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Friction of atomically stepped surfaces

R. J. Dikken,” B. J. Thijsse, and L. Nicola
Department of Materials Science and Engineering, Delft University of Technology, 2628CD Delft, the Netherlands
(Received 7 November 2016; published 20 March 2017)

The friction behavior of atomically stepped metal surfaces under contact loading is studied using molecular
dynamics simulations. While real rough metal surfaces involve roughness at multiple length scales, the focus
of this paper is on understanding friction of the smallest scale of roughness: atomic steps. To this end, periodic
stepped Al surfaces with different step geometry are brought into contact and sheared at room temperature.
Contact stress that continuously tries to build up during loading, is released with fluctuating stress drops during
sliding, according to the typical stick-slip behavior. Stress release occurs not only through local slip, but also
by means of step motion. The steps move along the contact, concurrently resulting in normal migration of the
contact. The direction of migration depends on the sign of the step, i.e., its orientation with respect to the shearing
direction. If the steps are of equal sign, there is a net migration of the entire contact accompanied by significant
vacancy generation at room temperature. The stick-slip behavior of the stepped contacts is found to have all
the characteristic of a self-organized critical state, with statistics dictated by step density. For the studied step
geometries, frictional sliding is found to involve significant atomic rearrangement through which the contact
roughness is drastically changed. This leads for certain step configurations to a marked transition from jerky
sliding motion to smooth sliding, making the final friction stress approximately similar to that of a flat contact.

DOI: 10.1103/PhysRevB.95.104106

I. INTRODUCTION

Friction of rough surfaces is the outcome of multiple as-
perities of different size being flattened and sheared. However,
even contacts at the nanoscale can exhibit roughness in the
form of atomic scale steps. Such steps are essentially the
smallest scale of roughness and can originate, for example,
from crystal growth [1,2] or the escape of dislocations through
surfaces [3-5] and are known to affect friction [6]. Several
experimental studies [7-9] have revealed that the friction stress
of a tip dragged along a stepped surface is larger compared
to the friction stress of a tip dragged on an atomically flat
surface. The reason for this increase has been attributed to
the surface potential landscape [7,9] associated to stepped
surfaces, where an additional barrier to motion, the Ehrlich-
Schwoebel barrier [10,11], has to be overcome in the direction
perpendicular to the step. Consistently with these findings,
interface imperfections, of the type of steps and ledges, have
been found to increase the shear strength of various interfaces,
as those of metallic multilayers [12]. Furthermore, it has been
hypothesized that static friction increases due to defects like
vacancies and impurities at the interface that allow surfaces
to sink into their pinning potentials despite the elastic energy
that this costs [13].

The aim of this study is to understand the role of atomic
scale steps on the frictional behavior of metal contacts. The size
of the steps considered here is in the order of the dislocation
Burgers vector (up to 7b). We are interested in understanding
whether these steps will maintain their size during contact
sliding, or evolve towards a flatter surface, and through which
atomic processes this would occur. Another question we
intend to answer is whether the stress concentration associated
with the step is sufficient to nucleate dislocations under
moderate contact loading, and how dislocation nucleation
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would contribute to frictional sliding. Molecular dynamics
simulations of the deformation of polycrystalline metals have
shown a competition between stress relaxation by dislocation
glide and by grain boundary slip [14]. Since in a molecular
dynamics simulation grain boundaries and dry nanocontacts
do not differ much, we are interested in verifying whether
a similar competition between dislocation nucleation and slip
can be found also for the stepped contacts. If dislocations were
to play a role during frictional sliding of stepped contacts,
their behavior would be markedly different than that of flat
contacts.

Whether or not the frictional behavior of flat and stepped
contacts is intrinsically different might have implications also
in relation to the self-organized criticality of friction. In the
past three decades, the concept of self-organized criticality
has been introduced to explain physical processes involving
dissipation [15,16]. In one of the first works on self-organized
criticality (SOC), it has been hypothesized that this concept
is underlying for spatial and temporal scaling in dissipative
non-equilibrium systems [16]. This is certainly interesting
in the context of friction, where the length scales involved
differ by orders of magnitude. Several experimental and
theoretical studies have confirmed the existence of SOC in
sliding friction [17-20].

In this work, it is found that both flat and stepped
surfaces present self-organized criticality. However, the atomic
mechanisms that come into play are very different for stepped
and flat contacts. Stress relaxation of flat contacts occurs purely
by contact slip, while for stepped contacts the steps can move
along the contact plane, resulting in normal contact migration.
Although the mechanisms are different the power law statistics
are affected rather minimally.

The paper is organized as follows. In Sec. II, the compu-
tational approach and problem formulation are presented. In
Sec. I1I, the friction behavior of single step surfaces in contact
is analyzed. In Sec. IV A, this is continued for step pair surfaces
in contact. Section IV B is devoted to the study of step pair

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.95.104106

R.J. DIKKEN, B. J. THIJSSE, AND L. NICOLA

TASSLMMMMMMMMIIIINY v
crystal B X
[110]
single step
h [110] [001] .~ | AP —
step pair
T contact 4 L+ TS
[001] W,
z
1 11
[110] [110] X
crystal A
w

FIG. 1. Schematic representation of the model. The step height
8 varies and relates to the lattice constant a, i.e., the Burgers vector

b=a/\2.

surfaces of larger height, i.e., nanoscale asperities. Finally, the
conclusions are presented in Sec. V.

II. COMPUTATIONAL APPROACH AND PROBLEM
FORMULATION

The molecular dynamics (MD) simulations are performed
using LAMMPS [21] with an EAM potential [22] developed
by Purja Pun and Mishin [23-25]. This potential has shown
to give accurate surface and stacking fault energies, making
it especially suitable for studying the mechanical behavior of
contacts and interfaces.

In this work, we focus on fcc metals. Aluminum has a
large stacking fault energy, which entails that the separation
of the two partials, by which a dislocation exists in an fcc
metal, is small. This limits the necessary dimensions of the
simulation box, and hence the simulation time. Some of the
simulations were repeated with nickel and we could indeed
verify that the results obtained in this study are qualitatively
similar for different fcc metals. It is therefore expected that the
qualitative results in general apply to ultraclean, oxide-free fcc
metal surfaces. Although we are aware that aluminum has a
high oxidation rate, and that such ultraclean, oxide-free metal
surfaces are less realistic, this is convenient for the aim of this
study, which is to fundamentally understand the effect of steps
on friction.

The contact is formed between two crystals with the same
height (in the z-direction, perpendicular to the contact plane)
h/2 = 45 nm, so that the total height is # = 90 nm. The width
w in the periodic x direction is varied between 15 and 45 nm.
The periodic y direction is taken short, d = 2 nm, so that the
steps are straight line-defects in the contact (see Fig. 1).

The two crystal orientations that are chosen both have
symmetric slip systems for which the (dislocation) slip line
lies along the short y-axis and are shown in Fig. 1.

Both periodic steps and step pairs (see Fig. 1) are studied.
Periodic steps are created by applying vertical displacements
to atoms in the lower crystal, such that at the periodic boundary
the applied vertical displacement is zero and in the middle of
the simulation cell it is § (see Fig. 1). The periodic boundary
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FIG. 2. Schematic representation of the two loading directions
for periodic (single) step contacts.

conditions in the x direction effectively let us investigate
a periodic array of steps. We here assume that the steps
can emerge due to the absorption of impinging dislocations
from the crystal. In Ref. [3], it is found that maximum two
dislocations can be absorbed at the same impingement site.
Therefore the height of the step § (in the z direction) is taken
to be a/2 or a, which represents 1 or 2 escaped dislocations,
respectively.

The step pairs are created by removing atomic planes
parallel to the crystal surfaces (see Fig. 1). This creates two
steps of opposite sign.

The distance between the two crystals is initially a. The
contact forms during a relaxation run. Depending on the
step height, a closed contact or a contact with a gap (free
surfaces) forms. In this work, a vertical atomic separation
smaller than one lattice parameter a is defined as a “closed”
contact, otherwise as a gap.

After the system is relaxed, ten atomic planes at the top of
the upper crystal are displaced in the x direction over a distance
of 40 nm with a constant velocity vy = 2 m/s, while keeping
ten atomic planes at the bottom of the lower crystal fixed in the
x direction. This gives an applied strain rate of approximately
2 x 107 s~L. In this work, we focus on understanding the effect
of different step geometries. No normal load is applied, and the
contact interaction between the surfaces is purely by atomic
interactions. To this end, atoms are unconstrained in the z
direction, unless otherwise specified.

For a single step, the problem is not symmetric, and both
loading directions are studied, indicated by step up and step
down as shown in Fig. 2. For a step pair, the geometry is
symmetric, therefore only loading in the positive x direction
is studied.

An NPT ensemble is applied to mimic the material response
at the nanoscale at room temperature, i.e., 300 K. The simu-
lations in this work are performed with a thermostat applied
to the whole system, with the intention of compensating for
the inability of the model to capture heat conduction by the
free electrons (similarly to the approach adopted by Gumbsch
et al. [26] for a similar friction problem). However, we have
also repeated our simulations with the thermostat applied only
to the top and bottom regions and even without a thermostat.
The results are negligibly affected, and no local melting or
other significant unexpected local structure change occurred.
Our conclusion is therefore that heat conduction is not greatly
important for the studied problem.

III. CONTACTS WITH PERIODIC STEPS
A. Self-organized criticality of atomic scale friction

In this work, we start from perfect, dislocation-free crystals.
We study the effect of a periodic array of single steps of small
height, §o = a/2 and §y = a, on the friction behavior of a

104106-2



FRICTION OF ATOMICALLY STEPPED SURFACES

FIG. 3. Shear stress o,, in the vicinity of a single step (height
6 = 0.405 nm).

contact for both loading directions and compare the results
with an atomically flat contact. The small step height results
always in a closed contact. Figure 3 shows the oy, shear stress
for step height 5o = a = 0.405 nm. The stress concentration
at the step arises due to closure of the contact. The system has
been cooled to 1 K to visualize the stress.

The applied displacement first results in elastic shearing
(ux < 2 nm), as seen in Fig. 4, where results for various step
spacings are shown, together with the response of a flat contact.
The shear stress is defined as T = Fy/(wd), where the total
force Fy measured at the top of the upper crystal in the x
direction is divided by the constant area wd. Contacts with
different step density have the same elastic shearing response.
The strength of the contact reaches about 500 MPa since the
crystals do not contain initial dislocations.

Atabout uy = 2nm (y ~ 0.022) sliding sets in resulting in
afluctuating friction stress ranging from about 400 to 900 MPa.
In this work, “sliding” indicates the total displacement of one
crystal with respect to the other, while “slip” indicates each
discrete displacement jump occurring after a sticking period,
as shown in Fig. 4. Decreasing the step spacing results in
increased fluctuations in the friction stress, while the average

1000
o sliding

o
T

800

———— stepped contact w=15 nm

200 ——— stepped contact w=30 nm
———— stepped contact w=45 nm

flat contact

0 1 I I 1 I I 1 I I |

0 10 20 30 40

u, (nm)

FIG. 4. Shear stress 7 as a function of applied displacement
for different step spacing and for a flat contact, with the definition of
sliding and slip depicted.
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FIG. 5. Average and rms variation of friction stress 7 during
sliding as a function of step spacing w for both sliding directions. For
clarity the data points have been shifted by 0.8 nm.

friction stress increases only moderately. Every simulation is
repeated four times with different initial atomic velocities
(different realizations), to find the average behavior. The
average friction stress ty and the root mean square fluctuation
are determined from the shear stress curves of the different
realizations during sliding and shown in Fig. 5, for both loading
directions.

The average friction stress 7y of stepped contacts is slightly
higher than for a flat contact. More pronounced are the
differences in terms of rms fluctuations of the friction stress.
The difference is more pronounced for smaller step spacing,
i.e., for rougher surfaces; while there are no visible differences
in the loading direction.

The most important features of self-organized criticality
are [27,28] (1) an abundance of metastable states, (2) the
energy continuously put into the system is partly released
in recognizable relaxation events, (3) the system is slowly
driven away from the ground state so that the average waiting
time between events and the event duration time are clearly
separated, (4) the size of the relaxation events follows a power
law distribution, and (5) all statistical properties should be
stationary in the large-time limit, indicating that the attractor
of the self-organized state is found. The subject of this work
also includes these features: (1) the contact involves a large
ensemble of atoms that during sliding are in meta-stable states,
(2) the energy put into the system during ‘stick’ is released
in recognizable relaxation events during “slip,” i.e., there are
stress drops in the friction stress, (3) in Fig. 4 it is clearly
seen that the event duration time (slip) is much faster than
the waiting time between events and hence the system is
driven slowly, (4) the size of the stress drops S is given
by power-law statistics f(S) o« S# as shown in Fig. 6, (5)
sliding occurs in the attractor state, which means that the
stress drop statistics do not change over time. The attractor
associated with the self-organized critical state depends on
the step density. Therefore also the stress drop statistics are
different for stepped or flat surfaces in contact (Fig. 6). For flat
contacts, stress drops of smaller magnitude occur more often
than for stepped contacts. For stepped contacts, stress drops
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FIG. 6. Distribution f(S) of the stress drops S = Aty4/T, where
Aty is the size of the stress drop and T is the average friction stress
during sliding. The two limiting cases of Fig. 4 are shown, the stepped
contact with spacing w = 15 nm and a flat contact. The intermediate
cases w = 30 nm and w = 45 nm are between the two limits.

with larger magnitude are more frequent. Hence the power-law
exponent for a stepped contact is Byepped = —1.87 larger than
for a flat contact Byeppea = —2.08, i.e., the stress that can build
up and is released is larger for smaller step spacing (larger
step density). The atomistic mechanisms that govern the stress
drop-statistics for stepped contacts are various: not only local
slip across the step, but also step motion and contact migration,
as will be discussed in the following section.

B. Normal contact migration

A closer look at the sliding process of the stepped
contacts reveals that additional to slip at the contact, another
mechanisms occurs: motion of the step along the contact
resulting in normal migration of the entire contact. Migration
of the contact is a stress relaxation mechanism that competes
with contact slip.

The direction of migration depends on the loading direction
as shown in Fig. 7. The contact migration is a consequence
of the motion of the step similar to the mechanism for
grain boundary migration discussed in Refs. [29-31]. In
Refs. [29,30], it is explained how local atomic rearrangement
leads to step motion from which the migration results. In
Ref. [31], it is found that grain boundaries that are intrinsically
immobile become mobile through additional line-defects like
steps. The phenomenon is analogous to re-crystallization (see
Fig. 7). A unit displacement of the step in the horizontal
direction induces a unit displacement in the vertical direction.
Inverting the loading direction inverts the stress state and hence
results in step motion and contact migration in the opposite
direction.

Figure 8 shows the absolute normal migration distance |u|
per unit applied displacement as a function of step spacing.
As to be expected with increasing step density, the normal
migration increases.

PHYSICAL REVIEW B 95, 104106 (2017)

(@) (b

FIG. 7. Contact migration at uy, = 40 nm for (a) the step-up
loading direction and (b) the step-down loading direction. Atoms
that originally belong to crystal A (B) are indicated with the color
red (blue). The grey atoms indicate the new position of the contact,
based on CNA.

Figure 8 shows that for §o = a/2 in the step-down direction,
the migration distance is significantly lower than in the other
cases, and thus contact slip prevails over contact migration
since during sliding the total sliding displacement equals the
applied displacement. The cause for the prevailing local slip
across the step in the step-down loading direction is due to
the asymmetry of the Ehrlich-Schwoebel barrier [10,11] as
shown in Fig. 9. For slipping across the step in the step-up
direction, atoms have to come out of a low energy well and be
pushed over a high energy barrier. For slipping across the step
in the step-down direction, atoms have to cross a lower energy
barrier towards a lower energy level and hence slipping across
the step is facilitated. With increasing step height, also the
barrier height increases and hence only when the step height is
large enough (§p = a), the barrier height becomes so large that
slipping across the step is unfavorable so that for both sliding
directions step motion is promoted.

0.25 B ——— {=a/2, step-up
- - —& - §=a/2, step-down
3 —=—— {=a, step-up
ook - —& - §=a, step-down

0.15

lu|/u,

0.1
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-
-~ o
~

-~
- -
\\E
~ -
-

® T~
0 b T T
40 50

LIS B L B B R B A

o

20w (nm)

FIG. 8. Normal migration distance |u,| per unit applied displace-
ment as a function of step spacing (i.e., box width). For clarity, the
data points have been shifted 0.3 nm for the positive and negative
x direction, respectively. The error bars denote the rms variation in
the normal migration.
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step-up
—_——

step-down
+——

FIG. 9. Ehrlich-Schwoebel barrier [10,11] showing the asymme-
try of the potential landscape near the step.

Interestingly, for steps of height @y /2 slip over the step and
step motion involve energy barriers that have similar height,
so that the friction stress is independent of loading direction
(see Fig. 5), although in one direction local slip across the
step dominates over step motion and in the other direction step
motion dominates over local slip across the step.

Rare migration reversal

In most cases normal migration occurs in one particular
direction, related to the loading direction. However, there are
cases where the direction of migration is reversed, as can be
seen in Fig. 10 where the average z coordinate of the contact
is presented. Reversal occurs at about uy = 10 nm. This is
caused by the nucleation of dislocations, which cause a change
in the sign of the step. In an fcc metal, it is often energetically
favorable for a dislocation to split into two partial dislocations
separated by a stacking fault, and this is also the case for
Al. The atoms in the stacking fault ribbon have a local HCP

45~ . . . =100
- dislocation nucleation 1
I
L] I Mﬁ" - 80
I
4455 R N (B e
gavl | fl ™ iy, -l kel
'\ g e A -
— \ w!h “ ™60
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T N TR - T L
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FIG. 10. Average z coordinate of the contact (red) and the
number of atoms with HCP structure (blue) as a function of applied
displacement.
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contact

vacancies

initial contact position

FIG. 11. Contact after 40 nm applied displacement in the positive
x direction, clearly showing vacancies generated between the initial
and the current position of the contact. Only atoms that do not have
a perfect local fcc structure are shown.

structure, so that the number of atoms with HCP structure is a
measure of the number of dislocations in the material.

In Fig. 10, it is shown that initially there are no atoms with
HCP structure in the system (based on a common neighbor
analysis, CNA [32], excluding the contact), i.e., there are no
dislocations. Only at an applied displacement of about 10 nm,
significantly beyond the onset of sliding as seen in Fig. 4,
dislocation nucleation occurs. The number of HCP atoms, on
average approximately 65, and the separation of the partials,
indicates that two dislocations (four partial dislocations) are
nucleated. It is the nucleation of these two dislocations that
changes the sign of the step in the contact and causes the
reversal of the migration direction. Migration reversal by
dislocation nucleation is a rare event in simulations with a
negligible normal loading, as it was only found in 1 out of 24
cases studied.

C. Vacancy generation

A contact, flat or stepped, between two crystals with
different orientation entails a certain excess free volume
compared with the perfect crystal, so that the contact can
be thought of as a potential reservoir of vacancies. It has
been reported that curvature driven grain boundary migration
can result in the generation of vacancies to accommodate the
excess free volume [33] associated with the decrease in the
grain boundary volume. For a flat contact in this study, it
has been found that upon applied tangential displacement,
pure slip at the contact occurs, and the excess free volume at
the contact is unchanged. However, as just shown, a stepped
contact migrates in the normal direction, which is similar to a
recrystallization process. It is found that this re-crystallization
can result in the generation of vacancies, which are found in
the re-crystallized part of the bicrystal [34]. This is shown in
Fig. 11, where only atoms that do not have a perfect local fcc
structure are represented.

It is important to realize that this vacancy generation is
found to take place at room temperature. The local vacancy
concentration near the contact that results from the normal
migration is more than two orders of magnitude higher than the
equilibrium vacancy concentration at room temperature. We
expect that in cases when both plastic deformation and contact
migration occur together, dislocation climb might even occur
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FIG. 12. Average and rms variation of the friction stress as a
function of normalized pair spacing wyyo/w for several step heights.
The line for the flat contact is the same as in Fig. 4.

atroom temperature. Experimental observations of dislocation
climb in Al/Nb multilayers indicates that dislocation climb
can indeed occur at room temperature due to high vacancy
concentration in the interfaces [35].

IV. CONTACTS WITH PERIODIC STEP PAIRS
A. Small step height

In this section, we will study the friction behavior of step
pairs and compare it to that of periodic single steps and
atomically flat contacts. The step pairs introduce an additional
parameter, the width between the opposite steps wspo. To study
the effect of wgpo, we choose one specific box width w = 30 nm
and vary the pair width. For each case four simulations with
different initial atomic velocities are performed. Figure 12
shows the average friction stress and its rms variation during
sliding as a function of the step pair width to spacing ratio,
wspo/w, for three different step heights and for the flat contact.
We find that the average friction stress is not significantly
affected by the width of the step pair. This might seem
surprising at first sight, but the absence of a clear trend is due
to the fact that the steps move independently in a stochastic
manner, so that the initial configuration is soon lost during
sliding.

In the previous section, it was shown that a self-organized
critical state is involved in sliding friction and that the
fluctuations in the friction stress are larger at smaller step
spacing. Interestingly, for the periodic step pair contacts it is
found that there exist two sliding states: one being “jerky”
with large stress fluctuations, the second one being “smooth”
with small fluctuations (Fig. 13). The smooth sliding state
is associated with the attractor: sliding can transit through
self-organization from the jerky state into the smooth state.
This self-organization is carried by the atomic rearrangement
of the contact. Figure 13 shows an example for which the
transition between jerky sliding and smooth sliding occurs at
about uy = 20 nm. Also the fractional change in the number
of interface atoms (non-fcc atoms) Nige, (Nint — Nint,0)/ Nint.05

PHYSICAL REVIEW B 95, 104106 (2017)
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FIG. 13. Example of shear stress t (red) and fractional inter-
face roughness (Niy — Ninto)/Nino (blue) as function of applied
displacement u,. A comparison of the two graphs shows that the
large fluctuations in the friction stress coincide with the roughened
contact.

as a measure of the interface roughness is shown. It is seen that
the decrease in interface roughness coincides with the jerky-
smooth sliding transition. From start the steps are separated,
and hence the contact has a jagged roughness. The components
of the steps are observed to move individually, thereby initially
maintaining the jagged roughness [Fig. 14(a)]. Although the
steps are opposite, they do not annihilate, since there is still
an excess volume with respect to a flat contact. In the process
of sliding, atomic rearrangement (self-organization) through
step motion results in an evolving contact topology, i.e., lower
roughness. Eventually, the self-organization results in a flatter
contact, since the constituents of the step pair organize in
a low-energy configuration, which results in a “wave” that
travels through the contact during sliding opposite to the
loading direction, as shown in Fig. 14(b) [37].

Recently, a combined computational and experimental
study of wear of metal surfaces scratched with a tip pointed
towards an analogy with laminar and turbulent flow [26,36].
However, in Refs. [26,36], laminar plastic flow developed into
turbulent plastic flow. The transition found in the present work
is from a “turbulent” state into a “laminar” state. Processes at
the atomic scale control energy dissipation at the nanometer or
even micrometer scale. Obviously, the stress drop statistics are
significantly different in the jerky state compared to the smooth

3%
3

(b)

FIG. 14. The contact structure showing (a) jagged roughness in
the jerky sliding stage at ux &~ 8 nm and (b) a smooth “wave” in the
contact during the smooth sliding stage at u, ~ 30 nm. Atoms that
do not belong to the interface, i.e., that have fcc structure type, are
excluded.
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FIG. 15. Average sliding displacement and rms variation (be-
tween different realizations) at which the transition to smooth sliding
occurs as a function of the relative pair width.

sliding state. The jerky state is similar to sliding friction of a
contact with large step density, while the smooth sliding state
is similar to sliding of a flat contact.

The sliding displacement ugmoom at which the transition to
smooth sliding occurs, defined as the displacement between
the onset of sliding and the transition, is shown in Fig. 15 as a
function of wgyo/w. For the smallest step height, the transition
is almost immediate once sliding is initiated. For larger step
height, significant atomic rearrangement is involved (Fig. 14)
and the transition is found to take place at greatly varying
displacements for different initial conditions (realizations).

One final note on the possibility of contact migration of
step pair surfaces in contact. Because the steps are initially
opposite, there is no net migration, since one of the steps
causes migration upwards, while the other causes migration
downwards, effectively canceling each other. However, as
found in the previous section, dislocation nucleation from the
contact can statistically occur. This leads to a net step height in
the contact, which undoes the cancellation, and therefore leads
to migration of the contact. Since this is found to occur in only
about 10% of the cases, without correlation with pair spacing
or step height, we consider it of only minor significance in the
friction behavior of stepped surfaces in spite of its fundamental
interest.

A note on shearing with a normal load applied

The simulations of the step pair contacts, were repeated
after applying a normal load to the contact, to highlight
the effect of dislocation nucleation. With the application of
normal load it is indeed expected that dislocation and twin
nucleation from the steps becomes relevant. It is found that
up to an applied normal load of 3 GPa no dislocation and/or
nucleation during normal loading occurs. However, as shearing
sets in, the higher the normal load, the more likely the
nucleation of dislocations and/or twins becomes. Above a
normal load of 1.5 GPa, we always observe dislocation and/or
twin nucleation. When dislocation/twin nucleation occurs the
transition between jerky and smooth sliding is no longer
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FIG. 16. Contact with nanoscale asperities for case AB. Atoms
that do not belong to the interface, i.e., that have fcc structure type,
are excluded.

observed. This is because the nucleation of a dislocation/twin
affects the net step height of the contact which from zero
becomes b. The presence of a net step height leads to contact
migration and smooth sliding is never achieved. Below a
normal load of 1.5 GPa, the likelihood of observing jerky-
smooth sliding transition decreases with increasing normal
load.

B. Large step height: nanoscale asperities

In this section, we will study the friction behavior of
contacts with step pairs of large height, § ~ 1.5 nm. After
relaxation the contact does not close, resulting in a gap. The
contact can be thought of as being made by a surface consisting
of a periodic array of nanoscale asperities of various widths
wspo touching an atomically flat surface. The normalized
contact area is then given by

A —

Lo 2t M

wd w
Here, A; is the contact area, d is the periodicity in the small
y direction. The contact area is not always constant during
shearing, therefore for characterization we will use Ay, Wwgpo
and §, for the initial contact area, step pair width and step
height, respectively. Without subscript ¢, the variables refer to
evolving quantities.

Figure 16 shows an example of the initial contact structure
with a clear gap. Two cases are studied: case AB, crystal A has
a stepped surface and crystal B a flat surface, and case BA, for
which the situation is reversed.

1000

800

200

flat contact

T - T - i |
20 30 40
u, (nm)

FIG. 17. Shear stress as a function of applied displacement for
different step pair widths (for large step height). One curve (light
blue) shows the statistical transition to smooth sliding similar to the
transition found for small height step pairs.
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FIG. 18. Static friction stress as a function of the normalized
contact area. Error bars give the rms variation between different
realizations.

Figure 17 shows the shear stress as a function of applied
displacement for different wgy/w. Larger wg/w entails
smaller initial contact area leading to larger contact stress
and hence an earlier onset of sliding as seen in Fig. 17.
Figure 18 shows the static friction stress 7y (taken at 1 nm
offset displacement) as a function of the normalized initial
contact area A,y/(wd) for the two different cases. Both cases
show a linear relation in t; with contact area. Stepped surfaces
give clearly a larger static friction stress than a flat contact.

In Fig. 19, it can be seen that during sliding, material
is transferred from one surface to the other. In Ref. [39] it
is observed that surface roughness is essential for wear to
occur. This observation is also made in the present work:
atomically flat contacts slide with respect to each other, and
wear (local material transfer from one crystal to the other) only
occurs when there is roughness in the form of steps. This is
similar to the re-crystallization process observed previously for
single periodic steps, except for the fact that here the contact
topology changes drastically by material transfer, and hence
it is appropriate to refer to it as a wear process [38]. The
other difference is that the contact does not migrate, unless
dislocation nucleation occurs, and therefore the vacancies that

(b)

FIG. 19. (a) The initial contact (case AB), atoms that originally
belong to crystal A(B) are indicated with the color blue(red). The
grey atoms indicate the position of the contact, based on CNA. (b)
Developing wear at u, ~ 5 nm.
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FIG. 20. Sliding displacement to closure u. as a function of nor-
malized contact area. This is the difference in applied displacement
between the onset of sliding and full closure of the gap. The error
bars indicate the rms variation between different realizations.

are generated are re-absorbed during sliding. Due to atomic
wear the contact area increases, i.e., the gap decreases, until
full contact is reached. This increase in contact area is the
cause for the increase in 7 at small shearing displacement in
Fig. 17.

Figure 20 shows the sliding displacement u. needed for the
gap to completely close. For large step pair width, i.e., small
contact area, lesser material of the small asperity is available
to be transferred until full contact is reached, and therefore
the gap closes at rather low sliding displacement. At small
step pair width, i.e., large contact area, only a small amount
of material is needed to be transferred from one surface to
the other to close the gap, so that also in this case the gap
closes at rather low sliding displacement. At intermediate step
pair width, the sliding displacement to closure is larger. The
maximum does not occur at A,y /(wd) = 0.5, since the closure
is a nonlinear process in which the interaction between the
free surfaces is involved, leading to sudden gap closure when
the distance between the free surfaces becomes small enough.
The wear process is especially important when the initial
contact area is small, when the largest difference is found
between the static friction stress and the sliding friction stress
in the large uy limit.

As the gap closes, the free surface area decreases, together
with the potential energy (change in the order of 1 meV/atom).
The dissipated energy in this process is in reality absorbed by a
large heat bath. Since our simulations consider a rather limited
systems size, the thermostat takes care of the absorption of the
generated heat. Once the gap is completely closed, the friction
stress is statistically independent of wgp/w, i.€., the behavior
becomes like the behavior of step pair contacts with small
contact height, as discussed in the previous section.

V. CONCLUSIONS

Room-temperature molecular dynamics simulations of con-
tact friction between two differently oriented Al crystals have
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yielded the following results. (1) Sliding friction of stepped
surfaces has all the properties of self-organized criticality.
The power law slip statistics depend on the step spacing:
large slip events are much more probable for contacts with
small step spacing than for contacts in the large spacing limit,
i.e., atomically flat contacts. (2) Apart from slipping, atomic
steps can move along the contact, concurrently resulting in
contact migration perpendicular to the contact plane. Contact
migration occurs only when there is a net step height, it
is a recrystallization phenomenon and results in vacancy
generation near the contact. (3) When the steps are in pairs,
there is no net step height and overall migration of the contact
does not take place. The stick-slip behavior of these contacts
occurs in two clearly distinguishable stages, first jerky with

PHYSICAL REVIEW B 95, 104106 (2017)

large stick and slip events, then smooth and similar to a flat
surface. The two stages are separated by a marked transition.
The friction behavior is statistically independent of step pair
width. (4) Step pair contacts of large height, where there is a
gap between the surface, suffer from wear, which results in a
growing contact area, eventually making the friction behavior
similar to that of small height step pair contacts.
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