the
grinding ball moves near the WC phase, the action of the WC
phase causes relatively less material to be removed by friction,
and the formation of chips is successively reduced. However,

when the grinding ball moves to the position where only the
matrix Cu is present, the lack of the WC phase causes rel-
atively more material to be removed during the friction and
relatively more chips to be formed. This phenomenon indi-
cates that the existence of the WC phase makes it difficult to
remove the nearby material, and the removal of abrasive chips
is discontinuous.

130 A

-

120 A
Fig. 11. Atomic number distributions of debris in the friction processes.

To further investigate the distribution of the debris atoms,
the number of debris atoms in the inner ring and outer ring at
the location with and without the WC phase in the three fric-
tion processes are counted and the results are shown in Fig. 12.
As can be seen, in the initial friction process, the increase in
the number of debris atoms grows faster and the number of
debris atoms is much more, while in the repeated friction pro-
cess, the increase in the number of debris atoms slows down
rapidly and the number of debris atoms is less. Meanwhile,
the slope of the curve is smaller when the grinding ball moves
near the WC phase, the slope of the curve has a larger slope
when it moves to the matrix Cu.

| —=— First friction
—o— Second friction
—o— Third friction

6000

4000

2000

Number of debris atoms

0 1 2 3 4 5 6 7
Number of acquisition groups

Fig. 12. Plots of number of debris atoms versus number of acquisition
groups near strengthened and non-strengthened phases.

To further investigate the variation of the atomic number
of internal defects in the three friction sessions, the atomic
number of some defects is counted, and the results are shown
in Fig. 13. Figure 13(a) shows the dynamic response curves of
the number of atoms generating HCP and BCC defects versus
time stepin the three friction sessions. The blue curve presents
the curve obtained by polynomial fitting of the HCP curve,
which shows that the number of HCP increases throughout the
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friction process, and the increasing rate gradually slows down
with the increase of the friction times. This is because in the
initial friction process, the grinding ball gives rise to contin-
uous extrusion on the workpiece, resulting in severe plastic
deformation. A large amount of energy is accumulated in the
workpiece, which is released in the form of defects or dislo-
cations, resulting in the change of grain structure, which leads
a large number of FCC atoms to transform into HCP, which
is a common phase transformation of FCC crystals. The ex-
trusion of diamond grinding ball causes the distance between
the atoms in deformation zone to decrease, resulting in the
formation of HCP structure, that is, the elastic—plastic defor-
mation in the deformation zone. However, during repeated
friction, the surface of the workpiece after the initial friction
is destroyed, resulting in a slowdown in the growth rate of the
atomic number of the HCP structure. The number of atoms
of the BCC structure increases rapidly from O to a maximum
value under the initial frictional grinding ball downward pres-
sure, stabilizing during the subsequent friction.

6000 27 47
—HCP (a)
2 5000F — BCC
S — Fit HCP
£ 4000}
G
o 3000
= 2000}
=)
Z 1000}
I g ARSI AN
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71000
70000 e
69000
68000
67000

—— First friction

Other defect atom number

660007 —— Second friction
65000 r —— Third friction
64000 10 20 30

Step (10° fs)

Fig. 13. Dynamic response curves of atomic number of internal defects
versus time step.

Figure 13(b) shows the dynamic response curves of the
number of amorphous atoms versus time step in the three fric-
tion processes. In the initial friction process, the atomic num-
ber of other structures, rises rapidly, which is attributed to a
large number of debris atoms generated in the initial friction
process on the one hand, and the intense plastic deformation
on the other hand, which generates a large number of disloca-
tions. However, during repeated friction, the distance of the
grinding ball relative to the WC phase decreases, resulting in
the weakening of the ability of the grinding ball to remove

material due to the WC phase and a decrease in the atomic
number of chips produced, resulting in a stabilization of the
growth rate of the atomic number of the other structure.

To better understand how the dislocations change in the
friction process, the dislocation extraction algorithm (DXA)
is used to identify the dislocations.!*! Previous studies have
demonstrated that for single crystal materials with embedded
inclusions, the semi-coherent interfaces form between them
when the lattice mismatch exceeds 5%.!*! This phenomenon
also occurs in the WC/Cu matrix, where the lattice mismatch
reaches 24%. The lattice mismatch is calculated from the fol-

lowing equation:

aN —das
k=25
aN

12)

where ay is the lattice constant of WC, ag the lattice constant
of Cu, and k the lattice mismatch ratio.

Figures 14(a)-14(c) respectively show the dislocation dis-
tribution inside the workpiece when the grinding ball acts
only on the substrate Cu in the three friction processes. Fig-
ures 14(d)-14(f) respectively show the dislocation distribu-
tion inside the workpiece when the grinding ball acts directly
above the WC phase in the three friction processes. It is evi-
dent that the dislocation reaction is less when the grinding ball
acts only on the matrix Cu, and however, the dislocation re-
action is more when the grinding ball acts directly above the
WC phase, which leads to an increase in the required friction
force, a relatively small material removal when being friction-
ated under constant load, an increase in the friction coefficient,
a shallow abrasion depth, and a highly concentrated stress dis-
tribution, which is also consistent with the results shown in
Figs. 6, 10(a), and 10(b), indicating that the addition of WC
particles leads to a significant increase in the wear resistance of
the Cu-based composites. In addition, throughout the friction
process, dislocations mainly accumulate between the grinding
ball and the WC phase, and a small number of dislocations are
attached to the surface of the WC phase in the unground region
as shown in Fig. 14(a) in 1. As the friction increases, the dislo-
cation density gradually increases both when the grinding ball
acts on the substrate Cu and by pressing positively onto the
WC phase directly above, but the dislocation density directly
above the WC phase is significantly larger than that when the
grinding ball acts on the substrate Cu as shown in Fig. 14(c)
in 3 and Fig. 14(f) in 3’. This is due to the stress concentration
between the grinding ball and WC phase when the grinding
ball moves near the WC phase, which is easy to produce a
large number of dislocations, and the sliding of dislocations is
blocked by the WC phase, forming dislocation plugging and
producing a high dislocation density region. At the same time,
with the increase of friction times, the distance between the
grinding ball and WC phase decreases, and the strengthening
effect becomes increasingly obvious.
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Fig. 14. Dislocation distributions at different positions, showing dislocation
distributions in matrix when grinding ball is [(a)—(c)] far from WC and [(d)—
(f)] near WC phase during three cycles of friction.

We also find that the dislocation forming between the
ground WC phase and the friction surface reverts from ag-
glomerated structural dislocations to straight lines when the
grinding ball leaves the WC phase as shown with E in
Fig. 14(e). In addition, some reactions occur between the new
dislocations at the WC/Cu interface and the fixed dislocations,
leading to the generation of Stair-rod dislocations and Hirth
dislocations as shown in Fig. 14(e) in 2" and Fig. 14(f) in 3/,
with the interface transforming into a region containing high
dislocation density. This phenomenon leads to the strengthen-
ing of the region — called Orovan strengthening. 46!

[ JHirth (WC) [_]Hirth (no-WCQC)
[ Stair-rod (WC) []Stair-rod (no-WC)
1500 F[__]Shockly (WC) :]Shocklyg»wc)

—

1000

—]

Length (nm)

500

1 2 3
Number of friction rings

Fig. 15. Dislocation lengths versus different friction times steps.

For a clearer picture of the dislocation variation in the
friction process, the lengths of Shockley, Stair-rod, and Hirth
dislocations are calculated for each friction process when the
grinding ball is located near the WC phase and when the grind-
ing ball only acts on the substrate Cu as shown in Fig. 15. It is
observed that in the whole friction process, the Shockley dis-
locations account for the largest length, and the total length of
dislocations when the grinding ball moves near the WC phase
is always larger than the total length of dislocations when the
grinding ball only acts on the substrate Cu, meanwhile, the
larger the number of friction, the longer the total length of
dislocations is. This is attributed to the fact that Shockley dis-
locations control the plastic deformation of metallic materials

throughout the deformation mechanism to such an extent that

the internal deformation of the workpiece becomes more com-
plex as the friction increases. In addition, there are a small
number of Stair-rod dislocations and Hirth dislocations gen-
erated throughout the friction process, which are fixed dislo-
cations that affect the deformation behavior by impeding the
dislocation motion. !

Figure 16 shows the total number of various dislocations
with the grinding ball located near the WC phase in the three
friction processes versus number of friction times when the
grinding ball only acts on the matrix Cu. It is observed that
the total number of dislocations when the grinding ball is in
the vicinity of the WC phase during each friction is always
greater than the total number of dislocations when the grind-
ing ball only acts on the matrix Cu, moreover, the total number
of dislocations increases with the increase of friction, further
verifying the strengthening effect of WCon the matrix as illus-
trated in Fig. 15.
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Fig. 16. Number of dislocations versus number of friction times steps.

Figure 17 shows the dynamic response curve of the total
energy of the workpiece versus time step during the friction
process. The change of the total energy of the workpiece is
accompanied by the change of the atomic crystal structure, fur-
thermore, the formation, migration, value-added, and annihila-
tion of dislocations all cause the total energy of the workpiece
to change. As can be observed from Fig. 17, the total atomic
energy increases continuously during the initial friction. How-
ever, in the repeated friction phase, the growth speed of the
total atomic energy tends to level off and there is a significant
fluctuation, meanwhile, valleys appear near the WC phase as
shown in Figs. 17(a)-17(d). This is attributed to the fact that
during the initial friction, the larger the amount of material
removed, the more the number of atoms undergoing lattice de-
formation is, and the strain energy accumulated in the lattice
increases continuously, making the total energy increase con-
tinuously, while during repeated friction, the less the amount
of material removed, the smaller the number of atoms under-

going lattice deformation is, and the change of strain energy
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accumulated in the lattice tends to be flat. At the same time,
the presence of valleys near the WC phase indicates numer-
ous dislocations and defects forming near the WC phase, and
the energy is consumed, resulting in energy values lying in the
valleys.
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Fig. 17. Dynamic response curve of atomic energy of workpiece versus
time steps.

3.3. Friction characteristics of WC phase at different dis-
tances from initial friction surface

To investigate the effects of different distances between
the WC phase and the initial friction surface on the frictional
wear behavior of the copper matrix composites, the friction
is performed under different conditions of 20 A, 25 A, and
30 A from the initial friction surface for the reinforced phase,
respectively, and the dynamic response curves of the friction
force versus time step under different conditions are shown in
Fig. 18. As can be seen, the average frictional forces at dif-
ferent distances between the WC phase and the initial friction
surface are 21.5597 nN, 18.7287 nN, and 17.8543 nN, respec-
tively, with a smaller distance between the reinforced phase
and the initial friction surface. The average frictional force
is larger, and with distance increasing, the frictional force de-
creases. However, the difference between the average friction
force at 20 A from the initial friction surface and the aver-
age friction force at 25 A from the reinforced phase is signifi-
cantly larger than that at 25 A from the initial friction surface
and 30 A from the reinforced phase. This indicates that the
smaller the distance between the WC phase and the friction
surface, the larger the average friction force is.

To further explore the friction performances of the WC
phase and the initial friction surface at different distances, the
dynamic response curves of the friction coefficients of the WC
phase at different friction distances from the initial friction sur-
face versus time step are plotted as shown in Fig. 19. It can
be seen that when the WC phase is 20 A from the initial fric-
tion surface, its friction coefficient fluctuates less during the
initial friction, and when repeated friction, its friction coef-

ficient fluctuation increases significantly, moreover, the peak

appears at the front end of the grinding ball moving to the
WC phase, and its average friction coefficient is 1.7621 in the
whole friction process. However, when the WC phase is 25 A
and 30 A from the initial friction surface, its friction coeffi-
cient fluctuates above and below a certain value throughout
the friction process, with smaller fluctuations, and its average
friction coefficient is 0.5229 and 0.4270 respectively through-
out the friction process. From the average friction coefficient
under different conditions, it can be seen that the strengthening
degree of WC relative to the base copper has a certain range.
When the WC phase is less than 20 A from the workpiece
surface, its strengthening effect is relatively obvious, and the
strengthening effect is obviously weakened when the strength-
ening phase is greater than 20 A from the initial friction sur-
face, in addition, as the distance between the WC phase and
the initial friction surface gradually increases, its strengthen-

ing effect gradually decreases until it disappears.

35
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Fig. 18. Dynamic response curve of friction force versus time steps under
different layer thicknesses.
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Fig. 19. Dynamic response curve of friction coefficient versus time steps
under different layer thicknesses.

Figure 20 shows the dynamic response curves of the abra-
sion depth versus time steps for different layer thicknesses. It
can be seen that the fluctuation amplitude of the abrasion depth
is larger as the number of friction times steps increases when
the WC phase is 20 A from the initial friction surface. How-
ever, when the reinforced phase is 25 A and 30 A away from
the initial friction surface, the fluctuation of the abrasion depth
during the initial friction and the second friction are relatively
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gentle, whereas a larger fluctuation occurs when entering into
the third friction, with the peak position located near the WC
phase. This demonstrates that the distance between the WC
phase and the workpiece surface has a certain influence on the
depth of the abrasion marks. When the distance between the
WC phase and the workpiece surface is less than 20 A, the
strengthening effect of the WC phase on the substrate starts
to appear, moreover, as the distance between the grinding ball
and the WC phase decreases, the strengthening effect becomes

more obvious.

5 27 A7 :
——20 A
——25 A
OF —— 30 A

Depth of wear track

Step (10° fs)

Fig. 20. Dynamic response curve of wear mark depth versus time steps for
different layer thicknesses.

To accurately analyze the law of the distance between the
WC phase and the friction surface related to the change of
internal defect atoms during the friction process of the work-
piece, the number of partial defect atoms generated inside the
substrate in the friction process under different conditions is
calculated. In the initial friction phase, the HCP atomic num-
ber increases faster at the distance of 20 A from the friction
surface in the WC phase, while entering into the repeated fric-
tion phase, the increase in the HCP atomic number gradually
slows down, and the fluctuation frequency becomes more vi-
olent. However, when the WC phase is separately 25 A and
30 A away from the friction surface, the growth rate of HCP
defect atomic number is relatively flat throughout the friction
process, with the average HCP atomic number at 25 A from
the strengthening phase being slightly larger than that at 30 A
from the workpiece surface, but much smaller than the average
HCP atomic number at 20 A from the strengthening phase.

Figure 21(a) displays the dynamic response curves of the
number of HCP defects versus time steps, and figure 21(b)
shows those of the atomic number of other defects versus time
steps for different conditions. During the initial friction phase,
the increasing rates of other atoms under different conditions
are all faster, while during the repeated friction phase, the in-
creasing rates of other atoms tend to be smooth. However,
the numbers of other atoms are produced when the distance
between the WC phase and the initial friction surfaces are re-
spectively 30 A and 25 A, which are significantly larger than

the number of atoms produced when the distance between the
WC phase and the initial friction surface is 20 A.
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Fig. 21. Dynamic response curves of atomic number of partial defects versus
time steps at different distances between strengthening phase and friction
surface: (a) dynamic response curve of HCP defect atom number versus
time steps and (b) dynamic response curve of other defect atom number
versus time steps.

4. Conclusions

In this work, the nano-friction behavior of WC/Cu com-
posites by repeated friction of diamond grinding balls is inves-
tigated by using the MD simulation method. The conclusions
are summarized as follows.

(i) The changes of friction force, friction coefficient, and
abrasion depth are divided into two phases, i.e., the first fric-
tion with the three amplitude fluctuations, which is relatively
gentle, and the repeated friction, where the amplitude fluc-
tuations gradually become larger, and the peak appears near
the WC phase, which is related to the distance between the
strengthening phase WC and the friction surface. The smaller
the distance between the strengthening phase and the initial
friction surface, the more obvious the strengthening effect of
WC on the matrix Cu. When the grinding ball moves to the
front end of the WC phase, the local stress is highly concen-
trated and a large number of dislocations are generated inside
the workpiece. In addition, dislocation plugging is formed un-
der the blockage of the WC phase, which makes the region
strengthened. During the initial friction, the number of HCP

and other structure atoms increase faster, whereas, during re-
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peated friction, the number of HCP and ther structure atoms
increase slower. Meanwhile, there is less debris accumulated
near the WC phase, while there is more debris accumulated at
the position without the WC phase. It shows that the presence
of the WC phase makes the material in its vicinity unable to
be removed easily.

(i1) During initial friction, the amount of material re-
moved is larger, and more atoms undergo lattice deformation,
with a continuously increasing total energy, during repeated
friction the amount of material removed is smaller, and fewer
atoms undergo lattice deformation, the change of the total en-
ergy becomes flat. At the same time, the valleys appearing
near the WC phase indicates that a large number of disloca-
tions and defects are formed near the WC phase accompanied
with the consuming energy, leading the energy values to lie in
the valleys.

(iii) As the distance between the WC phase and the ini-
tial friction surface increases, the friction force decreases the
friction coefficient also decreases without larger fluctuations,
and the wear mark depth gradually increases but the amplitude
decreases near the WC phase. In addition, the distance be-
tween the WC phase and the initial friction surface is greater
than 20 A, producing fewer HCP defect atoms and more other
atoms. It shows that the strengthening effect gradually de-
creases until it disappears when the distance of the WC phase

from the initial friction surface is larger than 20 A.
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