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Discrete dislocation plasticity simulations are performed to investigate the role of interac-
tion between neighboring asperities on the contact pressure induced by a rigid platen on a
rough surface. The rough surface is modeled as an array of equispaced asperities with a
sinusoidal profile. The spacing between asperities is varied and the contact pressure nec-
essary to flatten the surface to a given strain is computed. Plasticity in the asperities and
in the crystal below is described by the collective glide of dislocations of edge character.

Results show that the mean contact pressure necessary to flatten closely spaced asperi-
ties is larger than that required to flatten widely separated asperities. A small dependence
on asperity density is already observed for a purely elastic material, but it is enhanced for
small asperities, in the presence of dislocation plasticity. Plastic strain gradients, disloca-
tion limited plasticity and interaction between neighboring plastic zones all contribute
to what we will call the asperity density effect. Since dislocation limited plasticity plays
a dominant role, the asperity density effect will mainly be relevant for surfaces having
small asperity roughness.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Friction and wear arise when two rough surfaces are
brought into contact and then sheared with respect to each
other. If the contacting bodies are made of metal, their sur-
faces are inevitably rough after production and contain
asperities spanning various length scales that deform dur-
ing loading. Deformation of the asperities is not only cru-
cial in determining the size of the contact at a given load
but also in controlling friction. When the asperities are
pressed against each other, high stresses develop locally
and plastic deformation of asperities is unavoidable.
Several experimental studies (Dieterich and Kilgore,
1996; Dwyer-Joyce et al., 2001) indeed report that the
pressure measured at the contacts is sufficiently high for
plastic deformation to take place. Also state-of-the-art sta-
tistical friction models, like those of Persson (2001) and
Müser (2008), predict contact pressures that exceed the
hardness of the material on several contact areas at rather
low applied loads.

This raises important issues since there is a large body
of evidence that both the indentation hardness of the
material (Zong and Soboyejo, 2005; Pharr et al., 2010;
Widjaja et al., 2007; Kreuzer and Pippan, 2007) and the
yield strength in tension (Greer et al., 2005; Volkert and
Lilleodden, 2006; Nicola et al., 2003) are size dependent
quantities: they are not material constants but depend
on the size of the plastically deforming material. Hence,
what is the hardness that the material should reach for
plasticity to take place? Attention so far has mainly
focused on size-dependent plasticity in simple small
objects like pillars and thin films, but given that metal
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Fig. 1. Two-dimensional model of a single crystal with sinusoidal surface
asperities flattened by a rigid platen.
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roughness is a mixture of asperity shapes spanning various
length scales, it has to be expected that size dependent
plasticity may play a pivotal role.

In relation to this it is possible to address a
long-standing problem related to surface plasticity, namely
the persistence of roughness under contact loading. By
‘persistence’ we refer to the capability of the surface asper-
ities to withstand pressures larger than the material
hardness, interpreted through the Tabor relationship as
�3 times the macroscopic yield strength. Persistence was
shown experimentally by Childs (1977) already in 1977
and attributed to interaction between plastic zones under-
neath asperities. More recently, Gao and coworkers (Gao
et al., 2006) performed continuum plasticity simulations
of the flattening of sinusoidal asperities and found that,
in order for the sinusoidal surface to be plastically flat-
tened, the applied pressure needed to be twice the material
hardness. In view of the multi-scale nature of surface
roughness, Gao and Bower (2006) performed similar simu-
lations on a fractal surface with a Weierstrass profile and
found out that the surface could actually never be flat-
tened. These studies, though, have the limitation that they
assume that continuum plasticity be applicable at all scales
whereas it is well known now that plasticity is size depen-
dent below tens of micrometers. We will here use Discrete
Dislocation plasticity (DD), which is a numerical technique
that describes plastic deformation by accounting for the
collective glide of discrete dislocations. By virtue of the
characteristic length it contains, this method has proven
successful in capturing the size dependent behavior of
micron-scale metal crystals under various loading condi-
tions (Widjaja et al., 2007; Kreuzer and Pippan, 2007;
Nicola et al., 2003, 2006, 2008; Sun et al., 2012). In a recent
study (Sun et al., 2012) we have analyzed the contact
between a rigid platen and plastically deforming body with
sinusoidal profile, where each period of the wave was
interpreted as the asperity of a rough surface. A size effect
was found for decreasing asperity size, with smaller asper-
ities being harder to flatten than larger ones. One limita-
tion of our previous study was that, by considering a
sinusoidal surface we could not identify the effect of the
spacing between asperities on plastic deformation
separately: closely spaced asperities in a sinusoidal wave
are also smaller asperities.

Building on the above-mentioned study, the surface of
the metal crystal is here taken to be an array of equispaced
asperities of sinusoidal shape. In this way the spacing
between asperities can be independently changed while
keeping the size and shape of each individual asperity con-
stant. The main purpose of the present paper is to investi-
gate whether there is an effect of asperity density – in
other words, the spacing between asperities – and what
are the origins of this effect.
2. Formulation

2.1. Boundary value problem

A rigid body flattens the surface of a metal single crystal
as shown schematically in Fig. 1. The surface is
characterized by an array of equally spaced asperities that
have a sinusoidal profile with wavelength w and amplitude
A. The spacing between asperities is s. Periodic boundary
conditions are imposed at the right and left borders of
the unit cell of width s. The load is applied by prescribing
the vertical displacement of the rigid platen over the
current contact area C:

u2ðx1; f ðx1ÞÞ ¼ �
Z

_udt; x1 2 C: ð1Þ

Here, the top surface of the crystal is described by,

f ðx1Þ ¼
h� A cos 2px1

w

� �
; x1 2 ð0;w�;

h� A; x1 2 ðw; s�;

(
ð2Þ

where h is the height from the bottom of the crystal to the
mean height of the asperity. The contact area C is defined
as the flat region of intimate contact between the flat pla-
ten and the crystal. Outside the contact region, the top sur-
face is traction free. The traction distribution along the
contact normal to the platen determines the flattening
force F (per unit of length):

F :¼ �
Z

x12C
r22dx1: ð3Þ

Imposing boundary conditions that account for a realistic
interaction between surface and platen is very challenging,
since the friction coefficient between surfaces at such scale
is unknown. In our previous study (Sun et al., 2012), we
analyzed the effect of frictionless and sticking contacts
and we found a negligible difference in the plastic response
of the surface. Therefore this study is confined to the lim-
iting situation of frictionless contacts:

r12ðx1; f ðx1ÞÞ ¼ 0; x1 2 C: ð4Þ

Periodic boundary conditions are imposed at the vertical
sides of the unit cell,

u1 0; x2ð Þ ¼ u1 s; x2ð Þ; u2 0; x2ð Þ ¼ u2 s; x2ð Þ: ð5Þ

Even though the lateral expansion of the unit cell is taken
to be zero, the lateral boundaries of the unit cell are not
constrained to remain straight but can fluctuate about
x1 ¼ 0 and x1 ¼ s. Additional boundary conditions are pre-
scribed at the bottom of the crystal:

u2 x1;0ð Þ ¼ 0; u1 0;0ð Þ ¼ 0: ð6Þ
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2.2. Discrete dislocation plasticity

The simulations follow the formulation for discrete dis-
location (DD) plasticity by Van der Giessen and Needleman
(1995): the solution for the dislocated crystal is given by
the linear superposition of the closed-form elastic solution
for the dislocations in an infinite medium and the numer-
ical correction for the boundary conditions. The latter is
calculated by the finite element method. The stress state
in the body governs the evolution of the dislocation struc-
ture by a series of constitutive rules, which are similar to
those proposed in Nicola et al. (2007, 2008). Nucleation,
glide, annihilation of dislocations, as well as pinning at
obstacles are controlled by these rules.

At the beginning of the simulation, the crystal is dislo-
cation free and it contains a given density of obstacles
and Frank–Read sources distributed randomly on the slip
planes in the crystal. Nucleation occurs by activation of
Frank–Read sources. Once the shear stress acting on a
source is larger than its critical strength, snuc, for a time
span tnuc a new dislocation loop forms. In two dimensions,
the dislocation loop is represented by a dipole of disloca-
tions of edge character. The glide velocity v I of the Ith dis-

location is proportional to the Peach–Koehler force f I ,

according to v I ¼ f I
=B where B is the drag coefficient. The

obstacles represent small precipitates in the material as
well as forest dislocations present as a consequence of pre-
vious plastic deformation. Dislocations can be pinned by
the presence of point obstacles on the slip planes, each
characterized by a critical strength, sobs. As long as the
Peach–Koehler force acting on the pinned dislocation is
lower than the obstacle strength, the dislocation will be
pinned at the obstacle, otherwise it will be released and
continue to glide. Dislocations can freely leave the crystal
through the top surface except where it is in contact with
the platen; it is assumed that the contact interface is com-
pletely impenetrable for dislocations.

The crystal is taken to have the elastic properties of alu-
minum: Young’s modulus E ¼ 70 GPa and a Poisson’s ratio
m ¼ 0:33. Following Rice (1987) the FCC crystal is modeled
in two dimensions by considering three potentially active
slip systems with orientations u ¼ 0�;60� and �60�. The
spacing between slip planes in the crystal is 200b, where
b is the Burgers vector of magnitude b ¼ 0:25 nm. The
mean nucleation strength for the sources is taken to be
�snuc ¼ 50 MPa, has a 20% standard deviation and the obsta-
cle strength is sobs ¼ 150 MPa. The average source spacing
Lnuc is 0:26 lm, while the average obstacle spacing Lobs is
0:18 lm, unless otherwise stated. The time span necessary
for nucleation of a dislocation dipole, tnuc, is taken to be
10 ns. The values used in these simulations are the out-
come of a quantitative calibration to experimental results
in Nicola et al. (2006).
2.3. Crystal plasticity

The DD results are here also compared to crystal plas-
ticity (CP), of the type proposed by Peirce et al. (1983).
The total strain rate is written as the sum of an elastic part
and a viscoplastic part
_eij ¼ _ee
ij þ _ep

ij: ð7Þ

The plastic part has the form

_ep
ij ¼

X
a

_cala
ij; la

ij ¼
1
2

sa
i ma

j þ sa
j ma

i

h i
; ð8Þ

where ma
i and sa

i are, respectively, the components of the
slip plane normal and the slip direction of slip system a.
The slip rate _ca is taken to follow the viscoplastic power
law

_ca ¼ _c0
sa

ga

sa

ga

����
����

1
m�1ð Þ

ð9Þ

in terms of the resolved shear stress sa ¼ ma
i rijsa

j on slip
system a. Here, _c0 is a reference slip rate, m is the strain
rate sensitivity exponent and ga is the hardness of slip sys-
tem a. It has an initial value s0 for all a and evolves accord-
ing to

_ga ¼ hab

X
a

_caj j: ð10Þ

Here, hab depends on the total slip rate c as

hab ¼ qabhðcÞ; ð11Þ

where

qab ¼

A qA qA qA
qA A qA qA

qA qA A qA

qA qA qA A

0
BBB@

1
CCCA; A ¼

1 1 1
1 1 1
1 1 1

0
B@

1
CA: ð12Þ

Following (Nicola et al., 2008), a constant hardening rate h0

hðcÞ ¼ h0 ð13Þ

is used.
The elastic part of the strain rate is specified by Hooke’s

law,

_rij ¼ Lijkl _�e
kl: ð14Þ

Here, Lijkl is the tensor of isotropic elastic moduli with
Young’s modulus E and Poisson’s ratio m.

For a fair comparison between the two models, the
crystal plasticity parameters are chosen to fit the DD sim-
ulations for the uniaxial tension of a single crystal. DD sim-
ulations give an elastic perfectly plastic response, but in
order to avoid numerical difficulties associated with
non-hardening behavior in the continuum plasticity
calculations, the hardening coefficient in most CP
simulations is taken to be slightly larger than zero,
h0=E ¼ 0:001. The initial critical strength s0 for all slip
systems is taken to be 50 MPa, i.e. equal to the average
nucleation strength in the DD simulation. A reference slip
rate of _c0 ¼ 2� 103 s�1 is used and the rate sensitivity
exponent in Eq. (9) is taken to be m ¼ 0:005, which is a
representative value for most FCC metals at room
temperature, and which corresponds to practically rate
independent behavior.

The same mesh is used for the CP and the DD simula-
tions. In order to accurately capture the contact area and
the dislocation fields, the mesh has very fine square
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elements with dimension of 3.2 nm at the surface of the
crystal; the mesh gets coarser towards the bottom of the
crystal.

3. Effect of asperity density

Simulations are performed for the flattening of surfaces
with asperities of given size and shape, but at different spac-
ing. Specifically, asperities of width w ¼ 2 lm and ampli-
tude A ¼ 0:1 lm are considered, as well as self-similar
larger asperities with w ¼ 4 lm and A ¼ 0:2 lm. It has
already been shown in Sun et al. (2012) that asperities of
this size exhibit a size dependent response, i.e. it is harder
to flatten the large asperities than the small ones. For the
small asperities, dislocation plasticity tends to be source
limited, i.e. the availability of dislocation sources is not suf-
ficient to sustain plastic deformation. Here, we will investi-
gate the effect of the density of identical asperities and to
this end consider spacings of s ¼ 2;4;16 and 1000 lm.

3.1. Elasticity

Firstly, simulations are carried out for crystals without
dislocation sources, in order to elucidate the effect of elas-
tic interactions. In Fig. 2(a) the contact pressure Pm ¼ F=C,
normalized by the plane-strain elastic modulus
E� ¼ E=ð1� m2Þ � 78:5 GPa is the biaxial elastic modulus,
is plotted against asperity strain, defined as
ea ¼ ðd0 � dÞ=d0 (see inset of Fig. 2). The choice of this
strain definition, illustrated in Fig. 2(b), is motivated by
the fact that the effect of plasticity is most clearly visible
when the solutions are elastically identical. When asperi-
ties are far apart, the elastic mean contact pressure as a
function of asperity strain is indeed independent of spac-
ing. However, when the asperity density is large, the mean
contact pressure becomes dependent on spacing, as can be
seen in Fig. 2(a). When the spacing between asperities
εa

P
m
/E

*

0 0.05 0.1 0.15 0.2
0

0.02

0.04

0.06

0.08

s/w=1
s/w=8
s/w=500

elasticw=2 μm

Fig. 2. (a) The elastic contact pressure, normalized by the plane strain elastic mo
spaced at different distances. (b) Upper figure: sketch representing the asperity s
after deformation, respectively. Note that d0 ¼ A for sinusoidal asperities. Middl
becomes comparable to their size, the elastic stress fields
interact with each other (see Fig. 2(b) for the shear stress
at ea ¼ 0:15).

It is important here to realize that, similarly to prob-
lems with high densities of microcracks or second-phase
particles, an array of contacts is a problem where stress
fields do not simply superpose and where strain gradients
are significant. In fact, strain gradients very similar to those
observed in indentation problems are to be expected, since
the flattening of a sinusoidal surface gives rise to elastic
fields as those of an array of equally spaced flat indenters
at the same spacing.

3.2. Plasticity

The simulations presented above are now repeated
after including the dislocation sources, and thus enabling
the possibility of plasticity. Fig. 3 shows the contact pres-
sure during flattening for the smaller asperities
w ¼ 2 lm. When the spacing is s ¼ 16 lm or larger, the
increase in contact pressure is essentially independent of
asperity density. However, if the spacing between asperi-
ties is s ¼ 2 lm, the response is harder. In fact, the asperity
density effect that was observed above in elasticity appears
to be magnified in the presence of plasticity. While for the
elastic simulations in Fig. 2(a) the difference in contact
pressure between close and spaced asperities, DPm=E�, at
a strain of ea ¼ 0:15, is only 0.002, in the presence of plas-
ticity the difference is 0.004 (these values correspond
respectively to 4.4% and 17.4% of the pressure of the closer
spaced asperities).

The fact that plasticity amplifies the asperity density
effect can be attributed to one or a combination of the fol-
lowing effects: (a) plastic strain gradient effects of the type
observed during nanoindentation (see, e.g., Zong and
Soboyejo, 2005; Pharr et al., 2010; Widjaja et al., 2007;
Kreuzer and Pippan, 2007; Ma and Clarke, 1995; Nix and
0.25

dulus E� , as a function of asperity strain for asperities of wavelength w ¼ 2
train ea: the dashed lines are the average height of the asperity before and
e and lower figures: the stress field r12 at ea ¼ 0:15 for w ¼ 2 lm.
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Gao, 1998; Lou et al., 2003), (b) interaction between plastic
zones, or (c) limited dislocation plasticity. Limited disloca-
tion plasticity can have different origins: (1) dislocation
starvation of the type observed in nanopillars (see, e.g.,
Greer et al., 2005; Volkert and Lilleodden, 2006), according
to which too few dislocations are nucleated and (2) free
path limited plasticity: there are many dislocations, but
they interact with each other such that they cannot glide
over sufficiently long distances to provide the required
plastic deformation. In the remaining of this paper we will
try to understand which of these effects are responsible for
the asperity density effect.

Prior to this, however, we will verify that the asperity
density effect vanishes when all the aforementioned possi-
ble causes are absent. This is the case of CP simulations:
since they are based on a local plasticity theory, these sim-
ulations cannot capture any strain gradient effect. Also,
since continuum theory presumes that plasticity is avail-
able whenever and wherever it is needed, dislocation limi-
tation cannot be captured. The interactions between plastic
zones cannot be excluded a priori, but this is what we find
in CP simulations with no hardening, as shown in Fig. 4(b).
As expected, these simulations are insensitive to asperity
spacing and give the same response for all asperity densi-
ties considered. Since there is no material hardening, the
average pressure predicted by these CP simulations is sig-
nificantly lower than that predicted by any of the DD sim-
ulations. It is noted that the onset of plasticity occurs
much earlier than in the DD simulations, and thus at a
strain where the elastic interaction is still negligible. The
reason for the difference in the onset of plasticity between
DD and CP is that in the DD simulations plasticity occurs
only when a source experiences a sufficiently large
Peach–Koehler force to nucleate. Even if there is a very high
stress state below the contact region, nucleation does not
take place if none of the dislocation sources are sufficiently
close to that region. On the contrary, plasticity occurs in CP
whenever the slip system strength is exceeded.
For the simulations in Fig. 3 the distribution of stress
r22 and dislocations in widely versus closely spaced asper-
ities at the asperity strain ea ¼ 0:25 are presented in Fig. 4.
A few observations can be made: in the DD results the den-
sity of dislocations is rather large, indicating that disloca-
tion starvation is unlikely to play a major role in the
asperity density effect. Dislocations are mainly located just
underneath the contact. This means that for the widely
separated asperities there are wide regions in between
asperities that are dislocation free (see Fig. 4(a)). On the
contrary, when the asperities are proximate (see
Fig. 4(b)) the dislocations are rather homogeneously dis-
tributed at the top of the crystal. It is no longer possible
to distinguish from which contact the dislocations have
been generated. This suggests that interaction between
neighboring plastic zones or limitation of the mean–free
path of dislocations might be significant.

The stress state predicted by DD in the case of closely
spaced contacts is remarkably different from that obtained
by CP simulations (as shown at the bottom of Fig. 4): a
highly compressive stress state is present in the upper
two microns of the crystal according to DD, while accord-
ing to CP only the region just below each asperity is highly
stressed. This observation again indicates that interaction
between neighboring plastic zones is probably relevant in
DD. The stress state predicted by CP and DD for the crystals
with widely spaced asperities is more similar in an average
sense, but the local pressure at the contact, shown in the
upper part of the figure is very different. The pressure pro-
file is almost uniform according to the CP predictions but
highly inhomogeneous according to DD, in agreement with
our previous findings for sinusoidal surfaces (see Sun et al.,
2012). Notice also that the stress peaks are remarkably
high, up to 200 times the yield strength. These results indi-
cate, in agreement with Gao and Bower (2006), that the
asperities are persistent and can support very high loads
without flattening.
3.2.1. Effect of source spacing
To gain a better understanding of the role of plasticity in

the asperity density effect we here analyze the effect of
source spacing on contact pressure. Simulations are per-
formed for asperities with size w ¼ 2 lm and A ¼ 0:1 lm,
with a constant obstacle spacing, Lobs ¼ 0:18 lm, but dif-
ferent source spacings: Lnuc ¼ 0:09, 0.13, 0.26 and 1 lm.

The differences in contact pressure, see Fig. 5(a),
between differently spaced asperities DPm=E� is 0.004,
0.004, 0.002, 0.001 for a source spacing of 1, 0.26, 0.13
and 0:09 lm, respectively. We know from Fig. 2 that this
difference is 0.002 in the elastic limit. This limit is
approached for source spacings wider than 1 lm and not
reported here; a maximum in the spacing effect is expected
for a source spacing between Lnuc ¼ 1 and 0.26 lm; and for
decreasing source spacing the asperity density effects decreases
until convergence to the continuum plasticity limit.

These observations may trigger the question: what is the
continuum plastic limit? Does it represent no asperity den-
sity effect at all, similarly to the CP simulations in Fig. 3?
The answer to this question is no: the asperity density
effect depends on hardening, also in the limit of continuum



Fig. 4. The middle figures show the stress r22 and dislocation distribution at the asperity strain of 0.25 for asperities (a) widely separated (at s ¼ 16 lm)
and (b) closely spaced (at s ¼ 2 lm). The bottom figures show the corresponding stress states obtained by crystal plasticity simulations. The top figures
represent the contact pressure profiles obtained by DD (in red) and by CP (in blue). The stress is normalized by the yield strength ry � 50 MPa of the single
crystal. The dashed lines represent the average contact pressure in the DD simulations. (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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plasticity. This can be seen in Fig. 5(b), where the effect of
the hardening coefficient in CP simulations is presented
for the two asperity densities. For h0=E ¼ 0:01 the curves
for close and widely spaced asperities almost overlap.
Thus, only if the hardening coefficient approaches zero
the asperity density effect vanishes. For increasing harden-
ing the asperity density effect found in elasticity is
approached (but never exceeded). The origin for an asperity
density effect in CP can only be interaction between plastic
zones (there are no plastic strain gradients, nor limits on
dislocation plasticity). Indeed, as can be seen in Fig. 6, plas-
tic zones represented by regions where the resolved shear
stress in the u ¼ 60� direction (the direction of the slip
plane in the DD simulations) exceeds 50 MPa do overlap
when the hardening coefficient is large.

Thus, we conclude that when plastic deformation is car-
ried by discrete dislocations with a source spacing of about
Lnuc ¼ 0:26 lm the asperity density effect is enhanced with
respect to both the elastic and the continuum plastic lim-
its. Why is this the case? Limited dislocation plasticity



Fig. 6. The resolved shear stress for s ¼ 2 lm at ea ¼ 0:15 in the u ¼ 60� direction for CP simulations with small versus large hardening coefficient.
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must be somehow involved. To better understand in which
way, in the next section we will study the case of large
asperities, where dislocation plasticity is expected to be
less restricted.

3.3. Effect of asperity size

In order to investigate how the asperity density effect is
affected by asperity size, simulation results are reported
here for asperities with w ¼ 4 lm, spaced at s ¼ 4 lm
and s ¼ 16 lm. The contact pressure during loading is
shown in Fig. 7(a) together with the results obtained in
the previous section for the smaller asperities. As expected,
the response is size dependent: the large asperities are
easier to flatten than the small asperities (cf. Sun et al.,
2012). For large asperities it is found that there is no asper-
ity density effect, independently of dislocation source
spacing (see Fig. 7(b)). This is consistent with the fact that
plasticity in large asperities is less likely to be source lim-
ited than in small asperities, and therefore dislocation
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Fig. 7. (a) The normalized contact pressure as a function of asperity strain f
w ¼ 2 lm. Each curve is the average over six realizations of obstacles and source
the contact pressure of the large asperities.
limitation is not an issue. Moreover, the actual spacing
between contacts is twice as large as in small asperities,
thus interaction of plastic zones is not expected.

Fig. 8 shows that also for the large asperities the contact
area is discontinuous and the pressure profiles have similar
localized high peaks. In fact, the contact areas for the larger
asperities are even more discontinuous than those for the
smaller asperities, for all spacings. This is because the sur-
faces have a different geometry: the asperity profile is less
steep, which implies that it is easier for a larger asperity to
create new contact segments caused by material pile-up
due to dislocations gliding out of the free surface.
However, the exact shape of the contact, more or less pat-
chy, does not affect the asperity density effect. In fact, the
shape and size of the stress field underneath a continuous
contact or a patchy contact are almost indistinguishable
when loaded to the same displacement, as can be seen in
Fig. 9. The figure highlights in red and blue the regions
where the stress resolved on the u ¼ 60� direction (the
direction of the slip plane in the DD simulations) is larger
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Fig. 8. The upper figures are the contact pressure profiles for different surfaces at the asperity strain of 0.25 for (a) w ¼ 4 lm; s ¼ 16 lm, (b)
w ¼ 4 lm; s ¼ 4 lm, with dashed lines being the average contact pressure, while the middle figures are the corresponding stress distribution r22 and the
bottom figures are the corresponding results for the CP simulations.

Fig. 9. The elastic shear stress resolved along the 60� direction for (a) a continuous contact area and (b) a patchy contact area.
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than the average nucleation strength of the dislocation
sources, snuc ¼ 50 MPa. Differences are visible only very
close to the surface in a region that is anyhow too small
to contain a significant number of sources or to sensibly
affect strain gradients or plastic interaction.

4. Discussion and conclusions

Two-dimensional discrete dislocation plasticity simula-
tions are performed for the flattening of a single crystal
with rough surface, represented by equally spaced sinu-
soidal asperities. The goal of this work is to investigate
the dependence of plastic flattening on the spacing
between neighboring asperities.

Firstly, it was noticed that an asperity density effect,
with widely separated asperities being easier to be flat-
tened than closely spaced ones, is already present in purely
elastic materials because the fields do not superpose.

Secondly, the asperity density effect becomes larger
when plasticity is described by discrete dislocations. This
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effect strongly depends on the average spacing between
dislocation sources Lnuc. For very small source spacings
(i.e. a very high source density), the asperity density effect
is very small to vanishing, similarly to what is found when
using continuum crystal plasticity. For increasing source
spacings (i.e., decreasing source density), the asperity den-
sity effect increases up to a maximum, after which it
decreases until the elastic limit is approached.

The origin of the asperity density effect is a combination
of plastic strain gradients, dislocation limited plasticity and
interaction between plastic zones. Plastic strain gradients
are inevitably present, since the flattening problem is sim-
ilar to that of an array of indenters. However, the effect of
plastic strain gradients is tightly bound to the available
amount of dislocation glide. Only when the source spacing
is large, strain gradient effects become apparent. If there
are sufficiently many sources for dislocations, dislocation
glide diminishes the effect of strain gradients. Limited dis-
location plasticity is a cause for additional hardening and
amplifies the effect of strain gradients. Here, by limited
dislocation plasticity we refer to the fact that dislocations,
despite being present in a large number, cannot provide as
much glide as required, everywhere where required by the
gradients. This is different from dislocation starvation of
the type found in nanopillars, since in our simulations dis-
location densities are rather high, for any asperity density.
In fact the dislocation density is so high that the disloca-
tions form many entanglements with other dislocations,
thus reducing their free path. Limited dislocation plasticity
goes hand in hand with strain gradient effects. This is true
even for individual contacts (Widjaja et al., 2007). For
arrays of contacts, interaction between plastic zones is an
additional effect, which strengthens the other two.

Additionally it is observed, in agreement with Gao and
Bower (2006) and Sun et al. (2012), that the asperities in
these simulations are highly persistent, they reach local
pressure up to a couple of order of magnitude larger than
the material hardness.
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