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The present publication reviews results
of a joint project between Forschungszentrum Jülich (FZJ) and Leibniz-Institut
für Polymerforschung Dresden e. V. (IPF)
about fluid dynamics at the interface of
soft elastic solids, i.e. crucial physical
phenomena in rubber seals. We performed adhesion and friction studies for a
set of well prepared and broadly characterized technical rubbers in the dry
state and in water. We report about
contact mechanics and friction between the rubber materials and different counter surfaces (glass, polymers,
metals) in fluids, mainly water but also
different types of oil.

Fluiddynamik an der Grenzfläche gummielastischer Festkörper
Gummidichtungen  Fluiddynamik 
Flüssigkeitsaustritt  Adhäsion  Reibung  Kontaktmechanik
Die vorliegende Publikation gibt einen
Überblick über die Ergebnisse eines Gemeinschaftsprojekts des Forschungszentrums Jülich (FZJ) und des LeibnizInstituts für Polymerforschung Dresden
e. V. (IPF) über die Fluiddynamik an der
Grenzfläche von weichelastischen Feststoffen, d.h. zu entscheidenden physikalischen Phänomenen in Gummidichtungen. Wir haben Haftungs- und Reibungsuntersuchungen für eine Reihe
von breit charakterisierten technischen
Kautschuken im trockenen Zustand und
in Wasser durchgeführt. Wir berichten
über die Kontaktmechanik und Reibung
zwischen den Gummimaterialien und
verschiedenen Gegenoberflächen (Glas,
Polymere, Metalle) in Flüssigkeiten,
hauptsächlich Wasser, aber auch verschiedenen Ölsorten.
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Fluid Dynamics at the Interface
between Soft Elastic Solids
Introduction

Rubber seals play a crucial role in daily
life and in many modern engineering
devices. Designing and production of
rubber seals is a big branch and business
field in rubber technology and industry.
The economic significance of the sealing
technology is obvious. The market for
seals in the European top 5 markets (Germany, France, Great Britain, Italy, Spain)
achieved a market volume of 3.4 billion
Euros. By 2018, the projected average
annual growth of 2% in value and a market volume of at least 3.6 billion Euros.
Germany remains the undisputed largest
producer of gaskets, with a market share
of ~35%. Germany is also number one in
the export of gaskets: 30% of all EU exports of gaskets come from Germany.
Demand is also greatest in the country of
major car manufacturers. Almost 26% of
all gaskets imported into the EU are delivered to Germany. Contact seals made
up the vast majority of seals sold within
the European Top 5 markets. In 2015, this
segment generated 87.5% of total industry revenue. Among the contact seals,
the dynamic seals were the most in demand again last year („Germany helps
the European market for seals to grow“
in http://www.marktmeinungmensch.
de/news/deutschland-verhilft-europaeischen-markt-fuer-dich/; 2018-10-08).
However, fundamental physical understanding behind seal systems, i.e. fluid dynamics at the interface between
soft elastic solids, is still limited. In spite
of its apparent simplicity, it is not easy,
for example, to predict the leak rate and
(for dynamic seals) the friction forces.
The main problem is here the influence
of surface roughness on the contact mechanics at the seal-substrate interface.
Most surfaces of engineering interest
have surface roughness on a wide range
of length scales, e.g., from centimeter to
nanometer, which will influence the leak
rate and friction of seals, and accounting
for the whole range of surface roughness
is impossible using standard numerical
methods used today by engineers. Furthermore, the specific roles of rubber
bulk (viscoelasticity), surface (surface energies and adhesion properties) and friction characteristics, as well as processing
routes and preparation of the rubbers,

are influencing factors. Several of these
issues were addressed and investigated
within a joint project between
Forschungszentrum Jülich (FZJ; Peter
Grünberg Institut „Quanten-Theorie der
Materialien”), Leibniz-Institut für
Polymerforschung Dresden e. V. (IPF) and
Technische Universität Dresden. The project (1.1.2015 – 31.12.2017) was funded
by Deutsche Forschungsgemeinschaft
DFG (G. Heinrich: HE4466/34-1, B.N.J.
Persson: PE807/10-1). The goal of the
project was directed to the preparation
and broad characterization of a relatively
wide set of rubbers. Furthermore, we investigated the influence of the fluid wetting (or non-wetting) properties on the
leak-rate of the corresponding rubber
seals and studied fluid squeeze-out for
wetting and non-wetting systems. We
also discussed the effective viscosity of
confined hydrocarbon fluids, and extended physical models of fluid dynamics at the interface between elastic solids; this involved calculating fluid flow
factors for solids with rough surfaces in
contact. In addition we studied the adhesion, contact mechanics and gas flow
between rubber and a counter surface at
low temperatures, as is important for
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rubber seals in low temperature applications, e.g. oil and gas exploration in cold
regions such as Norway. The present
publication summarizes the results of
the project. Details were already published in several publications as listed in
References.
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Results

In the first part of the joint project [1],
we have studied the adhesion characteristics of diverse and well characterized
elastomers having different chemical
and viscoelastic properties. The results
were analyzed using the Johnson–Kendall–Roberts (JKR) theory to incorporate
the effect of adhesion in Hertzian contact. (Note: Johnson, Kendall, and Roberts formulated the JKR theory of adhesive contact using a balance between the
stored elastic energy and the loss in surface energy [K. L. Johnson and K. Kendall
and A. D. Roberts, Surface energy and the
contact of elastic solids, Proc. R. Soc.
Lond. A 324 (1971) 301-313]). We used
elastomers such as Polydimethylsiloxane
(PDMS*; with varying crosslink densities), Acrylonitrile Butadiene Rubber
(NBR), Ethylene Propylene Diene (EPDM)
and Polyepichlorohydrin terpolymer (GECO), and Hydrogenated Nitrile Butadiene
Rubber (HNBR) with various amounts of
carbon black filler. NBR, EPDM, GECO,
and HNBR rubbers having the same
(Shore A) hardness. Glass and acrylic
balls were made to come in repeated
contact with these substrates.
Most of the adhesion experiments
were done with the Jülich experimental
set-up for measuring adhesion. Figure 1
displays the principle of this set-up.
The second type of experiments (in
cooperation with University of Florida,
USA) – mainly for PDMS - involve micro
adhesion experiments with in situ contact observation. An optical in situ micro-tribometer was used for micro-scale
adhesion experiments. The tribometer
was used to perform load–unload experiments between an acrylic ball and flat
sheets of the PDMS elastomer.
Effect of surface roughness on the
work of adhesion: For PDMS based elastomers, we observed that the surface
roughness of the glass ball has a different effect on the work of adhesion depending on the elasticity of the PDMS
substrate. For the stiff PDMS substrate
the work of adhesion is reduced by a
factor of ~700 for the rough glass ball as
compared to the smooth one. For the
soft PDMS substrate the work of adhewww.kgk-rubberpoint.de

Fig. 1: The experimental set up for measuring adhesion.
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Fig. 2: Effect of cross-link density on the velocity dependency of the work of adhesion of PDMS.
It is a two-component kit consisting of a base (vinyl-terminated polydimethylsiloxane) and a
curing agent (methylhydrosiloxane-dimethylsiloxane copolymer) with a suitable catalyst.
From these two components we prepared mixtures of 1 : 10, 1 : 20, 1 : 30, 1 : 40 and 1 : 50
(cross-linker/base) in weight. The decreasing cross-linker to base polymer ratio (1:20, 1:30....)
shows decreasing crosslink-density and stiffness of PDMS.

sion instead increases by a factor of ~2
for the rough glass ball.
Effect of crack tip velocity on the work
of adhesion: All the PDMS elastomers
showed the increased work of adhesion
with increasing crack tip velocity (Figure
2). For the 1:10 and 1:20 PDMS compounds, below some critical crack tip velocity (vc) the work of adhesion was reasonably well predicted by viscoelastic
crack propagation theory. Above the critical crack tip velocity vc the work of adhesion increased drastically for all the

PDMS compounds. The critical crack tip
velocity vc is lower for the compounds
with lower crosslink density. The increased work of adhesion with increasing velocities was more prominent in
softer PDMS compounds 1:30 to 1:50.
The increased work of adhesion for softer compounds was attributed to non-adiabatic effects such as chain pull out and
stringing leading to increased energy
dissipation.
Effect of media on adhesion of elastomers: We found that the work of adheKGK · 01-2 2020
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Fig. 3: The PDMS filament at the glass ball
close to the point where the energy to remove glass ball is maximal. Note the formation of many thin polymer strings
close to the glass ball. This probably result
from cavity formation and stringing as
typically observed for pressure-sensitive
adhesives (soft rubber compounds).

sion obtained from experiments carried
out in air (i.e. dry) and water (i.e. wet) as
a function of the number of contacts
showed completely opposite behavior
depending on the crosslink density. For
1:30 compound, in air, the work of adhesion decreases by a factor of 2 and in
water it shows an increasing trend. The
transfer of PDMS oligomers from the
PDMS surface to the glass ball surface
was found to modify the surface energy
of the glass ball making it more hydrophobic and this increased hydrophobicity
led to an increase in the work of adhe-

sion in wet environments as compared to
dry environments.
In situ measurements of work of adhesion during crosslinking process: For
PDMS in a separate study [2] the adhesion between a glass ball and a polydimethylsiloxane sample was investigated in situ during the transformation of
the material from the uncross-linked liquid state to the fully cross-linked solid
state. The physical picture reflected a
gradual transition from capillary forces
driven contact mechanics to the classical
Johnson-Kendall–Roberts (JKR)-type contact mechanics. The pull-off force as a
function of time was found to exhibit a
huge, relative sharp onset on approaching the PDMS gel-point, where the crosslinked PDMS clusters percolate, converting the fluid into a soft (fluid-filled) poro-viscoelastic solid. Thus, close to the
gel-point the PDMS appears as a very
tacky material, similar to pressure-sensitive adhesives. At room temperature, it
takes more than ~100 hours for the
PDMS to fully cross-link. During this transition period, pull-off contact mechanics
is characterized by the formation of
strings and ‘‘frozen’’ permanent deformation (see Figure 3), and these are neither observed in the initial liquid state
nor in the fully cross-linked state.
For other elastomers with certain
technical importance used in [1] the
work of adhesion was mainly governed
by factors such as the cleaning method,
the presence of contaminants on the
surface and the roughness of the rubber
substrate. For filled compounds with varying filler contents, strain softening of

4

Fig. 4: Effect of method of cleaning and contamination on the work of adhesion of NBR
rubber.
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Fig. 5: 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 interface between the rubber and the
counter surface is detected by the change
in the height of water in the cylinder.

the filled rubber at the crack tip plays an
important role in the work of adhesion.
In all cases we have measured the
water contact angles on the rubber surfaces from which one can estimate using
Neumann´s equation of state the surface energy which gives γ1 = 35 mJ m-2 for
EPDM and NBR and 45 mJ m-2 for the
GECO elastomers. Thus we estimated the
adiabatic work of adhesion w0 = 2(γ1γ2)1/2
for all the compounds against glass to be
in the range ~ 90 - 100 mJ m-2, where we
have assumed the glass ball surface energy γ2 = 60 mJ m-2. The measured work
of adhesion was typically much higher
than the adiabatic value due to non-adiabatic effects.
We note that for many technical applications one should have in mind that
rubber compounds have many additives
which can diffuse to the surface and result in a work of adhesion which change
with time, temperature and the number
of contacts. In our first study for a nonPDMS compound we have measured
how the rubber adhesion depends on the
surface cleaning procedure.
Figure 4 shows as an example the
work of adhesion during retraction (separation) as a function of the number of
www.kgk-rubberpoint.de
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Fig. 6: (a) The work of adhesion between glass and NBR, EPDM and GECO in the dry state and in water. Note that only NBR shows adhesion
in water. (b) NBR shows a strongly nonlinear dependency of the leak rate on the water pressure, which we attributed to dewetting and
formation of interfacial gas bubbles which blocks the water flow channels. (c, d) GECO and EPDM, which exhibit no adhesion in water,
shows a much weaker dependency of the leak-rate on the water pressure, in agreement with the theory predictions (solid lines).

contacts for the NBR rubber. The glass
ball was cleaned with acetone before
each measurement sequence. The rubber surface was either not cleaned (red
squares), or cleaned by brushing the surface with a soft tooth brush for a few
minutes in nearly boiling distilled water
(green squares). The pink squares were
obtained when the rubber block, which
was cleaned in hot water, is cleaned further with acetone. The blue and pink triangles were obtained in measurements
performed one month later for a rubber
surface cleaned with acetone (blue) and
in hot water followed by acetone (pink).
The squares and triangles were measured on two different rubber surfaces.
We also estimated the work of adhesion
during retraction (separation) as a function of the number of contacts for the
EPDM and GECO elastomers, respectively. In both cases we showed results for
non-cleaned and for cleaned (with acetone) surfaces. We noted the huge variation in the work of adhesion in these
www.kgk-rubberpoint.de

parts of experiments in spite of the fact
that different rubbers have very similar
surface energies, and hence very similar
adiabatic work of adhesion. Since the
surface topography is 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 measured low
frequency viscoelastic modulus is nearly
the same for all the rubbers, the difference must mainly be due to non-adiabatic effects e.g. different viscoelastic contributions to the crack propagation energy. In fact, we argued that the difference
in the work of adhesion is mainly due to
a combined action of surface roughness
and viscoelastic enhancement of the
crack propagation energy.
To sum up, we have distinguished and
physically discussed three major contributions to rubber adhesion acting at different length scales: (i) bulk viscoelasticity, (ii) roughness and (iii) molecular mobility. The time-dependent viscoelastic

contribution leads to higher adhesion for
the softer compounds at the same velocities. The roughness contribution can
have different signs depending on the
stiffness of the rubber compound. This
different behavior can be explained by
the additional elastic energy stored during contact formation of the stiffer rubber with the rough surface and the additional contact area in the case of the
compliant softer rubber. Mobile molecules in the weakly cross-linked structures can get attached to the counter-surface and are pulled out from the substrate accompanied by energy dissipation
and the increased work of adhesion.
In a second set of experiments [3] we
investigated 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. The surface topographies in these experiments were estiKGK · 01-2 2020
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Fig. 7: Gas bubbles
formed at the most
narrow constrictions
along the fluid flow
channels block the fluid flow leading to leakrates which depends
strongly non-linearly
on the water pressure
difference (see Fig. 5).

7

mated using an engineering stylus instrument and the evaluation and description of the surfaces were done using
the fractal approaches. We found that
this observed time dependence is mainly
due to the strengthening of adhesion
with increasing contact time.
We have also studied the leak rate of
water from rubber seals produced from
the same elastomers.
Figure 5 shows a custom designed
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.
We found several new results that
might have interest for practical application in the field of rubber sealing technologies (Figure 6). From Figure 6 (a) it is
apparent that NBR exhibits 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 ∆P, as expected from Poiseuille flow if the interfacial separation is independent of ∆P
and the contact time. For NBR this was
not the case, and the leakage decreased
more rapidly with decreasing ∆P (corresponding to increasing contact time)
compared to the linear decrease expected from theory when the interfacial separation is time independent. We
interpret this as originating from gas
bubbles trapped in the fluid flow channels, in particular at the most narrow
constrictions, denoted critical constrictions. The formation of trapped gas
bubbles may be particularly important
for the rubber–glass systems exhibiting
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adhesion in water, as adhesion typically
will involve dewetting processes (see
Figure 7). The formation and growth of
the gas bubbles depend on the contact
time and on the concentration of dissolved gas in the water. We note that
specific features of bubble rubbing on
moving solid substrates were recently
studied separately in the IPF group (see
[9-11]).
Furthermore, in our project we have
performed at FZJ rubber friction experiments on smooth and sandblasted silica
glass in the dry state and in water (see
[3]). The analysis (based on the rubber
friction theory of B. Persson [24]) 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 finding differs from some conclusions of other authors (e.g. [12]), who
attribute the adhesive contribution to
rubber friction as due to the crack opening process.
The role of preload in the adhesion of
rough sur face: In [4] we considered adhesion between glass and bromobutyl
and polydimethylsiloxane elastomers. It
was shown that viscoelastic energy dissipation close to the opening (or closing)
crack tip, and surface roughness, strongly
affect the work of adhesion. It was
shown that when strong adhesion hysteresis occur the standard Johnson-Kendall-Roberts theory cannot be applied,
but the pull-off force, and effective work
of adhesion, dependent on the maximum loading force.
Dependence of rubber adhesion on
temperature: In [5, 25] the adhesion between rubber and a flat counter-surface
in dependence on temperature was studied. When the two solids are separated at
room temperature negligible adhesion is
detected, which is due to the elastic
deformation energy stored in the rubber,
which is given back during pull-off and
helps to break the adhesive bonds. When
the system is cooled down below the
glass transition temperature of the poly-

mer, the elastic deformation imposed on
the system at room temperature is “frozen-in” and the stored-up elastic energy
is not given back during separation at
the low temperature. This results in a
huge increase in the pull-off force. This
study is crucial for many applications involving rubber at low temperatures, e.g.,
rubber seals for cryogenic or space applications.
Dependence of lubricated rubber friction on anisotropy of roughness on counterfaces: In [6] the question of anisotropic roughness was investigated. Machine
elements and mechanical components
have often surfaces with anisotropic
roughness, which may result from the
machining processes, e.g. grinding, or
from wear. Hence, it is important to understand how surface roughness anisotropy affects the contact mechanics properties, such as friction and the interface
separation, which is important for lubricated contacts. Reference [6] has extended a multiscale mean-field model to the
lubricated contact between a soft (e.g.
rubber) elastic solid and a rigid counter
surface. Surfaces with anisotropic surface roughness were considered, and it
was discussed how the fluid flow factors
and friction factors depend on the roughness power spectral density, as well as on
the location of roughness on the interacting solids. An experimental study of
the lubricated sliding contact between a
nitrile butadiene rubber O-ring and steel
surfaces with different kinds of isotropic
and anisotropic surface roughness was
presented.
Effect of aging on rubber adhesion: In
reference [7] we considered the adhesion
and friction between smooth glass and
fresh and aged styrene butadiene – isoprene rubber blends (SBR-IR). In this case,
the friction and adhesion are only slightly modified by the aging process, but
elongation at break and rubber toughness are strongly reduced, which can obviously attributed to changes in the
crosslink density, a decrease in the filler
matrix strength, and to the formation
and growth of crack-like defects. The latter have a small influence on adhesion
and friction, but a large effect on the
elongation at break.
In [8] recent theoretical approaches
(see [13-16]) were extended in order to
study non-stationary (transient) elasto-hydrodynamic problems including
surface roughness, non-Newtonian liquid lubrication, and arbitrary accelerated
motion.
www.kgk-rubberpoint.de
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The reference [8] shows several illustrations for an elastic cylinder with randomly rough surface sliding on a perfectly flat and rigid substrate lubricated by a
Newtonian fluid (no shear thinning).
Both reciprocal motion and linear multi-ramp motion were considered. The calculated results were compared to experimental data and very good qualitative
agreement was obtained.
Several results of the publications [18] have influenced the papers [17-23,
26-27] in which the project part
PE807/10-1 has been acknowledged.

Summary

We performed adhesion and friction
studies for a set of well prepared and
broadly characterized (e.g. viscoelasticity, surface energies and contact angle,
etc.) rubbers with technical importance
like NBR, EPDM, GECO and PDMS in the
dry state and in water.
We studied the contact mechanics
and friction between the rubber materials and different counter surfaces (glass,
polymers, metals) in fluids, mainly water
but also different types of oil. The friction
and the leakage of rubber seals was
found to depend on the adhesion between the materials in the fluid. If adhesion is observed in the fluid, the fluid is
likely expelled from the rubber asperity
contact area (dewetting), which we
found result in high friction (for rubber
sliding on the counter surface), and low
fluid leakage (for rubber seals). The latter
we interpreted as resulting from blocking of fluid flow channels at the interface
by micrometer-sized gas bubbles.
We also studied the contact mechanics between rubber and different counter
surfaces at low temperatures. Even if
negligible adhesion between the materials was observed at room temperature
because of the influence of the surface
roughness, very strong adhesion was observed if the contact was cooled below
the glass transition temperature of the
rubber material. The origin of this is the
frozen-in deformations in the rubber material, i.e., at low temperatures the elastic deformation energy is not “given
back” when the solids are separated, resulting in the strong observed adhesion.
We showed that this has a strong influence on the fluid (or gas) leakage of rubber seals (as also manifested in the Challenger disaster). This observation is important for use of rubber seals at low
temperature e.g. in some oil and gas exploration applications.
www.kgk-rubberpoint.de

We also studied how the adhesion
between a glass ball and rubber evolves
with time as the rubber crosslink density
increases, converting it from a (high viscosity) liquid to a solid. We found that
the adhesion (or pull-off force) exhibit a
sharp and huge maximum at the time
when the material make a transition
from fluid to solid (the so called gelpoint). This result may be of interest for
the development of tacky materials, e.g.
pressure sensitive adhesives.
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