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Abstract. Influence of tangential force on the adhesive contact, in particular on the
adhesive strength and the contact area have been a subject of investigation and
discussions for many years. Depending on the system under consideration, both increase
and decrease of adhesion strength due to shearing of an adhesive contact have been
reported. The same is valid for change of the contact area. While it is generally accepted
that the contact area decreases when applying tangential traction, also opposite
behaviour is possible. In the present paper we study theoretically and experimentally the
conditions under which the contact area may increase or decrease due to shear.
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1. INTRODUCTION

Influence of tangential traction and shear on adhesive contacts has been subject of interest
both from the viewpoint of fundamental contact mechanics [1][2] and biological applications
as gecko feet [3]. One of the problems in the discussion of adhesive contacts under shear is that
it is assumed that the term “adhesive contact™ is well defined. In reality, the concept of adhesive
contact can hide systems of different physical nature. Adhesive contact can mean a “glued”
contact, which may be destroyed by both normal and tangential movement of contacting bodies.
In this case, the combined energy release rate can be defined as it was done in [1] or [4]. The
same approach based on the energy release rate is used in the paper [5] for analyzing contact
area between a glass plate and PDMS bar where an intermediate situation is realized (both
sticking and sliding are possible). The adhesive contact described in the classical theory by
Johnson, Kendall and Roberts (JKR) [6] is, on the contrary, of completely different nature. One
of assumptions of the JKR theory is the absence of friction. According to JKR, shearing of an
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adhesive contact does not lead to appearance of tangential force and does not influence any
properties of the adhesive contact. This contradicts observations of real adhesive contacts.
However, the JKR theory illustrates that the presence of any kind of friction is by no means
a necessary, intrinsic property of adhesive contacts. At least in the model, one can imagine
contacts without friction. This is e.g. the case of two absolutely smooth surfaces interacting
by van der Waals forces as described in the Lifshitz’s theory [7]. In the present paper, we will
discuss a model very closely related to the (frictionless) JKR model but with consideration of
surface roughness or surface profiling. We will show that already this model exhibits all basic
properties of adhesive contacts which are observed experimentally. In particular, it shows
adhesion hysteresis during all stages of indenting and detaching. The existence of the
adhesive hysteresis which was observed experimentally and described theoretically in
different context in [8-12], means that the state of adhesive contact is not unique but does
depend on the prehistory of loading. We will show that this prehistory influences essentially
the interplay of normal and tangential loadings.

2. ADHESION HYSTERESIS IN FRICTIONLESS PROFILED CONTACT

The simplest model of an adhesive contact of bodies with rough (or profiled) surfaces
was considered by Fuller and Tabor [13]. We will use this model in an even more simplified
form described in [14]. Instead of a continuous smooth surface, a set of individual asperities
is considered. The main physical difference from the case of smooth surfaces is that the
surface profile prevents propagation of the adhesive contact (which is essentially the
Griffith’s crack [15]). We will be interested in the macroscopic contacts between a flat and
a parabolically shaped bodies, so the individual independent asperities will be placed on
the same level. For illustration, we consider asperities as springs of equal stiffness (Fig. 1),
however, the true three-dimensional distribution of stresses is considered below in
numerical simulation.

The model presented in Fig. 1 exhibits pronounced adhesion hysteresis. The starting no-
contact position of indenter is shown in Fig. 1a. When it comes in touch with the substrate and
indents further (Fig. 1b), only the springs (summits, asperities) come into contact which
correspond to the geometrical intersection of the profiles of contacting bodies. The adhesion
does not play any role at the stage of indentation, so the behavior is identical with that of a non-
adhesive contact. If we would consider elastic interrelation of asperities, we would become pure
Hertzian behavior [16]. At the stage of pull-off (Fig. 1c), the springs which came into contact
during indentation will first follow the indenter until they do not reach some critical elongation.
Thus, the system behaves as an adhesive contact. If as detachment criterion the HeB3’s criterion
is used, then the resulting force-displacement curve will coincide with that of the JKR theory
[17]. Our experiments described in [11] exhibit exactly such behavior: practically pure Hertzian
indentation (with only very minor jump into contact), and strong JKR-adhesion during
detaching. Note that this hysteresis is not connected with any frictional forces in the interface,
as we consider here frictionless adhesive contact, but solely with preventing interfacial crack
propagation due to surface profile (or roughness).

To retain the model as simple as possible, we will neglect in the following the frictional
force in the interface. We thus assume that any individual spring can slide frictionless along
the surface of the counter body (as JKR-contact does).
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Fig. 1 Illlustration of indentation, pull-off and tangential sliding of an indenter on an elastic
substrate. (a)-(c) show indentation and pull-off, (d) sliding after indentation, (e) sliding
after indentation and lifting, (f) similar to (e) but lifting to a negative depth.

We start with a detailed discussion of the normal contact problem. If a rigid indenter is
pressed into an elastomer to some depth, and then the movement is reversed, then there
will be a phase when the contact area does not change (until the edge springs achieve a
critical elongation). This leads to appearance of a linear part of the force-displacement
relation. After arriving at this critical value, the force follows the curve for an adhesive
contact. Let us now consider two cases:

I. The indenter is monotonically pressed into the elastic counter body, stopped, and
then moved tangentially at the achieved indentation (Fig. 1d). Note that each individual
spring is assumed to have a frictionless contact with the indenter. This means, that the
springs freely can slide along the indenter. If we move the indenter by one spacing between
springs, the last spring on the leading edge will be pressed down, and the indenter will
come into contact with the next spring. This means that the leading edge will move in the
direction of the movement of indenter with the same velocity. The spring at the trailing
edge, on the contrary, will move upwards (by sliding along the profile of the indenter), and
thus will remain at the same place. This means that the contact area will become larger at
the leading half of the contact area and remain at place at the training part, thus the contact
area will increase, and the contact area becomes elongated in the direction of movement.
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As soon as the edge spring at the trailing edge achieves the critical elongation, the trailing
boundary starts moving together with the indenter and the contact area remains constant.

I1. The indenter is pressed into the elastic counter body, then lifted to the end of the
plateau of the contact area, and only then moved tangentially (Fig. 1e). Lifting to the end
of the plateau means that now the edge springs are already in the critical state. If we now
move the indenter to the right, the springs at the leading edge will first be pressed down,
and the boundary on the leading edge will remain at place. On the trailing edge, on the
contrary, the springs were already in the critical state. They will slide up the profile and
detach immediately. This means, that the trailing edge will move forward (in the same
direction as indenter and with the same velocity). Thus, the contact area will decrease and
will become elongated in the direction perpendicular to the direction of sliding.

I1l. The indenter is pressed into the elastic counter body, then lifted to the zero or
negative indentation depth, and then moved tangentially (Fig. 1f). Note that if the indenter
is pulled off to the zero or moderate negative indentation depth in the normal direction, the
adhesive contact is still not destroyed, and the edge springs are in the critical state, so that
the initial state is very similar to that of the case Il. Tangential movement of the indenter
will lead to pressing down the springs on the leading edge and detaching of springs on the
trailing edge. This means that the leading edge will remain at place. However, now no new
springs will come into contact because of the negative indentation depth. At the same time,
the trailing edge will move forward together with the indenter. The contact area will shrink
until it disappears completely.

Experiments described in [11] confirm qualitatively the existence of the above
described three different cases. However, the scenarios described above present only a very
rough zero-order “impressionist” picture of how the prehistory of loading influences the
reaction of the system to shear. The model used has a number of assumptions which are
not valid for real systems and will influence the details of happening. This is in particular
the assumption of frictionless contact for each individual asperity. Experiments show that
much better assumption is existence of a constant shear stress which has to be overcome to
move an asperity [11]. We further assumed that the detachment condition of an individual
spring is constant. In reality it is a function of the whole contact configuration. Finally,
non-linear effects may come into play making the behavior very complicated [18].

3. EXPERIMENT

In our experiments, a spherical indenter with a radius R = 100 mm was pressed into a
layer of elastomer with a thickness h =5 mm to a depth of dmax = 0.3 mm, then either lifted
to different indentation depth until complete disappearance of contact, and subsequently
shifted in the tangential direction. A photo of the setup is shown in Fig. 2. The detailed
description of the experimental setup is provided in the previous work [19].

The indenter was moved at a velocity of v =3 pm/s throughout all phases of indentation,
pull-off and shearing. At such low velocity, the contact can be considered as quasi-static,
and viscosity can be neglected. We conducted experiments with two types of elastomers —
a softer TANAC CRG NO0505, and a harder TANAC CRG N3005.
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Fig. 2 View of the experiment setup: 1 — steel indenter with a radius of R = 100 mm; 2 — a
sheet of elastomer placed on a solid glass plate; 3 — an omnidirectional LED lighting;
4 — force sensor for measuring all three components of the contact force.

3.1. Indentation in Softer Material TANAC CRG N0505

Fig. 3 illustrates the dependencies of the normal force Fn and the contact area A on the
indentation depth d during the indentation into the softer material CRG N0505.

0.6

(a) 1 experiment ~(b)
i 2 experiment  ff

3 experiment

[yl

(=]

(=]
|

0.4 E I
E 150 -
E <100 -
50
0 L
03 02 -01 0 01 02 03 -03 -02 -01 0 01 02 03
d, mm d, mm

Fig. 3 The dependencies of the normal force Fy (a) and the contact area A (b) on the
indentation depth d during the indentation of an indenter with a radius R = 100 mm
into a layer of elastomer TANAC CRG NO0505 with a thickness h =5 mm. The
figure shows the results of three consecutive cycles of indentation/detachment.

One can see that there is a small jump-like increase in contact area at the point of initial
contact, after which the area A increases linearly with further indentation. When the
direction of the indenter motion is changed towards withdrawal, the contact area remains
constant for some period of time before it starts decreasing. While the contact area remains
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constant, a constant contact stiffness K = oFn/ad is realized, hence immediately after
changing the direction of motion, a linear segment of the force dependence Fn(d) is
observed. Fig. 3 demonstrates the results of three consecutive experiments, with curves on
both panels of the figure overlapping, indicating the repeatability of the experiments.
Therefore, in the experiments on tangential contact, only one experiment will be conducted
for each loading scenario.

The results of a series of experiments on tangential loading of the contact are shown in
Fig. 4. Here, in all experiments, the indenter was first immersed into the elastomer to the
maximum depth d = dmax = 0.3 mm, then lifted to a smaller value d = dg, and subsequently
shifted tangentially by a distance x = 1 mm at a fixed value of indentation depth d = do.
Vertical lines on all panels of the figure denote the moments of the start of tangential
displacement of the indenter in all 4 experiments with different values of do.

In the first experiment, the tangential displacement of the indenter was carried out
immediately after reaching the depth dma, i.€., in this experiment do = dmax. This corresponds to
the case | of Section 2. As seen in Fig. 4a, the normal force remains close to that corresponding
to the maximum indentation depth after the start of tangential displacement, while the tangential
force begins to increase. Fig. 4b shows the coordinates of the leading and trailing edges of the
contact zone. Additionally, for clarity, dashed lines close to horizontal are shown on Fig. 4b,
representing straight lines defined by equations

Coordinate =B +0.18t (D)

Here, the coefficient 0.18 corresponds to the velocity of the indenter motion v = 3 pm/s.
If the edges of the contact were moving exactly at the speed of the indenter after the start
of its tangential motion, the experimental dependencies shown in Fig. 4b would coincide with
these dashed lines. However, upon closer examination of the experimental dependencies, it can
be observed that immediately after the start of tangential motion, only the trailing edge of the
contact moves at the speed of the indenter, which occurs in the time interval t = 1.65 — 3.1 min.
The leading edge of the contact begins to move at a speed slightly exceeding the speed of the
indenter. This indicates the spreading of the contact at the leading edge after the start of
tangential motion, as well as the fact that the contact boundary moves together with the indenter
at the trailing edge. However, the situation changes at times t > 3.1 min, when contact
failure begins at the trailing edge, while at the leading edge, its propagation continues as
before. The basic features of this behavior: a more rapid propagation of the leading edge
of the contact and increase of the contact area are the same as predicted by the simple model
(Section 2, case ). Different from prediction, the rear edge does first slowly move together
with indenter (which might relate to final interfacial friction contrary to the model). As
predicted, after achieving some critical position, it accelerates but moves faster than the
indenter, which may be related with the assumption of independent springs (which is not
valid in the real system). The main conclusion of theory remains valid: If tangential loading
occurs at the position of maximum indentation, then the contact area increases due to shear.
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Fig. 4 The dependencies of the normal Fy and tangential Fx contact forces (a), coordinates
of the leading and trailing contact edges (b), and the contact area A (c) on the
experiment time t during indentation into the softer material CRG N0505.

Behavior after some initial lift also qualitatively corresponds to that described in Section 2.
In particular, at the zero indentation depth the contact finally disappears completely.

To provide a more detailed understanding of the contact spreading characteristics after
the start of the indenter motion, we additionally present Fig. 5. This figure shows contact
photographs corresponding to six consecutive states, which are shown on all panels in Fig.
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4. These states are separated by equal time intervals. In addition to the contact photographs,
the left panel of Fig. 5 shows profiles of the contact boundary, which allow easy tracking
of the evolution of the contact boundary spreading. The results confirm the conclusions
made above. Specifically, the first four contact configurations demonstrate the spreading
of the contact at its leading edge, while the contact boundary at the trailing edge remains
almost stationary. However, the subsequent configurations 5 and 6 show a faster displacement
of the contact boundary at the trailing edge, while the spreading characteristics of the contact
remain unchanged at the leading edge.
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Fig. 5 Right panel — photographs of the contact area corresponding to points 1-6 in Fig. 4.
Left panel — contact boundaries corresponding to the photographs in the right panel.
Experiment on indentation into the softer material CRG N0505 is shown.

Let’s go back to Fig. 4 and look at forces. If indenter is pressed into counter body and
then immediately moved tangentially, then, the contact configuration on the leading edge
will not change essentially, but the springs on the rear edge will slide up, so that attractive
part of the contact force will increase. This means decreasing of the total normal force.
This is exactly what is observed in experiment (Fig. 4a, red curve corresponding to
indentation 0.3 mm). If, however, the indenter is pressed into the counter body and then
lifted at last to the end of the plateau of the contact area (blue, brawn and green curves in
Fig. 4a), then the contact situation on the rear end will not change while at the front edge
the springs will glide downwards and so the normal force will increase. This behavior is
observed in experiment.

3.2. Indentation in Hard Material TANAC CRG N3005

We would like to stress that this behavior is universal. A set of experiments conducted
with rubber TANAC CRG N3005 which is 10 times stiffer than the previous one show
very similar results with the main difference that the forces are scaled by the factor of 10
(Fig. 6). Interestingly, this scaling is equal both to normal and tangential forces indicating
that the tangential force strongly correlates with the adhesion force, as it should be
accordingly to the model described in Section 2.
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Fig. 6 Dependences of normal Fy and tangential Fx forces on the time of experiment t
during indentation into the softer material CRG N3005. The lower curves
corresponding to the depth do = 0.0 mm are not labelled.

4, NUMERICAL SIMULATION

Numerical simulation was carried out using the Boundary Element Method for JKR-
type adhesive contacts [20, 21]. We consider a rough sphere in contact with an elastic rough
substrate. The geometry of the rough sphere is modeled by a parabolic profile superposed
with a two-dimensional waviness. The surface of elastic substrate is also a two-dimensional
waviness with the same amplitude ¢ and wave length A, but rotated in plane by an angle
7/8. The amplitude and wavelength are much smaller than the sphere radius, /4 =0.028,
and A/R = 0.005. The following results are normalized by the JKR-solution for smooth
sphere [6]

N J 3z%R Y 9mR2 )" @
‘ JKR‘_EW "dJKR‘: W "aJKR‘: F ’

Here y is the work of adhesion per unit area, and E” is the effective elastic modulus. In the
following we first show the simulation of a whole indentation process including both
indenting and pull-off, then the sliding contact corresponding to cases | and 1 in section 2.

4.1. Simulation of Indentation Test

Fig. 7 shows simulation of an indentation test: indenter is brought into contact (position
1) and pressed to the position 3 (with indentation depth d=6|d«g]|), then it is lifted until it
is completely detached. Due to roughness, the curves for indenting and pull-off do not
coincide with the analytical JKR-solution for smooth sphere (gray lines), and the adhesion
hysteresis can be clearly observed. Note that after indenting to position 3, when the
movement direction changes from indenting to pull-off, the contact area remains
unchanged up to position 4, well seen in contact area-normal force relation in Fig. 7b and
from contact areas shown in Fig. 7c. This behavior is also described in experiment in Fig.
3. The mean contact radius in following figures is defined as a=(Acon/7)*2.
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Fig. 7 Simulation of indenting and pull-off of a rigid rough sphere in contact with an elastic
rough substrate. Dependence of the normal force on indentation depth (a) and mean
contact radius (b). Figure (c) shows contact area changing during the whole process.

4.2. Simulation of Sliding

Based on the normal contact in Fig. 7, we consider two sliding cases: (1) the indenter
is pressed into position 3, then it moves tangentially; (2) the indenter is pressed to the
position 3, lifted to the position 4 (the contact area remains unchanged during this stage),
then the indenter slides tangentially. We focus on the change in contact area during the
sliding process. Indentation depth keeps constant during sliding.

Fig. 8a presents the dependence of the mean contact radius on the sliding distance. The
contact area increases during the sliding. The first image in Fig.8b is the contact area when
the indenter is pressed to position 3. The blue color in second and third images represents
the increased area in comparison with state 3, and the orange color represents the reduced
area. One can clearly see the enlargement of contact region after sliding. It occurs at the
rear edge as explained in Section 2, case I. Fig.8c and Fig.8d show the normal force
decreasing during the sliding and the dependence of tangential force on the sliding distance.

Fig. 9 shows the case of sliding after indentation and pull-off to position 4. The first
image in Fig. 9b shows the contact area when the indenter is pulled off to position 4. From
both curve in Fig. 9a and images of contact area, it is seen that the contact area is reduced
during sliding in this case. These results agree with the prediction in Section 2.
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5. CONCLUSIONS

Analysis of experimental data on shearing adhesive contacts after pre-loading shows that
the reaction of the contact on shear does depend on the preloading history. Depending on
preloading, shear can lead to increase or decrease of contact area and to decrease or increase of
normal contact force. A very rough understanding of all possible situations is provided already
by a very simple model based on Fuller and Tabor model. More detailed understanding can be
achieved by considering correct three-dimensional stress distribution (e.g. using BEM
simulation). Numerical simulations show smaller effects of area increase and decrease depending
as in experiment. This discrepancy may be caused by relaxation effects. The complete
understanding probably needs consideration of material and geometrical non-linearities.
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