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Adhesion between glass and bromobutyl and polydimethylsiloxane elastomers is investigated. We show
that viscoelastic energy dissipation close to the opening (or closing) crack tip, and surface roughness,
strongly affect the work of adhesion. We observe strong adhesion hysteresis and we show, in contrast to the
Johnson-Kendall-Roberts theory prediction for elastic solids, that this results in a pull-off force, and

effective work of adhesion to be dependent on the maximum loading force.
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Introduction.—Contact mechanics and adhesion are the
central topics in tribology [1-3] 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 rather well
explored [4-10]. However, with adhesion the problem
becomes much more complex and not fully understood
[11-19], in particular, for real materials like rubber with
viscoelastic and nonlinear properties [20-25].

The simplest and most well-defined contact mechanics
problem is the contact between a ball (radius R) and a flat
surface. For an elastically soft contact the Johnson-Kendall-
Roberts (JKR) [26,27] theory is valid. This theory can
predict the pull-off force F = (3z/2)wR, where w is the
work of adhesion. In the adiabatic limit (i.e., infinitesimally
low pull-off velocity) w is equal to the change in the
interfacial free energy Ay =y, +y, —y1» (wWhere yy, v;,
and y, is the solid-vapor interfacial energies of solid 1 and
2, and the interfacial energy of the contact between solid 1
and 2, respectively). However, for pull off at a finite speed
the work of adhesion is often much higher than Ay due to
the nonadiabatic effects.

The JKR theory assumes perfectly smooth surfaces.
The contact between elastic solids with random roughness
on many length scales is a much more complex topic,
involving asperities with radius of curvature extending over
many decades in length scale. However, if there is a
separation in length scales, where the diameter of the
nominal ball-substrate contact region is larger than the most
long-wavelength surface roughness component, then the
JKR theory is still valid, but with Ay replaced by an
effective interfacial binding energy that depends on the
surface roughness.

The JKR theory is also valid for viscoelastic solids such as
rubber, assuming the loading and pull off occur so slowly
that the material can be considered as purely elastic far from
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the (circular) contact-non-contact boundary line (crack tip).
However, in general, the work of adhesion during pull off is
strongly influenced by two competing effects: nonadiabatic
effects, in particular the viscoelastic energy dissipation in the
vicinity of the opening crack tip [23,28], which may strongly
increase the work of adhesion, and the surface roughness,
which usually reduces the work of adhesion [29]. The
nonadiabatic effects also often result in an adhesion force
that is much smaller during approach than during pull off, an
effect referred to as adhesion hysteresis.

The JKR theory, when applied to systems with smooth
surfaces, predicts that the pull-off force is independent of
the magnitude of the maximal normal force (the load). This
results holds also for viscoelastic solids if complete contact
occurs in the nominal contact region. We will show in this
Letter, however, that if only partial contact occur at the
interface (which is almost always the case in practical
applications due to surface roughness), the pull-off force
will increase with increasing loading force. This fact opens
up the possibility to gain information about the area of real
contact from the load dependency of the work of adhesion
deduced from the JKR theory.

Short review of the JKR theory.—The contact region
between a rigid spherical probe (radius R) and a flat
elastomer surface is circular with the radius r. In the
JKR theory, 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
interaction force F, and the radius r on the stable branch of
the interaction curve is [26,27]

3RF. | F F 1/2
3= Cl—a4+242(—+1 1
P 2R [Fﬁ + (F.+) ] (1)

c
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where E* = E/(1 —1?), E and v are the elastomer Young’s
modulus and Poisson ratio, respectively, and
F.= 3—”wR, (2)
2
is the pull-off force. Thus, for an elastic solid, if the ball is
pulled by a soft spring and neglecting the inertia effects, at
F = —F . the pull-off force abruptly drops to zero.

The separation line r = r(¢) can be considered as a crack
tip [30,31]. The work of adhesion w in general depends on
the velocity v, = 7 of the opening (during pull-off) or
closing (during contact formation) crack tip. At finite crack
tip velocity, for an opening crack w can be strongly
enhanced, and for a closing crack strongly reduced, com-
pared to the adiabatic (infinitely low crack tip velocity)
value wy.

The JKR theory reduces to Hertz contact mechanics
theory when the work of adhesion vanishes. In this limit the
maximum contact pressure p, as well as the average one
depend on the loading force F,

6F E*Z 1/3 3

Po = W . ( )
In the case of surface roughness only partial contact occurs
within the nominal Hertz contact area. In particular, if the
relative contact area A/Ay < 0.3, the true contact area A

will depend linearly on the (nominal) contact pressure p
(see Refs. [5,6,8]):

A KPo
— 4
40 E*h/’ ( )

where /' is the root-mean-square surface slope, and where
k =~ 2.0. Combing Egs. (3) and (4) shows thatif A/A, < 0.3
the relative contact area is proportional to F'/3, a result we
will make use of later.

The JKR theory is based on the assumption of the contact
between a sphere and an elastic half-space. For the system
studied below (1) predict that the radius of the contact
region at the point of the snap-off instability is of order
1 mm for the highest preload, while the thickness of the
rubber sheet is about 3 mm. Thus, we expect the half-space
approximation to hold reasonably accurately.

Experiment.—We study the adhesion interaction
between a spherical soda-lime glass ball (diameter
2R =4 cm) and an elastomer. We bring the ball into
contact with the substrate using a drive that can be
represented by a spring. The contact region is not observed
directly but only the time dependency of the interaction
force F(t), from which we can calculate the crack tip
velocity v, = i(t) using Eq. (1).

The rubber substrate is positioned on a precise analytical
balance (analytical balance produced by Mettler Toledo,
model MS104TS/00), which has a reproducibility of
0.1 mg (or =1 uN) (see Fig. 1). After zeroing the scale
of the instrument we can measure the force F(r) on the
substrate as a function of time, which is directly transferred
to a computer at the rate of 1 sample per second [32].

sensitive glass
balance container rope
/ “ displacement s(t)
glass
ball
\
i)
loading mass , rubber electric motor
or force F(t) and pulley
to computer

FIG. 1. The experimental set up for measuring adhesion.

To move the glass ball up and down we use an electric
motor coiling up a nylon cord, which is attached to the glass
ball. The drive velocity as a function of time can be
specified electronically.

We consider the adhesion between soda-lime glass balls
and carbon black filled bromobutyl rubber (supplied by
West Pharmaceutical Services) and polydimethylsiloxane
(PDMS). For the bromobutyl rubber we have studied the
surface topography using an optical method and atomic
force microscopy (AFM). The surface has a Gaussian
height probability distribution with the root mean square
(rms) roughness of about /1, % 2.9 & 0.1 um, and with the
highest point ~13 um above the average plane. The surface
roughness power spectrum is well approximated with that
of a self-affine fractal surface with the Hurst exponent H =
0.92 (or fractal dimension Dy = 2.08). The power spec-
trum corresponds to a surface with the rms slope 7/ = 0.55.

The PDMS elastomer was 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 (methylhydrosi-
loxane-dimethylsiloxane copolymer) with a suitable
catalyst. From these two components mixtures 1:10
(cross-linker:base) in weight were prepared. 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 °C for 14 h. The PDMS
upper surface was very smooth due to gravity, and for the
present study we consider it as perfectly smooth.

The linear and nonlinear viscoelastic properties for the
bromobutyl and PDMS elastomer were obtained using a
Q800 Dynamic Mechanical Analysis (DMA) instrument
produced by TA Instruments, following the procedure
described elsewhere [33].

Interfacial crack propagation.—The contact line
between a spherical probe and an elastomer substrate
can be considered as a crack tip and the work of adhesion
w equals the crack propagation energy per unit surface area.
It is known that the crack propagation energy depends on
the crack tip velocity v and on the temperature 7, i.e.,
w = w(v,T). In addition, it differs for a closing crack and
an opening crack.
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FIG. 2. A rigid ball pulled away from a viscoelastic solid. A
part of the energy needed to remove the ball is derived from the
viscoelastic energy dissipation inside the rubber close to the
opening crack tip (red dashed region).

One contribution to the crack propagation energy (or
work of adhesion) is derived from the viscoelastic
energy dissipation in the vicinity of the crack tip (see
Fig. 2). For an opening crack this will enhance w with a
factor usually denoted as 1+ f(v,,T). For a closing
crack the corresponding reduction factor is approximately
341 ~1/[1 + f(v,.T)).

The crack propagation energy for an opening crack is
often written as [28,31,35-38]:

w(v,T) = wo[l + f(v,T)].

Here, we are interested in interfacial (between the glass ball
and the rubber substrate) crack propagation. In this case,
as the crack velocity v — 0 (when viscous effects in the
rubber are negligible), the measured value of w, can be
identified as the energy wy = Ay =y, 4y, — 71> needed
to break the interfacial rubber-substrate bonds, which are
usually of the van der Waals type.

The factor f(v,T) depends on the viscoelastic energy
dissipation inside the elastomer close to the opening crack
tip (red dashed region in Fig. 2). It can be calculated from
the measured viscoelastic modulus as described in
Refs. [23,28]. For the bromobutyl rubber at 7 = 20° and
at the crack tip velocity v ~ 100 um/s relevant for the study
below we get the viscoelastic enhancement factor
[1+ f(v,T)] = 60. Thus, we expect strong adhesion hys-
teresis where the work of adhesion is enhanced by a factor
of ~60 during pull off and reduced by a factor 1/[1 +
f(v,T)]~1/60 during approach. This is in good agree-
ment with the measured data presented below where we do
not observe any adhesion during approach while during
pull off the adhesion is much stronger than expected
assuming the adiabatic work of adhesion wy,.

Adhesion.—We first assume that the loading and
unloading velocities are very small so that viscoelastic
effects, and other nonadiabatic processes, are unimportant.
In this limit, the adhesive contact is characterized by
the adiabatic work of adhesion (for perfectly flat surfaces)
wo=Ay=y1+r2-7n

Let us estimate the adiabatic work of adhesion w,
between the bromobutyl rubber and the glass surface.
The surface energy (per unit surface area) for glass cleaned

with acetone [which results in a surface still covered by
water and some (strongly bounded) organic contamination]
is typically y; ~ 0.06 — 0.07 J/m?. The surface energy for
bromobutyl rubber is [39] y, ~0.025 —0.035 J/m?. In a
simple approach one assumes that the adiabatic work of
adhesion is [3] wy ~ 2(y,7,)"/?, which in the present case
gives wy =~ 0.08—0.1 J/m?.

Using the work of adhesion wy = 0.1 J/m? and the
measured surface roughness power spectrum of the bromo-
butyl rubber, the theory presented in Ref. [29] shows that the
macroscopic effective interfacial binding energy y.q van-
ishes, and, hence, one does not expect any adhesion force on
approach (contact formation) or pull off in the adiabatic
limit. Thus, if there would be no adhesion hysteresis, the
calculations show that the pull-off force would vanish for the
glass ball in contact with the bromobutyl rubber.

Let us now include the adhesion hysteresis. We will show
that the pull-off force can be finite when adhesion hysteresis
prevails. Assume that at the end of the loading cycle the
asperity contact regions appear as shown in Fig. 3(a). In the
absence of adhesion, during unloading the asperity contact
regions would disappear in a similar way as they were
formed, and asperity contact regions even at the center of the
macroscopic contact area will decrease in size even at the
start of unloading, where the radius () of the macroscopic
separation line (dashed lines in Fig. 3) is far from the center
of the contact region. However, if the adhesion hysteresis is
large enough so that the energy per unit area for the opening
crack w(v) > Ay, then the asperity contact regions will only
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FIG. 3. (a) Schematic picture of the macroscopic contact area

during loading, and (b) during unloading when strong adhesion
hysteresis occurs so that w(v) > Ay. The black regions indicate
asperity contact regions. Because of the adhesive interaction,
complete contact occurs within the black regions. During pull off
in the case of strong adhesion hysteresis, the size of the asperity
contact regions remains unchanged (in spite of the reduction in
the contact pressure) except close to the macroscopic (apparent)
opening crack tip (dashed circle), where the asperity contact
regions are broken by the propagation of microscopic opening
cracks at each asperity contact region.
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start to shrink when they are very close to the macroscopic
opening crack (in the crack-tip process zone) [Fig. 3(b)].
In this case the pull-off force will be nonvanishing, and to
a good approximation given by the JKR theory with
Wrough & W(v)A /Ay, where w(v) is the work of adhesion
(for opening crack) obtained from the contact between
smooth surfaces, and A/A, the relative area of real contact
(at the maximum load at the radial distance from the center of
the contact region where the detachment instability occurs).
This is illustrated in Fig. 3(b), where the size of the asperity
contact regions outside of the crack-tip process zone remain
unchanged (in spite of the reduction in the contact pressure).
Very close to the tip of the macroscopic (apparent) opening
crack (dashed circle), the asperity contact regions are broken
by the propagation of microscopic opening cracks at each
asperity contact region.

We now present experimental results for how the pull-off
force Fpyoir depends on the applied load or maximum
normal force F,,. Figure 4(a) shows the interaction force as
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FIG. 4. (a) The interaction force between the bromobutyl

rubber and the glass ball for two different loading situations
(thin and thick solid lines), as a function of time. The glass ball
approach and retraction velocity v, = £25 ym/s. (b) Filled
squares: the pull-off force Fyqfr, as a function of the maximum
loading force F,,, for bromobutyl rubber (read squares) and for
PDMS (green squares). The open red squares is the pull-off force
Fouofe divided by F ,ln/ 3 for bromobutyl rubber, as a function of
F,,. For a glass ball with diameter 2R = 4 cm.

a function of time when a glass ball (diameter 2R = 4 cm)
approached and was retracted (speed v, = £25 ym/s)
from a sheet of the bromobutyl rubber. We show results
for two different loading situations, where the maximum
loading forces are F,, = 0.59 (thick line) and 0.033 N (thin
line). The maximum loading force used in our study was
F,, =0.71 N. Assuming the rubber elastic modulus
E = 2.5 MPa, as obtained from the DMA measurements,
gives the Hertz maximum contact pressures [from Eq. (3)]
po = 0.23 MPa and the maximum relative contact area
[from Eq. (4)]: A/Ag = 0.16. Thus, all our measured data
are in the region where, in the absence of adhesion, the
theory predicts that the contact area depends linearly on the
contact pressure. Thus, since the Hertz contact pressure
scales as F ’1”/ 3 we expect A/A,, and hence also the pull-off
force [40], to be proportional to F 3, Figure 4(b) shows
that this is indeed the case for bromobutyl rubber.

The measured pull-off force Fpy.or = 0.1 N when the
load F,, = 0.71 N [see Fig. 4(b)]. Using Eq. (2) this gives
Wiough = 1.06 J/m? and from wyquen ~ w(v)A /Ay we obtain
w(v) = 6.6 J/m*. Here we have used the relative contact
area A/Ay = 0.16 as calculated at the maximum preload
and without adhesion, since adhesion is unimportant during
contact formation because of the strong adhesion hysteresis
(see above). Next, note that w(v) = wy[l + f(v, T)] and
using the calculated viscoelastic enhancement factor [1 +
f(v,T)] =60 we get wy ~ 0.1 J/m?. This agrees with the
adiabatic work of adhesion estimated above. This
shows that other nonadiabatic processes, which could
contribute to the work of adhesion at finite crack tip speeds,
are negligible compared to the viscoelastic contribution. In
particular, it has been suggested that stretching of polymer
chains before breaking the polymer-substrate bond could
enhance the work of adhesion during pull-off [19,41,42].
Similarly, for surfaces with roughness, local elastic
instabilities can enhance the work of adhesion during
pull-off [43-47]. However, the analysis above shows that
at least for the present system the main (nonadiabatic)
enhancement of the work of adhesion result from the
viscoelastic contribution.

In Ref. [48] it was found that for PDMS, in particular, for
weakly cross-linked PDMS, the contribution to the work of
adhesion from the bulk viscoelastic energy dissipation is
not enough to explain the strong increase in the crack
propagation energy for large enough pull-off speeds, and in
these cases the processes considered in Refs. [19,41,42]
may be involved in the crack-tip process zone, and
contribute to the observed adhesion hysteresis. Clearly,
in general, the processes occurring on a molecular scale at
the adhesive interface will depend on many factors such as
elastomer molecular chain segment mobility (at the inter-
face), energetic barriers for bond formation, surface con-
tamination, contact time, crack tip speed, and the
temperature. However, the effect we study in this Letter
does not depend on the exact origin of the adhesion
hysteresis.
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For smooth surfaces, where the contact is complete, we
do not expect any dependency of the pull-off force on the
maximum loading force. To test this we performed experi-
ments using a PDMS elastomer sheet with very smooth
surface. Figure 4(b) shows results for the PDMS elastomer,
where complete contact between the rubber and the glass
will prevail within the nominal contact area. In this case, as
expected, the pull-off force is independent of the maximum
loading force.

In conclusion, we have shown that the work of adhesion
of a contact with a rough surface can be enhanced by
increasing the maximum preload force. This effect is
deeply related to the adhesion hysteresis that occurs in
the condition of the incomplete contact induced by the
roughness. The observation of the load dependence can
provide an insight in the contact mechanics of JKR-type
experiments.
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