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A B S T R A C T

The effect of the presence of a passivation layer on a metal rough surface during contact loading is investigated
by means of dislocation dynamics simulations. The metal body is modeled as an FCC single crystal with a self-
affine rough surface that is either bare, or covered by a thin coating, impenetrable to dislocations. This analysis
permits to isolate the effect of surface roughening driven by dislocation motion: when the surface is bare the
dislocations can glide out, leaving crystallographic steps at the surface that modify the local roughness; when
the surface is passivated, dislocations are stopped by the interface.
. Introduction

It has been observed that metal surfaces have self-affine rough-
ess with a Hurst exponent typically ranging between 0.7 and 0.9
Plouraboué and Boehm, 1999; Bouchaud, 1997). From the early 50’s,
arious models have been proposed to predict the contact response of
olids with rough surfaces, mostly focusing on their elastic behavior.
he most widely applied are the so-called asperity models, based on the
ioneering work of Greenwood and Williamson (1966), who relied on
ertz theory and treated the rough surface as a collection of spherical
sperities distributed along the height of the surface. Asperity models,
ately extended to include elastic interactions (Ciavarella et al., 2008),
nd coalescence of the contact areas (Afferrante et al., 2012), are rather
ccurate at small contact fractions. For comprehensive reviews on the
opic the reader is referred to the work by Carbone and Bottiglione
2008) and Paggi and Ciavarella (2010). A very elegant and innovative
pproach to contact mechanics was proposed at the beginning of the
entury by Persson (2001b) who provided the pressure distribution as
function of the magnification of the surface topography. Contrary

o asperity models, Persson’s theory is more accurate at large contact
ractions and can be applied up to full contact, where it is exact. In
he past years, contact problems between rough surfaces have been
ddressed extensively by means of computer simulations, mostly by
eans of boundary elements methods (Almqvist et al., 2007; Tiwari

t al., 2020; Ilincic et al., 2009). Provided that the rough surface is
iscretized sufficiently fine as to account for the short wavelengths in
he roughness, various numerical techniques can provide a converged
olution to the contact problem and track the variation of the true
ontact area with increasing load, in good agreement with dedicated
xperiments (Müser et al., 2017).

∗ Corresponding author at: Department of Materials Science and Engineering, Delft University of Technology, 2628CD Delft, The Netherlands.
E-mail address: lucia.nicola@unipd.it (L. Nicola).

All elastic models predict at small loads a true contact area much
smaller than the nominal contact area, and a contact pressure signif-
icantly larger than the nominal contact pressure. It is thus expected
that already at moderate applied loads, the yield stress of metallic
materials is exceeded, at least under the nano- and micro-scale contact
areas (Yamada et al., 1978; Woo and Thomas, 1980). Therefore, when
metals are pressed into light contact, the response is believed to deviate
significantly from linear elasticity, as the asperities are squeezed plas-
tically. Unfortunately a measure of true contact area and local contact
pressure cannot be obtained in non-transparent materials, and accurate
experimental data is lacking.

The effect of plasticity on the contact response of rough surfaces
with Gaussian height distribution was first considered by Pullen et al.
(1972) who noticed that rough surfaces never fully flatten, indepen-
dently of how large is the applied load. Although this observation is
an indication of strain hardening, they describe plasticity without con-
sidering any hardening. They based their model on the evidence that
plastic deformation conserves volume and assumed that the material
displaced during contact would reappear as a homogeneous raise of the
valleys. Chang et al. (1987) provided an asperity model that includes
plasticity at a given interference with an expression of the contact
area that at small loads converges to the elastic Greenwood–Williamson
solution and at large loads to the plastic Pullen–Williamson’s. Also
Persson’s model has been modified to describe bodies that deform in
an elastic-perfectly plastic manner (Persson, 2001a).

A more realistic description of plasticity, including strain hardening,
was considered by Pei et al. (2005), who conducted a careful finite
element analysis of the contact response of rough metal bodies. One
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of their main findings is that the real contact area varies linearly with
load in the plastic regime, albeit with a different slope than in the
elastic regime, for various values of the yield strength. Values provided
by models based on continuum plasticity find mean contact pressures
of about five to six times the yield strength of the material (Gao and
Bower, 2006).

Numerical models based on discrete dislocation plasticity display
strain hardening as an emergent behavior, caused mostly by a lim-
ited mobility of the dislocations owing to their interaction with other
dislocations or their pinning at precipitates or interfaces. Through
dislocation dynamics simulations, Venugopalan and Nicola (2019) have
also found a linear relationship between load and area. Moreover, they
have shown that classical plasticity overestimates the amount of plastic
deformation in rough contacts: at small contact fractions the discrete
nature of dislocation sources, and thus their limited availability in
contact regions, favors a later onset of plasticity and a more pronounced
strain hardening than observed in classical plasticity. The contact pres-
sure would rise closer to the contact pressure calculated elastically
than to that calculated through classical plasticity. Most importantly in
the framework of this work, a pronounced roughening of the surface
was found upon contact deformation in simulations where a metal
flat surface was indented by a rigid rough body. The roughening was
caused by dislocations gliding out of the free surface and leaving there
crystallographic steps.

Such type of roughening could not be captured by classical plas-
ticity, but is a signature of metal plasticity observed for instance in
experiments of scratching of metal surfaces (Brinckmann and Dehm,
2015; Xia et al., 2020). The question we would like to address in
this work is to which extent dislocation roughening might affect the
evolution of contact deformation and pressure.

In the simulations performed by Venugopalan and Nicola (2019)
and by Irani and Nicola (2019) the metal surface was taken to be
flat and bare, and therefore the roughening due to the exit of dislo-
cations appeared very pronounced. Real metallic surfaces are mostly
covered by coatings or native oxides, which act as partial barriers to
dislocations. In the presence of such a barrier the roughening due to
dislocations exiting the surface is likely to be significantly reduced if
not fully hampered. The aim of this work is to investigate to which ex-
tent the presence of an impenetrable coating affects plastic deformation
of a metal rough crystal. More specifically, by contrasting the contact
behavior of a bare and a coated crystal with the same roughness, we
aim at isolating and estimating the effect of surface roughening driven
by dislocation plasticity. This is of interest because the local change
in surface topography might lead to a change in the contact area and
consequently on all related properties, as contact pressure, friction,
adhesion or leakage.

2. Formulation of the problem and methodology

Coated and bare flat metallic crystals are indented by a rigid body
with a self-affine rough surface. The simulations are performed on a
2

two-dimensional unit cell under plane strain conditions. The crystals
are first indented quasi-statically; thereafter, the punch is gradually
retracted with the same slow rate used during indentation. The contact
surfaces are prescribed to be frictionless at the contact points, and
traction-free elsewhere; the bottom of the cell is fixed.

The solution to this boundary value problem is obtained by means of
the Green’s Function Dislocation Dynamics method, described in detail
in Venugopalan et al. (2017). Following Van der Giessen and Needle-
man (1995), the displacement, strains and stresses in the dislocated
body are obtained, at every incremental displacement of the indenter,
as the superposition of two linear elastic fields: the analytical fields of
the dislocations in an infinite elastic medium, and their image fields.
The image fields are calculated using a Green’s function boundary
element method that finds the deformed surface by means of damped
dynamics (Campañá and Müser, 2007). The Green’s function method,
known as Green’s function molecular dynamics, is based on the small-
slope and on the small-strains assumptions, and therefore finds the
image fields of the dislocations as if they were mirrored on the original
flat surface, despite the surface roughens. The schematic representation
of the solution procedure is shown in Fig. 1.

At the beginning of the simulation the body is dislocations free, but
contains a given density of nucleation point sources, resembling Frank-
Read sources in two dimensions. These sources are equally distributed
on the three sets of parallel slip planes on which the dislocations can
nucleate and glide. The configuration we use to represent the crystal
structure follows the indication provided by Rice (1987) on how the
deformation of an FCC crystal can be idealized in a 2D representation
that uses plane strain conditions (see Fig. 2 for a sketch). The plane
of deformation is the (110) plane. In this orientation, dislocation loops
can form that are extended in the out-of-plane direction and that in the
plane strain limit are straight and of edge character. Equal slip along the
two face diagonals of the (1̄11) and (11̄1) slip planes is consistent with
the [110] direction being perpendicular to the plane of deformation.
Thus, slip on the (1̄11) plane (red in Fig. 2) effectively occurs in the [11̄2]
direction, while similarly on the (11̄1) plane (green) slip effectively
occurs in the [1̄12] direction. Another deformation possibility is slip
in the [110] direction on the (111) slip plane (blue). This does not
correspond to a dislocation in the (110) plane (which therefore is dashed
in Fig. 2), but since symmetry demands equal slip on the (1̄1̄1) plane,
the composition of these is equivalent to slip on the (001) plane. On
the (110) plane the slip directions are therefore inclined at ±54.7◦ and
0◦ with the [1̄10] direction, which we identify with the 𝑥1 axis. In
this work, we have approximated the ±54.7◦ with ±60◦, and rotated
he crystal by ±15◦ to avoid having planes perfectly orthogonal to
he loading direction, which is rather unlikely to happen in actual
xperiments.

The Frank Read sources generate a dislocation dipole, which is the
D representation of a dislocation loop, once the resolved shear stress
hey experience overcomes their critical strength 𝜏nuc, for a critical
ime 𝑡nuc. After nucleation, the dislocations glide on the slip planes
ith a velocity proportional to the Peach–Koehler force acting on the
Fig. 1. The solution of the indentation boundary value problem, represented schematically on the left-hand side of the ‘equation’, is obtained by superposition of the fields of the
dislocations in an infinite solid, and their image fields, shown on the right-hand side. The crystal in the figure is stretched in vertical direction to visualize the roughness. The
edge dislocations are represented by black ⊤-symbols.



Mechanics of Materials 179 (2023) 104583R. Civiero et al.

t
(
l
t

d
o
t
m
a
B
i
n
s
a
s

d
r
s
o
d
w
T
p
m
a
t
i
c

2

a
s
r

𝐸
𝑏
i
i

t
i
n
G
s
𝜏

p
H
f
𝜆

Fig. 2. Two-dimensional representation of an FCC crystal on the (1 1 0) plane. The slip
races form 54.75◦ angles with respect to the 𝑥 axis. The colored triangles represent the
1 1 1) slip planes, the three colored loops represent the three-dimensional dislocation
oops, gliding on the [1 1 2] directions, while the 2D dislocations are represented with
he ⊤ symbol.

islocation and limited by the drag coefficient. When two dislocations
f opposite sign approach each other very closely (6b, where b is
he Burgers vector length), they are removed from the simulation to
imic annihilation. If the dislocations are instead equally signed, they

re merged, if closer than 2b, into a superdislocation with combined
urgers vector. Merging of the Burgers vectors occurs only sporadically

n the simulations, in about 0.1% of the pile-ups and was tested to have
egligible impact on the results. It has, however, the positive effect of
peeding up the calculation significantly, as the high speed vibration of
dislocation in a closely spaced pile-up does require a very small time

tep, which needs to be imposed to the whole system.
Similarly to dislocations sources, dislocation point obstacles are ran-

omly distributed inside the body on the slip planes. Once dislocations
each them, they are pinned, and released only once the resolved shear
tress on them overcomes the critical strength of the obstacles 𝜏obs,
r if the dislocation reverts its motion. When the substrate is bare,
islocations can exit the free surface, leaving crystallographic steps;
hen the substrate is coated, dislocations are blocked at the interface.
o model the presence of a coating impenetrable to dislocations, im-
enetrable obstacles are placed at the interface between coating and
etal crystal. This coating is assumed to have identical elastic constants

s the substrate, to have uniform thickness, and to be fully adherent
o the metal (Chen and Etsion, 2019). In this way the impenetrable
nterface to dislocations is the only difference between the bare and
oated substrate, and its effect can be clearly evaluated.

.1. Choice of parameters

The surface is indented with a constant rate 𝑢̇ = 2 ⋅ 104 μm∕s until
depth 𝑢 = 75 nm. A convergence analysis was performed to find the

peed at which the simulation can be considered quasi-static, i.e., the
esults are independent of a further reduction of the indentation rate.

The substrate is taken to be made of aluminum, with elastic modulus
= 70 GPa, Poisson’s ratio 𝜈 = 0.33, and Burgers vector length

= 2.86 Å. The height of the crystal is chosen to be ℎ = 20 μm, which
s significantly larger than the thickness of the passivation layer, which
s ℎp = 0.1 μm. The periodic unit cell is taken to have width 𝑤 = 20 μm.

The parameters selected to describe plasticity are taken similar to
hose in Venugopalan et al. (2017): The density of sources and obstacles
s taken to be 𝜚nuc = 40 μm−2 and 𝜚obs = 40 μm−2 respectively. The
ucleation time is 𝑡nuc = 10 ns. The nucleation source strength has a
aussian distribution around a mean value of 𝜏nuc = 50 MPa, with a

tandard deviation of 10 MPa. The obstacle critical strength is set to
= 150 MPa.
3

obs
To generate the self-affine surface topography of the body, the
ower spectral density method is used (Hu and Tonder, 1992). The
urst exponent is taken to be 0.8, a typical value for metallic sur-

aces (Plouraboué and Boehm, 1999). The long-wavelength cutoff is
𝑙 = 10 μm, while the fractal discretization is selected to be 𝜀𝑓 = 𝜆𝑠∕𝜆𝑙 =

512−1. 𝜆𝑠 is the short-wavelength cut-off, which is therefore equal to
19.5 nm.

While metallic surfaces have root-mean-square height ranging typ-
ically between 0.3 μm to 2.5 μm (Plouraboué and Boehm, 1999), we
selected for this study ℎrms = 0.075 μm, lower than the typical range
to achieve a seizable contact area while satisfying the small strain as-
sumption. Only the top and bottom surfaces of the body are discretized
by means of 214 nodes, corresponding to a nodal spacing of 1.22 nm.
The fine spacing is necessary to resolve accurately the roughness and
the variation in contact area. The position Verlet algorithm is used to
compute through damped dynamics the displacement of the nodes that
are not directly coupled to a force. The dimensionless time-step selected
for the damped dynamics is 𝜏 = 0.25. The damping factor selected is:

𝜂 ∝ 1
𝜏

√

2(1 + 𝜈)
𝐸

𝐿y𝑁nodes

𝐿x
(1)

3. Results and discussion

3.1. Contact pressure, area, and dislocation activity

Two metal crystals, one bare, the other coated by an impenetrable,
100 nm thick layer, are slowly indented by the same rough rigid punch
to a depth of 75 nm. The punch is then retracted with the same slow
speed used during indentation. The change in nominal pressure 𝑃n,
normalized on the dislocation source strength, 𝜏nuc, with the applied
indentation depth is presented in Fig. 3(a) for both the bare and
coated metal crystals. The corresponding variation in contact fraction
is presented in Fig. 3(b). After a first predominantly elastic response,
where only a few dislocations are nucleated and the two curves overlap,
plasticity becomes evident in the bare film and the curves start to
diverge at around 𝑢 = 13 nm. The coated layer displays a harder
response, owing to the barrier to dislocations posed by the interface.
Both curves present a rather pronounced increase in slope when a
new contact patch is formed. The coated layer is subject to a larger
pressure at final indentation depth than the bare layer, and presents a
smaller remnant plastic strain after unloading. Therefore, as expected,
the evidence points to a larger plastic activity in the bare crystal.

To gain understanding of the different dislocation activity in the
two crystals, Fig. 4 presents the distribution of the dislocations to-
gether with the distribution of the normal stress 𝜎𝑦𝑦, normalized by
the average nucleation strength, 𝜏nuc, at 𝑢 = 40 nm (top figures), at
𝑢 = 75 nm (middle figures) and after retraction of the indenter (bottom
figures). The bare crystal is on the left-hand side and the coated crystal
on the right-hand side. In the two upper figures, corresponding to an
indentation depth of 𝑢 = 40 nm, the indenter has made contact with
the bare and coated crystals mostly through three asperities. The first
two asperities that entered into contact are at the center of the unit
cell, very close to each other, and the third one, which entered into
contact later is on the right-hand side of the cell. The dislocations that
have nucleated underneath the contacts due to the stress imposed by
the asperities, are concentrated on a few slip planes and form shear
bands that extend rather deep in the crystal. In particular, the ones on
the planes forming 15◦ with the indentation direction reach a depth
considerably larger than the contact size. These long and localized
shear bands are a characteristic feature of crystal plasticity that is an
emergent behavior in dislocation dynamics simulation, and cannot be
predicted by classical plasticity. At maximum indentation depth ( Fig. 4
(c) and (d)) more asperities make contact with the crystal and the
dislocation density increases significantly, especially in a top band of
the crystal of about five micrometers thickness. When the dislocation
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Fig. 3. Variation of nominal contact pressure 3(a) and contact fraction 3(b) for the indentation of a bare and coated crystals to a depth of 75 nm, and subsequent retraction of
the indenter.
Fig. 4. Distribution of the dislocations and of the normal stress 𝜎𝑦𝑦 at an indentation depth 𝑢=40 nm (a and b), at maximum indentation depth (c and d) and after indenter
retraction (e and f) for the bare (a, c and e) and coated (b, d and f) bodies.
density becomes very high, it is difficult for new dislocations to glide
and provide the required plastic slip, so that effectively the material
hardens. The most striking difference between the bare and coated films
is that in the coated film there is, from the beginning on, a broader
distribution of dislocations and a larger dislocation density (see also
Fig. 5).

This happens because when the crystal is coated, the dislocations
cannot leave from the top surface and are blocked at the interface
with the coating, where they pile up. When the back-stress associated
with these pile-ups reaches the source, it suppresses or delays further
nucleation, and other sources on nearby slip planes become active. The
4

reduced plasticity found in the coated layer is thus not due to a smaller
dislocation density, but to a shorter mean free path of the dislocations,
which can thus not contribute as significantly as in the bare crystal to
plastic slip. The difference in strain hardening between the bare and
the coated layer is more pronounced at very small contact fractions,
when the dislocation density is still low, and dislocations in the bare
layer can easily access the free surface. At larger contact fractions the
dislocation density is so high that the difference fades.

When the indenter is retracted, in the coated crystal the dislocation
density decreases only by annihilation of dislocations with opposite
Burgers vectors, while in the bare crystal the dislocations can also leave
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Fig. 5. Dislocations density versus applied displacement for the indentation of a bare
nd coated crystal to a depth 𝑢 = 75 nm.

Fig. 6. Contact area fraction versus reduced pressure for the bare (blue) and coated
red) crystal. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)

rom the top surface. Notice that also in the bare crystal various dislo-
ations do not exit the material, owing to the presence of dislocation
bstacles and to entanglements between dislocations on different slip
lanes. Upon unloading, nucleation of new dislocations continues in
oth cases, due to the high local stresses generated by the presence of
ther dislocations close to the nucleation sources.

Note that in Fig. 3(b) we observe a larger contact area for the coated
rystal, which is the crystal displaying less plasticity. This might seem
n contradiction with the findings by Molinari and coworkers (Pei et al.,
005) where plastic contacts are found to have a larger contact area
han elastic contacts. This is not the case, because the contact area
n Fig. 3(b) is calculated as a function of indentation depth, which is
he input of these simulations. If one presents area as a function of
ormalized load as in Fig. 6 it is possible to see that, on average, the
are crystal displays a slightly larger contact area at a given pressure.

.2. Surface roughening

During indentation, the initially flat surface of the two crystals
eforms as a consequence of the contact with the rough rigid indenter,
hich digs some valleys on the flat surface, partly compensated by
ills in the surface out-of-contact. The deformed surface profiles of the
are and coated flat crystals are presented at the maximum indentation
epth, 𝑢y = 75 nm in Fig. 7(a), and after retraction of the indenter in
ig. 7(b). At maximum indentation depth, the differences between the
urface profiles of the two crystals are very small. After retraction of the
ndenter, owing to plasticity, only part of the imposed deformation is
ecovered. The topography of the two surfaces after retraction becomes
ignificantly different and it is apparent that the surface of the bare
rystal presents a finer roughness than the coated one. This additional
oughness is caused by the dislocations that have left crystallographic
teps of various size while gliding out of the free surface. These steps
re also responsible for local differences in the contact area as they
orm earlier contact with the indenter. Therefore, the resulting contact
5

rea of the bare crystal is made of smaller patches, than those in the
coated crystal. This can be seen in Fig. 8, where a detail of the deformed
surfaces is presented, together with the corresponding contact pressure
distribution. The coated surface forms only a single contact area with
the indenter, while there are two separate and smaller contact areas in
the bare surface. The smaller contact areas formed by the bare surface
have to sustain all the contact pressure and thus are characterized by
two high peaks in pressure. The pressure profile on the coated surface
is much lower and broader.

While the roughening seems rather pronounced on a flat surface,
one might wonder whether such roughening would be significant on
an already rough surface, that contains very small wavelength. To
estimate this, we study the flattening of a rough surface (see Fig. 9) by
adopting the assumption typically used in the solution of linear elastic
contact problems: the indentation of a flat surface by a rigid rough body
corresponds to that of a deformable body with rough surface indented
by a rigid flat surface. The validity of this mapping has been demon-
strated also in the framework of small strain dislocation plasticity by Ng
Wei Siang and Nicola (2016). Following this assumption, the deformed
surface of the rough crystal can be obtained at each increment of the
simulation by subtracting the height profile of the rough punch from
that of the flat surface:

𝑦(𝑥) = 𝑦flat(𝑥) − 𝑦rough(𝑥). (2)

The flattened surfaces are shown at maximum indentation depth in
Fig. 10(a) and after retraction of the flat indenter in Fig. 10(b). Again,
the deformed surfaces at maximum flattening do not differ much, and
more difference is visible only after retraction of the indenter, given
that the coated crystal shows more elastic recovery than the bare crys-
tal. However, differently from the case where the indentation was done
on a flat surface, both surfaces appear similarly rough before and after
retraction of the indenter. It is not possible to clearly distinguish on
the bare surface the additional roughness induced by the dislocations,
because the differences are shorter than the smallest wavelengths of the
roughness present initially. The dislocations, when leaving the surface
from the same slip plane, create surface steps ranging from 0.2 nm to
20 nm. These small differences are responsible of the little changes in
local contact area between coated and bare bodies, similar to those
described in the previous section, but they have marginal effects on
the surface profile, whose smallest wavelength is 20 nm.

The power spectrum of the two rough surfaces after complete
retraction of the flat indenter are shown in Fig. 11, and contrasted
with the power spectrum of the original surface. The PSD of the
three surfaces are indistinguishable in the range of wavelengths of the
original surface, as the deformation is rather small and affects only a
small region of the surface. It is interesting to see that the roughness
of bare and coated layers both extend to smaller wavelengths than
the original surface. While the PSD of the bare surface continues at
small wavelength approximately on the same line as that of the initial
surface, by that almost recovering a self-affine roughness to very small
wavelength, the power of the coated surface has a neat drop at the
small wavelength of the original surface. This might be an indication
that the small roughness is not only caused by dislocations exiting
the surface but maybe also, to a much smaller extent, by dislocations
that are piling up at the interface. Unfortunately, at small wavelength
the power spectrum is very noisy, so it is difficult to extract a clear
picture there. Therefore, to further quantify the differences between
the deformed surfaces we have computed the root-mean square height,
slope and curvature, which are listed in Table 1. Changes in the root-
mean-square height are known to be affected mostly by a change in
the larger wavelengths, while the slope and even more the curvature
are related to the small wavelengths. The deformed coated surface has
a root-mean square height that clearly differs from that of the initial
surface, due to plastic deformation, while the bare surface has a similar
ℎrms. The presence of the coating has therefore influenced the longer
wavelength caused by the deformation. On the contrary, slope and
curvature of the coated surface are very similar to those of the original

surface, while the values differ significantly between coated and bare.
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Fig. 7. Height profile of the deformed crystal surfaces at the maximum indentation (a) and after retraction of the indenter (b). The displacement has been magnified in vertical
direction for better visualization.
Fig. 8. Nominal and mean contact pressure at an asperity tip (a) and corresponding surface topography (b) (magnified by a factor 100 in the vertical direction) for bare (blue)
and coated (red) metal crystals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. Schematic representation of the crystal with rough surface in contact with a
flat indenter. The crystal is not to scale, it is stretched in vertical direction to visualize
the roughness. The symbol ⊤ represents the dislocations.

4. Conclusions

Dislocation dynamics simulations are performed to evaluate the
effect of surface roughening during contact loading. To this end, the
behavior of bare and coated crystals is contrasted. Results show that
when the initial surface is flat, indentation with a rough indenter
causes roughening of both crystals. The presence of the coating induces
additional strain hardening by preventing the exit of the dislocations,
and reducing their mean free path, while their density increases more
than in the bare crystal. Upon retraction of the indenter the coated
crystal undergoes a more pronounced elastic recovery, and the final
deformed surface is smoother than the one of the bare crystal.

The analysis of the power spectral density of the surfaces has shown
that the presence of a coating has no impact on the long wavelength in
the roughness. This is confirmed by the negligible difference that was
found in the root-mean-square height of the deformed surfaces with
6

Table 1
Root-mean-square height (ℎrms), slope (ℎrms)’ and curvature

(ℎrms)’’ for the initial and coated and bare final surfaces.

Surface ℎrms [μm]
(

ℎrms
)′ [ ]

(

ℎrms
)′′ [μm−1]

initial 0.0750 0.3323 23.2866
coated 0.0640 0.3301 23.8822
bare 0.0739 0.6808 498.5477

and without the passivation layer. The coating has instead a signifi-
cant influence on the very small wavelength, as demonstrated by the
differences found between the root-mean-square slopes and curvature
of the deformed surfaces. Given that the root-mean-square slope of a
surface is known to affect contact area and friction, and considering
that both slope and curvature affect adhesion, the presence of a coating,
even if its properties are not so different from those of the metal can
be beneficial in small-scale applications where friction and adhesion
are deleterious, just because it impedes dislocations from gliding out
of the body. At larger deformations than the ones considered in this
study a different morphology might also have an effect in applications
where the gap between surfaces needs to be controlled, to avoid, for
instance, leakage of fluids. Apart from the final difference in terms of
morphology, also the contact area formation and pressure distribution
is affected by dislocations gliding out of the crystal, effects that can
also become more relevant at larger deformation. Notice, however, that
the differences in morphology in this study affects only wavelength of
about 20 nm or smaller. The effect of dislocations gliding out of the
surfaces is found to be negligible in crystals that are already rough, con-
sidering that the additional roughness provided by the crystallographic
steps left by the dislocations are in the order of the small wavelength
contained in the roughness of a metal surface.

To highlight the effect of the impenetrable interface and reach
an understanding of the effect of exiting dislocations, we have here
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Fig. 10. Height profile of the deformed crystal surfaces at the maximum indentation (a) and after retraction of the indenter (b). The displacement has been magnified in vertical
direction for better visualization.
Fig. 11. Power spectrum of the bare and coated layers after retraction of the indenter,
contrasted with the PSD of the initial surface.

decided to contrast the same single realization, with and without
coating, instead of considering averages over many simulations, as this
allows a direct comparison of surface deformation, pressures, internal
fields and dislocation distributions. This means also that the results
presented in this manuscript are specific of the selected realization. A
different realization, either in terms of a different roughness and/or
a different spatial distribution of dislocation obstacles and sources will
lead to different fields and roughness. We do not expect that the general
conclusions will be different, although certainty can only be gained
with a statistical representative analysis of various realizations, which
is outside the scope of this work.
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