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We investigate experimentally and numerically the influence of chemical heterogeneity

and of third-body particles on adhesive contact. Chemical heterogeneity is generated

by chemical treatment of the contacting bodies changing locally the surface energy.

For studying the influence of the third body, two types of particles are used: sand

particles with various geometrical shapes and sizes, and steel spheres of equal radius.

Dependencies of the normal force on the indentation depth at both indenting and pull-off

as well as the evolution of the contact configuration are investigated. Corresponding

numerical simulations are carried out using the boundary element method (BEM).

Keywords: surface energy, adhesive contact, hysteresis, third body, chemical heterogeneity

INTRODUCTION

Adhesion can strongly affect the contact properties (Pocius, 2012; da Silva et al., 2020). It determines
the bonding strength of an adhesive contact and significantly influences the static and the dynamic
friction. In technological processes, adhesion plays a decisive role in soldering, welding, surface
gluing, granulation processes, etc. The first theory of adhesion of elastic bodies was formulated
by Johnson et al. (1971), known as JKR theory. In JKR, it is assumed that adhesion forces only
act inside the area of contact. In 1975, Derjaguin et al. proposed another theory (DMT theory)
describing the case of long-range adhesive forces (Derjaguin et al., 1975) but disregarding elastic
deformation caused by adhesion forces. The JKR andDMT theories are limiting cases of the general
situation. Maugis illustrated the transition from one limiting case to the other in a case of a simple
model interaction potential with finite action range (Maugis, 1992). In the last years, especially
the influence of roughness on the adhesive properties was in focus of investigations (Guduru,
2007; Pastewka and Robbins, 2014; Papangelo and Ciavarella, 2017; Li et al., 2019; Lyashenko and
Pohrt, 2020). In particular, it was shown that roughness can both reduce and increase the adhesion
of surfaces, which can be used for developing systems with controllable adhesive properties.
Furthermore, adhesive contact has been investigated by taking other effects into account such as
surface tension (Karpitschka et al., 2016) or adhesion in presence of a liquid (Charlaix and Crassous,
2005), as well in tangential motion (Waters and Guduru, 2010; Salehani et al., 2018; Papangelo et al.,
2019).

In many technical applications, surfaces of contacting bodies may be contaminated, or micro
wear particles could be generated in the interface. This leads to a significant change in the chemical
and mechanical properties of surfaces. Recently a series of experimental studies on the influence
of surface roughness, duration of contact and oscillating load on adhesive contact has been carried
out (Lyashenko and Pohrt, 2020; Lyashenko and Popov, 2020a,b). Using a similar experimental
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setup, we investigate the effect of the chemical heterogeneities of
the contacting surfaces as well as of solid particles in the contact
zone on adhesive properties. For all experimentally investigated
cases, simulation results are correspondingly presented for
comparison. Numerical simulations are carried out using the
boundary element method (BEM) for the JKR-type adhesive
contact of layered systems. The details on this method can be
found in reference (Li et al., 2020).

EXPERIMENTAL SETUP

In experiment, a displacement-controlled indenter was indented
into an elastomer and then pulled-off. As indenter a steel sphere
cap with radius R = 100mm was used. Its smooth surface
was processed with P800 sandpaper to obtain diffuse reflection
from lighting system, because diffuse reflection provides better
visualization of difference between contact and noncontact area.
As elastomer, an optically transparent rubber sheet (TARNAC
CRG N3005) with the size of 100mm × 100mm and thickness
of h= 5mm (10mm in the case of micro steel spheres) was used.
Compared with hardened aqueous gelatin solution used in Popov
et al. (2017), chemical and mechanical properties of this rubber
remain unchanged for a long time. This allows carrying out of
extended series of experiments with the same sample. On the
bottom side, the rubber sheet sticks strongly to a smooth silicate
glass. Under the glass a video camera was mounted for recording
the development of the contact configuration.

Figure 1 shows the experimental device used for experiments.
Aluminum plate (2) was moved with the help of the precision
linear stage PI L-511.24AD00 (1) in the normal direction. Its
movement was controlled by controller PI C-863 (10). The
indenter (4) was attached to the plate over the force sensor ME
K3D40 (3). The contact area was observed from below with
a digital camera (9) with resolution of 1,600 × 1,200 pixels.
Experiments were carried out under condition of controlled
displacement and a constant velocity of v = 1 µm/s or less was
used in all experiments. The normal force was measured by the

FIGURE 1 | Experimental device: (A) general view; (B) contact zone between

the steel indenter and 5mm thick transparent rubber layer placed on the glass

plate.

force sensor (3) with amplifier GSV-1A4, which was connected
to a PC with 16-bit NI USB-6211 analog to digital converter. The
rubber layer (6) could be tilted around two horizontal axes with
a tilted mechanism (8). Rubber layer was located on silicate glass
plate (7). The control, data storage and processing were carried
out within a LabVIEW computer program. The lighting of the
contact area was realized using 80 LEDs which illuminated the
contact zone from all four sides (5). Because the light enters
the rubber at low angle, a good contrast between contact and
non-contact zones could be achieved.

In the present work, adhesive contacts of the following three
systems have been studied experimentally:

(1) Contact of chemically heterogeneous surfaces. Parts of the
surface of the indenter were etched in a solution of ferric
chloride FeCl3 for 1–2min while other remained non-treated.
After that, the surface was cleaned by water and alcohol
consequently, and then was dried by a compressed air jet. The
etched areas showed a significant increase in adhesive strength.

(2) Contact in the presence of sand particles. These particles
have various sizes (diameter changing from ∼0.1 to 1mm)
and shapes and were placed on the rubber sheet before
the experiment.

(3) Contact in the presence of steel spheres. Steel spheres with
equal diameter of D = 1mm were placed on the surface of
rubber before starting indentation.

Experimental procedure was the same in all these cases: The
indenter was pressed into the rubber sheet and pulled off, both
with a very low velocity of v ≤ 1 µm/s, so that the contact
could be considered as quasi-static at all times. Data including
photographs of the contact configuration, value of normal force
and indentation depth were collected every second.

CONTACT OF A HOMOGENEOUS
INDENTER

As a reference system, we first consider the case of the spherical
indenter with a chemically homogeneous surface. The indenter
was pressed with velocity of v = 1 µm/s into the rubber
sheet to a depth of dmax = 0.35mm, and then pulled off.
After complete detachment, the indenter was moved quickly
to zero indentation depth d = 0mm, and cycle was repeated
three times. The dependencies of the normal force, the contact
area and the contact stiffness on indentation depth are shown
in Figure 2 with solid lines. Different colors correspond to
three indentation cycles. It is seen that these curves merge
into a single one, so this experiment has a good repeatability.
In Figure 2C, the contact stiffness is shown only for the first
indentation cycle.

It is clearly seen that the curves at indenting and pull-off
phases are different. Similar behavior has been observed in
many experiments on different scales, from AFM experiments
to macroscopic engineering contacts (Greenwood, 2017; Dalvi
et al., 2019; Deng and Kesari, 2019a,b; Lyashenko and Popov,
2020a,b). One of the explanations for this behavior is the chemical
heterogeneity of the indenter surface (Popov, 2021). Such a
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FIGURE 2 | Dependencies of (A) normal force, (B) contact area, and (C) contact stiffness on indentation depth in a contact between a steel ball with radius of

R = 100mm and a rubber sheet with thickness h = 5mm. Solid lines are experimental results for three consecutive loading cycles; symbols are results of numerical

simulations. Panel (C) shows dependence of contact stiffness only for the first indentation cycle.

hysteresis in the indenting and pull-off process can be described
using the JKR solution by introducing two different values
of effective specific work of adhesion γeff . Let us denote the
effective surface energy in the indentation phase as γ 0, and
in the separation phase γ 1. From experimental results shown
in Figure 2, it follows that γ 0 < γ 1. It should be noted that
after the turning point (from approach to pull-off), the contact
area and the contact stiffness remain approximately constant in
some interval of indentations which already has been shown
earlier in Lyashenko and Popov (2020b). This “pinning” of
the contact area is due to the friction force acting on the
border line. It is this friction force which leads to dissipation
of mechanical energy in an oscillating contact (Lyashenko and
Popov, 2020b). Since the indenter moved very slowly, viscoelastic
effects cannot be the reason for such significantly pronounced
hysteresis behavior. A video of this experiment can be found in
the Supplementary Video 1. In Figure 2, the symbols show the
results of numerical simulations with the BEM for the layered
system (Li et al., 2020). In simulation the elastic modulus E
= 0.283 MPa and Poisson’s ratio ν = 0.47 of the layer were
used. Layer thickness and radius of the spherical indenter were
same as in experiment. The substrate under the elastic layer
was considered as being rigid (E → ∞). The specific work of
adhesion for the approach phase was found to be γ 0 = 0.0175
J/m2, and for pull-off phase γ 1 = 0.35 J/m2. The simulation
results show a good agreement with the experiment, especially
for the force-indentation depth relation (see Figure 2A). Some
differences are observed in the dependence of the contact area
A(d) shown in Figure 2B. The reason could be a deviation
of the shape of indenter from the spherical one and non-
homogeneous surface energy distribution over the contact area,
which can be seen in Figure 3 at the non-circular shape of the
contact area.

Figure 3 shows a few snapshots of the contact area in the
indenting phase (A–D) and pull-off phase (E–H), corresponding
to the points A–H marked in Figure 2. Pictures in the same
column correspond to the same values of the indentation
depth. Panel (A) corresponds to the moment of the first touch

(d = 0mm). The panel (H) also corresponds to d = 0mm, but
during the detachment process.

From both experimental and numerical results, it follows that
the adhesive interaction in the indentation phase is very weak, so
that one can use the non-adhesive contact to describe this process
(Lyashenko and Popov, 2020a). Another observed feature is that
the contact region and the value of the contact area almost do
not change at the beginning of the pull-off, in a certain interval
of indentation depths (Figure 2B). If the indenter oscillates in
such a range of indentation depths, the force-indentation depth
curve will follow the same line and there will be no dissipation of
mechanical energy (Lyashenko and Popov, 2020b).

ADHESIVE CONTACT OF A SPHERE WITH
CHEMICALLY HETEROGENEOUS
SURFACE

Experiment
In this experiment, the part of indenter surface was treated with a
solution of ferric chloride FeCl3 for 2min for obtaining different
surface properties. The shape of this area can be seen in the
snapshot A of Figure 4 with darker color. In the experiment,
the treated areas of the indenter showed increased strength of
adhesive contact. The maximal indentation depth and velocity of
movement are same as in the previous case. The dependences of
the normal force on the indentation depth for four loading cycles
are shown in Figure 4a.

One can see that a freshly prepared surface shows the
maximum adhesive strength in the first cycle and the adhesive
strength significantly decreases in the following cycles, probably
due to the oxidation and contamination of the indenter surface
after its interaction with the elastomer. A similar feature was
observed in the experiments on rough contacts (Lyashenko
and Pohrt, 2020). The size of contact area was evaluated by
analysis of the contact images. Figure 4b shows that a decrease
in adhesion strength is accompanied by a decreasing in the
contact area. The contact stiffness for the first indentation cycle
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FIGURE 3 | Snapshots of the contact configuration with size 17mm ×17mm corresponding to the stages in the first loading cycle in Figure 2. Panels (A–H)

correspond to points A–H in Figure 2.

FIGURE 4 | Dependences of (a) the normal force, (b) contact area, and (c) contact stiffness on indentation depth in indentation test of a steel ball with chemically

heterogeneous surface into a rubber sheet. Solid lines with different colors show the results of four cycles in a series. Contact stiffness is shown only for the first

indentation cycle. The lower part of the figure shows snapshots of contact area with size 17mm × 17mm for the first indentation cycle. These images correspond to

the points marked with the same letters in subplots (a) and (b).
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FIGURE 5 | Numerical simulation corresponding to the experiment in Figure 4. Considered is a non-homogeneous distribution of the indenter surface energy.

Dependence of: (a) normal force, (b) contact area, and (c) contact stiffness on the indentation depth. The images below show the evolution of contact zone in

different colors: black—noncontact area with smaller surface energy; red—noncontact area with larger surface energy; green—contact area with smaller surface

energy; blue—contact area with larger surface energy.

is shown in Figure 4c, from which it follows that stiffness
increases monotonically during the indentation phase. In all
cases, contact spreads smoothly in the indenting phase, despite
the fact that the indenter has non-homogeneous surface energy
distribution. But during detachment, jump-like changes appear.
The lower part of Figure 4 shows 12 images of the contact area
for the first indentation cycle. All images are marked with letters
corresponding to the points shown in Figures 4a,b. Images (A–E)
correspond to the indenting phase, and (E–L) to pull-off. In these
photos, the points A and G correspond to the same indentation
depth d = 0 mm.

Comparing with the previous case, it is found that in the
indenting phase, the contact behavior in both homogeneous and
non-homogeneous cases are qualitatively and quantitatively the
same. This means, that heterogeneity of surface energy does not
lead to a change in the nature of the propagation of the contact
region. Obviously, the force of friction acting on the boundary
line is larger than the driving force due to adhesion, so that
the propagation of the boundary line is completely impeded,
unless new contact regions come into contact due to normal

indentation. This means, that the approach phase corresponds in
our experiments to a practically non-adhesive contact. And it can
be indeed described well by the Hertz’ solution.

Consider now the detachment phase. The force of adhesion,
|Fmin| = 3.45N, is in this case much larger than that in
the homogeneous case, |Fmin| = 0.19N, (see Figure 2). The
chemically treated areas of the indenter surface show much
higher adhesive strength. The contact areas shrink slower in these
regions during the pull-off (snapshots E–L in Figure 4). The
contact area may become disconnected as shown in snapshot I
in Figure 4.

Another significant difference from the homogeneous case
is that the detachment curves are different in four cycles: the
adhesive strength was reduced gradually in the following three
repeated experiments (Figure 4a). The possible reason is the
contamination of the indenter surface. Initially, the rubber sheet
“sees” the high energy surface treated with the FeCl3 solution.
But after the subsequent cycles, the surface should have been
changed due to the interaction with the rubber. There are data,
that the rubber molecules can remain on the hard surface after
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FIGURE 6 | Experiment of indentation of a smooth steel sphere in a rubber sheet with sand particles in the interface. Dependences of: (a) the normal force, (b)

contact area between elastomer and indenter, and (c) contact stiffness on indentation depth. Solid lines with different colors show the four experiments in a series.

Contact stiffness is shown only for the first indentation cycle. The snapshots below show contact areas with size 17mm × 17mm for the first indentation cycle,

corresponding to the points marked in panels (a,b).

opening of an adhesive contact (Gong et al., 2019). The video of
this experiment can be found in the Supplementary Video 2.

Simulations
For simulations, the same shape of chemically treated zone was
used as in experiment, as shown in Figure 5 picture A in red.
The elastic modulus, Poisson’s ratio, thickness of the layer, and
the radius of spherical indenter were same as in the case of
homogeneous surface. From the experiment, it is found that
the contact in the indenting process is repeatable and could be
roughly described by (almost) non-adhesive contact, so we used
a very small and uniform value of specific work of adhesion γ 0

= 0.0175 J/m2 for the whole region to simulate the indenting
process, as it was done in the homogeneous case. For the pull-off,
the values of specific work of adhesion, in the “untreated” region
γ 1 and “treated” region γ 2 in detachment phase were chosen to
fit the adhesive forces (absolute value of minimal negative normal
force) FA =|Fmin| to the values obtained in experiment: γ 1 = 0.8
J/m2, and γ 2 = 16γ 1, 10γ 1, 8γ 1, and 6.5γ 1, respectively for the
four consecutive cycles.

The dependences of normal force, contact area and the contact
stiffness on indentation depth are shown in Figures 5a–c. The
ranges of the axes are the same as in the Figure 4 showing
experimental results. Pictures below are contact configurations at
several states,A–E for indenting and E–L for pull-off. Noncontact
areas are shown in black and red where black corresponds to the
region with smaller work of adhesion and red to the larger one.
Contact area is shown in green and blue where green corresponds
to the region with smaller work of adhesion and blue to the larger
one. It is noted that the states A–E for indenting correspond to
the same indentation depths as in experiment, but E–L for pull-
off not. It is found that detachment in the simulation is faster than
in experiment.

Simulation results (Figure 5) show a good quantitative
agreement with experiment (see Figure 4). However, there are
some minor deviations. In the simulation, complete detachment
occurs at lower values of |d|. A similar difference was also
observed in experiments of detachment of indenters with a flat
base of various shapes from the body of gelatin (Popov et al.,
2017). In the simulation with increasing |d| the next stable
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FIGURE 7 | Simulation of adhesive contact of spherical indenter on elastomer layer with particles. Dependencies of normal force (a), contact area (b), and contact

stiffness (c) on indentation depth. The images below show the contact zones in different colors: black—noncontact area without particles; red—noncontact area with

particles; blue—contact area between elastomer and particles (asperities of indenter); green—direct contact region between elastomer and indenter.

contact configuration is calculated at points of contact instability
immediately. But in experiment, system may need some time to
reach a stable contact configuration. The video of this simulation
can be found in the Supplementary Video 3.

INFLUENCE OF THIRD-BODY PARTICLES
ON ADHESION

Sand Particles
Experiment

Sand particles with various sizes and geometries were randomly
located on the elastomer surface, as shown in Figure 6 picture A.
The metal surface of the indenter was uniformly treated with the
FeCl3 solution to obtain stronger adhesion. The results of four
indentation cycles in a series are shown in Figure 6. It is noted
that the contact area Arub shown in Figure 6 is only the area of
direct contact between the rubber and the indenter because it is
difficult to define the contact area between particles and rubber
unambiguously from the images. The regions of direct contact
of indenter and particles are also clearly distinguishable as the
particles under loading are brighter than the unloaded ones.

In the first indentation phase up to the point A, the increasing
number of particles comes into contact and the normal force and
the contact stiffness increase (Figures 6a,c). However, up to some
critical indentation, no direct contact between the indenter and
the rubber is observed. Snapshot A in Figure 6 shows the contact
before the first direct contact between the indenter and the
rubber. The contact area Arub up to this point is zero (Figure 6b).
The indenter is further indented to the depth d = 0.5mm (point
D on the curve). In this process, new contact areas form at
different locations (see for example snapshot B). With increasing
load, some areas merge and the gaps around the particles are
reduced. The process of contact formation can be seen in the
Supplementary Video 4.

The pull-off starts from the point D. It is seen that at the
beginning of pull-off, the shape and the area of contact between
the indenter and the elastomer, Arub, is practically unchanged
(from pointD to F). In the case of chemical heterogeneity, contact
area also remained unchanged for a while; the same was valid for
the contact stiffness (Figures 4, 5). But in the case of particles, the
contact stiffness decreases almost immediately after the change
in the direction of motion. This may indicate that the contact
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FIGURE 8 | Experiment of indentation test with 10 identical micro steel spheres (diameter 1mm). Dependences of the normal force (a), direct contact area between

elastomer and indenter (b), and contact stiffness (c) on indentation depth d. Solid lines with different colors show the results of four cycles in a series. Dependence of

contact stiffness is shown only for the first indentation cycle. The snapshots below show contact areas in a region with size 22mm × 22mm for the first indentation

cycle.

area with particles also gives a significant contribution to contact
properties and that this area decreases while the contact area with
rubber still remaining constant.

In the experiment, the indenter was lifted to the position
d = −0.1mm in all four cycles. As seen in Figure 6, in the
first cycle the contact was still not completely detached at d
= −0.1mm, but it was detached in all subsequent cycles, due
to a significant decrease in the effective adhesion strength.
Interestingly, the second, third, and fourth indentation cycles
show practically identical dependences of F(d) and Arub(d).

Simulations

The BEM can of course be used not only for simulation of a
contact of two elastic bodies but also for multi-body systems
(Li, 2020). However, the simulation becomes very involved if
many factors have to be considered at once, for example motion
of particles, local friction and so on. In the described experiments
on indentation, it is observed that the particles neither move
in the tangential direction nor rotate (or these movement are
negligible). Therefore, we use a simplified model to qualitatively
describe the main effects observed in the experiment without
considering complicated kinematical restrictions: we assume that

in the indenting phase the particles are “welded” to the surface
of indenter and pressed into the rubber together at the position
and with the orientation they had without the contact. Further,
we assume that there is no adhesion between the indenter and
the particles. This is realized by setting zero the surface energy in
the areas where particles are located.

The effective “roughness” due to particles was modeled as
follows. By analyzing the image of the contact zone at the
maximum indentation depth (shown in the snapshot D of
Figure 6), the location of all particles and their shapes in the
two-dimensional plane were determined. For each particle, we
calculate its size of cross-sections by scanning the obtained 2D
shape line by line in horizontal direction. Each cross-section
was then replaced by a circle with the same area (and the
diameter l), and then rescaled by multiplying with the factor
0.65, which was found empirically. Finally, the geometry of
indenter was generated as a smooth sphere superposed by the
above-described roughness.

Adhesive contact between such a rough indenter and a rubber
layer was simulated by BEM with the following parameters:
surface energy in indenting phase γ 0 = 0.0175 J/m2, surface
energy in the detachment phase γ 1 = 5 J/m2 for non-particle
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FIGURE 9 | Simulation of adhesive contact between a spherical indenter and elastomer sheet with 10 identical micro particles. Dependencies of normal force (a),

direct contact area (b), and contact stiffness (c) on indentation depth. Images below show evolution of contact zones in different colors: black—noncontact area

without particles; red—noncontact area where particles located; blue—area of contact between elastomer and particles (asperities on the indenter surface);

green—area of direct contact between elastomer and indenter.

area and γ 2 = 0 J/m2 for particle area. For the second cycle of
indentation, γ 1 = 2.7 J/m2 was chosen to fit experimental data. In
experiment, the last three cycles show little difference, therefore
only 2 cycles were simulated.

The results of simulation are presented in Figure 7. They show
good qualitative and quantitative agreement with experimental
observations. In both tests, first not connected contact areas do
appear, which merge during further indentation. The point A on
curves and corresponding picture A in Figure 7 corresponds to
the moment of the first direct contact between the indenter and
the elastomer in the indentation phase. A video of this simulation
can be found in Supplementary Video 5.

Steel Spheres
Experiment

In this experiment, 10 identical steel spheres with diameter 1mm
were located on the rubber sheet, near the center of indenter
(snapshot A in Figure 8). The thickness of the elastomer was
h= 10mm. The results are shown in Figure 8.

During the indenting phase, all particles come into contact
gradually, (from pointA to B) while the contact stiffness increases
in this stage. With an increasing load, these particles bear the

load until the appearance of direct contact between the indenter
and the elastomer (from point A to C). The contact stiffness in
this interval B–C is constant [linear dependence of F(d)]. The
last contact configuration before direct contact can be seen in
the snapshot C. The indenting process continues to the point F
and then begins the pull-off. Directly after reversing the direction
of movement, from F to G, the contact area practically does not
change, and the contact stiffness K is almost constant. The weak
dependency of the stiffness on the indentation in this region
could be caused by possible small movement of particles in the
contact zone. The detachment of the indenter from rubber begins
from the pointG, and ends at point L. After that only particles are
in contact with rubber.

It can be seen in Figure 8 that the curves in pull-off phase in
the four cycles are different, which mainly caused by the change
in surface energy. The video of this experiment can be seen in the
Supplementary Video 6.

Simulations

The corresponding simulations are similar to the case of sand
particles. The elastomer thickness was h= 10mm. The roughness
of indenter was nowmodeled by the spheres with diameter 1mm
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at the locations obtained from the experimental image. For the
indenting phase, surface energy is set as γ 0 = 0.0175 J/m2, and
for pull-off γ 1 = 7.5 J/m2 in the areas where no particle is located
and γ 2 = 0 J/m2 in the areas where particles are located. In the
following three cycles γ 1 = 6.0, 4.9 and 4.4 J/m2 correspondingly.
Results are shown in Figure 9.

Observing the curves and images, it is seen that simulation
shows a contact behavior, which is very similar to that
observed in experiment: in the indenting phase (A–F),
particles come into contact and bear the load (A–C), then
direct contact between indenter and elastomer appears
(C–F); in pull-off (F–L), the area remains first unchanged
(F–G), then detachment begins (G–L). Finally, there are
only particles in contact with rubber (from about point L
to end). The video of this simulation can be found in the
Supplementary Video 7.

There is one interesting difference between the simulation
and experiment. At the initial stage of indenting and the
last detachment of pull-off, where only particles are in
contact with elastomer, the F(d) curves in this part are
reversible in simulation (since they correspond to the
non-adhesive elastic contact). However, in experiment
the F(d) curves in the pull-off phase a lower than that in
the indentation phase even in the region without direct
contact between indenter and elastomer. This behavior
could be caused by adhesive interaction between particles
and rubber sheet in experiment. Another reason could be
some displacement of particles from the contact center
induced by tangential force due to the curved indenter during
the indenting.

CONCLUSIONS

We studied the effects of chemical heterogeneity of surfaces
and of the presence of third-body particles in the contact
zone on the adhesive contact of a rigid body on a soft layer.
Independently on the case (chemically homogeneous, chemically
heterogeneous surface, third-bodies particles in the interface),
the influence of adhesion in the indenting process is very weak,
so that the contact can practically be considered non-adhesive.
During the detachment phase, on the contrary, these factors
affect the contact behavior significantly. It was found that the
strength of adhesion is maximal in the first indentation cycle
and decreases in the subsequent cycles. The reason may be
the change in the surface energy after contacting of bodies.
In the chemically non-homogeneous case, the contact area
during detachment shrinks first mainly in the area with lower
surface energy, then the area with higher surface energy, while
a series of instable transitions can be observed. All experiments
were simulated using the BEM. The results shown a good
agreement with experiment qualitatively and quantitatively thus
showing that we have a correct basic understanding of the
studied phenomena. However, there are also slight differences
between experiment and simulations which can be awaited as
we made a number of simplifying assumptions in modeling the
interfacial particles.
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Supplementary Video 1 | Video of experiment for indentation of a steel ball

(indenter) with radius 100mm in a transparent rubber sheet TARNAC CRG N3005

with thickness of h = 5mm. The velocity of indenter motion is 1 µm/s. Panels

from left to right show the contact configuration and the dependencies of normal

force and contact area on the indentation depth. In the images of contact area,

the experiment duration in seconds is shown. Three consecutive indentation

cycles are shown. The video corresponds to Figures 2, 3.

Supplementary Video 2 | Video of experiment for indentation of a steel ball

(indenter) with radius 100mm in a transparent rubber sheet TARNAC CRG N3005

with thickness of h = 5mm. The velocity of indenter motion is v = 1 µm/s. The

indenter surface had a heterogeneous distribution of surface energy.

Heterogeneities were caused by the chemical treatment of some area of the

indenter surface with ferric chloride FeCl3. Panels from left to right show the

contact configuration and the dependencies of normal force and contact area on

the indentation depth. In the pictures of contact area, experiment duration in

seconds is shown. Four consecutive indentation cycles are shown. The movie

corresponds to Figure 4.

Supplementary Video 3 | Video of simulation for indentation of rigid sphere with

radius 100mm in an elastic layer with thickness of h = 5mm, Young modulus E =

0.283 MPa and Poisson’s ratio ν = 0.47. Panels from left to right show the

contact configuration and dependencies of normal force and contact area on the

indentation depth. Specific work of adhesion at the indenting stage was

homogeneously distributed with a small value γ 0 = 0.0175 J/m2. In the stage of

pull-off, specific work of adhesion in the untreated region was given by γ 1 = 0.8

J/m2 and in the treated region γ 2 = 16γ 1, 10γ 1, 8γ 1, 6.5γ 1 for the four

subsequent cycles. Contact zones are shown in different colors:

black—noncontact area with γ 1; red—noncontact areas with γ 2; green—contact

areas with γ 1; blue—contact areas with γ 2. The movie corresponds to Figure 5.

Supplementary Video 4 | Video of experiment for indentation of a steel ball

(indenter) with radius 100mm in a transparent rubber sheet TARNAC CRG N3005

with thickness of h = 5mm. The velocity of indenter motion is v = 1 µm/s. Sand

particles with different sizes and shapes were located on rubber; Panels from left

to right show the contact configuration and the dependencies of normal force and

direct contact area between indenter and elastomer on the indentation depth. In
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the dependencies of contact area, the experiment duration in seconds is shown.

The movie corresponds to Figure 6.

Supplementary Video 5 | Video of simulation for indentation of rigid sphere with

radius 100mm in an elastic layer with thickness of h = 5mm, Young modulus E =

0.283 MPa and Poisson’s ratio ν = 0.47. Solid particles with different geometrical

shapes are located on the elastomer. Panels from left to right show the contact

configuration and the dependencies of normal force and direct contact area

between indenter and elastomer on the indentation depth. Surface energy in the

indenting process is very small γ 0 = 0.0175 J/m2. In the pull-off phase, it is zero

in the region where particles are located and γ 1 = 5 J/m2 in the remaining region.

In the second cycle, γ 1 = 2.7 J/m2. Contact zones are shown in different colors:

black—noncontact area where no particle located; red—noncontact areas where

particles located; green—area of direct contact between elastomer and indenter;

blue—area of contact between indenter and particles. The movie corresponds to

Figure 7.

Supplementary Video 6 | Video of experiment for indentation of a steel ball

(indenter) with radius 100mm in a transparent rubber sheet TARNAC CRG N3005

with thickness of h = 10mm. The velocity of indenter movement is v = 0.676

µm/s. Ten identical steel spheres with diameter 1mm were located on the rubber.

Panels from left to right show the contact configuration and the dependencies of

normal force and direct contact area between indenter and elastomer on the

indentation depth. In the dependencies of the contact area, the experiment

duration in seconds is shown. The video corresponds to Figure 8.

Supplementary Video 7 | Video of simulation for indentation of rigid sphere with

radius 100mm in an elastic layer with thickness of h = 10mm, Young modulus E

= 0.283 MPa and Poisson’s ratio ν = 0.47. Ten identical micro steel spheres with

diameter 1mm were located on the rubber. Panels from left to right show the

contact configuration and the dependencies of normal force and direct contact

area between indenter and elastomer on the indentation depth. Surface energy in

the indenting process is very small, γ 0 = 0.0175 J/m2. In the pull-off phase, it is

zero in the region where particles are located and γ 1 = 7.5 J/m2 in the remaining

region. In the subsequent three cycles γ 1 = 6.0, 4.9 and 4.4 J/m2. Contact zones

are shown in different colors: black—noncontact area where no particle located;

red—noncontact areas where particles located; green—area of direct contact

between elastomer and indenter; blue—area of contact between indenter and

particles. The movie corresponds to Figure 9.
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