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The eﬀect of surface roughness and viscoelasticity
on rubber adhesion
A. Tiwari, ab L. Dorogin, bcd A. I. Bennett,e K. D. Schulze,e W. G. Sawyer,e
M. Tahir,c G. Heinrichc and B. N. J. Persson *b
Adhesion between silica glass or acrylic balls and silicone elastomers and various industrial rubbers is
investigated. The work of adhesion during pull-oﬀ is found to strongly vary depending on the system,
which we attribute to the two opposite eﬀects: (1) viscoelastic energy dissipation close to an opening
crack tip and (2) surface roughness. Introducing surface roughness on the glass ball is found to increase
the work of adhesion for soft elastomers, while for the stiﬀer elastomers it results in a strong reduction
in the work of adhesion. For the soft silicone elastomers a strong increase in the work of adhesion with
increasing pull-oﬀ velocity is observed, which may result from the non-adiabatic processes associated
with molecular chain pull-out. In general, the work of adhesion is decreased after repeated contacts due
to the transfer of molecules from the elastomers to the glass ball. Thus, extracting the free chains
(oligomers) from the silicone elastomers is shown to make the work of adhesion independent of the
number of contacts. The viscoelastic properties (linear and nonlinear) of all of the rubber compounds are
measured, and the velocity dependent crack opening propagation energy at the interface is calculated.
Silicone elastomers show a good agreement between the measured work of adhesion and the predicted
results, but carbon black filled hydrogenated nitrile butadiene rubber compounds reveal that strain
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softening at the crack tip may play an important role in determining the work of adhesion. Additionally,
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performed: a strong reduction in the work of adhesion is measured for the silicone elastomers submerged
in water, and a complete elimination of adhesion is found for the water + soap solution attributed to an
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osmotic repulsion between the negatively charged surface of the glass and the elastomer.

adhesion measurement under submerged conditions in distilled water and water + soap solutions are also

1 Introduction
Contact mechanics and adhesion are central topics in Tribology1–3
with applications to tires, seals, human joints, pressure sensitive
adhesives, granular matter, wiper blades and syringes, to name
just a few. Contact mechanics for elastic solids with randomly
rough surfaces in the absence of adhesion is now well
understood.4–10 However, with adhesion the problem becomes
much more complex and is not yet fully understood,4,11–19
in particular for real materials like rubber with viscoelastic
(and non-linear) properties.20–23

a

Department of Mechanical and Industrial Engineering, Norwegian University of
Science and Technology, Richard Birkelandsvei 2B, N-7491 Trondheim, Norway
b
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Even the weakest forces acting between the atoms in solids
are strong on a macroscopic scale.24,25 Nevertheless, adhesion
is usually not detected at the macroscopic length scale, e.g., we
do not observe any adhesive forces when walking even on very
smooth surfaces, unless the surfaces are contaminated with a
very soft (typically viscoelastic) material like chewing gum. The
reason for the negligible strength of adhesion at the macroscopic length scale is mainly due to surface roughness. Thus,
surface roughness reduces the area of real contact and, more
importantly, to make contact with a rough surface it is necessary
to locally deform the solids at the interface; during pull-oﬀ the
stored elastic energy is given back which helps to break the
adhesive bonds resulting in a nearly vanishing pull-oﬀ force in
most cases. In the language of the renormalization group
theory, we may state that integrating out the short lengthscale degrees of freedom results in the macroscopic state where
adhesion usually does not manifest itself directly.26 It is important to note, however, that even if no adhesion can be detected
in a pull-oﬀ experiment, the adhesive interaction will always
increase the area of real contact and hence will aﬀect, e.g.,
sliding friction.27

This journal is © The Royal Society of Chemistry 2017

Paper

For very soft elastic solids, e.g. for soft rubber, and for very
smooth surfaces, adhesion can manifest itself also at macroscopic
length scales. In nature, natural selection has resulted in insects,
tree frogs and Geckos having adhesive pads built in a hierarchical
way from elastically stiﬀ materials (keratin-like proteins with an
elastic modulus of B1000 times higher than that of typical rubber
materials), which are soft on all length scales, and allow the
animals to adhere even to very rough surfaces.28–30
Adhesion is often studied using a flat cylinder punch,22,31
but from both an experimental and theoretical point of view the
simplest and the most well-defined contact mechanics problem
is the contact between a ball (radius R) and a flat surface. For
this problem two limiting cases can be solved exactly, namely
the case of an elastically soft contact with large radius R, where
the Johnson–Kendall–Roberts (JKR)32,33 theory is valid, and that
of an elastically hard contact with small radius R, where the
Derjaguin–Muller–Toporov (DMT)34 theory is valid. The contact
between elastic solids with random roughness on many length
scales is a much more complex topic, involving asperities with
the radius of curvature extending over many decades on a length
scale. In this case the contact mechanics may appear DMT-like at
short length scales and JKR-like at long length scales. Using the
language of the renormalization group theory, as we integrate
out length scales we may pass from a DMT-like picture at a short
length scale, where the contact mechanics depends on the
detailed nature of the interaction potential between the atoms,
to a JKR-like picture at a longer length scale, where the detailed
nature of the interaction potential is unimportant, and where
just the work of adhesion (which now depends on the length
scale) matters, to the macroscopic limit where perhaps the
adhesion (as manifested as a pull-off force) vanishes.
In the present study we consider the adhesion between
rubber materials and smooth (and rough) counter surfaces.
We study the adhesion between glass and acrylic balls, and several
types of rubbers. The surface energies of all the rubbers are very
similar, but we find that the work of adhesion during pull-oﬀ
varies over several orders of magnitude. This is remarkable
because in the adiabatic (i.e., infinitesimally low pull-oﬀ velocity)
limit the work of adhesion for smooth surfaces should be equal to
the change in the interfacial free energy Dg = g1 + g2  g12 (where
g1, g2 and g12 are the solid–vapor interfacial energies of solids 1
and 2, and the interfacial energy of the contact between solids 1
and 2, respectively), which is expected to change very little
between the different systems.3 We show that the strong variation
in the work of adhesion is due to two competing effects: nonadiabatic effects, in particular the viscoelastic energy dissipation
in the vicinity of the opening crack tip,23,43 which tend to strongly
increase the work of adhesion, and the influence of surface
roughness which tends to reduce the work of adhesion.44 For
the soft silicone elastomers studied below there appear to be still
another contribution to the work of adhesion, which increases
strongly with the crack tip velocity. This contribution may have a
similar origin as that for pressure sensitive adhesives, involving,
e.g., cavitation and stringing,22 but visual inspection of the contact
region does not support this conclusion. We instead believe that it
is due to non-adiabatic processes associated with chain pull-out.
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This paper is organized as follows: in Section 2 we present a
short review of the JKR-theory which is used to analyze the
experimental data. In particular we show how the (opening) crack
tip velocity vr can be determined from the time-dependency of the
interaction force F(t) and pull-oﬀ displacement d(t). The crack tip
velocity is needed for the determination of the viscoelastic contribution to the crack propagation energy (or work of adhesion)
(see Section 4.5), and also the nature of the bond-breaking in the
crack tip process zone depends on this velocity. In Section 3 we
briefly describe the two experimental set-ups used for the adhesion studies. In Section 4.1 we study adhesion using an acrylic ball
in contact with polydimethylsiloxane (PDMS). The contact is
studied using an optical microscope and the time dependency
of the contact radius is measured and found to be in good
agreement with the JKR prediction. This result is very important
because in the second experimental set-up no direct observation
of the contact was possible, but based on the success of the JKR
theory for the acrylic ball we used the JKR theory to calculate vr
from the time dependency of the pull-oﬀ force. In Section 4.2–4.6
we present experimental results for a silica glass ball in contact
with PDMS. The influence of surface roughness is studied in
Section 4.3 using a sandblasted glass ball. The dependency of the
work of adhesion on the waiting time (time of stationary contact)
is shown in Section 4.4. The dependency of the work of adhesion
on the crack tip velocity is studied in Section 4.5 for PDMS. In
Section 4.6 we study the adhesion for PDMS with extracted
oligomers. In Section 4.7 we describe adhesion between glass
and PDMS in water and in water + soap. In Section 5 we present
experimental results and theory analysis for the adhesion between
the glass ball and several different types of rubber: Acrylonitrile
Butadiene Rubber (NBR), Ethylene Propylene Diene (EPDM) and
Polyepichlorohydrin terpolymer (GECO) (Section 5.1), and Hydrogenated Nitrile Butadiene Rubber (HNBR) with various amounts
of carbon black filler (Section 5.2). This paper is finalized with the
summary and conclusions in Section 6.

2 Short review of the Johnson–
Kendall–Roberts theory
The analysis of the experimental data is based on the JKR theory.32
The contact region between a spherical probe (radius R) and a flat
rubber surface is circular with a radius r. The interaction between
the solids is described by the work of adhesion w, which is the
energy per unit surface area necessary to separate two flat surfaces
from their equilibrium contact position to infinite separation.
According to the JKR theory the relation between the force F and
the radius r on the stable branch of the interaction curve is
"

1=2 #
3RFc F
F
3
r ¼
;
(1)
þ2þ2
þ1
4E  Fc
Fc
where E* = E/(1  n2), and E and n are the rubber’s Young’s
modulus and Poisson’s ratio, respectively, and
Fc ¼

3p
wR;
2

(2)
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is the maximum pull-oﬀ force. Thus for an elastic solid, if the ball
is pulled by a soft spring (and neglecting inertia eﬀects), at F = Fc
the pull-oﬀ force abruptly drops to zero.
It is well known that the separation line r = r(t) can be
considered as a crack tip. The work of adhesion w in general
:
depends on the velocity vr = r of the opening (during pull-oﬀ)
or closing (during contact formation) crack. At finite crack
velocity, for an opening crack w can be strongly enhanced,
and for a closing crack it is strongly reduced, compared to the
adiabatic (infinitely low crack tip velocity) value w0. One contribution to the work of adhesion is derived from the viscoelastic energy dissipation in the vicinity of the crack tip
(see Fig. 1). For an opening crack this will enhance w with a
factor 1 + f (vr,T), which depends on the crack tip velocity vr and
the temperature T. For a closing crack the corresponding
reduction factor is approximately E1/(1 + f (vr,T)) as described
in ref. 45.
The JKR theory assumes elastic solids, and it is not clear
a priori if it can be applied to viscoelastic solids like rubber.
However, if the elastic deformation field far away from the
crack can be treated as elastic, and if the pull-oﬀ velocity is not
too high, one expects the JKR theory to hold also for viscoelastic
solids.
We have performed two sets of experiments using two
diﬀerent set-ups. At the University of Florida (UF) the probe
ball is an acrylic ball with a diameter of 0.635 cm which is
brought into contact with the substrate using an approximately
rigid drive. In this set-up we could study the contact region
optically and determine the radius of contact r(t) directly. In the
Jülich set-up the probe ball is a soda-lime silica glass ball
with diameter 4 cm (dry surfaces) or 2.5 cm (in fluids). In this
case the drive can be represented by a relatively soft spring
(see Fig. 2), and the contact region is not observed directly but
only the time dependency of the interaction force F(t) and the
displacement s(t) of the upper part of the driving spring are
measured.
Since the work of adhesion depends on the crack tip velocity
:
vr = r(t) we need to determine this quantity. In the UF experiments it can be obtained directly since the time-dependency of
the radius r(t) is measured optically. In the Jülich experiments
we calculate vr from the time dependency of F(t) assuming that
the JKR theory is valid. Thus using (1) we can obtain r(t) from
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Fig. 2 If the spherical body can be treated as rigid, the penetration d is
equal to the displacement of the uppermost point of the ball towards the
substrate where d = 0 corresponds to the case when the ball just touches
the (undeformed) substrate in one point. Often d is not measured directly
but rather the displacement s further away and in this case some elastic
element (spring constant k) relates the displacements d and s via k(s  d) = F,
where F is the force exerted by the ball on the substrate.

the measured F(t). During pull-oﬀ the velocity vr varies with
time, but what is most important is the velocity at the point
when the pull-oﬀ force is maximal; this is the crack velocity
quoted below.
There is a second way one can derive the velocity vr, namely
from the time dependency of the vertical displacement of the
drive. Thus using the JKR relation between the penetration d
and the radius r of the contact region,
d¼



r2
2pwr 1=2

;
E
R

(3)

one can show that at pull-oﬀ (F = Fc)20

vr ¼

9R2 E 
16Fc

1=3

_
d:

(4)

However, this equation can be used only if the penetration d(t)
is known. If the drive is rigid (or stiﬀ enough) d(t) is equal (or
near equal) to the drive displacement s(t). This is the case in the
UF set-up, but not in the Jülich set-up where an eﬀective spring
separates the drive from the glass ball (see Fig. 2). If the spring
constant is denoted by k, then k(s  d) = F.
We have tested the JKR theory predictions above using the
UF set-up where r(t) was measured directly (see Section 4.1). We
found a good agreement between the experiments and the JKR
theory prediction. Thus, in analyzing the experiments performed in Jülich we have obtained vr from the time dependency
of the interaction force F(t) using (1).

3 Experimental
Fig. 1 A rigid ball pulled away from a viscoelastic solid. A part of the
energy needed to remove the ball is derived from viscoelastic energy
dissipation inside the rubber close to the opening crack tip (red dashed
region).
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We have studied the adhesion interaction between spherical
bodies (balls) and rubber. The balls are made from silica glass
(Jülich lab) or acrylic polymer (UF lab). In the UF experiments
the substrates were polydimethylsiloxane (PDMS) with diﬀerent
crosslink densities. The same substrates were used in the Jülich
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experiments, but here we also studied adhesion against several
other types of rubber.
In the experiments performed in Jülich we brought a glass
ball (with diameter 2R E 4 cm) into contact with a rubber
substrate as shown in Fig. 3. It is positioned on a very accurate
balance (analytical balance produced by Mettler Toledo, model
MS104TS/00) which has a reproducibility of 0.1 mg (or E1 mN).
After zeroing the scale of the instrument we can measure the
force on the substrate as a function of time which is directly
transferred to a computer at a rate of 1 data point per second.
To move the glass ball up and down we have used an electric
motor coiling up a nylon cord, which is attached to the glass ball.
The pulling velocity as a function of time can be specified on a
computer. In the experiments reported on below the glass ball is
repeatedly moved up and down, for up to B20 contact cycles,
involving a measurement time of up to 70 hours. Fig. 7 below
shows a typical force–time curve during one contact cycle.
The second experiment (at UF) involves micro adhesion
experiments with in situ contact observation (see Fig. 4). An
optical in situ microtribometer21 was used for micro-scale
adhesion experiments. The tribometer (see Fig. 4) was used to
perform load–unload experiments between an acrylic ball (with
diameter 2R E 0.635 cm) and flat sheets of the PDMS elastomer.
The ball is fixed to the end of a cantilever force transducer with
deflection monitored by capacitance probes. The probe is lowered into and raised out of contact using a piezoelectric stage.
Externally applied load is measured with a resolution of better
than 1 mN, and is linearly proportional to the displacement of the
capacitance probe; ball penetration d is monitored by subtracting the cantilever deflection from the piezoelectric stage position. Images of the contact between the acrylic ball and the
PDMS elastomer, see Fig. 4, are acquired at 2 images per second
and synched with force and position data. The images are
processed to calculate the radius of contact r(t) as a function
of time t.
The equipment we used to measure the pull-oﬀ force is
highly accurate, and can resolve forces of the order of 1 mN,
while the smallest pull-oﬀ force we measure is of the order of
1 mN, i.e., 1000 times larger than the instrumental resolution.
However, the balance used in the Jülich experiments gives the
load (or normal force) only as 1 data point per second and in

Fig. 3

The Jülich experimental set-up for measuring adhesion.

This journal is © The Royal Society of Chemistry 2017

Fig. 4 The University of Florida experimental set-up for measuring adhesion, and optical images of the contact.

some cases, where the negative force occurs over a short time
period (say a few seconds), this introduces an uncertainty in the
measured pull-oﬀ force, and it is the origin of the ‘‘noise’’
which can be observed in Fig. 17 for the highest pull-oﬀ speeds.
In addition to this uncertainty, which occurred in just a few
(high speed) measurements, there is an uncertainty in the
results presented below due to fluctuations in the surface
conditions like surface roughness and contamination. These
uncertainties can only be studied by repeating the experiments
several times. We did do so in some cases, see e.g. the inset in
Fig. 8, where we show the results when adhesion tests were
performed on some PDMS compounds 2 months after performing the original measurements reported in this figure.
In the study below we have used many types of rubber but
the main focus is on PDMS elastomers which were produced
from Sylgard 184. This is a two-component kit purchased from
Dow Corning (Midland, MI) consisting of a base (vinyl-terminated
polydimethylsiloxane) and a curing agent (methylhydrosiloxane–
dimethylsiloxane copolymer) with a suitable catalyst. From these
two components we prepared mixtures of 1 : 10, 1 : 20, 1 : 30, 1 : 40
and 1 : 50 (cross-linker/base) in weight. The mixture was degassed
to remove the trapped air induced by stirring from the mixing
process and then poured into the cast. The samples were cured in
an oven at 80 1C for 14 h.
We note that even after curing the samples still there are free
polymer chains in the bulk which can move (diﬀuse) to the
surface of the PDMS ball and hence influence the adhesion
interaction. It is possible to remove a large fraction of these free
chains by swelling in hexane. In our earlier study20 we found
that for the 1 : 10 compound the weight of the elastomer was
reduced by E3.6% upon extracting the free chains. For the 1 : 10
compound used below we found a similar mass reduction,
namely E4.0%. The other elastomers with a smaller crosslinker/base ratio will contain even more uncrosslinked polymer
chains, and for the 1 : 50 compound we found that the weight of
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the elastomer was reduced by E40.4%. In fact, the 1 : 50 sample
broke up into small fragments during the swelling and subsequent drying processes.

4 Experimental results for
polydimethylsiloxane
4.1

Acrylic ball

We first considered the measured adhesion data obtained using
the UF set-up. In these experiments an acrylic ball was moved
in and out of contact 5 times. Before each such measurement
sequence the acrylic ball was cleaned with ethanol.
The contact area was studied optically and the contact
radius r(t) was measured. Hence we can compare the velocity
:
vr = r(t) with the JKR predictions using either the measured time
dependence of the force F(t), from which we can calculate r(t)
from (1), or from the known pull-oﬀ velocity vz ¼ s_  d_ using (3).
In particular we are interested in the velocity vr when the pull-oﬀ
force is maximal.
The JKR theory was developed for an elastic solid, so the most
problematic case is the PDMS 1 : 50 as this has the strongest
dissipative characteristics. In Fig. 5 we show the radius of the
contact region as a function of normal force for an acrylic
spherical probe (diameter 2R = 0.635 cm) during approach and
retraction from a 1 : 50 Sylgard elastomer. The yellow squares are
the measured data, and the blue and red lines are the JKR fit
curves during retraction and approach, respectively. The dotted
lines are the unstable branch of the JKR adhesion curves. In the
JKR fit we used the Young’s elastic modulus E = 18.8 kPa and the
work of adhesion w = 0.18 J m2 (retraction) and w = 0.015 J m2
(approach). The Young’s modulus obtained from the JKR fit is in
relatively good agreement with the Dynamic Mechanical Analysis
(DMA) study presented below (see Section 4.5).
In the present experiments the normal drive velocity
vz = 0.475 mm s1 and using (from Fig. 5) E* = E/(1  n2) E
25 kPa (where we have used that for rubber materials the Poisson
ratio n E 0.5) and the measured pull-oﬀ force, Fc E 2.7 mN,
from (4) we get vr = 3.75vz E 1.79 mm s1. This value is very close
to the value we obtain directly from the measured r = r(t). Thus in
Fig. 6(a) we show the measured time dependency of contact
radius r(t), and of the displacement of the drive s(t), scaled by a
factor of 3.75. The displacement of the drive curve was shifted
vertically so as to overlap the measured r(t)-data close to pull-oﬀ.
The adhesion experiment was repeated 5 times and the diﬀerent
symbols refer to diﬀerent measurements. The pull-oﬀ velocity is
:
vz = s(t) E 0.475 mm s1. Note that to within the accuracy of the
experiment, the relation vr = 3.75vz is well obeyed close to the
time t = tc where the pull-oﬀ force is maximal (indicated by
the vertical dashed line in Fig. 6). Using vz = 0.475 mm s1 we get
vr E 1.78 mm s1, which is close to the value of 1.79 mm s1
obtained from (4). It is interesting to note that the opening crack
:
velocity vr = r(t) is close to 1.78 mm s1 also on a large part of the
unstable branch of the pull-oﬀ curve (i.e., for t 4 tc).
In Fig. 6(b) we show the normal force F(t) as a function of
time. It is interesting to note that while the normal force is the
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Fig. 5 The radius of the contact region as a function of normal force for an
acrylic spherical probe (diameter 2R = 0.635 cm) during approach and
retraction from a 1 : 50 Sylgard elastomer. The yellow squares are measured
data during 5 contact cycles, and the blue and red lines are the JKR fit during
retraction and approach, respectively. The dotted lines are the unstable
branch of the JKR adhesion curves. The fit uses the Young’s elastic modulus
E = 18.8 kPa and the work of adhesion w = 0.18 J m2 (retraction) and
w = 0.015 J m2 (approach). The drive velocity vz = 0.475 mm s1 and the
crack tip velocity when the pull-oﬀ force is maximal vr = 1.78 mm s1.

largest at the time when the indentation is the largest, the radius
of the contact area is maximal about 200 s later. This is due to
the viscoelastic nature of the elastomer. Thus, the JKR theory is
not exact in the present context, but for our purpose the
deviations between theory and experiments are unimportant.
In Table 1 we summarize the results obtained by analyzing
the measured data for all the PDMS compounds. The Young’s
modulus and work of adhesion was obtained by fitting the
measured data to the JKR prediction as shown in Fig. 5. The
velocity of the opening crack at the point where the adhesion
force is maximal was obtained from the dependency of r(t) on
time (method [1]), as in Fig. 6(a) for the 1 : 50 compound, or
from (4) (method [2]). We note that the wopen and wclose are
rather uncertain, in particular for compounds 1 : 10 and 1 : 20,
due to the noise in the measured data. The results in Table 1
will be discussed later.
4.2

Glass ball

We now present the results obtained using the experimental
set-up in Jülich. Fig. 7 shows the interaction force as a function
of time between an originally clean glass ball and the Sylgard
PDMS elastomer with a composition of 1 : 30. In (a) we show a
cycle of 5 contacts. In (b) we show a magnified view of contact 3
(dashed rectangle in (a)) and in (c) we show contact during
approach (dashed rectangle in (b)). The drive velocity is
vz = 0.87 mm s1 and the crack tip velocity when the pull-oﬀ
force is maximal vr = 5.1 mm s1. Note that the pull-oﬀ force
decreases with the number of contacts.
The work of adhesion (obtained from (2)) during retraction
(separation) is shown in Fig. 8 as a function of the number of
contacts for all the PDMS compounds. The glass ball was
originally cleaned with acetone but due to surface contamination
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Fig. 6 (a) The radius of the contact region r(t) (red, green and blue
symbols) and the displacement of the drive s (black line) scaled by a factor
of 3.7, as a function of time. The displacement of the drive s(t) curve was
shifted vertically so as to overlap the measured data close to pull-oﬀ. (b) The
normal force F(t) as a function of time. The adhesion experiment was
repeated 5 times and the diﬀerent symbols refer to diﬀerent measurements.
For the PDMA 1 : 50 elastomer under the conditions given in Fig. 5.

Table 1 The Young’s modulus E, the work of adhesion during approach
wclose and during retraction wopen the pull-oﬀ velocity vz, and the opening
crack tip velocity vr at the point where the adhesion force is maximal. The
latter is obtained directly from the r(t)-data (method [1]) and from (4)
(method [2]). The adhesion data are for an acrylic ball in contact with PDMS
1 : 10, 1 : 20, 1 : 30, 1 : 40 and 1 : 50 compounds

Compound

1 : 10

1 : 20

1 : 30

1 : 40

1 : 50

E [MPa]
wclose [J m2]
wopen [J m2]
vz [mm s1]
vr[1] [mm s1]
vr[2] [mm s1]

2.3
0.012
0.08
0.108
2.39
2.64

0.75
0.012
0.10
0.154
2.40
2.41

0.25
0.012
0.15
0.208
1.97
1.97

0.068
0.013
0.18
0.231
1.34
1.33

0.019
0.015
0.18
0.475
1.78
1.79

Fig. 7 The interaction force as a function of time between an originally
clean glass ball and the Sylgard PDMS elastomer with a composition of
1 : 30. In (a) we show a cycle of 5 contacts. In (b) we show a magnified view
of contact 3 (dashed rectangle in (a)) and in (c) we show contact during
approach (dashed rectangle in (b)). The drive velocity is vz = 0.87 mm s1 and
the crack tip velocity, when the pull-oﬀ force is maximal, vr = 5.1 mm s1.

by the uncrosslinked PDMS molecules, the adhesion decreases
with the number of contacts. The eﬀect is very large for the 1 : 50,
1 : 40 and 1 : 30 compound but rather small for the 1 : 20 and
1 : 10 compounds. Note also that it appears that for the 1 : 30
compound the work of adhesion will reach its asymptotic (large
contact number) value after about 20 contacts.
To test the reproducibility of the results presented above, the
inset in Fig. 8 shows the work of adhesion during retraction
(separation) as a function of the number of contacts for the

1 : 10 and 1 : 50 PDMS compounds. The red and blue circles are the
results obtained 2 months later using a new prepared PDMS
sample and a new, nominally identical glass ball. The thickness
of the PDMS slab was E4 mm in the first experiment (red squares)
and E8 mm in the second experiment. In addition the experiments
were performed at diﬀerent (unknown) humidities and at slightly
diﬀerent temperatures in the range of (20  2) 1C. The glass balls
were cleaned with acetone before each measurement sequence. In
spite of these diﬀerences in the experimental conditions the
agreement between the two sets of measurements is very good.
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Fig. 8 The work of adhesion during retraction (separation) as a function
of the number of contacts for all the PDMS compounds. The glass ball was
originally cleaned with acetone but due to surface contamination by the
uncrosslinked PDMS molecules, the adhesion decreases with the number
of contacts. The eﬀect is very large for the 1 : 50, 1 : 40 and 1 : 30
compounds but rather small for the 1 : 20 and 1 : 10 compounds. In the
inset we compare the work of adhesion for compounds 1 : 10 and 1 : 50
with measurements (open symbols) performed B2 month later for the
same compounds. The drive velocity is vz = 0.87 mm s1.

Before each measurement sequence, where we study
repeated contact between the glass ball and the PDMS surface,
we clean the glass ball with acetone. For the 1 : 30, 1 : 40 and
1 : 50 compounds we find that the work of adhesion drops
strongly with the number of contacts (see Fig. 7 and 8). We
interpret this as resulting from the transfer of uncrosslinked
(free) PDMS molecules to the glass surface. For the 1 : 10 and
1 : 20 compounds the dependency of the work of adhesion on
the contact number is much weaker. This suggests that these
compounds have a much smaller amount of free PDMS molecules at the elastomer surfaces than the 1 : 30, 1 : 40 and 1 : 50
compounds. However, a small drop in the work of adhesion
occurred also for the 1 : 10 and 1 : 20 compounds, which is
consistent with earlier studies.46–48
For the acyclic ball we observed a much smaller change in
the work of adhesion (or the pull-oﬀ force) with the number of
contacts. This is illustrated in Fig. 9 for the 1 : 50 compound.
We show the adhesion data for contact 1 (blue squares) and
contact 4 (green squares). Within the noise of the experiment
there was no change in the work of adhesion during retraction.
To understand this diﬀerence between the UF and Jülich
experiments, note that the surface energy (per unit surface area)
for glass cleaned by acetone (which results in a surface still
covered by water and some organic contamination) is typically49
g E 0.06–0.07 J m2. The surface energy of the acrylic polymer is
only50 E0.03 J m2, i.e., about half of that of the glass surface.
The surface energy of PDMS51 E0.02 J m2 is similar to that of
the acrylic polymer ball. Hence the probability for the acrylic ball
to pick up PDMS molecules during contact with the PDMS is
smaller than for the glass ball. Furthermore, if the acrylic ball
gets covered by PDMS molecules it will have a relatively small
influence on the surface energy of the ball, and hence on the
adhesion force. Finally, we note that ethanol is not as strong a
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Fig. 9 The radius of the contact region as a function of normal force for
an acrylic spherical probe (diameter 2R = 0.635 cm) during approach and
retraction from a 1 : 50 Sylgard elastomer. The blue and green squares are
measured data for contact cycle 1 and 4, respectively, and the blue and red
lines are the JKR fit during retraction and approach, respectively. The drive
velocity vz = 0.475 mm s1 and the crack tip velocity when the pull-oﬀ
force is maximal vr = 1.78 mm s1.

cleaning agent as acetone, and we cannot exclude that some
PDMS molecules remain on the acrylic ball after cleaning the
ball with ethanol.
In a simple approach one assumes that the adiabatic work of
adhesion is3 w0 = 2(g1g2)1/2 (where g1 and g2 are the surface
energies of solids 1 and 2), which in the present case would give
w0 E 0.04 J m2 for PDMS against PDMS, w0 E 0.05 J m2 for
PDMS against a clean acrylic polymer, and w0 E 0.08 J m2 for
PDMS against the glass surface. When pull-oﬀ occurs at a finite
velocity the work of adhesion increases due to non-adiabatic
eﬀects. For the PDMS 1 : 10 against an acrylic polymer we obtain
the work of adhesion during pull-oﬀ (at the crack velocity
vr E 2.5 mm s1) to be about w E 0.08 J m2 (see Table 1)
(but this value is rather uncertain due to noise in the measured
data), which is about 60% larger than expected in the adiabatic
limit. For the same PDMS against glass we get the work of
adhesion (at the crack velocity vr E 4 mm s1) w E 0.16 J m2
(from Fig. 8), which is about B100% larger than expected in the
adiabatic limit. As will be shown below (see Section 4.5), for
these cases the increase in the work of adhesion (compared to
the adiabatic limit) can be explained as due to viscoelastic
energy dissipation in front of the moving crack tip.
4.3 Dependence of the work of adhesion on the surface
roughness
We now study how the adhesion depends on the surface roughness. This topic was also studied in a pioneering work by Fuller
and Tabor.35 Fig. 10 shows the logarithm of the work of adhesion
during retraction (separation) as a function of the number of
contacts for the 1 : 10 (red symbols) and the 1 : 50 (blue symbols)
PDMS compounds. The squares are for a smooth glass ball and
the stars for a sand blasted glass ball. The glass balls were cleaned
with acetone. Note the remarkable diﬀerence between the soft
1 : 50 elastomer and the stiﬀer 1 : 10 compound. For the stiﬀ
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compound for the first contact the work of adhesion decreases
from B0.2 J m2 (smooth glass ball) to B3  104 J m2 (rough
glass ball) i.e. by a factor of B700. For the soft compound
the work of adhesion instead increases from B0.9 J m2 to
B1.6 J m2 i.e. by nearly a factor of B2.
For the stiﬀ compound the drop in adhesion is due to the
reduction in the contact area and due to the elastic energy
stored at the interface when the elastomer surface deform
locally to make contact with the rough surface.44 During pulloﬀ part of this elastic energy is ‘‘given back’’ which helps to
break the interfacial bonds. For the soft compound complete
contact is likely to occur at the interface and very little elastic
energy is stored at the interface because of the low value of the
elastic modulus. Because of the surface roughness the area of
contact between the glass and the elastomer is increased.
We have measured the surface topography of the sandblasted
surface using AFM but only for roughness with wavenumber
q o 0.1 nm1. If we extrapolate the power spectrum up to
q = 1 nm1 we calculate the ratio between the true surface area and
the projected surface area Atot/A0 E 1.7 (and surface rms-slope 1.5),
and the surface area would be even larger using an atomic cut-oﬀ
q = 2p/a E 10 nm1.
Another mechanism which results in an increase in the
work of adhesion is due to surface roughness induced elastic
instabilities (see Fig. 11).52–56 For perfectly smooth surfaces
and for elastic solids (no viscoelasticity), the elastic energy
stored ahead of a crack tip flows to the crack tip and is fully
used to break the adhesive bonds at the crack tip. However,
when surface roughness is present, local elastic instabilities
may occur which result in fast local detachment events
(see Fig. 11) at a velocity unrelated to the crack tip velocity.
For elastic solids this leads to the emission of elastic waves
(phonons) which will give rise to a contribution to the work
of adhesion. It is not clear, however, how important such
processes are in the present case.

Fig. 10 The logarithm of the work of adhesion during retraction (separation) as a function of the number of contacts for the 1 : 10 (red symbols)
and the 1 : 50 (blue symbols) PDMS compounds. The squares are for a
glass ball with a smooth surface and the stars for a sand blasted glass
surface. The glass balls were cleaned with acetone. The drive velocity is
vz = 0.87 mm s1.
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Fig. 11 Elastic instabilities close to the crack tip gives a contribution to the
work of adhesion during pull-oﬀ.

4.4

Dependence of the work of adhesion on the contact time

It is well known that the strength of adhesive contacts usually
increases with the time of stationary contact, e.g., due to slow
(thermally induced) rearrangements of the atoms or molecules
at the interface. One manifestation of this is an increase in the
static (or breakloose) friction force with the time of stationary
contact. This has a profound influence on sliding dynamics, as
described by the Dieterich and Ruina rate and the state dependent friction law.36,37 The increase in the breakloose friction
force with the time of stationary contact is usually assumed to
result from a slow (thermally activated) increase in the contact
area.1 However, recent studies have shown that formation of
strong (covalent) bonds within the area of (atomic) contact can
also result in a slow (logarithmic in time) increase in the
(adhesive and shear) strength of the contact region. Thus, for
example, the formation of siloxane bonds between silica surfaces
has been suggested to result in an increase in the breakloose
friction force with the time of stationary contact (chemical
aging).38,39 Similarly, Chaudhury and coworkers have observed
time-dependent adhesion for PDMS with diﬀerent surface treatments, which they attributed to the formation of hydrogen
bonds between silanol groups at the interface.19
We have studied how the work of adhesion (which is proportional to the pull-oﬀ force) depends on the time of stationary
contact. Fig. 12 shows the work of adhesion w as a function of
the logarithm of the contact time (i.e., the time of stationary
contact) for the 1 : 10, 1 : 20 and 1 : 50 PDMS elastomers. The
glass ball is loaded against the PDMS surface with the same force
at time t = 0, and is removed with the same pull-oﬀ velocity
vz E 50 mm s1 in all cases. Before each experiment the glass ball
was cleaned with acetone. Note that there is a slow increase in
the work of adhesion, the exact origin of which we will not
speculate. We note, however, that for the contact time intervals
involved in the experiments performed in this study, the dependency of the work of adhesion on the time of stationary contact
is rather small, and does not change any conclusions, e.g.,
related to the dependency of w on the crack speed (Section 4.5).
4.5 Dependence of the work of adhesion on the pull-oﬀ
velocity
The contact line between a spherical probe and a rubber
substrate can be considered as a crack tip and the work of
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In ref. 23 and 43 we have shown that
"
#1
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0

(6)

where E0 = E(0) and where

 oa 2 1=2
:
FðoÞ ¼ 1 
2pv

(7)

The crack tip radius a = a(v) depends on the crack-tip velocity v
(and temperature), and it can be determined if one assumes
that the stress at the crack tip takes some critical value sc.
This gives
Fig. 12 The work of adhesion w as a function of the logarithm of the
contact (waiting) time (i.e., the time of stationary contact) for the 1 : 10,
1 : 20 and 1 : 50 PDMS elastomers. The glass ball is loaded against the PDMS
surface with the same force at time t = 0 and is removed with the same
pull-oﬀ velocity vz E 50 mm s1 in all cases.

adhesion equals the crack propagation energy per unit surface area
w. It is well known that the crack-propagation energy depends on
crack-tip velocity v and on temperature T i.e. w = w(v,T). In addition
it diﬀers for a closing crack and an opening crack.
The crack-propagation energy for an opening crack is often
written as:40–43,57
w(v,T) = w0[1 + f (v,T)].

(5)

Here we are interested in interfacial (between the rubber and
the substrate) crack propagation. In this case, as the crack
velocity vr - 0 (when viscous eﬀects in the rubber are
negligible), the measured value of w0 can be identified as
the energy w0 = g1 + g2  g12 needed to break the interfacial
rubber–substrate bonds, which are usually of the van der
Waals type.
For simple hydrocarbon elastomers, the eﬀect of temperature
can be completely accounted for by applying a simple multiplying factor, denoted by aT, to the crack velocity v, i.e., f (v,T) =
f (aTv). Moreover, values of aT found experimentally are equal to
the Williams–Landel–Ferry (WLF)58 function determined from
the temperature dependence of the bulk viscoelastic modulus.
This clearly proves that the large effects of crack velocity and
temperature on crack propagation in rubber materials are due to
the viscoelastic processes in the bulk.
In (5) the function f (v,T) = f (aTv) describes the bulk
viscoelastic energy dissipation in front of the crack tip. This
term is determined by the viscoelastic modulus E(o) of the
rubber, and can be calculated theoretically. The factor w0 is
due to the bond breaking (in our applications between the
rubber and the substrate) at the crack tip (in the so-called
crack-tip process zone), which may involve highly non-linear
processes. This term cannot be calculated theoretically, and
must be deduced directly from experimental data. The factor
f (v,T) in (5) may enhance w by a factor 103 or more at high
crack-tip velocities.

3610 | Soft Matter, 2017, 13, 3602--3621

a
w
¼
a0 w0

(8)

where a0 is the crack-tip radius for a very slowly moving
crack taken to be r0 = 1 nm. For high crack-tip velocities
w(v) E w0E(N)/E(0) c w0. This is possible only if the denominator in the integral in (6) is close to zero for high crack-tip
velocities which means that the term involving the integral
must be close to unity. If (6) is used directly to calculate w(v)
numerically this requires that E(o) is accurately known for all
frequencies, which is usually not the case. However, it is
possible to rewrite (6) in a form convenient for numerical
calculations.23 The predictions of the crack propagation
theory presented above were compared to experimental data
in ref. 23, 43 and 59–61.
Eqn (6) enables the prediction that for very high crack-tip
speed the work of adhesion is increased by a factor of
E(N)/E(0), where E(N) is the viscoelastic modulus for very high
frequencies (in the glassy region) and E(0) is the static modulus.
For rubber materials this factor is typically B1000. Since the
elastic modulus of the PDMS elastomers 1 : 10 to 1 : 50 is nearly
the same in the glassy region (see Fig. 14) (as expected from
theory), and since in the rubbery region the viscoelastic modulus
decreases with decreasing cross-link density (according to
Table 1 by a factor of B0.019/2.3 E 0.01 when going from the
1 : 10 elastomer to the 1 : 50 elastomer), it is clear that the
contribution from the propagation of the opening crack will
be larger for the 1 : 50 compound as compared to the 1 : 10
compound. This is confirmed by the calculations reported
below (see Fig. 16).
Many real rubber materials, in particular filled rubbers,
exhibit non-linear rheological properties and the viscoelastic
modulus E(o), which enters in the crack propagation theory,
should then be measured at a relatively large strain because the
strain in the vicinity of a crack tip, or at an asperity contact
region, will in general be very high (often of order 1).
In the present study we have measured the viscoelastic
modulus of the 1 : 10, 1 : 20 and 1 : 30 PDMS elastomers. We
find that when PDMS is slowly cooled it undergoes a (partial)
crystallization at T E 50 1C. If crystallization occurs one
expects to observe hysteresis as the temperature is increased
or decreased around the crystallization temperature. This is
illustrated in Fig. 13 which shows the logarithm of the real part
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Fig. 13 The logarithm of the real part of the viscoelastic modulus, Re E, as a
function of temperature T, for the PDMS 1 : 10 compound. The vertical lines
are the E-modulus segments obtained when the frequency is varied
between 0.25 Hz and 28 Hz. The red lines are the modulus obtained by
first rapidly decreasing the temperature to 140 1C, and then slowly
increasing the temperature while measuring the viscoelastic frequency
segments at diﬀerent temperatures. The rapid cooling did not allow the
elastomer to crystallize, but during heating the elastomer did crystallize. The
green lines were instead ordained by measuring the viscoelastic E-modulus
segments at diﬀerent temperatures during slow cooling of the elastomer
from 120 1C. In this case the elastomer crystallized at around 60 1C.

Fig. 14 The real part of the viscoelastic modulus, Re E as a function of the
angular frequency o for the PDMS 1 : 10 (red line), 1 : 20 (green line) and
1 : 30 (blue line). The modulus was obtained using temperature-frequency
shifting by first rapidly decreasing the temperature to 140 1C and then
slowly increasing the temperature while measuring the viscoelastic frequency segments at diﬀerent temperatures separated by 5 1C. The rapid
cooling did not allow the elastomer to crystallize, but during heating the
elastomer crystallizes when close (but below) to the melting temperature.
The region where the crystallization occurs (and where the temperaturefrequency shifting procedure fails) has been removed, and it corresponds
to the dotted lines.

of the viscoelastic modulus, Re E, as a function of temperature
T, for the PDMS 1 : 10 compound. The vertical lines are the
E-modulus segments obtained when the frequency is varied
between 0.25 Hz and 28 Hz. The red lines are the modulus
obtained by first rapidly decreasing the temperature to 140 1C,
and then slowly increasing the temperature while measuring the
viscoelastic frequency segments at diﬀerent temperatures. The
green lines were instead obtained by measuring the viscoelastic
E-modulus segments at diﬀerent temperatures during slow cooling of the elastomer from 120 1C.
Fig. 14 shows the real part of the viscoelastic modulus, Re E,
as a function of the angular frequency o for the PDMS 1 : 10
(red line), 1 : 20 (green line) and 1 : 30 (blue line). The modulus
was obtained using temperature-frequency shifting by first
rapidly decreasing the temperature to 140 1C, and then slowly
increasing the temperature while measuring the viscoelastic
frequency segments at diﬀerent temperatures separated by
5 1C. The rapid cooling did not allow the elastomer to crystallize, but during heating the elastomer crystallizes when close
(but below) to the melting temperature. The region where the
crystallization occurs (and where the temperature-frequency
shifting procedure fails) has been removed, and it corresponds
to the dotted lines in Fig. 14. Using our DMA instrument we
were not able to measure the viscoelastic master curve for the
softer 1 : 40 and 1 : 50 PDMS compounds.
Note that in the JKR study the deformation rate is of the
:
order of r(t)/r(t), which is of the order of 0.01 s1. From Fig. 14
for the frequency o = 0.01 s1 we obtain the elastic modulus
E E 2.2, 0.6 and 0.16 MPa for the 1 : 10, 1 : 20 and 1 : 30
compounds, respectively. The JKR analysis (see Table 1) gave
2.3, 0.75 and 0.25 MPa which are slightly larger E-values than

those obtained from the DMA measurements. We note, however,
that our measurement is for very small strain (0.04% strain)
while the strain at pull-oﬀ in the ball-rubber contact region is of
the order of d(t)/r(t) B 0.1 or 10% strain.
We have measured the pull-oﬀ force for the PDMS elastomer
for many pull-oﬀ velocities. Fig. 15 shows the work of adhesion
to increase with increasing pull-oﬀ velocity. Using the modulus
shown in Fig. 14 we have calculated the crack propagation
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Fig. 15 The work of adhesion during retraction (separation) as a function
of the number of contacts for the 1 : 50, 1 : 40 and 1 : 30 PDMS compounds.
The glass ball was originally cleaned with acetone but due to surface
contamination by the uncrosslinked PDMS molecules, the adhesion
decreases with the number of contacts. The results are shown for the
pull-oﬀ velocities vz = 35 mm s1 (stars) and 0.87 mm s1 (squares)
corresponding to typical crack velocities vr = 60–90 mm s1 and 3–7 mm s1,
respectively.
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Fig. 16 The work of adhesion as a function of the crack tip velocity at
the onset of instability (the point where the pull-oﬀ force is maximal). The
diﬀerent symbols are the measured data for the first contact between
the glass ball and the 1 : 10 to 1 : 50 elastomers. The solid lines are the
calculated crack propagation energy using (5)–(7) with w0 = 0.06 J m2.
The calculation uses the measured viscoelastic modulus for compounds
1 : 10, 1 : 20 and 1 : 30 and the results for compound 1 : 40 and 1 : 50 are
obtained by extrapolation from the 1 : 10, 1 : 20 and 1 : 30 compounds. The
dashed fit-lines cross the corresponding solid lines at the critical velocity
vc. Table 2 gives vc and the slope of the dashed lines.

energy using (5)–(8). In the studied velocity interval only the
modulus in the rubbery-like (low-frequency) region before
crystallization (i.e. before the dotted lines in Fig. 14) is used.
The thick solid lines in Fig. 16 show the calculated work of
adhesion at T = 20 1C using w0 = 0.06 J m2. The results for
compounds 1 : 40 and 1 : 50 were obtained by extrapolation
from the 1 : 10, 1 : 20 and 1 : 30 compounds.
The diﬀerent symbols are the measured data for the first
contact between the glass ball and the 1 : 10 to 1 : 50 elastomers,
at the crack tip velocity corresponding to the point where the
pull-oﬀ force is maximal. In accordance with our earlier
study,20 for the 1 : 10 compound the measured dependency of
the work of adhesion on the crack tip velocity, w = w(v), is in
good agreement with the calculated result for v o 100 mm s1.
For the 1 : 20 compound the velocity data points for
v o 10 mm s1 are in agreement with the calculation ( yellow
line), but the higher velocity data points occur at a much higher
work of adhesion value than that predicted by the theory. In the
study in ref. 20 (where we measured w to higher velocities than
in the present study), and also in the present study we observed
the same eﬀect for the 1 : 10 compound for crack tip velocities
above 100 mm s1. This indicates that for low enough crack-tip
velocity the measured data for the 1 : 10 and 1 : 20 compounds
follow the theory prediction, assuming that the velocity dependence of w(v) is due only to the viscoelastic factor f (v), but above
some critical crack tip velocity, vc, a new energy dissipation
mechanism contributes, and results in a very fast increase of
w(v) with increasing crack tip velocity. This picture is supported
by the data for the 1 : 30, 1 : 40 and 1 : 50 compounds in Fig. 16.
For these compounds w(v) increases very fast with increasing
crack tip velocity v. Thus, the critical velocity vc decreases with
decreasing cross-link density.
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We note that a fast increase in the crack propagation energy
can result from the temperature increase in the vicinity of the
crack tip due to the viscoelastic energy dissipation.62,63 However, at the low crack-tip velocities used in the present study,
and the low crack propagation energy, this eﬀect is negligible.
Because of the low crack tip speed v thermal diﬀusion will
spread out the crack propagation energy in a region in front of
the crack tip with radius r determined by r 2 = Dt where the
time t = r/v, and where D is the heat diﬀusivity. Thus r = D/v.
The heat diﬀusivity D = l/rc (where l E 0.1 W m2 is the
thermal conductivity, r E 103 kg m3 the mass density and
c E 103 J kg1 K1 the heat capacity) so that D E 107 m2 s1.
Hence even at the highest speed in Fig. 16, v E 103 m s1, we
get r E 1 mm i.e. similar to the radius of the JKR contact region.
The temperature increase can be estimated using wr2 E rcDTr3
or DT E w/(rcr) E wv/(rcD) = wv/l E 0.01 1C, which will have a
negligible influence on the interfacial crack propagation.
The dashed lines in Fig. 16 are linear fit to the measured
data for each PDMS compound in the logarithmic scale. The
dashed lines cross the corresponding solid lines at the critical
velocity vc. Table 2 gives vc and the slope of the dashed lines for
the 1 : 20 to 1 : 50 compounds.
It is not clear if the enhancement eﬀect with an onset at
v = vc is due to the increased fraction of uncrosslinked PDMS
chains, or due to the reduction in the (low-frequency) viscoelastic modulus with decreasing cross-link density. However,
we note that the 1 : 50 compound has a similar (low-frequency)
modulus as for pressure sensitive adhesives. For pressure
sensitive adhesives the experiments have shown that cavitation
and stringing occur in the contact area during separation, and
result in a huge increase in the work of adhesion.22 It is
possible that similar processes contribute to the large work of
adhesion in the present case, and that these processes only
occur when the stresses at the interface are high enough, which
require high enough crack tip velocities. However, inspection of
the contact region for the acrylic ball case indicated a smooth
circular and compact contact region, so most likely the increase
in the work of adhesion has another origin involving nonadiabatic processes during pull-oﬀ.
One possible mechanism of enhancement of the work of
adhesion is associated with the pull-out of non-crosslinked
chains. If the chain pull-out occurs, it is likely that the glass
ball gets contaminated with PDMS chains. Transfer of polymer
chains to the glass ball clearly occurs for the 1 : 30, 1 : 40 and
1 : 50 compounds. However, this is not the case for the 1 : 10
compound even at the highest pull-oﬀ velocity where w is
higher than that predicted by the viscoelastic crack propagation

Table 2 The critical crack tip velocity vc and the exponent a of the w B va
relation

Compound

vc (mm s1)

Exponent

1 : 20
1 : 30
1 : 40
1 : 50

6.3
0.13
0.063
0.013

0.50
0.34
0.34
0.28
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Fig. 17 The work of adhesion during retraction (separation) as a function
of the number of contacts for the 1 : 10 PDMS compound. The glass ball
was originally cleaned with acetone.

theory (see Fig. 17). Fig. 17 shows the work of adhesion during
retraction (separation) as a function of the number of contacts
for the 1 : 10 PDMS compound for the three highest pull-oﬀ
velocities (corresponding to the three highest (red square)
crack-tip velocity data points in Fig. 16). Note that even for
the two highest velocity data points there is no decrease in the
adhesion with the number of contacts. Thus, for the 1 : 10
compound there is little support for the chain-pull out mechanism for the enhancement of w for v 4 vc.
However, non-adiabatic processes may also be less drastic.
For example, a segment of a polymer molecule may bind to the
glass surface, gets stretched during pull-oﬀ, and flips back to
the polymer surface as the bond to the glass surface breaks.
At very low pull-oﬀ velocity the bond breaks due to the thermal
fluctuations, and there would be no enhancement in the work
of adhesion from this process. However, above some critical
velocity v 4 vc = d/t, where d is some atomic distance and t a
relaxation time with an activated temperature dependency
(t decreases as the temperature increases), the polymer chain
stretches before the glass–polymer bond break, and the elastic
energy in the stretched polymer gets dissipated as heat when
the bond breaks (non-adiabatic process).24,64 If this picture is
correct, the fact that vc decreases as the crosslink density
decreases implies that the relaxation time t must increase with
decreasing crosslink density. Since t = t0 exp(Ea/kBT) this could be
explained if the activation energy Ea involved in the bond-breaking
increases when the crosslink density decreases. At first this may
appear surprising since one expects higher mobility (i.e. lower
energy barriers) of the PDMS chains in the less crosslinked
compound. That is, in a more fluid-like material the material in
the surrounding of a polymer chain can more easily adjust or
displace away to lower the energy barriers for rearrangement of
the polymer chains. However, the most important effect on Ea will
be the interaction between the PDMS and the glass surface. If the
glass surface immediately gets covered by PDMS molecules during
the first contact with the PDMS sample, interdiffusion of PDMS
chains between the PDMS surface and the PDMS covered glass
ball may occur resulting in a possibly enhanced effective Ea.
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Work of adhesion for ‘‘extracted’’ polydimethylsiloxane

We have extracted the free chains (oligomers) from the 1 : 10,
1 : 30 and 1 : 50 PDMS elastomers by immersion in liquid hexane
for 2–4 days (resulting in swelling) followed by drying for several
days. After drying the 1 : 50 PDMS sample consisted of a large
number of small fragments with irregular surfaces, and no
adhesion experiments on this sample were possible. The 1 : 30
sample broke up into weakly coupled segments (layers), with
cavities, and a highly irregular surface (see Fig. 18). Still we were
able to perform adhesion measurements on the treated sample,
but the work of adhesion is certainly influenced by the strong
surface irregularities and the non-compact nature of the sample.
Fig. 19 shows the work of adhesion as a function of the
number of contacts (at the pull-oﬀ speed vz = 0.9 mm s1) for the
treated sample, and the original (non-treated) 1 : 30 PDMS
sample. Note that in contrast to the rapid drop in the work of
adhesion for the non-treated sample, for the treated sample the

Fig. 18 The 1 : 30 PDMS elastomer after swelling in hexane and drying the
sample.

Fig. 19 The work of adhesion as a function of the number of contact for
the 1 : 30 PDMS sample before extraction of the oligomers (pink squares)
and after extraction (green stars). The drive velocity is vz = 0.87 mm s1.
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work of adhesion is nearly independent of the contact number.
This indicates that the fast drop in the work of adhesion for the
non-treated sample is due to transfer of oligomers to the glass
surface. It is also remarkable that in spite of the large surface
roughness of the treated sample, the adhesion for the first
contact is only a factor of B2 smaller than for the non-treated
sample. This is due to the relatively low elastic modulus of the
1 : 30 PDMS elastomer. We note, however, that the quoted work
of adhesion is not accurate for the treated sample as the
condition for the validity of the JKR theory (homogeneous
substrate with flat surface) is not obeyed. Still, the observation
that the work of adhesion is nearly independent of the contact
number is accurate as it does not depend on the validity of the
JKR theory.
Due to the relatively small decrease in the mass (by B4%) of
the treated 1 : 10 sample, it has a shape essentially unchanged
from that of the original sample, and the work of adhesion for
the treated sample is nearly independent of the number of
contacts, just like for the non-treated sample. This is consistent
with the low concentration of oligomers in the original
(non-treated) sample.
4.7
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negatively charged in water. In water the elastomer gets covered
by fatty acid molecules with the hydrocarbon chain towards the
elastomer and the negative head group in the water (see Fig. 23(e)).
The glass surface will spontaneously become negatively charged
when immersed in water. This will result in an osmotic repulsion
between the surfaces. Hence no pull-oﬀ force is expected in this case.
For the contact between the glass ball and the PDMS in
distilled water we observe adhesion, but the work of adhesion is
about 5 times smaller than that under dry conditions (see
Fig. 21). Furthermore, while the work of adhesion in the dry
state decreases rapidly with the number of contacts, we observe
the opposite eﬀect in water (see Fig. 22). We believe that this is
due to the following eﬀect: if oligomers would be transferred to
the glass surface during contact with water, this will lower the
surface energy of the glass ball. Hence the glass ball will become
more hydrophobic and the adhesion between hydrophobic
surfaces in water is expected to be higher than that between
hydrophilic surfaces.

Work of adhesion in water

We have performed adhesion experiments for the 1 : 30 PDMS
in water and in water + soap (see Fig. 20). In the latter case we
do not observe any adhesion force during pull-oﬀ. This is indeed
an expected result: the soap we use (a salt of a fatty acid) consists
of hydrocarbon chain molecules with a head group which is

Fig. 21 The work of adhesion during retraction (separation) as a function
of the logarithm of the crack tip speed. For 1 : 30 PDMS against glass for dry
surfaces (squares) and in water (stars). The glass ball was cleaned with
acetone before each measurement sequence.

Fig. 20 Experimental set-up for adhesion studies in fluids (in this case
water + soap; the light yellow fluid). The fluid is located in a Plexiglas
container (inner diameter 4 cm) with a Plexiglas cover to avoid evaporation
of the fluid. The top cover has a small hole (diameter 1 mm) through which
the nylon rope (diameter 0.3 mm), used for moving the glass ball, passes.
The elastomer sheet (in this case a transparent 1 : 30 PDMS sheet) is
located at the bottom of the container. The glass ball (diameter 2.5 cm,
with a flattened top part) is fully immersed in the fluid during the contact
cycling. The container is located on a sensitive laboratory balance used for
measuring the pull-oﬀ force.
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Fig. 22 The work of adhesion during retraction (separation) as a function
of the number of contacts between 1 : 30 PDMS and glass in water. The
glass ball was cleaned with acetone before each measurement sequence.
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film the work of adhesion w(dry) would drop from E0.06 J m2
to E0.04 J m2, while the water contact angle on the
(contaminated) glass surface may increase from E321 to E1001,
so that the term g(cos ygw + cos yrw) would increase with
g(cos(1001)  cos(301)) E 0.07 J m2. Thus, if the PDMS oligomer
transfer film thickness increases with the number of contacts, we
also expect the work of adhesion to increase with the number of
contacts.

5 Experimental results for other rubber
compounds

Fig. 23 For dry surfaces the work of adhesion decreases when the glass
surface originally cleaned with acetone (a) becomes contaminated by
transfer of PDMS oligomers (b). When the system is immersed in water
the opposite eﬀect occurs [see (c) and (d)]. This is due to the increased
hydrophobicity of the contact upon transfer of PDMS oligomers to the
glass surface. (e) For the PDMS-glass system in water + soap no adhesion is
observed. This is due to the osmotic repulsion associated with the
negatively charged elastomer and glass surfaces.

To understand this more quantitatively, note that the (adiabatic)
work of adhesion in water can be written as
w(wet) = w(dry)  g(cos ygw + cos yrw)
2

(9)

where g = 0.072 J m is the surface energy (or surface tension)
of water, ygw the contact angle of water on glass and yrw the
contact angle of water on rubber. We assume yrw E 1001 and
w(dry) E 0.06 J m2 (see Section 4.5). In water the work of
adhesion is about 5 times smaller than in air so the (adiabatic)
work of adhesion w(wet) E 0.012 J m2. Using (9) this implies
that the contact angle ygw E 321, which is very reasonable for
the water-contact angle for the glass surface cleaned with
acetone (which still has strongly bound hydrocarbons). Now
when the glass surface gets contaminated with PDMS oligomers the contact angle for water will increase, which according
to (9) would tend to increase the work of adhesion. However, at
the same time w(dry) decreases (maybe by a factor of 2 according to Fig. 8) but the experiments show that the increase in the
water contact angle is more important. This result is plausible
because if the glass surface would be covered by a thick PDMS

This journal is © The Royal Society of Chemistry 2017

The PDMS samples studied above were very clean, and for the
1 : 10 compound there is only a low concentration of free
molecules, which can diﬀuse to the surface and ‘‘contaminate’’
the surface. This is consistent with the adhesion measurements
where we observed negligible changes in the adhesion with the
number of contacts, even though there is B5 hours interval
between contacts. Even the 1 : 20 compound exhibits rather
small changes in the work of adhesion with the number of
contacts, indicating that for this compound too most of the
chain molecules are crosslinked. For the softer compounds
1 : 30, 1 : 40 and 1 : 50 this is not the case and we observed a
strong reduction in the adhesion with an increasing number of
contacts. We interpret this as a result of transfer of ‘‘free’’
uncrosslinked rubber molecules to the glass surface resulting
in an eﬀective reduction in the glass ball surface energy, and a
strong reduction in the work of adhesion with an increasing
number of contacts.
We now consider adhesion experiments for several other
rubber compounds. These compounds were produced as sheets
using high-pressure, high-temperature molding. In some cases
release chemicals were used, which may form thin films on the
rubber surface and influence the work of adhesion. The rubber
surfaces have roughness to various degrees related to the mold
surface roughness. Polished steel surfaces are commonly used
for the mold which may have surface roughness with an rms
amplitude of the order of B0.1 mm or more. Thus these
surfaces are not as smooth and clean as the PDMS surfaces
used in Section 4, which had negligible surface roughness
(surface roughness from frozen capillary waves may exist but
these are unimportant for the adhesion in the present case),
and probably very little non-rubber contamination. For the
adhesion experiments below we have, if nothing else is stated,
cleaned the rubber surfaces by lapping the surfaces for a few
seconds with a precision wipe wetted with acetone.
5.1 Acrylonitrile butadiene, ethylene propylene diene, and
polyepichlorohydrin elastomers
The NBR, EPDM and GECO elastomers studied in this section
were vulcanized in the same mold and should have a similar
roughness, derived from the mold. To minimize the role of
additives, the rubbers were produced without any oil and filler
particles, and the recipe includes only the following ingredients
besides the rubber: activator (ZnO, stearic acid), accelerators

Soft Matter, 2017, 13, 3602--3621 | 3615

Soft Matter

(CBS, TBzTD) and sulfur. The most probable eﬀect on a change
in the surface energy of the rubber samples comes from the
stearic acid.
We have measured the water contact angles on the rubber
surfaces from which one can estimate the surface energy using
Neumann’s equation,65,66 which gives g1 = 35 mJ m2 for EPDM and
NBR and 45 mJ m2 for the GECO elastomers. Thus we estimate the
adiabatic work of adhesion w0 = 2(g1g2)1/2 for all the compounds
against glass to be in the range E0.09–0.1 J m2, where we have
assumed the glass ball surface energy g2 = 60 mJ m2.
Most rubber compounds used in technology have many
additives which can diﬀuse to the surface and result in a work
of adhesion which change with time, temperature and the
number of contacts. In our first study for a non-PDMS compound we have measured how the rubber adhesion depends on
the surface cleaning procedure.
Fig. 24 shows the work of adhesion during retraction
(separation) as a function of the number of contacts for the
NBR elastomer. The glass ball was originally cleaned with
acetone. The rubber surface was either not-cleaned (red squares),
or cleaned by brushing the surface with a soft tooth brush for a
few minutes in nearly boiling hot distilled water (green squares).
The pink squares correspond to the rubber block, which was first
cleaned in hot water for about 5 minutes, was cleaned further
with acetone for a few seconds. The blue and pink triangles
stand for the measurements performed one month later for a
rubber surface cleaned with acetone (blue) and in hot water
followed by acetone (pink). The squares and triangles were
measured on two diﬀerent rubber surfaces. We conclude that
both the non-cleaned rubber and the rubber brushed in hot
water have surface contamination which is transferred to the
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glass surface and result in a decrease in the work of adhesion
with the number of contacts. However, for the surface cleaned
with acetone the adhesion remains nearly constant indicating
that this surface is relatively clean to start with, and no or a
negligible number of molecules diﬀuse to the surface during the
measurement. We note that the time interval between each
contact is of the order of 5 hours.
In Fig. 25 and 26 we show the work of adhesion during
retraction (separation) as a function of the number of contacts
for the EPDM and GECO elastomers, respectively. In both cases
we show results for non-cleaned (red squares) and for cleaned
(with acetone) (blue squares) surfaces.
Note the huge variation in the work of adhesion in Fig. 24–26
in spite of the fact that different rubbers have very similar surface
energies, and hence very similar adiabatic work of adhesion.

Fig. 25 The work of adhesion during retraction (separation) as a function
of the number of contacts for the EPDM rubber. The glass ball was cleaned
with acetone before each measurement sequence. The rubber surface
was either not cleaned (red squares), or cleaned by brushing it with a soft
toothbrush in hot water (green squares) or cleaned with acetone (blue
squares). The drive velocity is vz = 0.87 mm s1.

Fig. 24 The work of adhesion during retraction (separation) as a function
of the number of contacts for the NBR rubber. The glass ball was cleaned
with acetone before each measurement sequence. The rubber surface
was either not cleaned (red squares), or cleaned by brushing the surface
with a soft tooth brush for a few minutes in nearly boiling distilled water
(green squares). The pink squares were obtained when the rubber block,
which was cleaned in hot water, is cleaned further with acetone. The blue
and pink triangles were obtained in measurements performed one month
later for a rubber surface cleaned with acetone (blue) and in hot water
followed by acetone (pink). The squares and triangles were measured on
two diﬀerent rubber surfaces. The drive velocity is vz = 0.87 mm s1.
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Fig. 26 The work of adhesion during retraction (separation) as a function
of the number of contacts for the GECO rubber. The glass ball was cleaned
with acetone before each measurement sequence. The rubber surface
was either not cleaned (red squares), or cleaned with acetone (blue
squares). The drive velocity is vz = 0.87 mm s1.
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Fig. 27 The real part of the viscoelastic modulus for the NBR, EPDM and
GECO elastomers, as a function of the frequency o for T = 20 1C.

Since the surface topography is the same (or nearly the same) in
all cases, assuming that it is determined by the roughness of
the mold surface (which was the same for all the compounds),
and since the low frequency viscoelastic modulus is nearly the
same for all the rubbers (see Fig. 27), the difference must
mainly be due to non-adiabatic effects e.g. different viscoelastic
contributions to the crack propagation energy. In fact, we will
now argue that the difference in the work of adhesion is mainly
due to a combined action of surface roughness and viscoelastic
enhancement of the crack propagation energy.
In Fig. 27 we show the real part of the viscoelastic modulus
for the NBR, EPDM and GECO elastomers, as a function of
frequency o for T = 20 1C. Using (5)–(8) we show in Fig. 28 the
calculated viscoelastic crack propagation factor w/w0 = 1 + f (v)
as a function of the logarithm of the crack tip velocity v at
T = 20 1C. The three vertical dotted lines indicate the velocities
of the crack tips at the point where the pull-off force is maximal
for all three compounds. Thus, from the calculation we get the
viscoelastic enhancement factors w/w0 E 5.1, 3.0 and 2.6 for
NBR, EPDM and GECO, respectively. If we assume the adiabatic

Soft Matter

work of adhesion w0 E 0.1 J m2 this gives w E 0.51, 0.30 and
0.26 J m2 for the NBR, EPDM and GECO elastomers, respectively. For the NBR elastomer this is similar to what is observed
for contact number 1 but larger than those observed for the
EPDM and GECO elastomers. This can be understood as the
influence of surface roughness on the adhesion. For elastic
solids the adhesion is determined by the effective interfacial
binding energy geff determined by geffA0 = DgA  Uel, where
Dg = g1 + g2  g12 is the binding energy for perfectly flat surfaces,
and Uel is the elastic energy stored at the interface as a result of
the deformations of the rubber surface necessary in order to
make contact with the substrate. The area of real (atomic)
contact and the nominal contact area are denoted by A and
A0, respectively.
The elastic energy Uel depends on the surface roughness and
the elastic properties of the solids, and vanishes for perfectly
smooth surfaces. Since the low frequency elastic modulus is
nearly the same for all three rubber compounds, we expect the
Uel term to be similar too in all cases. Hence it follows that
the elastic repulsion energy will result in a larger eﬀect on the
adhesion for the EPDM and GECO elastomers, as compared to
the NBR elastomer. This picture is supported by the observation that for the non-cleaned (contaminated) surfaces, where in
general one expects the Dg to be reduced, the reduction in the
adhesion is the largest for the lowest-adhesion compound
GECO. Thus for this compound it appears as if the binding
energy term DgA is nearly fully balanced by the repulsive elastic
energy term Uel, resulting in the nearly vanishing adhesion
observed in the experiments (see Fig. 26).
For viscoelastic solids the picture presented above for the
influence of the elastic energy may not be so accurate, but
qualitatively we believe we have presented the correct physical
picture for what is observed. We also note that the viscoelastic
contribution to crack propagation presented in Fig. 28 is based
on the measured low strain viscoelastic modulus, but this
may be a reasonable approximation for the unfilled compounds
studied in this section.
5.2

Fig. 28 The viscoelastic crack propagation factor w/w0 = 1 + f (vr) as a
function of the logarithm of the crack tip velocity vr. For the NBR, EPDM
and GECO elastomers at T = 20 1C.
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Hydrogenated nitrile butadiene elastomer

We studied the adhesion between a glass ball and HNBR rubber
with diﬀerent carbon filler concentrations. Fig. 29 shows the
work of adhesion during retraction (separation) as a function of
the number of contacts. The results are shown for HNBR rubber
without filler (red line) and with 10 phr (green line), 30 phr
(blue line) and 50 phr (pink line) carbon black filler. The glass
ball was originally cleaned with acetone but due to the transfer
of molecules from the rubber to the glass surface, the latter got
contaminated, and the eﬀective surface energy was reduced,
resulting in a decrease in the work of adhesion with the
number of contacts.
Fig. 30 shows the real part of the viscoelastic modulus for the
HNB rubber compounds, as a function of the frequency o for
T = 20 1C. In Fig. 31 we show the viscoelastic crack propagation
factor w/w0 = 1 + f (v) as a function of the crack tip velocity v. Note
that for the relevant crack velocity (vr E 10 mm s1) (vertical
dashed line) there is a rather small diﬀerence in the calculated
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Fig. 29 The work of adhesion during retraction (separation) as a function of
the number of contacts for HNBR rubber. The glass ball was originally cleaned
with acetone but due to surface contamination, the adhesion decreases with
the number of contacts. The drive velocity is vz = 0.87 mm s1.
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we have assumed the adiabatic work of adhesion w0 = 0.1 J m2.
This is much larger than that observed experimentally, indicating the importance of surface roughness in reducing the work of
adhesion. All the rubber surfaces were produced by molding
against the same smooth (polished) steel surface, and are likely
to have the same surface roughness. Thus, since the elastic
energy Uel is proportional to the (low frequency) elastic modulus,
which is much larger for the 50 phr compound compared to the
0 phr compound, one would expect a much larger influence on
the adhesion by the surface roughness for the 50 phr compound
as compared to the 0 phr compound. This is not observed, and
we will now address this problem.
The viscoelastic modulus in Fig. 30 was obtained at the
strain amplitude of 0.04%. As shown in Table 3 at this strain
amplitude the elastic modulus at the frequency f = 1 Hz is
almost 10 times higher for the 50 phr carbon black compound
compared to the 0 phr compound. However, the strains at the
crack tip and in the asperity contact regions are much higher
than 0.04%.
Most filled rubber compounds are known to strongly soften
when the strain is above B1%. This eﬀect is associated with the
breakup of the filler network, and results in an eﬀective
modulus which (for filled compounds) may be a factor of 3–5
Table 3 The Young’s modulus E at the frequency f = 1 Hz and the
temperature T = 20 1C for the HNBR elastomers with 0 phr, 10 phr,
30 phr and 50 phr carbon black fillers. The low strain modulus (0.04%
strain amplitude, linear response) and the eﬀective modulus for 50% strain
are shown. Note the strain softening for the filled compounds

Fig. 30 The real part of the viscoelastic modulus for the HNBR rubber
compounds, as a function of the frequency o for T = 20 1C.

Fig. 31 The viscoelastic crack propagation factor w/w0 = 1 + f (vr) as a function
of the crack tip velocity vr. For the HNBR rubber compounds at T = 20 1C.

crack propagation energies and that w/w0 E 9. Thus for perfectly
smooth surfaces one would expect w E 9w0 E 0.9 J m2 where
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HNBR carbon filler

0 phr

10 phr

30 phr

50 phr

Re E [MPa], 0.04% strain
Re E [MPa], 50% strain
Im E [MPa], 0.04% strain
Im E [MPa], 50% strain

6.8
6.0
0.8
1.1

13.7
8.0
1.7
1.9

24.8
12.2
2.9
3.2

65.3
20.4
7.8
5.3

Fig. 32 The viscoelastic crack propagation factor w/w0 = 1 + f (v) as a
function of the crack tip velocity v. For the HNBR 50 phr carbon black filled
rubber compounds at T = 20 1C. The solid line is obtained using the
viscoelastic modulus measured at 0.04% strain and the dashed line using
the eﬀective modulus obtained at 50% strain. The strain softening results in
a larger change in the modulus from the rubbery region to the glassy
region, which in turn results in a larger crack propagation energy.
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lower than that in the small strain limit. This is illustrated in
Table 3. Note that the 0 phr compound exhibits negligible
strain softening, while the modulus of the 50 phr compound
drops by a factor of 3.3. Thus at the strain amplitudes of
relevance the low frequency elastic modulus values of the
0 phr and 50 phr compounds differ only by a factor of B3.
This strain softening has two effects: it reduces the elastic
energy Uel for the filled compounds and it tends to increase the
crack propagation energy for the filled compounds. The latter is
illustrated in Fig. 32 for the 50 phr compound. At the crack tip
velocity vr = 10 mm s1, the ratio w/w0 increases from 9 to 16. We
believe that it is a combination of the decrease in Uel (as a result
of the decrease in the viscoelastic modulus) and an increase in
the crack propagation energy which results in the relatively small
change in the work of adhesion with the filler concentration.

6 Summary and conclusion
We have studied the adhesion characteristics of diverse elastomers having diﬀerent chemical and viscoelastic properties. The
results were analyzed using the JKR theory. We used elastomers
such as PDMS (with varying crosslink densities), NBR, EPDM,
GECO, and HNBR (having same hardness). Glass and acrylic balls
were made to come in repeated contact with these substrates.
For PDMS based elastomers, we observed that the surface
roughness of the glass ball has a diﬀerent eﬀect on the work of
adhesion depending on the elasticity of the PDMS substrate.
For the stiﬀ PDMS substrate the work of adhesion is reduced by
a factor of B700 for the rough glass ball as compared to the
smooth one. For the soft PDMS substrate the work of adhesion
instead increases by a factor of B2 for the rough glass ball. All
the PDMS elastomers showed the increased work of adhesion
with increasing crack tip velocity. For the 1 : 10 and 1 : 20 PDMS
compounds, below some critical crack tip velocity (vc) the work
of adhesion was reasonably well predicted by viscoelastic crack
propagation theory. Above the critical crack tip velocity vc
the work of adhesion increased drastically for all the PDMS
compounds. The critical crack tip velocity vc is lower for the
compounds with lower crosslink density. The increased work of
adhesion with increasing velocities was more prominent in
softer PDMS compounds 1 : 30 to 1 : 50.
The work of adhesion obtained from experiments carried
out in air (i.e. dry) and water (i.e. wet) as a function of the
number of contacts showed completely opposite behaviour. In
air, the work of adhesion decreases by a factor of 2 and in water
it shows an increasing trend. The transfer of PDMS oligomers
from the PDMS surface to the glass ball surface was found to
modify the surface energy of the glass ball making it more
hydrophobic and this increased hydrophobicity led to an
increase in the work of adhesion in wet environments as
compared to dry environments.
For other elastomers used in this study the work of adhesion
was mainly governed by factors such as the cleaning method,
the presence of contaminants on the surface and the roughness
of the rubber substrate. For filled compounds with varying filler
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contents, strain softening of the filled rubber at the crack tip
plays a role in the work of adhesion.
We have distinguished three major contributions to rubber
adhesion acting at diﬀerent length scales: bulk viscoelasticity,
roughness and molecular mobility. The time-dependent viscoelastic contribution leads to higher adhesion for the softer
compounds at the same velocities. The roughness contribution
can have diﬀerent signs depending on the stiﬀness of the
rubber compound. This diﬀerent behavior can be explained
by the additional elastic energy stored during contact formation
of the stiﬀer rubber with the rough surface and the additional
contact area in the case of the compliant softer rubber. Mobile
molecules in the weakly cross-linked structures can get attached
to the countersurface and are pulled out from the substrate
accompanied by energy dissipation and the increased work of
adhesion.
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7 W. B. Dapp, A. Lücke, B. N. J. Persson and M. H. Müser,
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