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Abstract: In order to investigate the nano-friction evolution characteristics of WC coating during the nano-scratching process, the

molecular dynamics simulation model was established under different conditions (load, scratching-depth, scratching-velocity) by the

large-scale atomic /molecular massively-parallel simulator. Results show that the friction force and coefficient of friction are increased

with increasing the scratching depth. When the indenter scratches the specimen, the atoms are squeezed, sheared, and piled up in front

of the indenter and at both sides of the groove along scratching direction. The instantaneous friction curve presents the distinct

tribological characteristics during the initial and stable stages, and the dislocation, slip, interstitial, or vacancy occurs in the region

under the indenter during the friction process. With increasing the scratching velocity, the strain energy of system exceeds the bonding

energy caused by interatomic constraint. The atoms break the constraint and are stacked on both sides of the scratching grooves.

Additionally, the surface morphology and the outer edge of accumulated atoms become rough, and defects appear in the subsurface

crystal structure. This research provided the microscopic wear mechanism of WC coating at nano-scale during friction process.
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The performance of coating material has significant impact
on the service security and service lifetime of equipment. It is
estimated that nearly two thirds of coating materials for
engineering components suffer from severe wear and friction
failure’l. Therefore, it is of great significance to improve the
friction performance of coating materials™. The wear-resistant
coating has been widely applied on the surface of motion pair,
particularly in the miniaturized precision parts, which requires
the investigation on tribological performance at micro-scale'™.
Therefore, the comprehensive investigation of the tribological
behavior at micro- and nano-scale is important for the design
of coating materials.

Since its good compactness, fine impact resistance, high
toughness, good wear resistance, and high hardness, tungsten
carbide (WC) coating can effectively improve the wear
resistance of mechanical parts. Hence, WC coating is widely
used in machinery, aviation, aerospace, and other fields™ ™.
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However, many factors lead to the low interfacial bonding
strength between WC coating and matrix, which restricts the
large-scale production and application of WC coating.
Recently, the tribological performance of WC coating has
been extensively researched. Sun et al” prepared WC-based
coating through electric contact strengthening (ECS) method,
and the effects of ESC processing duration on the
morphology, element distribution, hardness, and phase
composition of surfaces were investigated. Xiao et al”
investigated the phase composition, microstructure,
microhardness, friction, and wear properties of the Fe-WC
composite coatings. The thermal damage forms caused by WC
particles and the influence mechanism of the microstructure
evolution and wear performance are discussed. The fracture
and crack propagation behavior of WC-Co cemented carbides
are studied under different loads™"”. Generally, the powder
ratio, preparation technique, and mechanical properties of WC
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coating materials have been analyzed. However, the evolution
process of tribological properties at nano-scale is rarely
studied, especially the atom behavior during service process,
and the anti-friction and anti-wear mechanisms of WC coating
at atomic-scale is still obscure.

Molecular dynamics (MD) simulations attract much
attention as an efficient method to investigate the local contact
and friction behavior at the micro-scale by nano-indentation

31 Anil et al™ conducted common

and nano-scratches!
neighbor analysis of Cu-Ni based on the dislocation
mechanism, and the effects of size, indenter velocity, and
thickness of nano-coating on hardness and dislocations were
investigated by MD method. Singh et al™ simulated the
sintering process of WC nanocrystalline particles at micro-
scale by MD method, studied the tensile strength during the
sintering process at different temperatures, and found the
optimal sintering parameters for WC powder at nano-scale.
Xu et al'” investigated the effects of texture shape, texture
spacing, and indenter size on the force, temperature, and
plastic deformation of nano-textured silicon surfaces during
friction process by MD simulation. The friction mechanism of
nano-texture is revealed, which is beneficial to design micro/
nano-devices. Feng et al'” discussed the deformation and
plasticity mechanisms of WC, Co, and WC-Co composites by
MD simulations at atomic-scale. It is found that the nuclea-
tion, expansion, and interaction of dislocations are obviously
dependent on the loading direction. MD simulation is an effec-
tive method to reveal the nano-scale tribological properties
and micro-damage. The atomic-scale mechanical response and
behavior of the crystal structures can also be studied through
MD simulations. The nano-scratching process can produce the
atomic-scale friction, which is beneficial to the investigation
of interactions between matrix surface and abrasive atoms.
Besides, this is also an ideal method to study the tribological
performance of thin film coatings at nano-scale!*""’.

In this research, the tribological properties of WC coating at
atomic-scale were investigated based on MD theory and
computer simulation. In the nano-scratching process, the
Tersoff three-body potential function was used to characterize
the interactions among atoms, and the friction process of WC
coating was simulated under different conditions of scratching-
depth, load, and scratching velocity. The tribological
characteristics and evolution of WC coating were analyzed
based on the friction force, coefficient of friction (COF), and
wear morphology. This research provided theoretical support
to improve the mechanical properties of WC coating and to
reveal the friction failure mechanism at nano-scale.

1 Experiment and Simulation

1.1 Model geometry and computational details

The single crystal cell structure of WC coating is shown in
Fig. 1. Fig. 2 shows the calculation model of WC coating,
which is the expansion model from WC crystal cell. A large-

scale atomic/molecular massively-parallel simulator™

was
used to conduct MD simulation in this research, and the open

visualization tool was used to obtain the atomic snapshots and

Fig.1 Schematic diagram of WC crystal cell model

Indenter

Newton layer

Fix layer

Fig.2 Schematic diagram of nano-scratching simulation model
to analyze the simulation data™,

WC crystal cell has hexagonal close-packed (hcp) structure.
The normal c/a ratio of hep structure is 1.633, but the lattice
constants of WC cell are a=b=0.29 nm, ¢=0.2831 nm,
suggesting that the c/a ratio is 0.973, which is much lower
than the normal hcp ratio. The a,, a,, a,, and ¢ hcp crystal
directions of WC cell are [21 10], [1210], [1 120], and [0001],
respectively. Through the initial modeling software Atomsk,
an orthogonal cell equivalent to the orthogonal hexagonal
lattice was obtained, and the X, Y and Z directions are parallel
to the lattice orientations of [1210], [1010], and [ 00017, re-
spectively. After model expansion, the size of WC simulation
model was 17ax15b%25¢, which consisted of 15 000 atoms. In
order to avoid the influence of elastic deformation of indenter
which was regarded as rigid bodies with relatively fixed
positions of internal atoms, and to prevent deformation and
wear during the whole scratching process, the scratching
direction of the model was along the Y-axis. The simulation
parameters of WC coating model during nano-scratching
process are shown in Table 1. The atom layer at the model
bottom was set as a fixed layer to provide rigid support, and
other atom layers were set as the Newton layer.

In the simulation, X and Y directions were set as periodic
boundary conditions to reduce the influence of model scale on
the simulation results; the free boundary conditions were
applied to the Z direction; the simulation time step was set as
0.1 fs; the atomic motion equation was solved by the Velocity-
Verlet algorithm. NVT ensemble and Langevin temperature
control method were used to keep the system temperature at
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Table 1 MD simulation parameters of WC coating model during nano-scratching process

Parameter wC Rigid indenter
Dimension 8.7 nmx10.0 nmx5.7 nm R=1.5nm
Number of atoms 15000 -
Interatomic potential Tersoff -
Time step/fs 0.1 -
Initial temperature/K 300 -
Scratching velocity/m-s™ - 200, 400, 800
Normal load/nN - 0.8, 8, 80
Scratching depth/nm - 04,09,1.4

around 300 K during the nano-scratching process””.

1.2 Interatomic potential

MD method has obvious advantages in simulation and
prediction of the material properties at micro- and nano-scale.
The atomic motion at nano-scale obeys the Newton laws in

MD simulations™ "

. Therefore, for an independent system
consisting of N particles, the equation of motion particles can

be described as follows:

— dzri — Fi +f;
ST m (1
F,=-V,U ()

where m, denotes the mass of i atom; 7, denotes the position of
i atom; F, denotes the interatomic interaction force of i atom; f;
indicates other forces of i atom; U is the total potential energy
of the system.

The three-body potential energy function was used to
describe the interatomic interactions, and its accuracy
determined the reliability of the simulation results. Hence, the
accuracy of potential function is important to MD simulation.
Because the interaction mechanism of WC coating is very
complex, the interactions of atoms for a single potential
function could not be accurately characterized. Therefore, the
potential

characterize the interatomic actions of WC coating based on
25]

three-body Tersoff empirical was used to

the bonding order™, which was particularly suitable to
describe the interactions between C and W atoms bonded by
covalent bonds. The interatomic potential energy of two
adjacent atoms i and j can be expressed as follows:

1

E=E=5>V (3)
Vij :fc(rg)[fR(ry‘)+biij(rij)] 4)

1 r<R-D

1 1. =mr—-R

fc(r)—szsm(z 5 ) R-D<r<R+D 3)
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Je(r)=Aexp(-4,r) (6)
Sa(r)=-Bexp(-4,r) 7
by=(1+p¢H™> ®)

=D fe(rat ) g [0, (ryri) Texp [ 24 (ry =7, )" 1 (9)
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O)=r. |1 +—-
g(0) T d* d*+(cosf - cosb,)

(10)

where E denotes the total energy of the system; the
subscripted parameters i, j, and k represent different atoms in
the system; r; is the length of ij bond; 6
angle between ij and ik bonds; b, denotes the bond order

.« indicates the bond
function and reflects the saturation state of the covalent bond;
¥, indicates the interaction neighboring atoms; f, and f, denote
the repulsive term and attractive term between the atoms,
respectively; f. is a smooth truncation function; { indicates the
effective coordination number; g(f) is the function of bond
angle; the detailed descriptions of the other parameters are
reported in Ref.[26-27].

In the simulation of nano-scratching process of WC
coating, three kinds of interatomic interactions, including the
W-W interatomic interaction, W-C interatomic interaction,
and C-C interatomic interaction, exist. The related parameters
used for MD simulation of W-C system are listed in Table 2,
and the detailed descriptions of those parameters are reported
in Ref.[26-27].

2 Results and Discussion

To investigate the effects of scratching depth, load, and
scratching velocity on the tribological properties and crystal
structure deformation of WC coating, the nano-scratching

Table 2 MD simulation parameters in Tersoff potential of W-C

system
Parameter W-W W-C C-C
m 1.0 1.0 1.0
y 1.88x107° 7.2855x107 2.0813x10™
J/nm”! 4.59 4.59 0.0
¢ 2.149 69 1.103 04 330
d 0.171 26 0.330 18 35
cost, 0.277 8 -0.751 070 -1.1
n 1.0 1.0 1.0
s 1.0 1.0 1.0
J,/nm”’ 14.112 46 0.0 26.887 74
BleV 306.5 0.0 1397.0
R/nm 0.35 0.28 0.1850
D/nm 0.03 0.02 0.015
2, /nm™! 27.195 84 0.0 32.803 05
AleV 3401.474 4 0.0 2605.841
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process is divided into two stages by a critical distance
(indenter diameter): when the indenter location locates within
critical distance, the process is in the transition stage (stage I);
when the indenter location locates beyond the critical
distance, the process is in the stable stage (stage II).

2.1 Effect of scratching depth

During the nano-scratching process of WC coating by MD
simulation, the scratching depths are 0.4, 0.9, and 1.4 nm,
which are the multiple values of the WC lattice constants.
Fig. 3 presents MD simulations of WC-coated substrates
during the nano-scratching process at different time steps
under the conditions of the scratching velocity of 800 m/s, the
scratching depth of 0.9 nm, and the load of 8 nN. As shown in
Fig.3, no obvious atoms are removed from the substrate at the
beginning stage of the scratching process. The main reason is
that the indenter contacts with the matrix, the atoms on the
matrix surface are squeezed and sheared, the distance between
atoms decreases, the interatomic force increases, and thereby
the binding energy increases, which leads to the elastic
deformation. The material deformation is directly caused by
the dislocation and slip, and its deformation degree reflects
the magnitude of dislocation and slip®. With increasing the
scratching distance, the binding energy is increased, the
dislocation and slip are intensified, the plastic deformation
occurs, and obvious scratching groove appears on the matrix.
Some atoms break the interatomic constraints and leave the
matrix surface, forming debris. The extruded atoms are
accumulated in the front and both sides of the indenter. Fig.4
shows the cross-section morphologies at the middle position
along the X-direction of WC-coated substrates after scratching
with different depths. It can be seen that the deformation
region is mainly distributed in the surface and subsurface
layer of the matrix. With increasing the scratching depth, more

substrate atoms are extruded and accumulated around the
indenter, the chip atoms are increased gradually, and the
groove becomes deeper.

The friction force can reflect the tribology mechanism of
material during the nano-scratching process. In the nano-
scratching process of WC coating, the friction force is
generated by the interactions between the indenter and the
substrate atoms. During the nano-scratching process, the
friction force F, and the normal force F, of the indenter can be
obtained, and the instantaneous COF (u) can be calculated, as

follows™:

— FZ

K=TF, (11)

Fig.5 shows the variation of scratching friction force and
instantaneous COF with increasing the scratching distance.
The scratching process consists of two stages. In stage I, the
friction forces present a rapid increasing trend with moving
forward the indenter, because the number of squeezed atoms
between the indenter and the substrate is increased, and the
number of interatomic interactions is also increased, as shown
in Fig. 5a. When the scratching distance passes the critical
location, the scratching enters into the stable stage II: the
friction force and the normal force fluctuate slightly around a
constant value. This is because the number of atoms between
the indenter and matrix is constant. If the indenter continues to
move, a lot of matrix atoms are extruded and accumulated in
front of the indenter, thereby forming the wear debris. When
the scratching depth is invariable, the number of interaction
atoms is invariable, and the friction force and the normal force
are basically stable. With increasing the scratching depth, the
number of interaction atoms is increased, and the friction
force and the normal force are increased.

The average friction forces and average instantaneous

_Displacement magnitude

55

Fig.3 Atomic displacement magnitude of WC-coated substrates during nano-scratching process at time step of 2000 fs (a), 5000 fs (b), and

10 000 fs (c)
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Fig.4 Atomic displacement heights of WC-coated substrates during nano-scratching process at scratching depth of 0.4 nm (a), 0.9 nm (b), and

1.4 nm (c)
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Fig.5 Friction forces (a) and COFs (b) of WC-coated substrates

during nano-scratching of different depths

COFs are obtained for the further analysis of tribological
performance of WC coating specimens in the stage Il during
nano-scratching process. Fig.6 shows the changes of average
friction force and the average instantaneous COFs of WC-
coated substrates during scratching of different depths. When
the scratching depth is 0.4 nm and a small number of coating
atoms contact with the indenter, the average friction force is
close to 10 nN, and the average instantaneous COF is close to
0.08. However, when the scratching depth is 1.4 nm, a large
number of coating atoms contact with the indenter, the
average friction force is nearly 250 nN, and the average
instantaneous COF approaches 0.72. The larger the scratching
depth, the larger the contact area between the indenter and the
matrix, therefore the greater the scratching hindrance force,
and the greater the friction force. This result is similar to that
in Ref.[30].
2.2 Effect of load

The microscopic behavior of WC coatings during nano-
scratching process under different loads is revealed by the
surface morphologies and the friction curves. The scratching
velocity is 800 m/s, the scratching depth is 0.9 nm, and the
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Fig.6 Average friction forces (a) and average COFs (b) of WC-

coated substrates during nano-scratching of different depths

loads are 0.8, 8, and 80 nN. Fig.7 shows MD simulations of
WC-coated substrates during the nano-scratching process at
the scratching distance of 8 nm. The color of atoms represents
different heights of atoms along Z-direction. When the load is
0.8 nN, the scratching traces are inconspicuous, because the
areas at the indenter bottom are squeezed and the elastic defor-
mation occurs. As the indenter leaves the specimen, the speci-
men recovers to the original state immediately. With increas-
ing the loads, the scratching trace becomes more clear along
the moving direction, and the surface crystal structure of the
specimen causes damage and complex elastic-plastic deforma-
tion. In addition, with increasing the loads, the atoms are accu-
mulated in the front and at two sides of the indenter, which
gradually forms an obvious groove. The greater the load, the
more the accumulated atoms in the front and at both sides of
the indenter, the larger the depth and width of scratching
groove, and therefore the rougher the specimen surface.

To study the friction behavior of WC-coated substrates in
the nano-scratching process, the surface and cross-section
morphologies under different loads are shown in Fig. 8. The
original matrix surfaces are marked by the black dotted lines

¢ Position along
-axis

75.

45.

Fig.7 MD simulated deformation behavior of WC-coated substrates during nano-scratching process at load of 0.8 nN (a), 8 nN (b), and 80 nN (c)
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Fig.8 Surface (a—c) and cross-section (d—f) morphologies of WC-coated substrates during nano-scratching process at load of 0.8 nN (a, d),

8 nN (b, ¢), and 80 nN (c, f)

in Fig. 8d—8f. As shown in Fig. 8a, the elastic deformation
occurs on WC-coated specimen when the load is 0.8 nN. The
elastic region is indicated by the black ellipse. When the
indenter leaves the specimen, the specimen atoms return to
their original locations. As shown in Fig. 8d, no atoms are
squeezed out from the matrix and the atoms away from the
contact area are barely changed. With the scratching process
proceeding, the number of atoms accumulated in the front and
at both sides of the indenter is increased and the surface
ploughing appears along the scratching direction, as shown in
Fig. 8b. When the indenter leaves the specimen, the atoms
accumulated at outer edge of the groove present a serrated
distribution and they are almost symmetrically distributed
along the scratch path; the atoms accumulated in the front of
the indenter are still circular, as shown in Fig.8c. These results
are similar to those in Ref.[31]. According to Fig.8e and 8f,
the accumulated atoms on the matrix surface are increased and
the morphology becomes rougher with increasing the loads.
Additionally, the surface ploughing appears and the scratching
groove becomes more wider and deeper.

Fig.9 shows the variation of friction force and COF of WC-
coated substrates during nano-scratching of different loads. In
stage I, the friction force is increased with increasing the
scratching distance, and then it fluctuates within a certain
range in stage II. When the load is 0.8 nN, only a small
number of specimen atoms have effective interactions with the
indenter atoms, and the force effect on atoms is slight. Hence,
the friction force is relatively small. With increasing the loads,
the indenter is pressed into the matrix deeper, and the number
of atoms for interaction between matrix and indenter is
increased. The hindrance effect and binding energy jointly
impede the motion of indenter, which inevitably increases the

Friction Force/nN

T T
S N b

o 2
A O

Coefficient of Friction, COF

<
o

o 1 2 3 4 5 6 7 8
Scratching Distance/nm

Fig.9 Friction forces (a) and COFs (b) of WC-coated substrates

during nano-scratching of different loads

friction forces. This result is consistent with the results in
Ref.[32]. Therefore, with increasing the load, the indenter is
pressed into the matrix deeper, and the deformation and wear
phenomena of WC-coated specimens become more severe.
The average friction force and the average instantaneous
COF of WC-coated substrates in stage II during nano-
scratching of different loads are obtained, as shown in Fig.10.
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Fig.10 Average friction forces (a) and average COFs (b) of WC-
coated substrates during nano-scratching of different loads in

stage 11

It can be found that the average friction force and average
COF are increased significantly with increasing the load from
0.8 nN to 8 nN. This is because the bottom zone of the
indenter undergoes elastic deformation under low load. When
the load increases, these zones undergo plastic deformation
and suffer from crystal structure damage, resulting in rapid
increase in average friction force and average instantaneous
COF. According to Fig. 10, the average friction force and the
average COF is 47 nN and 0.16 when the load is 8 nN,
respectively; when the load is 80 nN, the average friction
force and the average COF increases to 14 nN and 0.50,
respectively. With increasing the load, the nano-scratching
process become more complicated.
2.3 Effect of scratching velocity

The effect of scratching velocity on the friction behavior of
WC-coated substrates in nano-scratching process was also
investigated. The scratching velocity is 200, 400, and 800 m/s,

the scratching depth is 0.9 nm, and the load is 16 nN. Fig. 11
shows MD simulations of WC-coated substrates during
scratching process at different scratching velocities. The color
of atoms represents different heights of atoms along Z-
direction. The wear morphologies of WC-coated substrates are
obtained at different scratching velocities. The results show
that the matrix atoms are accumulated and arranged more
closely with increasing the scratching velocity under the same
load and scratching distance. The wear debris is symmet-
rically accumulated on both sides of the scratching groove.
The accumulated atoms on the outer edge are smooth under
low velocity, as shown in Fig. 11a. The scratching groove
becomes wider and the outer edges on the surface present
burrs at the velocity of 400 m/s, as shown in Fig. 11b. The
specimen atoms are squeezed by the indenter, which cannot be
dispersed to both sides. Particularly at high velocity, the
specimen atoms move forward and are gradually accumulated
in front of the indenter. The number of accumulated atoms
becomes more and more with increasing the scratching
velocity, the atom position along the Z-direction becomes
higher, and the surface becomes rougher, as shown in Fig.11c.
Zhu et al® found that if the atom displacement is greater
than threshold height, the atom can be deemed as wear debris
atom during the nano-scratching process. The threshold height
is usually considered as the half length of the lattice constant
of material. Fig. 12 shows the morphologies of wear debris
atoms on WC-coated substrates during nano-scratching pro-
cess at different scratching velocities and fixed scratching
depth and load. The color of atoms represents different heights
of atoms along Z-direction. As shown in Fig. 12a, the wear
debris atoms are distributed on both sides and in the front of
the scratching groove, and the accumulated atoms are symmet-
rically distributed along the scratching orientation at velocity
of 200 m/s. According to Fig.12b, the quantity and displace-
ment of wear debris atoms distributed on both sides of the
scratching groove are increased significantly with increasing
the scratching velocity from 200 m/s to 400m/s. As shown in
Fig.12c, it is found that the wear debris atoms on the surface
present serrated and asymmetrical distributions, the position
of accumulated debris atoms in Z-direction is higher, and the
surface is rougher at scratching velocity of 800 m/s. These
results are similar to those in Ref.[34-35].
(CSPs) are

Center symmetric parameters important

= : ‘Y
U,
e
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¥

/zi[).() nm

Fig.11 Deformation behavior of WC-coated substrates during nano-scratching process at scratching velocity of 200 m/s (a), 400 m/s (b), and

800 m/s ()
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Fig.12 Wear debris atom morphologies on WC-coated substrates during nano-scratching process at scratching velocity of 200 m/s (a),

400 m/s (b), and 800 m/s (c)

parameters to analyze the dislocation, defect, and stratification
in crystalline materials, and they can directly indicate the
disorder degree of crystal atoms”™. As for the perfect crystal
materials, CSP value approaches to 0. The larger the CSP
value, the higher the asymmetry degree. CSP method was
used in this research to investigate the dislocation slip and
defect structure of the WC coating model during nano-
scratching under different scratching velocities. It is revealed
that the specimen undergoes elastic-plastic deformation due to
the mixed actions of extrusion, tension, and shear of the
indenter. According to Fig. 13, some damaged layers exist
beneath the scratching groove and the defect structures of the
specimen appear on surface and subsurface in the nano-
scratching process. CSP value of debris atoms becomes larger
and the defect atoms in matrix are relatively small. The
dislocation nucleation and emission inside the matrix lead to
the formation of defect layer. The main defect structures
formed in the nano-scratching process are interstitial, vacancy
atoms, atomic clusters, stair-rod dislocation, and V-shape
dislocation. The atomic clusters are mainly distributed below
the scratching, the stair-rod dislocation is located under the
scratching groove and indenter, and the V-shape dislocation
appears below the indenter. Under different scratching
velocities, the depth of defect layers and the defect structures
beneath the indenter are greatly changed. As a result, the
higher the scratching velocity, the deeper the defect layer.

As shown in Fig. 14a, it is revealed that the scratching
velocity results in slight difference in the friction force in
stage I, and the friction force in stage II fluctuates obviously
at high scratching velocity, compared with that at low
scratching velocity. The scratching process causes the stress-
strain in the indenter contact region, which leads to the atom

®

~~— Cluster atom:
003/ )
3@_ £

i °
L. 67

3 §

§ Stair-rod dislocation 3 i
z |8 :

§

-8

Stair-rod dislocation
Interstitial or vacancy atoms

nucleation and dislocations of the matrix. Under high
velocities, the dislocations do not have sufficient time to slip
from the contact region and to release the concentration stress,
which causes the atom slip along scratching orientation. The
atom accumulation in front of the indenter hinders the
indenter motion. Based on the computational results, the
higher the scratching velocity, the more the dislocations,
thereby the larger the strain rate, and the less the time for
dislocation slip, which causes the fluctuation and increase of
friction force. The similar phenomenon is also reported in
Ref.[37]. Fig. 14b presents the average instantaneous COF of
WC-coated substrates during nano-scratching of different
scratching velocities. The instantaneous COF dramatically
decreases in the stage I, and it reaches a stable value in stage
II. This is because the number of interaction atoms along
normal direction dramatically increases when the indenter
contacts with the matrix, which leads to a larger increment in
the normal force, compared with that in friction force. When
the nano-scratching process enters a stable stage, the number
of interaction atoms is stable and the average instantaneous
COF slightly fluctuates near the equilibrium value.

In order to investigate the general tribological performance
of WC-coated substrate, the average friction forces and
average COFs of WC-coated substrates in stage II during
nano-scratching process of different scratching velocities are
studied. As shown in Fig. 15, the average friction force and
average COF are increased with increasing the scratching
velocity. The average friction force and instantaneous COF are
slightly affected by the variation of velocity. When the
scratching velocity increases from 200 m/s to 400 m/s, the
average friction force increases by 2 nN, and the average
instantaneous COF increases by 0.028. When the scratching
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Fig.13 Crystal structure defects in WC-coated substrates during nano-scratching process at scratching velocity of 200 m/s (a), 400 m/s (b), and
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coated substrates during nano-scratching of different

scratching velocities

velocity increases from 400 m/s to 800 m/s, the friction force
increases by 9 nN, and the average instantaneous COF
increases by 0.017.

3 Conclusions

1) In the nano-scratching process, the scratching depth is a
critical parameter for nano-friction properties of WC coating.
The deeper the scratching depth, the more severe the
elastoplastic damage, the more the accumulated atoms, and
the rougher the friction surface. Particularly, when the
scratching depth exceeds the lattice constant, the surface
morphology becomes rougher, the scratching groove becomes
deeper, and the wear debris increases.

2) The loads play an important role in the crystal structure
change in the nano-friction process of WC coating. The load
causes the crystal dislocation and slip, which leads to the
elastic deformation and plastic deformation beneath the
contact region. With increasing the load, the nano-scratching
process become more complicated.

3) The scratching velocity has great effect on the surface
morphology and wear debris distribution of WC-coated
substrate. The higher the scratching velocity, the deeper the
defect layer, the higher the position of accumulated atoms
along the scratching direction, and the worse the symmetrical
distribution of wear atoms on both sides of scratching groove.

4) This research is conducted based on the molecular
dynamics method, which agrees well with the experiment
results in other references, providing critical supplement to
understand the tribological properties of WC coating at nano-
scale.
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