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Rubber contact mechanics: adhesion, friction and
leakage of seals
A. Tiwari, ab L. Dorogin, bcd M. Tahir,c K. W. Stöckelhuber,
N. Espallargasa and B. N. J. Persson *b

c

G. Heinrich,c

We study the adhesion, friction and leak rate of seals for four diﬀerent elastomers: Acrylonitrile Butadiene
Rubber (NBR), Ethylene Propylene Diene (EPDM), Polyepichlorohydrin (GECO) and Polydimethylsiloxane
(PDMS). Adhesion between smooth clean glass balls and all the elastomers is studied both in the dry state
and in water. In water, adhesion is observed for the NBR and PDMS elastomers, but not for the EPDM
and GECO elastomers, which we attribute to the diﬀerences in surface energy and dewetting. The
leakage of water is studied with rubber square-ring seals squeezed against sandblasted glass surfaces.
Here we observe a strongly non-linear dependence of the leak rate on the water pressure DP for the
elastomers exhibiting adhesion in water, while the leak rate depends nearly linearly on DP for the other
elastomers. We attribute the non-linearity to some adhesion-related phenomena, such as dewetting or
the (time-dependent) formation of gas bubbles, which blocks fluid flow channels. Finally, rubber friction
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is studied at low sliding speeds using smooth glass and sandblasted glass as substrates, both in the dry
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frictional shear stress acting in the area of real contact is discussed. The NBR rubber, which exhibits the

state and in water. The measured friction coeﬃcients are compared to theory, and the origin of the
strongest adhesion both in the dry state and in water, also shows the highest friction both in the dry state
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and in water.

1. Introduction
The adhesion, friction and leakage of seals for rubber materials
are central topics for a huge number of technological applications,
e.g., tires, wiper blades, seals or syringes.1–4 For four different and
well characterized elastomers we demonstrate how these topics
depend on the material properties (e.g., viscoelastic modulus
and surface energy). The experimental results are compared to
theoretical predictions.
Rubber adhesion in the dry state, and in the presence of
liquids, is important for applications such as seals or syringes.
It influences interfacial processes such as fluid removal from
an interface (squeezing out and dewetting), and the leak rate of
seals, e.g., gas leakage from a tire. It is a complex process
depending sensitively on the surface properties at diﬀerent
length scales, sometimes down to the atomistic level. Thus,
for example, a recent study showed that the adhesion between
PDMS rubber and a silica glass ball in water increased with
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repeated contacts, as compared to a decrease observed under
dry conditions.5 This was attributed to the transfer of free
PDMS chains to the glass surface, thus changing the surface
energy of the glass, making it more hydrophobic with repeated
contacts.
Rubber friction on rough surfaces has a contribution from
the adhesive interaction between the rubber and the countersurface (substrate) in the area of real contact, and another
contribution from the viscoelastic (hysteretic) deformations of
the rubber by the substrate asperities. These contributions
depend on the surface energies and the (multiscale) surface
roughnesses of the solids, and on the frequency dependent
viscoelastic modulus of the rubber.
There has been a debate regarding the origin of adhesive
contribution to rubber friction. Thus, according to Klüppel
et al.,6 the propagation of opening cracks gives the dominant
contribution to the frictional shear stress at the area of real contact,
while Persson et al.7 suggest that polymer bonding–stretching–
debonding processes (first considered by Schallamach8) gives the
most important contribution to the shear stress. In this study we
have obtained both the adhesion and frictional properties for
the same systems, and we will address the origin of the adhesive
contribution to the friction.
Rubber seals are ubiquitous machine elements used in industry
for the purposes of leakage prevention, pressure maintenance,
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exclusion of dirt, and separation of various media from each
other. Designing dynamic rubber seals involves challenges such
as minimizing the friction and wear, and reducing the leakage,
thereby reducing energy consumption and environmental pollution,
and extending the lifetime of seals. In most cases steel is used as a
countersurface in rubber seals, and the steel surfaces are usually
prepared by grinding, polishing, lapping, etc. These surfaces
have multiscale roughness features, which influence the contact
mechanics, and hence the adhesion, friction and leakage of the
rubber seals.
In this paper we present adhesion, friction and water leakage
results for four diﬀerent elastomers: Acrylonitrile Butadiene Rubber
(NBR), Ethylene Propylene Diene (EPDM) and Polyepichlorohydrin
terpolymer (GECO) and Polydimethylsiloxane (PDMS). These
rubbers vary in the degree of polarity, with GECO being the
most polar (hydrophilic) to PDMS, which is strongly hydrophobic (non-polar).
This paper is organized as follows: in Section 2 we present
the (measured) surface roughness power spectrum of the
sandblasted glass surface used in leakage and rubber friction
studies. We also present the viscoelastic modulus and strain
relaxation data of the rubber materials obtained using Dynamic
Mechanical Analysis (DMA), and optical microscopy data of
how the contact area increases with the time of stationary
contact. Section 3 describes the experimental results for adhesion
in water and in the dry state. In Section 4 we consider the leakage of
square-ring seals (prepared from the 4 diﬀerent rubber compounds),
against a rough (sandblasted) glass surface and a sandpaper surface.
Section 5 describes the results of rubber friction experiments for
dry and wet conditions, on smooth and rough glass. Section 6
contains the summary and the conclusion.

2. Surface topography and material
properties
2.1

Surface topography

In the study below we report on leakage experiments and rubber
friction experiments on a sandblasted silica glass surface. We
measured the surface topography of this surface using an
engineering stylus instrument. From the measured onedimensional (1D) line scan 0 o x o L we first calculated the
1D surface roughness power spectrum C1D(q), where q = 2p/l is
the wavenumber (and l the wavelength). The surface roughness
profile can be written as a Fourier decomposition of the height
profile,
X
hðxÞ ¼
hðqÞ expðiqxÞ;
q

and the power spectrum
C1D ðqÞ ¼

2p
jhðqÞj2
L

is proportional to the square of the absolute value of the
amplitude h(q) of the roughness component with the wavenumber
q. Since the sandblasted glass surface has isotropic surface
roughness we can obtain the 2D surface roughness power
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Fig. 1 The red and blue lines are the measured (using an engineering
stylus instrument) 2D roughness power spectra of the sandblasted silica
glass surface and of the steel mold surface used in producing the NBR,
EPDM and GECO rubber samples. In the friction and adhesion calculations
we need the power spectra for larger wavenumbers than measured, and in
this case we use the linear extrapolations given by the dashed lines. The
dashed lines have slopes (on the log–log scale) of 4 (sandblasted glass)
and 3.4 (steel mold), corresponding to the Hurst exponents H = 1 and
H = 0.7, respectively, as expected for sandblasted and ground surfaces,
respectively (see ref. 11).

spectrum C(q) (which enters in the theory) from C1D(q) using
the standard method.9 The red line in Fig. 1 shows the resulting
2D power spectrum (on the log–log scale). In the friction
calculations we need the power spectrum for larger wavenumbers than measured, and we use the linear extrapolation
given by the dashed line. Self-affine fractal surfaces have power
spectra C(q) p q2(1+H), where the Hurst exponent H is related
to the fractal dimension Df via Df = 3  H (see e.g., ref. 10). On a
log–log scale, this corresponds to a straight line with a slope of
2(1 + H). The dashed line in Fig. 1 has a slope of 4,
corresponding to the fractal dimension Df = 2, as expected for
sandblasted surfaces (see ref. 11).
In Fig. 1 we also show the power spectrum of the steel mold
surface used in producing the NBR, EPDM and GECO rubber
samples. This surface has a much smaller root-mean-square
roughness amplitude than the sandblasted glass surface (0.46 mm
and 24 mm, respectively), but the fractal dimension is larger, so
for large wavenumbers the two surfaces have similar roughnesses. Since the rms-slope is determined mainly by the large
wavenumber roughness, the two surfaces have similar rms-slopes
(0.95 and 1.16 mm, for the steel mold and the sandblasted glass
surface, respectively). The Hurst exponent of the dashed fit-line
for the steel mold surface is H = 0.7, which is typical for ground
steel surfaces (see ref. 11). Thus, in ref. 11 a ground steel surface
was studied on diﬀerent length scales using Scanning Tunneling
Microscopy (STM), Atomic Force Microscopy (AFM) and an
engineering stylus instrument, and the surface roughness
power spectrum was found to be self-aﬃne fractal like down
to nanometer length scales with the Hurst exponent H = 0.71.
We note that extrapolating the measured surface roughness
power spectra to larger wavenumbers always involves some
uncertainty (see e.g. ref. 12). However, for sandblasted and
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ground surfaces theoretical and experimental studies11 support
the procedure used above for extrapolating the power spectra in
Fig. 1 to large wavenumbers.
Fig. 2 shows the cumulative root-mean-square (rms) roughness
amplitude r(q) (red) and rms-slope s(q) (dashed lines) as a
function of the logarithm of the wavenumber q, as obtained
from the power spectra shown in Fig. 1, using10
ðq
r2 ðqÞ ¼ 2p dkkCðkÞ;
q0

s2 ðqÞ ¼ 2p

ðq

dkk3 CðkÞ;

q0

where q0 is the smallest wavenumber for which C(q) was
measured. For wavenumbers larger than the measured one we
have used the (on the log–log scale) linear extrapolated power
spectra (dashed lines in Fig. 1). Note that the rms-roughness
amplitude is determined by the measured (low wavenumber)
part of the power spectrum, while the rms-slope depends on the
large wavenumber (extrapolated region), as indeed expected.10
2.2

Viscoelastic modulus

The studied elastomers, Acrylonitrile Butadiene Rubber (NBR),
Ethylene Propylene Diene (EPDM) and Polyepichlorohydrin
(GECO), were vulcanized in the same mold and should have
similar roughnesses, 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 (CBS, TBzTD) and sulfur.
In the adhesion and leakage part of the study below, we have
additionally included polydimethylsiloxane (PDMS), which is
known as a standard reference material for adhesion studies
and the corresponding applications.13–15 The PDMS elastomer

Fig. 2 The cumulative root-mean-square (rms) roughness amplitude r(q)
(red), and rms-slope s(q) (dashed lines), as a function of the logarithm of
the wavenumber q – for the sandblasted surface (red) and the steel mold
surface (blue) with the power spectra shown in Fig. 1. For wavenumbers
larger than the measured one we have used the (on the log–log scale)
linear extrapolated power spectra (dashed lines in Fig. 1). Note that
the rms-roughness amplitude is determined by the measured (low wavenumber) part of the power spectrum, while the rms-slope depends on the
large wavenumber (extrapolated region).
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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 (methylhydrosiloxane–dimethylsiloxane copolymer) with
a suitable catalyst. From these two components we prepared
mixtures of 1 : 10 (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. PDMS surfaces are very
smooth due to gravity, and are likely to have only frozen
capillary waves,16 which, however, are not important for the
applications in this paper.
Using a Dynamic Mechanical Analysis (DMA) instrument
and the temperature-frequency shifting procedure, we have
obtained the viscoelastic master curve E(o) and the shift factor
aT from measurements performed at diﬀerent temperatures
and frequencies. For our DMA measurements we use a Q800
Dynamic Mechanical Analysis (DMA) instrument produced by
TA Instruments. The machine is run in tension mode, meaning
that a strip of rubber, clamped on both sides, is elongated in an
oscillatory manner. The complex viscoelastic modulus is measured
in constant strain mode with a strain amplitude of 0.04%, and at
diﬀerent frequencies starting from 28 Hz and changed in steps
until 0.25 Hz is reached (10 frequency points: 28.0, 25.0, 14.0, 7.9,
4.4, 2.5, 1.4, 0.79, 0.44, and 0.25 Hz). Measuring the rubber sample
in tension mode also requires that the rubber be prestrained with
a static strain that has to be larger than the dynamic strain during
oscillation. The prestrain in the experiments has been set at 0.06%
to avoid compressing the rubber during the DMA measurement.
The experiment usually starts at 70 1C (but for PDMS we
used another procedure, see ref. 5), and after measuring the
modulus at all frequencies mentioned above, the temperature
is increased in steps of 5 1C, and the procedure is repeated until
120 1C is reached. Note that it may be necessary to choose
smaller temperature steps when reaching the glass transition
temperature Tg, where the viscoelastic response of the rubber
material changes strongly with frequency (and temperature).
This makes sure that the curves measured at diﬀerent temperatures
overlap with each other, which is necessary for the shift procedure.
The results are then shifted in order to form a smooth Re E
master curve.
Fig. 3 shows the real part of the viscoelastic modulus for
the NBR, EPDM and GECO elastomers, as a function of the
frequency o at T = 20 1C. Similarly, Fig. 4 shows tan d = Im E/Re E
as a function of the angular frequency at T = 20 1C. The glass
transition temperatures, here defined as the temperatures where
tan d as a function of temperature T (at the angular frequency
o0 = 0.01 s1) is maximal, are given in Table 1.
2.3

Contact angle and surface energy

We have measured the water contact angles on the rubber
surfaces from which one can estimate the surface energy using
Neumann’s equation,17,18 which gives g1 = 35 mJ m2 for the EPDM
and NBR elastomers and 45 mJ m2 for the GECO elastomer. We
estimate the adiabatic work of adhesion w0 E 2(g1g2)1/2 for all the
compounds against glass to be in the E0.09–0.1 J m2 range,
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Fig. 3 The real part of the viscoelastic modulus for the NBR, EPDM and
GECO elastomers, as a function of the frequency o at T = 20 1C.

average interfacial separation will slowly decrease, with increasing
time due to viscoelastic relaxation (creep), and due to the time
dependency of adhesion.
Fig. 5 shows the eﬀective strain relaxation modulus E(t) as a
function of the logarithm of time for NBR (red), EPDM (green),
GECO (blue) and PDMS (pink) rubbers. We show results both in
elongation mode (solid lines) and in compression mode
(dashed lines). The experiments were performed with initial
strain E20% in elongation and E13% in compression.19 The
time period typically involved in the leakage experiments
presented in Section 4 is from 100 s to 10 000 s. In this time
interval the strain relaxation (in elongation mode) E-modulus
decreases by B6% for NBR and EPDM and with only B1% for
PDMS. For the GECO compound strain relaxation is bigger with
a B15% decrease in the E-modulus. For the PDMS, NBR and
EPDM the rather small change in the E-modulus has a relatively
small influence on the leak rate (see Section 4). That is, the
main origin of the strong decrease in the leakage observed with
increasing time for the NBR (and PDMS) rubber is not due to a
decrease in the interfacial surface separation caused by the
viscoelastic rubber relaxation.
We have studied the contact between rubber blocks and a
smooth silica glass surface using a camera-enabled microscope. Prolonged (up to 18 hours) contact experiments have
been filmed to analyse the time dependence of real contact
area. Contrast-enhanced snapshots were analyzed to obtain the
relative contact area A/A0. We determined A/A0 as the ratio of
‘‘dark’’ pixels to the total number of pixels (about B200 000).
The ‘‘dark’’ or contact pixels were defined by using a colour
intensity threshold such that the relative contact area at a short
contact time agrees with the theoretical prediction without
adhesion.

Fig. 4 The tan d = Im E/Re E for the NBR, GECO and EPDM elastomers, as
a function of angular frequency, at T = 20 1C. The maxima of the tan dcurves are at E105.55 s1 (NBR), E106.94 s1 (GECO) and E107.93 s1
(EPDM).

Table 1 Summary of the glass transition temperatures of the NBR, GECO,
EPDM and PDMS compounds. The glass transition temperature is defined
as the maximum of tan d as a function of temperature for the frequency
o0 = 0.01 s1

Compound

Tg (1C)

NBR
GECO
EPDM
PDMS

33.7
42.1
55.7
125.0

where we have assumed the glass ball surface energy g2 = 60 mJ m2.
The surface energy of PDMS is about g1 E 20 mJ m2, so for
PDMS the adiabatic work of adhesion w0 E 0.07 J m2.
2.4 Viscoelastic relaxation and adhesive strengthening with
increasing contact time
When a rubber block is squeezed into contact with a hard,
rough substrate, the contact area will slowly increase, and the
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Fig. 5 The eﬀective strain relaxation modulus E(t) as a function of the
logarithm of time for NBR (red), EPDM (green), GECO (blue) and PDMS
(pink) rubbers. At t = 0 a constant force (load) F0 is applied to a rectangular
strip (length L0, cross sectional area A0) of rubber resulting in an
initial strain |L  L0|/L0 of the order of B0.2 (elongation, solid lines) or
B0.1 (compression, dashed lines). The force F0 is kept constant and the
strain e(t) = [L(t)  L0]/L0 is measured as a function of time. We define the
relaxation modulus E(t) via s0 = E(t)e(t), where the applied stress s0 = F0/A0.
The figure shows E(t)/E(t0) with t0 = 100 s.
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Fig. 6 shows optical pictures of the contact between the
EPDM rubber and a flat glass surface for three contact times,
namely (a) 3 minutes, (b) 1 hour and (c) 18 hours. The contact
area increases slowly with increasing time, and we estimate the
relative contact area (at optical resolution; at atomic resolution
the contact area may be smaller) to be A/A0 E 0.194 in (a), 0.330
in (b) and 0.452 in (c).
In Fig. 7 we show the contact area as a function of the
logarithm of the contact time, as obtained by analyzing a
number of snapshot pictures of the type shown in Fig. 6. Note
that the contact area increases linearly with the logarithm of
the contact time, as is usually found also for other systems. In
this case the increase in the contact area is mainly due to the
strengthening of adhesion with increasing contact time (which
fundamentally is due to the velocity dependency of the closing
crack; see Sections 3 and 4). Thus, if adhesion would be
negligible, the contact area would increase only due to the
viscoelastic relaxation, which would result in at most B10%
increase in the contact area. This follows from the theory of
contact mechanics for randomly rough surfaces (the EPDM rubber
surface has roughness from the steel mold, see Fig. 1), which for
A/A0 o 0.3 predicts that the relative contact area is proportional to
p/E (where p is the nominal contact pressure).16,20–25 Since the
contact area in this limit scales with the Young’s modulus as 1/E,
one expect an at most 10% increase in the contact area in the
relevant time interval due to viscoelastic relaxation, while we
observe an B100% increase in the contact area.
In Sections 3 and 4 we are interested in the contact between
diﬀerent rubber compounds and a sandblasted glass surface in
water. The EPDM and GECO compounds exhibit no adhesion
against smooth glass in water, and the increase in the contact
area with increasing contact time shown in Fig. 6 will not occur.
The NBR and PDMS rubbers do exhibit adhesion with a smooth
glass surface in water. However, for the sandblasted glass
surface used in the leakage experiments, the theory26 predicts
that in the adiabatic limit the pull-oﬀ force vanishes even for
the NBR and PDMS compounds. Nevertheless, the adhesion
will increase the contact area and reduce the average interfacial
separation for these compounds. However, calculations for all
the rubber compounds (which have a low-frequency, largestrain modulus of the order of E E 2 MPa) show that the leak
rate is only slightly reduced by the strengthening of adhesion
with increasing contact time (see Fig. 15).

3. Adhesion
In this section we will present results for the adhesion between
NBR, GECO, EPDM and PDMS and a smooth, clean, glass
surface. In the experiments we brought a silica-glass ball (with
diameter 2R = 2.5 cm) into contact with a rubber substrate as
shown in Fig. 8. The rubber sample 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

This journal is © The Royal Society of Chemistry 2017

Fig. 6 The contact between a rectangular block of the EPDM rubber and
a flat dry glass surface (a) 3 minutes, (b) 1 hour and (c) 18 hours after
applying a normal force or load. The nominal contact pressure p0 E
0.2 MPa and the temperature T = 20 1C. The diameter of the round picture
is about 0.5 mm. We estimate the relative contact area from the darkness of
the pictures. The relative contact area increases from (a) A/A0 E 0.194 to
(b) A/A0 E 0.330 to (c) A/A0 E 0.452.
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Fig. 7 The contact area as a function of the logarithm of the contact time
for a rectangular EPDM rubber block squeezed against a flat dry glass
surface – for the same system as in Fig. 6. The nominal contact pressure
p0 = 0.2 MPa and the temperature T = 20 1C.

Fig. 8 The experimental set-up for measuring adhesion.

which is directly transferred to a computer at a rate of 1 sample
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 below the glass
ball is repeatedly moved up and down at a very low speed,
vx E 0.9 mm s1. The maximum loading force is typically 0.1 N.
For the experiments in water the rubber and the glass ball
are fully immersed in water. For more details about the experiments, see ref. 5.
We assume that the Johnson–Kendall–Roberts (JKR) theory
can be used to analyze the experimental data. According to this
theory the radius of the circular contact region at the point of
snap-off (elastic instability) is

r0 ¼

9pwR2
8E 

1=3
;

(1)

and the pull-off force
3
Fpull-off ¼ pwR;
2
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(2)

Fig. 9 The interaction force between the glass ball and the NBR surface
(under dry conditions) for the third contact cycle (out of 5 contact cycles,
see red squares in Fig. 10). When the interaction force vanishes, the glass
ball is not in contact with the rubber. A negative interaction force implies
an attractive force between the glass ball and the rubber. Note the strong
adhesion during pull-oﬀ (pull-oﬀ force Fpull-oﬀ E 21 mN), and the absence
of adhesion during contact formation. The (vertical) drive velocity is
vz = 0.87 mm s1.

where E* = E(0)/(1  n2) is the effective Young’s modulus of the
rubber [E(0) = E(o = 0) is the static Young’s modulus and n
Poisson’s ratio], w the work of adhesion and R the radius of the
sphere. In the present applications the radius of the contact at
snap-off is in the 0.1–1 mm range.
Fig. 9 shows the interaction force between the glass ball and
the NBR surface (under dry conditions) for the third contact
cycle, in an experiment involving 5 contact cycles (see red
squares in Fig. 10). The glass ball is moved up and down with
the speed vz = 0.87 mm s1. When the interaction force
vanishes, the glass ball is not in contact with the rubber. A
negative interaction force implies an attractive force between
the glass ball and the rubber. Note the strong adhesion during
pull-oﬀ (pull-oﬀ force Fpull-oﬀ E 21 mN), and the absence of
adhesion during contact formation. We also did not observe
adhesion upon contact formation for the EPDM and GECO
rubber compounds, but we observed (very weak) adhesion upon
contact formation for PDMS compounds with very smooth
surfaces.5 The strong adhesion during pull-oﬀ, and the negligible
adhesion upon contact formation, is due to non-adiabatic processes
at the opening and closing cracks. The same strong non-adiabatic
eﬀect is also the reason why the contact area increased very slowly
with contact time, as reported for the EPDM rubber in Section 2.4.
Fig. 10 shows the work of adhesion for the NBR, GECO and
EPDM, as obtained from eqn (2). Note that in the dry state NBR
exhibits much larger adhesion than the GECO and EPDM
compounds. In water the GECO and EPDM do not exhibit any
adhesion. However, for NBR we do observe adhesion in water.
As shown in ref. 5 this is also the case for PDMS. Since PDMS is
strongly hydrophobic it is likely that a dewetting transition
occurs when PDMS is in contact with glass in water. GECO is a
polar rubber which swells in water, and in this case no dewetting
transition is expected, and the glass and GECO surfaces may be
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Fig. 10 The logarithm of the work of adhesion during retraction (separation)
as a function of the number of contacts for the NBR (red), EPDM (green) and
GECO (blue). The square symbols are for dry surfaces and the + and  in
water (for NBR, experiment repeated twice). For the EPDM and GECO no
adhesion was observed in water. The open blue squares are for GECO, which
was first kept in water for 24 hours and then dried for 24 hours. The glass ball
was cleaned with acetone before each measurement sequence. The rubber
surface was cleaned with isopropanol. The drive velocity is vz = 0.87 mm s1.

separated by a nanometer thick film of water molecules even in
the glass–rubber asperity contact regions. EPDM exhibits very
small adhesion with glass in the dry state and, in spite of its
hydrophobic nature, a vanishing work of adhesion in water.
Note that for NBR rubber in water the adhesion decreases
with the number of contacts and becomes negligible small after
5 contacts (see  – symbols in Fig. 10). After obtaining the
result for NBR rubber in water shown in the figure, we repeated
it on the same rubber, but adhesion was too small to be
detected. Next we cleaned the ball and moved the rubber a
little to get another contact spot. In this case the adhesion was
low [close to the value for the last contact (contact number 5) in
the figure]. Then we repeat the experiment from scratch with a
new piece of rubber and a new cleaned glass ball. In this case
we got very similar results to those in the first experiments (see
+ symbols in Fig. 10). From these experiments we conclude that
most likely some modifications of the rubber surface occur in
water, which strongly influence the adhesion. One explanation
could be that the polar acrylonitrile-groups of the NBR form
‘‘hidden’’ hydrophilic clusters inside a hydrophobic non-polar
rubber matrix [in which case they would not influence the
(short time) water contact angle of the dry NBR samples (see
above)]. Thus when the glass ball makes contact with the NBR
rubber after a short time in water the NBR rubber is hydrophobic, which could result in the dewetting or formation of gas
bubbles (see Section 4) and strong rubber–glass adhesion. After
long contact with water the hydrophilic clusters close to the
rubber surface may rearrange (displace) towards the surface,
increasing the surface energy, making the surface more hydrophilic, and reducing the adhesion.
Other possibilities for the dependency of adhesion on time
could be swelling of the rubber, or diﬀusion of rubber compound
molecules into the water, which could occur slowly with increasing
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time (note: there are about 4 hours between each contact between
the glass ball and the rubber). In fact, most rubber compounds
used in technology have many additives which can diﬀuse into the
surface and result in a work of adhesion changing with time,
temperature and the number of contacts. In addition, on solids
kept in water for a long time one often observes the formation of a
hydrophilic bio-film,27 but we believe that this is unlikely in our
case since the glass surface was cleaned with acetone and the
rubber surface with isopropanol, and the distilled water is unlikely
to contain microorganisms.
Note the huge variation in the work of adhesion in Fig. 10 in
spite of the fact that the diﬀerent rubbers have very similar
surface energies, and hence very similar adiabatic works of
adhesion. Since the surface topographies are 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. 3), the
diﬀerence must mainly be due to non-adiabatic eﬀects, e.g.
diﬀerent viscoelastic contributions to the crack propagation
energy. In fact, in ref. 5 and 28 we have argued that the diﬀerence in
the work of adhesion is mainly due to the combined action of the
surface roughness (on the rubber) and viscoelastic enhancement of
the crack propagation energy.
We have also studied the work of adhesion for PDMS against
the glass ball in the dry state and in water. Fig. 11 shows the
work of adhesion during retraction (separation) as a function of
the number of contacts between a 1 : 10 PDMS and glass in
water (see also ref. 5). Note that the work of adhesion is of
similar magnitude to that for the first contact between the glass
ball and NBR in water. In an earlier study for 1 : 30 PDMS we
found that the work of adhesion increases with the number of
contacts in water, but this is not the case for the 1 : 10 PDMS
compound. We believe that this is due to the following eﬀect:
for 1 : 30 PDMS oligomers are transferred to the glass surface
during contact in water, which lower the surface energy of the

Fig. 11 The work of adhesion during retraction (separation) as a function
of the number of contacts between 1 : 10 PDMS and glass in the dry state
(filled symbols) and in water (open symbols). The results are shown for two
diﬀerent pull-oﬀ velocities. The glass ball was cleaned with acetone before
each measurement sequence.
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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.
The 1 : 10 PDMS has a much lower concentration of free
oligomers and the transfer of oligomers to the glass surface
may be negligible. For more details about this see ref. 5.
To summarize, NBR and PDMS both exhibit adhesion to
glass in water. For NBR the adhesion decreases with increasing
time, while for the 1 : 10 PDMS compound the adhesion is
nearly independent of time. For the EPDM and GECO no
adhesion could be observed with the glass surface in water.

4. Leakage of seals
We now study the leakage of water for seals made from the
NBR, GECO, EPDM and PDMS elastomers. We will show that
the adhesion, or adhesion related eﬀects, between the rubber
and the counter surface may have a big influence on the leak
rate. Thus we observe very strong time-dependent leak rates for
the PDMS and NBR rubbers, which both exhibit adhesion to
silica glass in water, while the theory without adhesion can
explain what we observe for the GECO and EPDM rubbers,
which is consistent with the absence of adhesion between these
rubber compounds and glass in water (see Section 3).
4.1

Experimental set-up and theory

In Fig. 12 we show our set-up for measuring the leak rates of
seals. A glass (or PMMA) cylinder with a rubber square-ring
(with the inner and outer diameters, and thickness = 4 cm, = 3 cm
and = 0.5 cm, respectively) attached to one end is squeezed
against a hard substrate with well-defined surface roughness.
The cylinder is filled with water, and the leak rate of the fluid at
the rubber counter surface is detected by the change in the height
of the fluid in the cylinder. In this case the pressure diﬀerence

Fig. 12 Experimental set-up for measuring the leak rates of seals. A glass
(or PMMA) cylinder with a rubber ring attached to one end is squeezed
against a hard substrate with well-defined surface roughness. The cylinder
is filled with water, and the leak rate of the water at the rubber–counter
surface is detected by the change in the height of water in the cylinder.
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DP = Pa  Pb between the water pressure Pa at the bottom of the
glass cylinder and the water pressure Pb outside of the cylinder
(here the atmospheric pressure) is given by DP = rgH, where g is
the gravitation constant, r the fluid density and H the height of
the fluid column. As long as the surface separation at the
rubber–counter surface interface does not depend on the fluid
pressure or on time, we expect the leak rate to be proportional to
DP. Assuming an incompressible Newtonian fluid, the volumeflow per unit time through the critical constriction will be
(Poiseuille flow)
Ly uc3
Q_ 
DP;
Lx 12Z

(3)

where Z is the fluid viscosity, and uc is the height of the most
narrow constriction (which we refer to as the critical constriction)
for the first open (non-contact) percolating channel observed
when the interface is observed at increasing magnification. In (3)
Ly/Lx is the ratio between the length of the rubber seal orthogonal
and parallel to the fluid flow direction. In deriving this equation
we have assumed laminar flow, which is nearly always satisfied in
practice.
:
We have observed proportionality between Q and DP in some
54
earlier experiments and also in the present study for fluid
leakage between PDMS and sandpaper (see Fig. 14). However,
there are several reasons for the leak rate to depend nonlinearly on DP:
(1) If the fluid pressure Pa is not negligible compared to the
nominal contact pressure, the fluid pressure will increase the
surface separation at the rubber–counter surface and hence
result in a non-linear dependence of the leak rate on DP. In
the results presented below the fluid pressure leads to a weak
non-linearity of the leak rate on DP, which is well described by
the theory presented in ref. 29 (see also below). For systems
exhibiting adhesion in water, the fluid pressure could result in
opening-up cracks at the interface, but this effect has not been
studied theoretically.
(2) Clogging of flow channels by particles – in the present
study we use distilled water and we believe that clogging of flow
channels by particles is unimportant.
(3) Viscoelastic relaxation of the rubber reduces the gap
between the surfaces with increasing time. Viscoelastic relaxation
always occurs but in the present case this eﬀect is rather small.
Thus, in Section 2.4 we showed that during the time period of a
typical leakage experiment the eﬀective E-modulus decreases by
only B6% for NBR and EPDM, and by B1% for PDMS, which has
a relatively small influence on the leak rate as long as one is not
close to the percolation limit. That is, the strong decrease in the
leakage observed with increasing time for the NBR and PDMS
rubbers is not mainly due to a decrease in the interfacial surface
separation caused by the viscoelastic rubber relaxation.
:
In Fig. 13 where we show the calculated leak rate Q as a
function of the water pressure diﬀerence DP = Pa  Pb for a
square unit (i.e., Lx = Ly) for diﬀerent rubber elastic moduli,
which varies over a larger range than the E5–8% variation expected
due to viscoelastic relaxation. A decrease in the E-modulus by 6%,
from 2 MPa to 1.88 MPa, results in E15% reduction in the leak rate.
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Fig. 13 The theoretically predicted leak rate Q as a function of water
pressure diﬀerence DP = Pa  Pb for a square unit (i.e. Lx = Ly), for diﬀerent
rubber elastic moduli – for the sandblasted glass surface with the power
spectrum given in Fig. 1 and for the nominal rubber-glass contact pressure
p = 50 kPa.

Fig. 14 The dependency of the leak rate on the water pressure for PDMS
in contact with a sandpaper 120 surface – for several rubber–glass contact
pressures between p = 50 kPa and p = 290 kPa.

This change in the leak rate is similar to what we observe for the
EPDM rubber, so the time-effects observed for this compound can
be attributed to viscoelastic relaxation (see below).
(4) Time dependent changes of the rubber viscoelastic
properties, e.g., via diﬀusion of fluid into the rubber or transfer
of molecules from the rubber to the liquid – the results
presented below indicate that for the GECO compound water
absorption may influence the leak rate for long contact times.
(5) Adhesion which depends on time (closing crack propagation;
see Fig. 6) – the formation of an adhesive bond between surfaces
can be a slow process as the work of adhesion depends on the
closing crack speed, wclose E w0/[1 + f (v,T)], where the viscoelastic term f (v,T) decreases very slowly with decreasing crack
tip speed v. Hence, at very short contact times, adhesion is
strongly reduced and only after a long enough time will it
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Fig. 15 The (average) interfacial separation in the non-contact surface
area, which appears when the magnification is increased from z to z + dz.
The results are shown with adhesion (red) and without adhesion (green).
We have assumed the rubber–glass contact pressure is p = 50 kPa, the
Young’s modulus E = 2 MPa and the work of adhesion w = 0.1 J m2 (red
line) and w = 0 (green line). In the critical junction theory, the critical
separation uc = u1(zc) and zc is the magnification where, with increasing
magnification, the first open (non-contact) percolating channel is
observed. The vertical dashed line indicates the critical magnification zc,
which is almost the same with or without the adhesion. The critical junction
has the lateral size l E 1 mm and the vertical separation uc E 15 mm which
depends only weakly on the adhesion.

manifest itself in its full strength as determined by the adiabatic
work of adhesion w0 (see Fig. 6 and 7). In the present case,
assuming the rubber elastic modulus E = 2 MPa and the work of
adhesion w0 = 0.1 J m2, for the sandblasted glass surface used
in the leakage experiments the adhesion results in an increase
in the area of real contact with a factor of B2. However, as
shown in Fig. 15, the adhesion has only a relatively small
influence on the surface separation at the critical constrictions.
Hence we do not believe that changes in the interfacial separation by
the adhesion are the origin of the strong dependency on the leak
rates of seals made from PDMS and NBR rubbers, see below.
However, since the GECO and EPDM, which do not exhibit adhesion
to glass in water, exhibit leak rates in good agreement with theory,
we believe some adhesion related phenomena, namely clogging of
flow channels by gas bubbles, are the origin of the non-linearity.
(6) Clogging of fluid flow channels by gas bubbles – this is
known to occur in microchanels,30–32 where trapped gas bubbles
may reduce or block the fluid flow. The formation of gas bubbles is
favored if the two solids show adhesion in the fluid as this may
involve dewetting. We believe that the influence of gas bubbles on
fluid flow can be the origin of the strongly non-linear dependency
of the leak rate on the water pressure DP found for seals made
from PDMS and NBR rubbers (see below). We note that the GECO
and EPDM rubbers do not exhibit adhesion to glass in water, and
in these cases the leak rate depends (nearly) linearly on DP.
4.2

Experimental results

In Fig. 16 we show the dependency of the leak rate on the water
pressure for (a) NBR, (b) GECO and (c) EPDM elastomers,
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Fig. 16 The dependency of the leak rate on the water pressure for
(a) NBR, (b) GECO and (c) EPDM, in contact with sandblasted glass. The
rubber–glass contact pressure p = 50 kPa. The red and green symbols are
for the first and second measurements, respectively. The red and green
dashed lines in (a) are fit functions of the form aP(1 + P/P0)3, where a is a
constant, P is the water pressure, and P0 = 12 kPa (red curve) and P0 =
15 kPa (green curve). The solid lines in (a), (b) and (c) are the theory
predicted leak rates for E = 2 MPa where the non-linearity arises from the
increased surface separation with increasing water pressure at the interface (see ref. 29).

in contact with sandblasted glass, with the rubber–glass contact
pressure p = 50 kPa. In all the experiments we start with the
water column about 120 cm high, and study how the leak rate
decreases as the height of the water column decreases. Hence,
decreasing water pressure, DP, also implies increasing contact time.
The red and green symbols are for the first and second
measurements, respectively. The second measurement was
performed without changing the contact between the rubber
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and the glass surface so it corresponds to increasing contact time
(usually several hours after the start of the first measurement).
The solid lines in (a)–(c) are the theory predicted leak rates
for E E 2 MPa, where the non-linearity in the relation between
the leak rate and water pressure arises only from the increased
interfacial surface separation with increasing water pressure
(see ref. 29). Thus the dependency of the leak rate on the water
pressure DP for the GECO and EPDM compounds is as expected
from the theory. The decrease in the leak rate for the EPDM
between the first and second experiments can be attributed to
the viscoelastic relaxation (see Fig. 5 and above). For the GECO
compound the drop in the leak rate from the first to the second
measurement (which started 26 hours after the start of the first
measurement) is much larger than for the EPDM rubber, and is
likely due to a combination of viscoelastic relaxation (which is
much larger for this compound than for the other rubber
compounds; see Fig. 5), and a change in the elastic modulus
of the rubber caused by water absorption (swelling), which
is known to occur for this hydrophilic rubber.33 For this
compound the three longest-time data points (1.5–2.5 hours
after the start of the first run) for the first run are below the
theory prediction, which we attribute to the same effect.
For the NBR rubber the leak rate decreases more rapidly
with decreasing water pressure (and increasing contact time)
than expected by the theory if the only eﬀect influencing the
leak rate would be the (small) influence of fluid pressure and
viscoelastic relaxation on the interfacial surface separation. We
believe that this deviation from the theory predictions may be
due to trapped gas bubbles which block fluid flow channels.
For large enough fluid pressure the gas bubbles will either be
removed, or they deform in such a way that fluid can pass
through the constriction, albeit at a rate smaller than in the
absence of gas bubbles. The formation of gas bubbles could
be related to the adhesive interaction between the rubber and
the glass surface as this may involve dewetting.
To test this hypothesis of the origin of the eﬀects observed
for the NBR rubber, we also performed experiments with PDMS
elastomers. From earlier studies we know that PDMS exhibits
adhesion to silica glass in water. In Fig. 17 we show the
dependency of the leak rate on the water pressure for the PDMS
rubber in contact with the same sandblasted glass surface as
used above. The rubber–glass contact pressure is (a) p = 50 kPa
and (b) p = 77 kPa. The red and green symbols are for the first
and second measurements, respectively. Clearly, PDMS exhibits
an even stronger dependency of the leak rate on DP or the
contact time than the NBR, and in the experiment in (b) the
leak rate vanishes when the water pressure reaches E4.5 kPa,
corresponding to a contact time of about 12 days. Clearly, after
this contact time no open percolating flow channel prevails at
the interface. A larger effect for the higher contact pressure is
expected as the critical constriction in this case has a smaller
separation between the surfaces than at the lower nominal
contact pressure, and is hence more prone to blocking by small
gas bubbles.
As an additional test we developed another (second) leakage
set-up with diﬀerent geometrical dimensions than the first
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Fig. 18 The dependency of the leak rate on the water pressure for the
EPDM rubber square-ring in contact with sandblasted glass. The rubber–
glass contact pressure is p = 32.5 kPa. The red squares are the measured
data and the black line indicates the theory prediction assuming the rubber
elastic modulus E = 2 MPa. Measurements are performed using the second
experimental set-up.

Fig. 17 The dependency of the leak rate on the water pressure for the
PDMS rubber square-ring in contact with sandblasted glass. The rubber–
glass contact pressure is (a) p = 50 kPa and (b) p = 77 kPa. The red and
green symbols are for the first and second measurements, respectively.
The red and green dashed lines in (a) are fit functions of the form aP(1 + P/P0)3,
where a is a constant, P is the water pressure, and P0 = 3 kPa (red curve) and
P0 = 6 kPa (green curve). The red dashed line in (b) is a fit function of the form
aP4, where a is a constant.

set-up. In Fig. 18 we show for this second set-up the dependency
of the leak rate on the water pressure for the EPDM rubber
square-ring in contact with sandblasted glass. The rubber–glass
contact pressure is p = 32.5 kPa. The red squares are the
measured data and the black line represents the theory prediction
assuming the rubber elastic modulus E = 2 MPa. As before, we note
that the theory predictions for how the leakage depends on DP is in
good agreement with the experimental data.
Similarly, Fig. 19 shows the dependency of the leak rate on
the water pressure for the PDMS rubber square-ring in contact
with sandblasted glass. The rubber–glass contact pressure is
p = 81.8 kPa. The red and green symbols are for the first and
second measurements, respectively. The red dashed lines are
fit functions of the form aP(1 + P/P0)3, where a is a constant,
P = DP is the water pressure, and P0 = 3 kPa. This is the same
dependency of the leakage rate on the fluid pressure as observed
with the first set-up. We also performed an experiment for
PDMS using degassed water, but in this case too the dependency
of the leak-rate on DP was stronger than that predicted by the
theory.
Note that for all the elastomers against the sandblasted glass
surface, the leak rate for the highest fluid pressure (DP = 12 kPa)
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and for the nominal rubber–glass contact pressure p = 50 kPa, is
in the 0.08–0.016 cm3 s1 range. Using (3) with the geometrical
factor Ly/Lx E 20 we get the critical junction uc E 16–20 mm.
This is close to the calculated value using the critical junction or
effective medium theory, which gives uc E 15 mm, where we
have used the rubber Young’s modulus E = 2 MPa and the glass
surface roughness power spectrum shown in Fig. 1 (note: the
critical junction occurs for the wavenumber q E 104 m1, i.e., in
the (measured) long-wavelength part of the power spectrum).
Increasing the Young’s modulus from E = 2 MPa to E = 3 MPa
increases uc with B40%. Since the rubber square-ring is confined between two nominal flat surfaces, and assuming no-slip
at the two surfaces, the effective modulus may be larger than the

Fig. 19 The dependency of the leak rate on the water pressure for the
PDMS rubber square-ring in contact with sandblasted glass. The rubber–
glass contact pressure is p = 81.8 kPa. The red and green symbols are for
the first and second measurements, respectively. The red dashed lines are
fit functions of the form aP(1 + P/P0)3, where a is a constant, P is the water
pressure, and P0 = 3 kPa. Measurements are performed using the second
experimental set-up.
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measured Young’s modulus, but this also depends on the
magnitude of the surface roughness.
We believe that the much stronger dependencies of the leakrate on the water pressure DP than those predicted by the theory
for the NBR and PDMS compounds are related to dewetting and
gas bubble formation. To study this, consider an gas bubble
trapped at a critical constriction, see Fig. 20. It is easy to
estimate the fluid pressure diﬀerence DP = Pa  Pb needed to
displace the gas bubble through the critical junction.30–32 If g is
the water surface tension, using the equation for the Laplace
pressure gives the condition DPclog E (g/uc)[cos y1 + cos y2],
and if DP 4 DPclog the fluid pressure is large enough to remove
the gas bubble. Using uc E 20 mm and g = 0.07 J m2, and
assuming [cos y1 + cos y2] E 1, we get DPclog E 4 kPa. This is
close to the pressure where for PDMS the leakage stops [about
5 kPa, see Fig. 17(b)]. We note, however, that clean glass is
wetted by water (zero contact angle), and only if molecules are
transferred to the glass surface from the rubber in water is it
possible to obtain a (locally) hydrophobic glass surface with
[cos y1 + cos y2] 4 0. We note that even before the gas bubbles
become large enough to block the critical junctions completely,
they will influence the leakage since the junctions are B50 times
wider than the height so many smaller gas bubbles could
accumulate at a critical junction before it is fully blocked. We
believe that this is the reason for the gradual (with increasing
time) decrease in the leakage observed for the PDMS and NBR
rubber.
When the fluid column height after the first measurement
sequence is increased back to 120 cm, the fluid pressure at the
rubber seal appears to be large enough to remove most of the
trapped gas bubbles; this is the reason why the fluid flow rate
after filling up the water level returns to a value only 30–40%
smaller than in the initial experiments [see Fig. 16(a) and 17(a)].
Note that for the contact pressure p = 50 kPa and water
pressure DP = 12 kPa the leak rate on the sand paper is
B30 times higher than on the sandblasted glass surface
(compare Fig. 17(a) with Fig. 14). This is due to the higher
surface roughness on the sandpaper surface, which leads to a
critical junction with uc about 3 times larger than that for the
sandpaper surface. This may be the reason why gas bubbles
have a negligible influence on the leak rate for sandpaper. In
addition, the materials diﬀer (the sandpaper surface is covered
with a thin polymer film), and the surface topographies diﬀer
too, which will also influence the existence and dynamics of
bubbles. We also performed leakage experiments for the PDMS
square-ring against a glass plate which was first sandblasted,
and then heat treated (flame polishing) to reduce the surface

Fig. 20 Gas bubble blocking a critical junction for hydrophobic surfaces.
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roughness. For this surface the theory predicts that for the
contact pressure p = 32.5 kPa and water pressure DP = 10 kPa,
the leak-rate is extremely small (about 1015 cm3 s1), which is
consistent with the experiments where we could not detect any
water leakage (see Appendix A).
To summarize, we propose that adhesion may be accompanied
by dewetting, and the formation and growth of gas bubbles, which
can block fluid flow channels and contribute to the dependence of
the leak rate on DP, and on the contact time.
4.3

Discussion

We have proposed that the non-linear water leakage observed
for the NBR and PDMS rubbers is due to the blocking of fluid
flow channels by gas bubbles. The nucleation of gas bubbles at
surfaces is a well-known phenomenon, which has a great influence
on a lot of interface phenomena. Thus, if a hydrophobic surface (or
a hydrophilic surface with some hydrophobic patches) is immersed
in water, in the roughness cavities (even in the nanometer range)
micro- or nano-bubbles are trapped. These bubbles have been
visualized by Atomic Force Microscopy (AFM), see e.g. ref. 34–37.
These nano-bubbles are responsible for dewetting processes,
even when all components of the Derjaguin–Landau–Verwey–
Overbeek (DLVO) forces (van der Waals and electrostatic double
layer force) are repulsive, and are the origin of the mysterious
‘‘long-range hydrophobic force’’ postulated by some groups.38–40
For water with supersaturation of the dissolved gases (N2,
O2, CO2) the nano-bubbles can also grow, which was likely the
case in our first set of experiments, where we filled in the
(distilled but not degassed) water from the top of the Plexiglas
cylinder, which resulted in the mix-in of air which could be
observed as many small air bubbles in the tube. The growth of
gas bubbles is a very common process and can be triggered by
small temperature changes: fill a Teflon pan overnight with
water, you will see big bubbles attached to the walls the next
morning.
We note that measurements of surface forces using the
Surface Force Apparatus39 are possible only when degassed water
is used as a medium. If not, irregular ranges of the ‘‘hydrophobic
forces’’ are measured, due to the influence of the formed gas
bubbles.

5. Rubber friction
We consider a rubber block sliding on a hard, rough, substrate.
There are two contributions to rubber friction on rough surfaces.
One contribution results from the area of real contact A, and the
second (viscoelastic) contribution results from the pulsating
deformations the rubber experiences from the substrate asperities. For smooth substrates only the contribution from the area of
real contact will prevail. This is true even if the rubber block has
surface roughness. The contribution from the area of real contact
is usually written as Atf, where tf is an eﬀective frictional shear
stress. The shear stress tf will in general be diﬀerent for smooth
and rough substrate surfaces even if the material is the same (e.g.,
silica glass), because the substrate surface roughness within the
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area of real contact will influence tf, and also because there may
be a contribution from opening crack propagation which depends
on the size of the contact spots, which in general decreases when
the substrate roughness increases.

5.1

The contribution from the area of contact

Let us consider the contribution from the area of real contact to
the friction force. The two most important friction processes on
clean and dry surfaces are as follows:
(a) For sliding contact the rubber molecules in the asperity
contact regions will interact with the substrate atoms as indicated
in Fig. 21. In many cases one expects weak interfacial interactions,
e.g., van der Waals interaction. For stationary contact the rubber
chains at the interface will adjust to the substrate potential to
minimize the free energy. This bond formation may require overcoming potential barriers, and will not occur instantaneously but
requires some relaxation time. During sliding at low velocities
thermal fluctuations will help in breaking the rubber–substrate
bonds resulting in a friction force which approaches zero as the
sliding velocity goes to zero. At high velocities there is not enough
time for the rubber molecules to adjust to the substrate interaction
potential, i.e., the bottom surface of the rubber block will ‘‘float’’
above the substrate forming an incommensurate-like state with
respect to the corrugated substrate potential. Thus, the frictional
shear stress is small also for large sliding speeds. We expect the
frictional shear stress as a function of the sliding speed to have
a maximum at some intermediate velocity v*. This friction
mechanism was first studied in a highly simplified model by
Schallamach8 and later by Leonov et al.,41 and for a more
realistic model by Persson and Volokitin.42 The theory predicts
that the frictional shear stress is a Gaussian-like curve as a
function of log10v, with a width of E4 velocity decades, and
centered at a sliding speed typically of the order of v* B 1 cm s1.
(b) There may be a contribution to the friction from interfacial opening-crack propagation (see Fig. 22). Thus, during
sliding in each substrate asperity contact region there is a
closing interfacial crack on the front side (in the sliding
direction) and an opening crack on the back side.43 As discussed
in Section 3, the energy to propagate an opening crack G(v) may
be strongly enhanced by energy dissipation in the rubber in the
vicinity of the opening crack, and may also enhance the contact
area.43–47 It is not clear at present, however, how important this

Fig. 21 The classical description of a polymer chain at the rubber-block–
counter surface interface. During the lateral motion of the rubber block,
the chain stretches, detaches, relaxes, and reattaches to the surface to
repeat the cycle. The picture is schematic and in reality no detachment in
the vertical direction is expected, but only a rearrangement of molecule
segments (in nanometer-sized domains) parallel to the surface from
pinned (commensurate-like) to depinned (incommensurate-like) domains.
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Fig. 22 A rubber block in contact with a road asperity. We assume that
the contact region is circular with the diameter L = 2r0. During sliding
(speed v) a closing crack is observed on the entrance side and an opening
crack on the exit side. During sliding the distance Dx the dissipated energy
in an asperity contact region (wopen  wclose)LDx E w0LDx([1 + f (v,T)] 
1/[1 + f (v,T)]). The dissipated energy can also be written as tfpr02Dx, where
tf is an eﬀective frictional shear stress, giving tf E (4/p)(w0/L)([1 + f (v,T)] 
1/[1 + f (v,T)]).

mechanism is for rubber friction. We note that processes (a) and
(b) will in general act together.
5.2

Viscoelastic contribution

The viscoelastic contribution to the friction is calculated using
Persson’s rubber friction theory. Thus, the friction force acting
on a rubber block squeezed with the stress p0 against a hard
randomly rough surface is given by48,49
ð
1 q1
mvisc 
dq q3 CðqÞSðqÞPðqÞ
2 q0
(4)
ð 2p
E ðqvðtÞ cos f; T0 Þ
df cos fIm
;

ð1  n 2 Þp0
0
where T0 denotes the temperature, and where


ð pG
1
1
2
dx ex =4 ¼ erf p ;
PðqÞ ¼ p
p 0
2 G

S(q) = g + (1  g)P2(q),
with g E 1/2, and where

ð 2p 
ð
E ðqv cos f; T0 Þ2
1 q
3

 :
dq q CðqÞ df
GðqÞ ¼
ð1  n 2 Þp0 
8 q0
0

(5)

(6)

(7)

Note that P(q) = A(q)/A0 is the (normalized) contact area
observed at the magnification z = q/q0.
In the theory of rubber friction48,50 the viscoelastic contribution
to the friction depends on the surface roughness power spectrum
C(q), where q = 2p/l is the wavenumber of a particular frequency
component (with wavelength l) of the roughness profile. In
calculating the rubber friction we include all the roughness
components with wavenumber q0 o q o q1. Here q0 = 2p/L, where
L is the linear size of the rubber block in the sliding direction. We
define the magnification z = q/q0. When we study the interface at
the magnification z we do not observe roughness components with
wavenumber q 4 q0z, and physical quantities observed at this
magnification therefore depend on the magnification.
We note that when calculating the viscoelastic contribution
to rubber friction (and the contact area) it is necessary to
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introduce a large wavenumber cut-oﬀ q1 = 2p/l1, where l1 is the
shortest surface roughness wavelength included in the contact
mechanics calculation. We have found that choosing a large
wavenumber cut-oﬀ so that including all the roughness
components for q0 o q o q1 results in an rms-slope of E1.3
gives a viscoelastic contribution in agreement with experiments.
For the sandblasted surface with the power spectrum shown in
Fig. 1 this gives (see Fig. 2) q1 E 109 m1.
For smooth surfaces l1 may be of the order of atomic
distances, or the average distance between cross-links, i.e.,
q1 E 109–1010 m1. For very rough surfaces like road surfaces,
the cut-off may be related to the onset of rubber bond-breaking
and wear processes, which can be observed in the contact
regions at high enough magnifications as a result of large
stresses and high temperatures. For road surfaces this typically
gives the cut-off q1 B 106–107 m1.
5.3

Experimental results and analysis

We have measured the dependency of the friction coeﬃcient on
the sliding speed for the NBR, GECO and EPDM elastomers on
smooth and sandblasted silica glass surfaces. The measured
data presented below were obtained using the Leonardo da
Vince set-up shown in Fig. 23. The slider consists of two rubber
blocks glued to a wood plate. One block is at the front of the
wood plate and the other at the end of the wood plate. The
normal force is generated by adding lead blocks (total mass M) on
top of the wood plate. Similarly, the driving force is generated by
adding small lead blocks in the container M 0 in Fig. 23.
This friction tester can be used for obtaining the friction
coeﬃcient m = M 0 /M as a function of the sliding speed. The
sliding distance is measured using a distance sensor, and the
sliding velocity obtained by dividing the sliding distance by
the sliding time. This set-up can measure only the friction
coeﬃcient on the branch of the m(v)-curve where the friction
coeﬃcient increases with increasing sliding speed v.
Fig. 24 shows the friction coeﬃcients for the NBR, GECO
and EPDM elastomers on dry and wet smooth glass (a) and on
sandblasted glass (b). For the smooth glass surface the NBR
rubber exhibits the highest friction on both the dry and wet

Fig. 23 Simple friction tester (schematic) used for obtaining the friction
coeﬃcient m = M 0 /M as a function of the sliding speed. The sliding distance
is measured using a distance sensor and the sliding velocity obtained by
dividing the sliding distance with the sliding time. This set-up can measure
only the friction coeﬃcient on the branch of the m(v)-curve where the
friction coeﬃcient increases with increasing sliding speed v.

9116 | Soft Matter, 2017, 13, 9103--9121

Fig. 24 The friction coeﬃcients for the NBR, GECO and EPDM compounds
on dry and wet smooth glass (a) and on sandblasted glass (b). The nominal
contact pressure on dry glass p E 0.09 MPa and p E 0.07 MPa wet glass.

glass surfaces. This is consistent with the observation that the
NBR exhibits stronger adhesion to glass than the GECO and EPDM
elastomers, both under dry and wet conditions. Nevertheless, the
friction in water is considerably smaller (by a factor of 2–4) than
that under dry conditions, which is similar to the change in the
work of adhesion between dry and wet conditions.
For the GECO elastomer on the smooth glass surface the
friction decreases very strongly when going from the dry to the
wet conditions. We believe that this is due to the hydrophilic
nature of this rubber. Thus the GECO elastomer strongly
absorbs water, and it is likely that a few monolayers of water
separate the rubber from the glass surface in the asperity
contact regions. We note here that an even larger drop in the
friction was observed for PDMS in water, when the surface of
PDMS was made hydrophilic by exposing it to oxygen plasma.51
For EPDM in water stable sliding was observed only for very
low sliding speeds (up to v E 0.1 mm s1) and for these small
sliding speeds the friction was the same as that in the dry state.
This may be due to the hydrophobic nature of EPDM where
the water may be expelled from the (rubber) asperity contact
regions at low sliding speeds. At higher speeds dewetting may
not occur and a thin water film separates the surfaces. This
would result in a drop in the friction force, and in the observed
instability in the sliding dynamics when studied at a constant
driving force.
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The diﬀerence in the friction coeﬃcient between the diﬀerent
rubbers is much smaller on the dry sandblasted glass surface
than on the smooth glass surface, but the NBR rubber again
exhibits the highest friction. For the NBR elastomer the friction is
similar on the dry and wet surfaces, while for the GECO
compound it again decreases strongly in the wet state, but
much less than that for the smooth glass surface. This is, at
least in part, due to the viscoelastic contribution to the friction,
which is expected to be of similar magnitude for the dry and wet
surfaces.
We will now analyze the friction data on the sandblasted
surface in greater detail. In Fig. 25 we again show the friction
coeﬃcients for the NBR, GECO and EPDM elastomers on the
dry and wet sandblasted glass surfaces. The green lines show the
calculated viscoelastic contributions to the friction coeﬃcient (lower
line), and the total (viscoelastic + adhesive) friction coeﬃcient.
Here we have assumed that the total friction m = mvisc + mad,
with the adhesive contribution given by
mad ¼

Atf
;
A0 p0

where A0 is the nominal contact area, and p0 is the nominal
contact pressure (so the normal force, or load, FN = A0p0). The
viscoelastic contribution mvisc and the contact area A have been
calculated using the rubber friction theory presented in ref. 48 and
49, and for the frictional shear stress we have used the results
shown in Fig. 26. The magnitude and velocity dependencies of the
frictional shear stress shown in Fig. 26 are similar to what we
observed before for filled rubber (tread) compounds.7
Let us discuss the origin of the frictional shear stress tf. It
has been suggested6,52 that the adhesive contribution is directly
correlated with tan d. However, this is clearly not the case
because from Fig. 4 we see that the separation between the peak
maximum of the tan d(o) curves at T = 20 1C is 1.5 frequency
decades between NBR and GECO and 1 frequency decade
between GECO and EPDM, while the separation between the
shear stress curves along the velocity axis is smaller than this.
Let us first address the contribution from the crack opening
process to the frictional shear stress tf. One of us have recently
developed a theory for cracks in finite viscoelastic solids, which
can be used to estimate the contribution from crack-opening in
the asperity contact regions during sliding.53 Assuming circular
asperity contact regions with diameter L, the theory can predict
the following contribution from interfacial crack propagation
(see Fig. 22):


wopen  wclose w0
1
:
tf 

½1 þ f ðv; TÞ 
½1 þ f ðv; TÞ
L
L
The diameter of typical contact regions is not known but
assuming L = 0.3 mm in Fig. 27 shows the calculated contribution from crack-opening (at the asperity contact scale) to the
eﬀective frictional shear stress acting in the asperity contact
regions. The thick red, blue and green lines are for the NBR,
GECO and EPDM compounds at T = 20 1C.
Close to a crack tip one expects an increase in the rubber
temperature. The thin lines in Fig. 27 shows the calculated
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Fig. 25 The friction coeﬃcients for the NBR, GECO and EPDM compounds
on dry and wet sandblasted glass as a function of sliding speed. The nominal
contact pressure on dry glass p E 0.09 MPa and the temperature T = 20 1C.
The green lines show the calculated viscoelastic contributions to the
friction coeﬃcient (lower line), and the total (viscoelastic + adhesive)
friction coeﬃcient.

contribution from crack-opening to the eﬀective frictional
shear stress acting in the asperity contact regions for the
NBR, GECO and EPDM compounds at T = 22 1C.
In the calculations above we have adjusted the adiabatic
work of adhesion w0 so that the magnitude of the calculated
shear stress is similar to what we observed in the experiments
(compare Fig. 27 with Fig. 26). Thus we have used w0 = 0.25 J m2.
This is much larger than the observed work of adhesion for
smooth surfaces (see Section 3). In particular, for the GECO and
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6. Summary and conclusion

Fig. 26 The frictional shear stress acting in the area of real contact for the
NBR, GECO and EPDM compounds on dry sandblasted glass as a function
of sliding speed. The nominal contact pressure on dry glass p E 0.09 MPa
and the temperature T = 20 1C. Using the shown frictional shear stresses
and the calculated area of real contact gives the observed total friction
coeﬃcient [upper green lines through the measured friction coeﬃcient
data points (red squares) in Fig. 25].

Fig. 27 The calculated contribution from crack-opening (at the asperity
contact scale) to the eﬀective frictional shear stress acting in the asperity
contact regions. The red, blue and green lines are for the NBR, GECO and
EPDM compounds at T = 20 1C (thick lines) and T = 22 1C (thin lines).

EPDM rubber compounds it is a factor of B20 times higher. Since
the adiabatic work of adhesion is even smaller than the work of
adhesion given in Section 3 (which was for an opening crack with
the crack tip velocity E10 mm s1), it is clear that the crack
opening mechanism with L = 0.3 mm cannot explain the observed
frictional shear stress. If we decrease L the crack propagation
contribution to tf will increase, but the calculated tf(v) curves shift
to lower sliding speeds, which disagree with the observed results
for tf(v). Thus we believe that the crack opening mechanism does
not give the most important contribution to the frictional shear
stress in the area of real contact. This is in accordance with earlier
studies, where one of us has proposed that the polymer bonding–
stretching–debonding process shown in Fig. 21 is the main origin
of the observed frictional shear stress,7 but differs from the
conclusion of Klüppel et al.6,52
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In this study we have presented the results for adhesion and
friction for NBR, EPDM, GECO and PDMS elastomers in the dry
state and in water. For dry contact between EPDM and a
smooth glass surface we found that the contact area increases
linearly with the logarithm of the contact time. We found that
this is mainly due to the strengthening of adhesion with
increasing contact time (which fundamentally is due to the
velocity dependency of the closing crack; see Sections 3 and 4).
We have also studied the leak rate of water from rubber seals
produced from the same elastomers. NBR and PDMS exhibited
adhesion in water, while no adhesion in water was observed for
the EPDM and GECO elastomers. For NBR we observed that
adhesion decreases with increasing time of immersion in water.
The leak rates for EPDM and GECO seals in contact with
sandblasted glass exhibit a nearly linear dependency on the
water pressure diﬀerence DP, as expected from Poiseuille flow if
the interfacial separation is independent of DP and the contact
time. For NBR and PDMS this was not the case, and the leakage
decreased more rapidly with decreasing DP (corresponding to
increasing contact time) compared to the linear decrease
expected from theory when the interfacial separation is timeindependent. We interpret this as originating from gas bubbles
trapped in the fluid flow channels, in particular at the most
narrow constrictions, denoted critical constrictions (of height
B10 mm in the present case). The formation of trapped gas
bubbles may be particularly important for the rubber–glass
systems exhibiting adhesion in water, as adhesion typically will
involve dewetting processes. The formation and growth of the
gas bubbles depend on the contact time.
We have presented rubber friction experiments on smooth
and sandblasted silica glass in the dry state and in water. Our
analysis indicates that the adhesive contribution to the friction
from crack opening in the asperity contact regions gives a
negligible contribution to the friction force. This diﬀers from
the conclusion of Klüppel et al., who attribute the adhesive
contribution to rubber friction as due to the crack opening
process.
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Appendix A
We performed leakage experiments for the PDMS square-ring
squeezed against a glass plate which was first sandblasted, and
then heat treated (flame polished) to reduce the surface roughness.
Fig. 28 shows the power spectra of a sandblasted surface (red line),
and a flame polished glass surface (green line). Including only the
roughness over the measured wavenumber range shown in the
figure, the rms roughness amplitude and the rms-slope are 18 mm
and 0.71, respectively, for the sandblasted glass, and 3 mm and
0.11, respectively, for the flame polished glass. In Fig. 28 we also
show the power spectra of smooth (untreated) glass (blue line).
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Fig. 28 The surface roughness power spectra of a sandblasted glass
surface (red), of a sandblasted and flame polished glass surface (green)
and of a smooth (untreated) glass surface (blue line), as a function of the
wavenumber (log–log scale). The glass surfaces were not cleaned before
the topography measurements. The sandblasting procedure was different
from that for the glass surface studied in Section 4.

Fig. 30 The logarithm of the calculated water leak-rate as a function
of the rubber–substrate nominal contact pressure, for the square-ring
silicone rubber seal against the sandblasted glass surface (red) and against
the flame polished glass surface (green). The water pressure DP = 10 kPa.
For the contact pressure p = 32.5 kPa the calculated leak-rate is about
:
Q E 1011 cm3 s1.

Fig. 29 The height probability distribution Ph for a sandblasted glass
surface (red), and a sandblasted and flame polished glass surface (green).

wavenumber q 4 40 000 m1 results in an rms roughness amplitude
of E20 nm, which is B100 times larger than expected for thermally
excited waves.16
Using the measured power spectrum for the flame polished
glass surface, in Fig. 30 we show the calculated contact pressure
dependency of the water leak-rate for the square-ring silicone
rubber seal against the sandblasted glass surface (red) and
against the flame polished glass surface (green). Here we have
assumed that the water pressure DP = 10 kPa. For the contact
pressure p = 32.5 kPa (vertical dashed line in Fig. 30) the leak-rate for
:
the flame polished glass surface is about Q E 1015 cm3 s1.
Leakage experiments performed on the flame polished glass surface
for the contact pressure = 32.5 kPa gave a water leak-rate below the
detection limit, which was E6  104 cm3 s1 for a 10 minutes
waiting time, which is consistent with the very small leak-rate
expected from the theory.

The surface height probability distributions are shown in Fig. 29.
We note that before flame polishing the sandblasted glass surface
appears white (milky) due to light scattering, while it appears very
clear after flame polishing.
The sandblasted surface used in Fig. 28 was prepared using
diﬀerent sandblasting particles, diﬀerent kinetic energies, and
diﬀerent sandblasting times, as compared to the surface used
in Section 4. Nevertheless, we again observe a self-aﬃne fractallike power spectrum with the Hurst exponent H = 1 (corresponding to the fractal dimension Df = 3  H = 2), as expected
from simple models of sandblasting (see ref. 11). The smooth
glass surface and the flame polished glass also exhibit self-aﬃne
fractal-like surface roughness power spectra for large wavenumbers,
but with the Hurst exponent H = 0 (corresponding to the fractal
dimension Df = 3). This is expected for surfaces with frozen capillary
waves, but the magnitude of C(q) is too high to correspond
to frozen thermally excited capillary waves. Thus, for the
flame polished surface, including the surface roughness with
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Werner Stöckelhuber, Amit Das, Manfred Klüppel, Springer, 2017.
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Phys. Rev. Lett., 2012, 108, 244301.
23 S. Akarapu, T. Sharp and M. O. Robbins, Phys. Rev. Lett.,
2012, 106, 204301.
24 C. Campana, B. N. J. Persson and M. H. Müser, J. Phys.:
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