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a b s t r a c t

By using Green function molecular dynamics method, we systematically study the friction behavior of a
single asperity and asperity array over the (1 1 1) surface of single crystal copper. We find that internal
plastic behavior (burst of stacking faults, dislocation emission and propagation) is a promising reason for
the higher value of static friction coefficient than that of dynamics friction in non-adhesive scratch. For
the rough surface, however, the difference between static and dynamic friction coefficients disappear
due to the interference between asperities. The interference dramatically increases the friction
coefficient by introducing atomic scale plastic features (pile-up atoms, stacking faults, and U-shape
dislocation loop).

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Friction and wear at nano-size contacts are not the same as those
in macroscale, since surface and interfacial phenomena becomes
dominant in nanoscale. Measurements of nano-tribology properties
(such as the friction coefficient, wear rate) depend highly on the
surface structure, elastic/plastic/creep properties of material, and
physical and chemical environments. The single asperity apparatus
has been developed for providing mechanical properties of the surface
with characteristic size from a few hundred nanometers to several
microns. Experiments with single asperity apparatus such as the
scanning force microscope (SFM) and atomic force microscope
(AFM), are widely used in investigating friction behavior at nanoscale.

Continuum theories (Hertz, JKR [1], and DMT [2]) have been
successfully used to explain adhesive or non-adhesive single
asperity contact and friction. However, these theories aren’t always
precise. The study [3] by Mo et al. demonstrated the breakdown of
continuum mechanics at nano-scale, which is explained by the
rough (multi-asperity) nature of the contact. They showed that
roughness theories of friction should be applied at the nanoscale.
Further study [4] showed that roughness theories captured the
correct physics of deformation at the nanoscale, and the number
of atoms interacting across the interface actually dominated the

nano-friction behavior. Experiment [5] observed that the size of
nanoscale asperities distributed on the AFM diamond tip is in the
order of few nanometers. The nanoscale roughness can be repre-
sented by an array of asperities in multi-scale models [6] which
extract the force–displacement data of a single asperity from
molecular simulations. Pile-up of nano-scale material plays a similar
important role as the nanoscale roughness factor, Mishra et al. [7,8]
developed an analytical model to study plowing friction for the
single-asperity contact at nanoscale, their results proved that the
material pile-up has a large contribution to nano-friction. Local
roughness may affect frictional strength by multi-scale nature [9,10]
or flattening characteristics [11], its effect on dislocation pattern has
been studied during nano-scale metallic contacts [12,13], but has
not been presented for nano-scratch process.

Another interesting topic has been discussing for decades: Why is
the coefficient of static friction normally higher than the value of
dynamic friction? The reasons which have been discovered include
several factors as following: The adhesive interaction between the
surfaces is well established when the surfaces are at rest, the relative
motion gives less time for those stronger bonds to form; The inertia
effect is one factor, the applied force has to overcome both friction
and the inertia for the start of sliding in the case of static friction; The
surface roughness is another factor, irregularities between surfaces
make the fitting of two surfaces by peaks and valleys, thus a larger
applied force is needed for starting the body’s motion. While the
surfaces are moving, all asperities are hopping along, skipping along
the surface; The third body explanation is that elastic particles tend to
deform and lock themselves together, thus the two sliders form a
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kind of ratcheting effect when there is no relative movement. In this
work, we study the effect of internal plastic behavior on the transition
from static to dynamic friction. The obvious reason for this factor is
that plastic behaviors (stacking fault burst, dislocation nucleation and
propagation) are all rate dependent, and are very sensitive to the
local instability caused during friction contact. And also, discrete
behavior of dislocation is much more critical in small scale deforma-
tion than macro scale [14,15]. But to authors’ knowledge, no study
has ever discussed about the contribution of internal friction of
material on this topic, the contribution can be more critical during
the nano-scratch process since the discrete effect plays a more
important role.

In our study, we use Green function molecular dynamics
(GFMD) method to study the effect of internal plastic behaviors
(stacking fault, dislocation emission and propagation) on nano-
friction behavior, its contribution for the higher value of static
friction coefficient is discussed. The interference effect between
asperities is also studied for understanding roughness effect.

2. Method

Studying indentation or scratch using molecular dynamics
normally requires very high computational cost. However, the cost
can be largely reduced. Because according to Hertz contact theory
[1], the deformation field decays with the increase of the distance
from the contact point, with a 1/r law. Thus full scale computation is
not necessary because plastic deformation only appears near the
scratch surface. The GFMD can be used to take account of the long-
range interaction from atoms in the area far from the contact points.
The computational cost can be reduced by replacing atoms in those
areas with GFMD. This method has been effectively applied as a
seamless boundary condition for cases where near-surface defor-
mation are dominated, such as surface relaxation [16], contact [17],
or calculation of surface phonon dispersion [18].

We use the method developed by Campaná and Müser [19],
and further implemented by Kong et al. [17], the scheme of the
method is shown in Fig. 1, which is divided to two steps. First, the
effective elastic stiffness coefficients of the GFMD atoms, from the
bottom block in Fig. 1, are calculated by using the fluctuation–
dissipation theorem. In another word, the layer of GFMD atoms is
connected with a layer of nonlinear springs, with stiffness matrix
provided by using Green function method. Simulation of 500,000
time steps (time step of 1fs) is used to obtain the Green function
matrix (elastic stiffness) in the reciprocal space. Second, in the
scratch simulation, a single layer of the GFMD atoms are set at the

bottom of the z direction, which reproduces the effective elastic
force from the bulk material by using the Green function matrix in
the reciprocal space. This method significantly reduces the com-
putational cost for indentation and scratch test, by considering
only atoms near the surface.

During indentation or scratch simulation, boundary conditions
are applied as follows. The top asperities are fixed, while one layer
of atoms (set as Green function atoms) at the bottom is uniformly
applied with normal force (Fn) and horizontal force (Ft). The force
boundary conditions are similar to literature [20]. First, the normal
force is applied piecewise in 300 ps (time step 1fs). Then the whole
system is relaxed under NVT for a period of 100 ps before scratch.
Simulations under various normal forces are conducted, and it has
been verified that the system is fully relaxed before scratch that
the indentation rate has no effect on the friction behavior.

In the simulation, we use force boundaries instead of velocity
control [21]. The disadvantage of velocity control is that it leads to
the inaccuracy of measuring the initial sliding force (static friction
force). Theoretically, the acceleration is infinity once the velocity
jumped from zero to the applied value at the initiation stage of
sliding. The initial acceleration will cause an artificial contribution
on the static friction force (the initial force required for sliding).
Thus, in friction simulation, we gradually apply the friction force
with a constant rate 0.03 nN/ps while keep Fn as a constant value.
The time evolution of the sliding distance, measured as the distance
between the asperities and bottom slabs, is recorded. In order to
eliminate thermal effect on the plastic behavior during scratch, the
whole system is kept at a temperature of 10 K via an external Nose–
Hoover thermostat. It should be noted that, the Green function
matrix is also calculated at 10 K. The scratch speed is not a constant
but is below 150 m/s during the scratch distance of 40 nm, which is
in the range normally used in MD simulations [22,23].

The simulation model consists of a crystal block at the bottom
and a 2� 2 asperity array (or just one asperity in single asperity
test) at the top (see in Fig. 2). The bottom block is a single crystal
copper with orientations as: x- 1 1 2

D E
, y- 1 1 0

D E
and z- 1 1 1h i.

The x and y directions are periodic, while top of z direction is
treated as the surface for scratch, and the bottom side of z
direction has atoms with Green function boundary condition
applied. The dimension of the substrate in x and y direction is
approximately 64 nm and 33 nm, respectively, while the dimen-
sion in z direction has different values in present study in order to
check the dimension sensitivity in z direction. The asperity array is
composed of 4 rigid spheres with a square pattern as shown in
Fig. 2, the alignment of the array is measured quantitatively by
the rotation angle θ. Our main concern is to investigate the

Fig. 1. Illustration of applying boundary atoms by using Green function molecular dynamics method. Instead of simulating the infinite half space (left), few layers of atoms
are integrated in the computation (right) by using GFMD atoms to reproduce the effective elastic force from the lower bulk material (middle). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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interference effect on the friction of multiple-asperities, the inter-
distance ds is varied in the simulation to study the interference
effect. The anisotropic effect on the friction by the arrangement of
asperities is averaged out in this study as followed: The friction
curve for asperity array with each set of ds is averaged by using
four cases with θ equal to 01; 151; 301 and 451, respectively. The
symmetric feature of the (1 1 1) surface, as well as the asperity
pattern are both taken into account by selecting the proper angles
for realization. The interaction between the tip and the substrate is
simulated by a repulsive potential as in Eq. (1):

V ¼ A R�rð Þ3 rrR

0 r4R

(
ð1Þ

where A is the specified force constant (set as 530 nN/nm2) [24],
r is the distance from the atom to the center point of the rigid
sphere, and R is the radius of the indenter (set as 4 nm) [24,25].

In the present study, we focus on studying the friction behavior
with non-adhesive contact cases, which typically appears on
passivated surfaces. Thus, the adhesion force is not considered in
this study, we believe its effect on friction is profound and should
be considered in the future study. Similar to work [26], we also did
a verification test of indentation use a rigid diamond tip consisted
with discrete carbon atoms, with Morse potential defined between
the tip and the substrate, we define a cut off distance on the
potential so that only repulsive part is taken into account. The
verification shows that the difference on the force–displacement
curve of indentation is very small. And also, plenty of studies also
used present repulsive potential to study the indentation [27–29]
or scratch test [30], and provide reasonable results. Thus, this
potential has been proven to be effective for simulating on
surfaces with low interface energy, e.g. passivated surfaces.

3. Result and discussion

3.1. Model verification

In this section, verification of the model is first presented, and then
the realization method and the simulation parameters are discussed.

The friction curves of nano-scratch always fluctuate, this
feature leads to the difficulty of quantitative analysis and compar-
ison. The large fluctuation stems from the high vibration of atoms
during scratch, also it may attribute from significant energy
dissipation during friction [31], as indicated from various experi-
ment curves [8]. Thus it needs average for rational comparison
[11]. Fig. 3a shows the average friction curve with normal force
Fn ¼ 180 nNð Þ, the friction curve is not converged by averaging
over five cases, but as shown in the figure, the difference between
realizations of ten and twenty is pretty small, thus it can be
concluded the simulation curve is converged by averaging over ten
cases. In the following simulation, all the results are averaged over
at least ten cases.

Within high resolution experiments at nano-scale [32–35], the
indenter tip size is in the range of few nanometers, so that the
normal force (contact force) of the tip is always in the range of one
hundred nano-Newton [36] in order to prevent extra high stress
during contact. Thus in this study, normal force Fn at each asperity
is selected from 0.8f to 1.2f (where f¼180 nN). The dimension of
the system is selected as below: The size of the substrate in the x
(scratch direction) and y direction is fixed as 64 nm and 33 nm,
respectively. The size of z dimension (indentation direction) is
chosen by using the advantage of GFMD so that the computation
cost can be largely reduced. The dimension of z direction (inden-
tation direction) is verified as shown in Fig. 3b, it can be seen that
the difference of friction curve is trivial between the selections of
30, 42 and 54 layer of atoms. In the following simulations, 42
layers of atoms are chosen in the z direction.

3.2. Transition from static friction to dynamic friction for single
asperity scratch

For single asperity scratch, friction variation along the scratch is
recorded in Fig. 4a, higher normal force leads to higher friction
coefficient. All the curves have a rather high initial value followed
by an abrupt decrease, and finally reach a stable regime. The initial
resistance to sliding is considered as the static friction coefficient,
and it is shown as a function of the normal load in Fig. 4b. The
dynamic friction coefficient is taken as an average over the stable

Fig. 2. Sketch of asperity array (left: z–x view; right: x–y view with rotation angle θ, simulations with θ¼ 01; 151;301;451 are carried out.).
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regime (scratch distance from 25 nm to 35 nm), also is shown in
Fig. 4b. The static friction coefficient μs

� �
is higher than dynamic

friction coefficient μd

� �
at different level of Fn. For all the situa-

tions, μs is at least 25% higher than μd. The difference of friction
coefficient is lowest for Fn¼0.8f (Δμ¼0.039), and it monotonically
increases with normal force Fn, it is highest for Fn¼1.2f (Δμ¼0.1).

As suggested by work [37,38], the chemical polishing and
material removal make larger contributions to the friction and
wear as the adhesive force is taken into account, thus the atoms
are removed layer by layer during scratch. In our case, we study
the friction while the interface energy is negligible, and in this
situation, dislocation plasticity plays a more important role during
scratch so that dislocation behaviors are the key attentions in our
study. Discussions about the microstructure evolution during
scratch are as follows.

In order to study the transition between μs and μd, microstructure
evolution during scratch is observed and recorded. Figs. 5 and 6 show
the microstructure evolution during the scratch for Fn¼1.0f and
Fn¼1.2f, respectively. It can be seen that stacking faults are activated
on different slip planes between the initiation and the stable stage of
sliding. At the initiation stage, the stacking faults are nucleated from

slip planes 1 1 1
� �

, 1 1 1
� �

and 1 1 1
� �

, see in top two figures of

Fig. 5a and b and Fig. 6a and b (the current positions are marked with
hollow triangles, and the initial positions are marked with solid
triangles). While during stable sliding, stacking faults in slip plane
1 1 1ð Þ, which is parallel to the scratch surface, are generated, as
marked by white circles in bottom two figures of Fig. 5b and Fig. 6b.

Schmid factors of 12 slip systems for normal and shear load are
shown in Table 1. During indentation, Schmid factors from the

Fig. 3. Verification of the model (a) converged curves with five, ten and twenty realizations (Fn is the magnitude of normal load, Ft is the magnitude of the tangential/friction
force.) (b) sensitivity of dimension size in the z direction (all the friction curves are averaged over ten cases).

Fig. 4. Frictional behavior of single asperity (a) friction curves at different level of normal forces (b) comparison of dynamic and static friction coefficient with single asperity.
The error bar denotes the standard deviation over the scratch distance from 25 nm to 35 nm.
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normal force on all the slip systems of (1 1 1) plane are zero, so the
stacking faults on slip plane (1 1 1) are not activated in this stage.
However, during scratch, the burst of stacking fault in (1 1 1) plane
is much easier than the other closed packed planes [ð1 1 1Þ,ð1 1 1Þ
and ð1 1 1Þ], because two slip systems on (1 1 1) plane are with
pretty high Schmid factor (0.866) with shear load. So, the initiation
sliding is dominated by the activated slip systems of ð1 1 1Þ, ð1 1 1Þ
and ð1 1 1Þ planes extending to compensate the increase of scratch
force. The decrease of the scratch force in stable sliding stage is
caused by the activation of stacking faults on (1 1 1) slip plane.
Also, as illustrated in Fig. 5c and the Schmid factor Table 1, Schmid

factors slip systems 0 1 1
D E

ð1 1 1Þ and 1 0 1
D E

ð1 1 1Þ with shear

load are of the value of 0.289, thus the U-shape dislocation loop
are preferred to emit from the front of the tip as shown in
Figs. 5 and 6. Each face of the U-shape dislocation loop consists
of one full dislocation (a ribbon of stacking faults bounded by two
partial dislocations) on (1 1 1) slip plane and two full dislocations
on either ð1 1 1Þ or ð1 1 1Þ. U-shape dislocation loop propagate in

the directions of either 1 0 1
D E

or 0 1 1
D E

, as marked by black

arrows in Figs. 5 and 6. This phenomenon also reduces the stress
concentration in front the tip, thus leads a low value of
friction force.

The burst of stacking faults hold the key for the plastic
deformation of nano-scale material [39,40], in our study, the
number of HCP (hexagonal close packed) atoms is recorded as a
function of scratch distance, as shown in Fig. 7, scratch under
higher normal force produces larger number of stacking faults as a
result of larger plastic area beneath the tip. The force dependence
of HCP number is shown in Fig. 8, the number of stacking faults
atoms is more than doubled during the initiation of sliding, and as
discussed above, at the initiation stage, most of them are activated
in the slip planes ð1 1 1Þ, ð1 1 1Þ and ð1 1 1Þ, their generation
requires much higher friction force than in the slip plane of 1 1 1ð Þ.
The point where friction coefficient is in the stable regime
corresponds to the moment for nucleation of stacking faults on
(1 1 1) slip plane. The generation of the stacking faults on (1 1 1)
plane is the cause of the transition of μs to μd.

In continuum theory, a load dependent friction model for fully
plastic condition is proposed in [41], which shows that the
coefficient of friction decreases with increasing nominal contact

Fig. 5. Microstructure evolution beneath the tip with Fn¼1.0f at different scratch distance (2 nm, 6 nm, 20 nm, 30 nm from top to bottom respectively), the hollow triangle
denotes the location of the tip, the solid triangle denotes the start position, blue arrow indicates the relative scratch direction (the bottom slab moves to the left), the, the
black arrows denotes the propagation directions of U-shape dislocation loop, while the black circles denote the nucleated (1 1 1) stacking faults. (a) Side view (b) bottom
view (c) top: illustration of activated slip planes, bottom: illustration of U-shape dislocation loop (We employ the local crystalline order analysis [44] to visualize defects in
the system, The transparent atoms with local FCC order represent the perfect FCC lattice, stacking faults are colored red, dislocation cores are colored blue, vacancies are
colored green, surface atoms are colored yellow. Detailed method for coloring can be referred from our previous work [43].). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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pressure. While in nano-friction, our study shows the opposite
(see in Fig. 4b). The major reason is that the evolution of discrete
dislocation and stacking fault play a key role during nano-scratch.
The tip with higher normal force produces larger number of
stacking faults (see in Fig. 7), which generate higher value of
friction force. And also the pile-up of atoms in front of the tip is
another crucial factor [7], which will be discussed later.

3.3. Interference effect of asperity array

The studies on hardness of nano-scale metallic contacts [12,13]
show that little interaction between nearly asperities is observed
during indentation, however, the interference effect between
asperities in scratch test is rather big compared within indentation
test. Single asperity friction has an obvious difference between
static friction and dynamic friction, while it is not the case for the
multi-asperity friction, as seen in Fig. 9 for the case of ds¼2R, none

Fig. 6. Microstructure evolution beneath the tip with Fn¼1.2f at different scratch
distance (2 nm, 6 nm, 20 nm, 32 nm from top to bottom, respectively). (a) Side view
(b) bottom view.

Table 1
Schmid factor on 12 slip systems for normal load and shear load.

Slip plane Slip direction Schmid factor

Normal load Shear load

1 1 1ð Þ 0 1 1
D E

0 0.866

1 0 1
D E

0 0.866

1 1 0
D E

0 0

ð1 1 1Þ 0 1 1h i 0.272 0.096
1 0 1h i 0.272 0.096

1 1 0
D E

0 0

ð1 1 1Þ 0 1 1
D E

0 0.289

1 0 1
D E

0.272 0.096

1 1 0
D E

0.272 0.193

ð1 1 1Þ 0 1 1
D E

0.272 0.096

1 0 1
D E

0 0.289

1 1 0h i 0.272 0.193

Fig. 7. Number of HCP atoms generated per asperity as a function of scratch
distance, the results are averaged over ten cases for single asperity, and sixteen for
asperity array.

Fig. 8. Burst of stacking fault during the initiation of sliding (all the data points are
averaged over ten cases).
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of the friction curves show a abrupt decrease of friction coefficient
as the initiation of sliding. In order to study the mechanism of
smooth transition of the friction curve, the dislocation patterns
during the sliding are shown in Figs. 10 and 11 (Without losing
universality, we show the cases with ds¼2R, θ¼ 01 and ds¼2.5R,
θ¼ 451, respectively). For multi-asperities, the stacking fault
patterns don’t show a big difference between the initiation stage
of sliding and stable sliding stage, the stacking faults are always on
slip plane ð1 1 1Þ, ð1 1 1Þ and ð1 1 1Þ without on slip plane 1 1 1ð Þ
which requires the lower sliding force. The patterns are large area
of intersections between the staking faults generated by near
asperities, as shown in Figs. 10 and 11. The intersections make a
complex microstructure so that the stacking faults on slip plane
1 1 1ð Þ can’t be activated [13].

Not like single asperity sliding (see in Figs. 5 and 6), few U-
shape dislocation loops are observed for the case of multi-
asperities. The interactions of partial dislocation and stacking fault
beneath asperities prevent the propagation of U-shape dislocation
loop and also the formation of stacking faults on 1 1 1ð Þ slip plane.
After scratch over about 20 nm, the friction curve comes into the
stable sliding stage, as shown in Fig. 12.

The normal load effect on friction transition is shown in Fig. 12.
While Fn is small with the value 0.8f, the interference effect is
trivial, all the friction curves have a similar pattern. It has a
maximum point denoting static friction coefficient, an abrupt drop
and a stable sliding stage afterwards (see in Fig. 12a). While Fn is
large with the value 1.2f, the maximum static friction can be
observed for single asperity, the static-dynamic transition is
obvious, the friction transition goes to smooth as the inter distance
decreases for multi-asperities. It can be concluded that: For single
asperity contact, initiation sliding always has to conquer the
maximum static resistance; For the case of multi-asperities,
static-dynamic friction transition is only expected when the
normal force is small (each asperity is almost independent).

Spijker et al. [42] showed that surface roughness is the
dominant parameter for the sliding of deformable solids, the
friction is reduced to zero as the surface is flattened. In our case,
the asperities represent rough surface of cutting tool, they are
considered as rigid compared to substrate. So, the plowing effect is
studied in this work, rather than surface flattening effect in
atomistic friction research [11,42]. The averaged friction coefficient
for multi-asperities is summarized in Fig. 13. For single asperity,
the normal load dependence of friction coefficient is almost linear,

which agrees with the previous studies [3,43] with non-adhesive
sliding. As the inter-distance ds decreases, the effect of normal
load becomes significant. The value of μd increases around 78% as

Fig. 9. Friction curves of asperity array with inter distance (ds¼2R).

Fig. 10. Microstructure evolution of asperity array (θ¼ 01, ds¼2.5R) beneath the tip
with Fn¼1.2f per asperity at different scratch distance (6 nm, 20 nm from top to
bottom, respectively) (a) top view (b) side view (c) bottom view.
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Fn increases from 0.8f to 1.2f for single asperity, While the value of
μd increases around 188% as Fn increases from 0.8f to 1.2f for
multiple asperity with ds¼2R. The mechanism for the increase of
μd are: First is the generation of more stacking faults in case of

multi-asperities, as it can be seen in Fig. 7, it generates more
stacking faults as a result of asperity interference; Second is the
emission of U-shape dislocation loop. In single asperity case,
without interference, U-shape dislocation loops are emitted to
release the stress concentration in front of the tip, the dislocation
emission reduces the friction force. The interference of multi-
asperities prevents the emission of U-shape dislocation loop, this
may also cause high local stress. Third is the pile-up of atoms in
front the asperities. The number of pile-up atoms is compared in
Fig. 14, pile-up of atoms increases with the increase of normal
load, it also increases as the ds decreases. The pile-up volume is
almost the same for low normal load (Fn¼0.8f, 0.9f), which is also
reflected in the μd�Fn relation in Fig. 12. The pile-up volume with
multi-asperity (ds¼2R Fn¼1.2f) is almost twice compared with the
single asperity case with the same normal load. The detailed
geometry after scratch of 25 nm is shown in Fig. 15 for comparison.

Fig. 11. Microstructure evolution of asperity array (θ¼ 451, ds¼2.5R) beneath the
tip with Fn¼1.2f per asperity at different scratch distance (6 nm, 25 nm from top to
bottom, respectively) (a) top view (b) side view (c) bottom view.
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ds=2.5R
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Fn=1.2f

Single asperity

Multiple asperity ds=2R

Multiple asperity ds=3R

Multiple asperity ds=2.5R

Fig. 12. comparison of friction behavior between single asperity and multiple
asperity (a) low value of normal load 0.8f per asperity; (b) high value of normal
load 1.2f per asperity.
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4. Conclusion

The friction behaviors of asperity and multi-asperities on
1 1 1ð Þ surface of single crystal copper are studied by using Green
function molecular dynamics method, conclusions are as follows:

1. Single asperity scratch shows a clear transition from μs to μd:
Change of the activation slip systems is the main reason of the
friction coefficient transition. Generation of 1 1 1ð Þ stacking
faults (parallel to the surface) requires smaller value of friction
force. The larger value of static friction comes from the burst of
stacking faults at the initiation stage of sliding.

2. The μs�μd transition disappears for scratch of multi-asperities
with high normal load, the interactions of stacking faults

beneath asperities prevent generation of easily sliding plane
1 1 1ð Þ and hinder the propagation of U-shape dislocation loop.

3. Nearly linear load dependence of friction coefficient is observed
for single asperity. The load dependence is dramatically
increased for friction of multi-asperities. Atomistic pile-up is
one reason for the increase of friction coefficient with multi-
asperities. The strengthening interaction of stacking faults
resulting from interference also contributes to the change of
friction coefficient.
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