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Adhesion between solid materials results from intermolecular interactions. The fracture resistance of an adhesive
joint is, however, determined jointly by the mechanical deformation in the bulk material and the strength of
the interfacial bond. The force needed to break an interfacial bond does not have a fixed value; it depends on
the thermal state of the system and the rate at which the force is transmitted to the bond. The concomitant
energy dissipation arising from the extension and the relaxation of the interfacial bonds contributes a significant
resistance to fracture, which is clearly evident in elastomeric polymers. This issue of interfacial dissipation
and its relationship to the length of the interfacial bridges and the rate of crack propagation are addressed
with the kinetic theory of bond rupture in the tradition of the models developed by Eyring, Tobolsky, Zhurkov,
Bueche, Schallamach, Kausch, and more recently, by Evans and Ritchie. Next, the method is extended to
address the velocity-dependent sliding friction of elastomers against low energy solid surfaces. The theme of
this article is to point out that certain aspects of adhesion, friction, and fracture may be described under a
generalized framework of interfacial kinetics.

1. Introduction

Most interfacial processes are rate dependent, suggesting that
they are coupled to energy dissipative processes occurring either
in the bulk or at the interface of the materials. Examples of
rate-dependent processes include fracture of an adhesive inter-
face, friction between surfaces, and the dynamic wetting of
liquids on solid surfaces.

Although the rate-dependent interfacial processes play key
roles in various macroscopic phenomena, they do not always
come to light, as conventional wisdom often dictates that
interfacial processes are thermodynamically reversible. Take the
case of fracture in solids as an example. According to Griffith,1

the externally applied energy, which is stored elastically in a
material, is ultimately used up to propagate a crack. The
reduction of the elastic energy, which is balanced exactly by
the energy gained in the creation of two new surfaces, is
recovered when the crack closes again. Griffith’s criterion
applies rather well to low energy elastic materials and when a
crack moves at an extremely slow speed. Usually, the energy
needed to fracture an interface is larger than the thermodynamic
free energy of adhesion, meaning that some energy is
dissipated.2-4 A classic way to tackle the problem is to treat
the fracture as a process, in which the dissipation in the bulk is
proportional to a reversible free energy of adhesion. Although
such a treatment may appear to be useful in decoupling the bulk
and interfacial processes, the fundamental assumption of bulk
irreversibility being coupled to the interfacial reversibility in a
multiplicative way requires further examination. A somewhat
similar situation arises in the dynamics of wetting or dewetting
of liquids on solid surfaces. Here, the verdict of classical

continuum mechanics,5-7 namely, that the shear stress is infinity
at the liquid-solid contact line, poses a great difficulty for a
liquid to spread on a solid surface. The fact that liquid spreads
means that the singular shear stress is relaxed at the contact
line, presumably by a molecular kinetic process.8 In wetting,
as in fracture, it remains to be understood how the bulk viscous
processes are coupled to the kinetic processes at the contact
line region.

Significant efforts have been made in the past decade toward
finding a common connection among such seemingly unrelated
phenomena as wetting, friction, and fracture.9 The basis of these
studies is the structure-property correlation with well-defined
model systems. An experimental system which is quite friendly
to this purpose is poly(dimethylsiloxane). The polymer is
available in the form of a liquid, and is easily cross-linked to
an elastomeric network. It has a glass transition temperature of
-120°C, meaning that the segmental motion of a PDMS-based
elastomer is like that of a liquid at room temperature.10,11 The
polymer interacts weakly with other materials; but it is amenable
to covalent bonding if required. Upon exposure to an oxygen
plasma, the surface of the polymer readily converts to a silica-
like structure (Figure 1), which can be used as a support for
self-assembled alkylsiloxane monolayers.12,13With little ingenu-
ity, the polymer can be molded to various shapes and forms,
which poses fascinating prospects for various types of mechan-
ical and interfacial studies.

The soft elastic property of the polymer makes it ideally suited
for the method of contact mechanics,14 in which a hemispherical
object is brought into contact with another flat or hemispherical
object under controlled loads. As soon as the two objects touch
each other, a circular deformation develops in the zone of
contact, which further increases with external load. From a* Author to whom correspondence should be addressed.
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mechanical calibration of the deformation as a function of
applied load, the interaction between various materials can be
accurately estimated. A variant of this method is to slide the
hemisphere laterally,15 which allows measurement of the
interfacial shear stress. Thus, equipped with a simple yet
versatile method of mechanics, and empowered with various
surface synthetic strategies, systematic investigations in wetting,
adhesion, and friction have been possible in recent years. The
results of some of these ongoing studies, particularly those
related to the adhesion and frictional behavior of elastomeric
polymers, are described in the subsequent sections. The article
is organized as follows. We start our discussion by introducing
some elementary concepts of adhesion and fracture and the
methods used to measure adhesion energy at solid-solid
interfaces. Next, we introduce the kinetic theory of bond
breaking in order to explain certain rate and molecular weight
dependent fracture behaviors of polymeric interfaces. Subse-
quently, we examine the rate-dependent processes of polymeric
friction at solid-solid and solid-liquid interfaces. The article
ends by highlighting some unsolved issues in adhesion and
friction.

2. Fundamental Concepts of Adhesion and Fracture

Adhesion between two surfaces is established by intermo-
lecular forces. Quantitatively, it is expressed in terms of the
change of the Helmholtz free energy in the process of joining
two surfaces16 (Figure 2):

whereV stands for vapor,γij, γiV, andγjV are the interfacial and
surface free energies of theij , iV, andjV interfaces, respectively.
∆F, which is equivalent to the work of adhesionW, usually
varies between 40 and 200 mJ/m2, when the predominant force
across an interface is dispersion, polar, hydrogen bonding, or

acid-base interaction. It is on the order 1-2 J/m2 when an
interface is held by covalent forces.

The energy (∆F) needed to fracture an interface is derived
from the mechanically stored strain energy in the material. If
Up, UE, andUs denote the potential, elastic, and surface energies,
then the crack propagation criterion in an energy conservative
system is17 whereA stands for the area of the interface. Equation

2, which is the Griffith’s criterion of fracture, implies that the
strain energy release rate [G ) -(d/dA)(UP + UE)] per unit
extension of the crack area is equal to the thermodynamic work
of adhesion (W ) dUs/dA) in a reversible situation. WhenG >
W, the excess energy (also known as a crack driving force) has
to be dissipated in a sustained fashion, i.e.,

whereṠ is the rate of entropy production at or near the crack
tip region. In order to interpret the processes occurring at
interfaces, it is important that the values of bothG andW be
determined separately and unambiguously. Below, we describe
the methods of contact mechanics in order to accomplish this
objective.

3. Contact Mechanics

When a hemispherical solid substrate comes into contact with
another hemispherical or flat object, the adhesion forces acting
across the interface tend to deform the solids and thus increase
their area of contact. At equilibrium, the elastic forces are
balanced by the interfacial forces with the following result:14,18

whereP is the external force applied on the hemisphere of radius
R, anda is the radius of contact.E* is given by 1/E* ) (1 -
ν1

2)/E1 + (1 - ν2
2)/E2; ν andE being the Poisson’s ratio and

elastic modulus, respectively. At its simplest level, the experi-
mental methodology involves bringing a deformable hemi-
spherical object into contact with a flat substrate under controlled
loads (Figure 3). When the hemisphere touches the flat substrate,
a circular deformation develops in the contact zone, which
increases with external load (Figure 4). After the load reaches
a certain value, it is then decreased and the contact deformation
is measured until the two materials separate. Mechanical
calibration of these load-deformation data using eq 4 yields the
strain energy release rateG. Usually, two values ofG are
obtained (Figure 4): one from the loading (i.e., crack closure)
and the other from the unloading (i.e., crack opening) branch
of the load-deformation cycle.9,19 These two adhesion energies
can also be determined by another version of contact mechanics,
which is based on the rolling of a hemicylinder or hemisphere
on a flat substrate.20-25 As the hemicylinder or hemisphere rolls,
a crack opens at the trailing edge while another crack closes at
the leading edge of contact. Measurements of the rolling torque
and the contact width allow simultaneous estimation of the strain
energy release rates (G ) corresponding to the crack opening
and closing processes. When any of the above two studies is
carried out with elastic materials, the strain energy release rate
(G ) obtained from the crack closure corresponds closely to the
thermodynamic work of adhesionW, whereas that obtained from

Figure 1. Schematics of a method12 used to form self-assembled
alkylsiloxane monolayers (SAM) on PDMS elastomer. An oxygen
plasma generates a thin silica-like surface on the elastomer, which is
reacted with alkyl or perfluoroalkyl-trichlorosilanes to form the mono-
layers.

Figure 2. Thermodynamically reversible adhesion and fracture of two
materials.
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the crack opening is greater thanW. The excess energy (G -
W) carries signatures of the nonequilibrium processes occurring
in the materials.

4. Previous Findings

Careful studies by Barquins and Maugis26,27clarified that the
viscoelastic deformation in the bulk of the materials and the
concomitant energy dissipation can be significant contributors
to the irreversibility seen with many contact mechanics studies.
An empirical equation to account for the energy dissipation was
proposed earlier by Gent and Schultz,2 as well as by Andrews
and Kinloch:3

whereφ is a dimensionless viscoelastic dissipation function that
depends on the viscoelastic properties of the materials, the crack
speedV, and temperatureT; aT is the Williams-Landel-Ferry
(WLF) shift factor.

The experimental adhesion energy (G ) usually varies with
crack velocity following a power law with the exponent ranging
from 0.1 to 0.5. Kendall,28 in an attempt to discern the

contributions of the interfacial and the bulk viscoelastic drag
in fracture, noticed that the interfacial kinetic processes con-
tribute significantly to adhesion hysteresis. Kendall’s findings,
which were significant departures from previously held beliefs,
led to the possibility that a crack may be arrested by the kinetic
processes ocurring right at the interface. These findings,
however, required further support from experiments in whichthe
interfacial kinetic processes could be studied independently of
the viscoelastic processes.

Several studies carried out in recent years have focused the
issue even further. Chaudhury and Whitesides12,13 combined a
surface modification strategy with JKR contact mechanics to
probe into the role of interfacial chemistry in adhesion hysteresis.
Poly(dimethylsiloxane), modified with self-assembled organic
monolayers, formed the basis for these studies. It was observed
that silicone elastomers, coated with hydrocarbon monolayers,
exhibit negligible hysteresis in the contact mechanics experi-
ments, whereas those coated with fluorocarbon monolayers
exhibit significant hysteresis. A more interesting case is the
contact of hydrocarbon and fluorocarbon monolayers, in which
the hysteresis exhibits a time-dependent response. It was
stipulated that multiple metastable states exist at the interface
of real materials. When the energy barriers separating the
metastable states are significantly larger than the characteristic
vibrational and thermal energies of the system, the interface
does not relax within any experimentally observable time frame.
On the other hand, when the energy barriers are comparable to
thermal and vibrational energies, the contact area exhibits a time-
dependent relaxation with a concomitant dissipation of strain
energy. These studies provided support to Kendall’s supposition
quite convincingly that significant drag to crack propagation
can arise from rate-dependent processes occurring right at the
interface. Further support to the idea of interfacial dissipation
was gathered from a study by Shanahan and Michel,29 who
noticed that adhesion hysteresis between a styrene-butadiene
hemisphere and glass increases with the inter-cross-link mo-
lecular weight of the rubber. A follow up to these studies was
carried out by us, in which we noticed significant molecular
weight dependent adhesion hysteresis between poly(dimethyl-
siloxane) and silica24 (Figure 5a). The molecular weight
dependent hysteresis, however, disappeared completely when
the silica was rendered non-hydrogen bonding by coating it with
a self-assembled hydrocarbon monolayer (Figure 5b). Additional

Figure 3. Schematics of the methods of contact mechanics used to
measure adhesion energies at solid-solid interfaces. In (a), a hemi-
spherical solid is pressed against a flat surface under a controlled load
(P). The load deformation data in conjunction with eq 4 yield the
adhesion energy between the two surfaces. In (b) a hemispherical object
is rolled on a flat surface. Here the rolling torque (τ) and the contact
widths are needed to estimate the adhesion energies at leading (Wa)
and trailing (Wr) edges, respectively.

Figure 4. Typical load deformation behavior obtained from the JKR
contact mechanics experiment.

G - W ) Wφ(aTV) (5)

Figure 5. Dependence of the fracture energy on the molecular weight
of polymers (see also Figure 7). (a) Represents the H-bonding
interaction of PDMS and silica. (b) represents the dispersion interaction
of PDMS with hexadecylsiloxane-coated silica.
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results, to be presented in section 6, point out that when an
H-bonding or covalent interaction dominates the interfacial
adhesion, the fracture energy exhibits a weak velocity depen-
dence,30 whereas no significant velocity dependence is seen with
an interface dominated by dispersion forces. Answers to some
of these observations can be found in what is known as the
Lake-Thomas effect.31

5. Lake-Thomas Effect

The molecular weight dependence of the fracture resistance
of polymeric interfaces was first discovered by Lake and
Thomas31 while studying the tear properties of rubbers. Based
on the typical number of chains (1018/m2) that cross a fracture
plane and the energy needed (400 kJ/mol) to break a single
chemical bond, the total energy of fracture of an elastomeric
rubber should be only about 1-2 J/m2. Experimental values of
fracture energies, however, range from 10 to 100 J/m2. Lake
and Thomas provided a remarkable insight into the problem by
noting that the polymer chains at and in the vicinity of the crack
are highly stretched. When one of the bonds breaks, the chain
relaxes at zero load and thus all of the stored elastic energy is
dissipated. Since all the bonds in the chain must be activated
to their breaking points before only one bond breaks, the energy
dissipation is proportional to the number of bonds in a polymer
chain. The molecular fracture energy (1-2 J/m2), thus amplified
by the number of bonds in a chain, comes close to what is
observed (10-100 J/m2) experimentally. The argument can be
understood by using Barenblatt’s cohesive zone model32 and
Rice’sJ-integral33 method of evaluating the energy release rate.
Rice introduced an integral (J) defined as

whereε is the strain energy density,Γ is a curve surrounding
the crack tip,TB is the traction vector,ub is the displacement
vector, and ds is an element of arc length alongΓ. Γ can be
any path surrounding the crack from its upper surface to lower
surface in a counterclockwise direction (Figure 6). Rice
demonstrated that the value ofJ is path independent; i.e.,JΓ1 )
JΓ2, which immediately leads to Griffith’s criterion of fracture.
Evaluation ofJ along the pathΓ2 yields the elastic strain energy
release rateG. However, when the pathΓ1 is chosen,J becomes
the interfacial energy release rate:

whereσ(δ) is the restraining stress between the open surfaces
of the crack.

When a crack closes, van der Waals interactions provide the
only force at the interface. Thus,σ(δ) ) A/(6πδ3), A being the
Hamaker constant. TheJ integral then becomes equal toA/(12π
δ0

2)sthe usual van der Waals work of adhesionW. When the
crack opens in a polymer, the restraining stress is contributed
by the elastic tension in the bridging zone, and eq 7 becomes

where∑o is the areal density of the bridging polymer andks is
its spring constant. In eq 8,ksδmax

2 /2 is equivalent tonU and∑o

∝ n-1/2, wheren is the number of bonds per chain andU is the
energy stored in a bond before the chain dissociates.G thus
becomes

Equation 9 is the classical Lake-Thomas result,31,34 showing
that the fracture energy is amplified by the number of bonds in
a chain. Although this theory explains why the fracture energy
increases with molecular weight, it does not explain why it is
rate dependent and why the effect is dependent on the types of
interaction prevailing across an interface. These issues are
addressed next, after emphasizing a few important points.

First, we note that the derivation of eq 9 is based on the
assumption that a bond breaks at a fixed force. This assumption,
as pointed out by Evans and Ritchie,37 is correct only at absolute
zero temperature. At a finite temperature, energy states are
thermalized and bond breaking events follow stochastic35-38

paths. When the thermal state of a bond is near the high energy
tail of the Maxwellian energy distribution, it dissociates
spontaneously. However, the bonds that are initially at the
ground energy state, need to cross the energy barrier by thermal
activation. Several authors,35-48 following Eyring’s49 lead,
recognized the significance of the kinetic bond dissociation in
adhesion and friction. The subject was reviewed nicely by
Kausch48 and is elaborated upon in the next section.

6. Thermally Activated Bond Dissociation and Fracture

According to Eyring, a forceF applied to a chemical bond
modifies the activation energy of the bond dissociation by-Fλ,
whereλ is the activation length of the bond. When an interface
is subjected to a stress, the number of chains bridging the two
surfaces decreases according to the following equation:50

where∑b and∑u are the areal densities of the polymer chains
in the bonded and nonbonded states, respectively, andK+ is
the rate constant of bond association. The relaxation time (τ-)
of bond dissociation may be expressed as follows:

whereEa is the activation energy of bond dissociation andh is
Plank’s constant. The factorn in eq 10 implies that any of the
bonds in the polymer chain can dissociate. We assume that a
polymer chain in the cohesive zone behaves like a linear spring,
with a spring constantks. Since the force (F ) ksδ) on the bond
increases with the chain extensionδ, the rate of bond cleavage

Figure 6. Figure 6. A crack bridged by polymer chains is moving left
with a velocityV.
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can be described by the following nonlinear equation:∑0 ()

∑b + ∑u) is the total number of chains per unit area. The rate
of bond association is usually much smaller than the rate of
bond dissociation, and thus can be neglected in the kinetic crack
growth situations.50 To an observer moving with the crack, the
areal distribution of polymer chains in the bridging zone would
be described as follows:

Here R ) dδ/dx is the slope of the crack face, which, for
simplicity, is taken to be a constant. The average extension of
the polymer chain can be expressed as follows:

Onceδ is estimated from eqs 13 and 14, the average force on
a chain before it breaks into two parts can be expressed asF )
ksδh. The solutions of eqs 13 and 14 can be expressed as the
following exponential integral function:39,50

Another level of simplification of eq 15 is possible whennkT
, ksVλτ-R. In that case, the exponential integral function
becomes

The average force (ksδh) on a chain thus varies logarithmically
with the crack velocity, which is similar to the conclusion
reached by Evans et al.37,38Once the average force to dissociate
a bond is known, the total fracture energy can be calculated as
follows:

The spring constant (ks) of a polymer is inversely proportional
to the number of monomers (n) in the chain, whereas∑0 ∼
n-1/2. We thus have from eq 17,Gel ∼ n1/2sthe classical Lake-
Thomas result (G ∼ n1/2U). However, the bond dissociation
energyU of the Lake-Thomas theory is now replaced with a
function that contains kinetic parameters. The classical Lake-
Thomas effect, i.e., the molecular weight dependent amplifica-
tion of the fracture energy, can be understood on the basis of
the nonequilibrium aspect of the bond dissociation phenomenon.
Close to thermodynamic equilibrium, however, there is no
Lake-Thomas amplification of fracture energy as there is no
energy dissipation.50 Equation 17 reveals numerous character-
istics of polymer fracture in terms of its dependence on the
molecular weight (n) of the bridging polymer, the rate of crack
propagation (V), and the interfacial chemistry via the relaxation
time τ-. Here the relaxation time is important, because fracture
energy can be virtually independent of the molecular weight if
τ- is very small. This is exactly what is observed when
interfacial interaction is primarily due to dispersive forces

(Figure 5b) for which the relaxation time is on the order of a
microsecond or less. Numerical calculations show that the
average extensions (δh) of the chains are negligible for such fast
relaxations and thus the only contribution to fracture energy
comes from the long-range dispersion forces (A/12πδo

2) between
the open surfaces of the crack.

Molecular weight dependent fracture in the case of H-bonding
interaction (Figure 5a) implies that the relaxation of bond
dissociation is relatively slow. In order to obtain rough estimates
of these relaxation times, we have carried out fracture experi-
ments at various crack growth rates according to the methods
described in refs 24 and 50. For the purpose of comparison,
three types of interactions are considered (Figure 7). The first
case involves a covalent bonding between a PDMS rubber and
a glass. The second case involves the H-bonding interaction
between PDMS and silica, whereas the third case involves only
dispersion interactions. Figure 8 shows that the fracture energies,
in all these cases, vary logarithmically with the velocity of crack
opening (V ) RV), except when the surfaces interact via
dispersion interaction. These observations are roughly consistent
with eq 17 in the following form:

-
DΣb

Dt
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-1Σbn exp(ksδλ
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Figure 7. Three model systems used for fracture studies (see also
Figure 1). Case I involves covalent bonding of a silicone elastomer to
glass via a coupling agent. Case II involves the H-bonding interaction
between plasma-oxidized PDMS and thin films of poly(dimethylsilox-
ane)s grafted onto a silicone wafer. In case III, the plasma-oxidized
PDMS is pre-reacted with hexadecylsiloxane (HDS) and then is
contacted with a PDMS film. The HDS-modified surface interacts with
the PDMS films only by dispersion forces.

Figure 8. Fracture energy increases logarithmically with the rate of
crack propagation except when the dispersion forces dominate the
interfacial interaction. Three types of adhesive interfaces are studied
here. Case I (0) corresponds to a covalent interaction between glass
and a silicone elastomer. In this case, significant chain scission occurs
at the glass-polymer interface. Case II corresponds to H-bonding
interaction between silica and end-tethered silicone polymers of various
molecular weights.2, 4, and3 correspond to the molecular weights
of 25.8 kD, 17.7 kD, and 3.8 kD, respectively. Case III (9) corresponds
to the dispersion interaction between a silicone elastomer and a
hexadecylsiloxane monolayer adsorbed on silica.
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where we have removed the subscript inG, andV() RV) is the
velocity of crack opening in the direction perpendicular to the
crack growth. In view of eq 18, the relaxation time (τ-) of bond
dissociation can be obtained from the slopes and intercepts of
the lines in Figure 8. Note thatn in eq 18 is equal to unity
when the polymer chains desorb from the surface without any
chain scission. The lack of any significant velocity dependence
of the fracture energy for the dispersion interaction confirms
that the relaxation of the interfacial bond is very fast. Later in
this article, in connection with the kinetic theory of rubber
friction, we show thatτ- is on the order of 1µs for surfaces
interacting with dispersion forces. By contrast,τ- for the
breaking of polymer chains (case I) is about 1013 s. For
H-bonding interactions,τ- varies from 104 s for a molecular
weight of 3.7 kD to 1010 s for a molecular weight of 26 kD.
This increase of the bond relaxation time as a function of
molecular weight implies that the polymer chains do not desorb
cleanly from the silica surface and that some scission of polymer
chains occurs during interfacial separation when the molecular
weight is high. This implication is consistent with the earlier
observations of She et al.24,51

The activation energy of the siloxane bond scission (case I)
estimated from its relaxation time (∼1013 s), is 151 kJ/mol,
which is considerably smaller than the dissociation energy (454
kJ/mol) of a siloxane bond. The discrepancy arises due to several
over-simplified assumptions that were used in deriving eq 17.
First, we note that the transition state theory (TST) of Eyring
is based on the assumption that the transition state and ground
state are in thermal equilibrium. The rate of escape over the
barrier is obtained by multiplying the equilibrium density of
states near the barrier with the frequency of a thermal photon
(kT/h). The correct way to calculate the rate, as was shown by
Kramers,52,53is by considering the fact that the bonds at ground
energy state cross the energy barrier by a diffusion process either
in the spatial or in the energy coordinate. Kramers’ formalism
leads to a different expression for the transition probability than
that predicted by the TST model. Secondly, the assumption of
a transition state having a fixed transition length is flawed. As
demonstrated clearly by Kausch47 and Evans et al.,37,38 the
transition state itself is modified by the force. As an example,
let us consider that the interaction between two atoms is
described by a Morse potential, upon which a mechanical
potential is superimposed (Figure 9).

We need to calculate the rate at which a state at A crosses
that at B. The transition rate53 is approximated as follows:

Here ω1(f) and ω2(f) are the frequencies in the parabolic
approximation of the energy potentials in the ground and
transition states, respectively.Ea(f) is the activation energy, and
η measures the friction (or the rate of the Maxwellian velocity
relaxation) of the molecular bonds. Whenη is large, eq 19
assumes the Smoluchowski limit,56 in which a bond dissociates
spatially due to Brownian impact, as is the case37,38with many
biological complexes in liquid water. In the breaking of a

covalent bond, however,η must be contributed by the relax-
ations of internal states. The effect of friction (η) on the force
needed to break a polymer chain can be found by solving eq
20 in conjunction with eq 19:

whereφ is the fraction of the total number of polymer chains
that survive after a timet and f ) ksVt, whereks is the spring
constant of the polymer chain (Figure 11) andV is the velocity
at which the chain is stretched. Numerical solution of eq 20
shows thatφ remains nearly constant as force increases and
then drops to zero catastrophically beyond a critical force. The
critical force needed to break a bond varies nearly parabolically
with η, the minimum value of which approaches the TST
estimate (Figure 10). We do not have a clear picture of the
magnitude ofη in a polymer chain; it should be related to the
damping of bond vibrations. A rough estimate ofη/ω1 is ∼1/
50, which predicts that the bond breaking force is close to that
predicted by the TST model. The inset of Figure 10 shows that
the force to break a bond increases logarithmically with velocity.
If these data are forced to fit Schallamach’s model as described
by eq 16, the needed values ofλ andEa are 1 Å and 216 kJ/
mol, respectively. Note that the activation energy of this forced
fit is much smaller than the actual depth (454 kJ/mol) of the
Morse potential, which is similar to our experimental observa-
tions. It thus appears that even though the TST model may not
be a bad approximation to calculate the bond dissociation force,
a fixed value of the transition lengthλ can lead to serious error.
For the sake of simplicity we will continue to use the TST model
in the rest of this article. However, we take note of the fact that
both the transition lengthλ and the activation energy (Ea) are
adjustable parameters within this model.

The effect of relaxation time on adhesion raises an interesting
issue about how the fracture energy in a viscoelastic system is
coupled to the interfacial processes. The standard methods e.g.,
those of Gent and Schultz2 and of Andrews and Kinloch,3 lump
all the energy dissipation to the bulk viscoelastic processes while

xG ) (xΣ0

2ks
)(kT

λ ) ln(V) + xΣ0

2ks
(kT

λ ) ln(ksλτ-

nkT ) (18)

k(f) ) [ 2πω2(f)

ω1(f)(xη2

4
+ (2πω2(f))

2 - η
2)

+ kT
ηEa(f)]-1

×

exp(-
Ea(f)

kT ) (19)

Figure 9. A test Morse potential for a SiO bond modified by various
mechanical potentials. The resultant potential is of the formV ) (f 2/
2ks) + VMorse - fr, wheref is the force applied to a bond with a spring
of spring constantks andr is the internuclear distance. In this model,
the ground state of zero energy is defined for the spring in the relaxed
state. Since we are interested in the relative shapes of the potentials at
different values off, we have plottedVMorse - fr as a function ofr.
The depth of the potential at zero force is 454 kJ/mol. Its frequency at
the ground state is 2× 1013 s-1. Note that both the activation energy
and the activation length decreases with increasing force.

-ksV
dφ

df
) nk(f)φ (20)
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assuming the interface to separate reversibly. Total fracture
energy is expressed as a product of the thermodynamic work
of adhesion (W) and a bulk viscoelastic function (φ) as shown
in eq 5. The kinetic theory of bond failure, however, precludes
reversible separation of an interface at reasonable crack growth
rates, except in the case of a purely dispersive interaction, where
a quasi-equilibrium behavior prevails. However, when an
interface equilibrates much faster than the bulk, there is simply
not enough time for the bulk viscoelastic drag to take effect at
the crack tip. The interfacial drag must delay the crack opening
in order to allow time for deformation and dissipation to be
effective in the bulk of the adhesive. A possible mechanism by
which the interfacial and bulk viscous processes are coupled
may be shown with a simple example, in which a surface-
adsorbed polymer chain is connected to a viscous dash-pot.
Under the action of constant viscous force, chains desorb from
the surface according to the following equation:

whereµ is the viscous friction coefficient. The solution of eq
21 is exponential int from which the average bond survival
time is of the form: th ) τ- exp(-µVλ/kT). The energy
dissipation corresponding to the detachment of a chain now
shows a strong velocity dependence:

Re-examination of the fracture behavior of viscoelastic materials
is of considerable importance in pressure-sensitive adhesive
industry, particularly in controlling the release properties of an
adhesive.57-60 A purely van der Waals surface of low relaxation
time is desirable in order to achieve extremely low release force.
The fracture energy can be enhanced by introducing only very
small amounts of H-bonding functional groups, which increase
the interfacial relaxation time without altering surface energy
in a significant way (Figure 12).

Coupling of a surface to a viscoelastic adhesive may have
two consequences. Since the molecular bonds are connected to
a medium of high viscosity, the bond dissociation rate constant,

according to Kramers’ model, itself decreases. The other
consequence is that the bond survival time is high because a
constant viscous force acts on the bond as opposed to the case
of a purely elastic system. A complete theory of viscoelastic
fracture in terms of the interfacial and bulk kinetic processes
still remains to be solved.

7. Activated Rate Theory of Rubber Friction

Our discussion, so far, has focused on one type of interfacial
separation, in which the molecular bonds are broken perpen-
dicular to the direction of crack propagation. We now turn our
attention to another type of interfacial separation in which the
surfaces slide past each other. In this second case, numerous

Figure 10. The force needed to break a bond depends on the friction
η (see eq 20). Here the bond is connected to a polymer chain of spring
constant∼0.6 N/m, the typical spring constant of a PDMS chain
obtained from AFM measurements (see Figure 11). These calculations
were done atV ) 10-7 m/s. The inset shows that the force to break a
bond increases logarithmically with the velocity of stretching the
polymer chain.

-
dΣb

dt
)

Σb

τ-
exp(µVλ

kT ) (21)

ε ) µV2τ- exp(-µVλ/kT) (22)

Figure 11. Extensile behaviors of tethered PDMS chains studied using
an atomic force microscope (AFM54). Data obtained from independent
measurements are superimposed by plotting the force against the
fractional extension of the polymer. The arrows indicated the forces at
which the different chains detached from the tip. The normalization
was guided by a persistence chain model55 of rubber elasticity (solid
line) with a persistence length of 0.15 nm. The theoretical model agreed
with experimental data up to a chain extension of 90% of the contour
lengthLc. The average spring constant of the polymer in the region of
high extension is∼ 27/Lc, whereLc is in nm.

Figure 12. Fracture energy of silicone elastomers against an acrylic
pressure-sensitive adhesive obtained using rolling contact mechanics.
Note that the fracture energy of the unfilled rubber shows negligible
velocity dependence suggesting that the bulk viscoelastic processes are
not sufficiently coupled to the interface. Silica resin modified polymer
can form weak H-bonds with the PSA, in which bulk viscoelasticity is
coupled significantly to the interface as evident from the stronger
velocity dependence of fracture energy.
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bonds break even as the interface is displaced by the length of
only one bond. Sliding friction is, therefore, a highly energy
dissipative process and is not yet well understood.61 Some of
the challenging questions in this field are summarized below:

1. Do the surfaces slide past each other by collective motions
of molecules, or is the sliding mediated by the propagation of
dislocations?9,62-64

2. Do the collective motions of molecules or those of
dislocations depend on the size of contact?65,66

3. What are the interfacial modes of energy dissipation in
frictional sliding, and how do those modes interact with the
overall system dynamics?

Considerable amounts of work are currently being conducted
in different fields of physics, chemistry, and engineering to
address the above questions. The subject is very broad and is
beyond the scope of this article. Here, we focus on the frictional
behavior of elastomeric polymers as the discussion is relevant
to our previous topics dedicated to understanding elastomeric
adhesion.

Systematic study of friction in polymeric systems was first
carried out by Grosch,67 who noted that the friction at a rubber-
glass interface depends strongly on velocity and temperature.
On the basis of Grosch’s observations, Schallamach39 developed
an adhesion-based theory of rubber friction and proposed
the molecular kinetic theory of polymer chain desorption.
Schallamach considered that a polymer chain can exist either
in the relaxed or in the surface bound state. Ift0 and th are the
average times spent by the polymer chain in the unbound and
the surface-bound states, then the fraction of chains in the bound
state is th/(th + t0). Total interfacial stress supported by the
polymer chains can therefore be expressed as

whereks andΣo are the spring constant and the areal density of
the polymer chains respectively;V is the sliding velocity.
Equation 23 captures two effects: one is that the force on a
polymer chain increases with velocity, and the other is that the
number of chains in contact with the surface decreases with
velocity. Interfacial shear stress therefore passes through a
maximum value, as was observed by Grosch. Recently,
Semenov et al.68,69 considered the frictional behavior of
polymers confined in narrow spaces. An important aspect of
their analysis is similar to that of Schallamach, in which the
number of contacts between the polymer and substrate changes
with sliding velocity.

We investigated the frictional behavior of silicone elastomers
of various inter-cross-link molecular weights on three low
energy non-H-bonding surfaces: polystyrene and self-assembled
monolayers of alkyl and perfluoroalkyl siloxanes. Friction was
measured using a method of Brown70 and Chaudhury71,72 by
mounting a hemispherical PDMS lens on one end of a spring
(Figure 13), the other end of which is rigidly fixed. The
substrate, against which friction is measured, is first broughtinto
contact with the lens on a microscope stage. When the substrate
is given a sudden displacement, the lens, at first, moves with
it. Subsequently, the lens is dragged on the substrate as the
spring wire continues to recover its neutral position. From the
deflection of the spring wire as a function of time, sliding
velocity is determined. The interfacial shear stress is calculated
by dividing the spring force with the area of contact (Figure
13). The frictional results of a silicone elastomer having an inter-
cross-link molecular weight of 3.5 K on the three low energy

surfaces are summarized in Figure 14. It is remarkable that the
friction force of PDMS on polystyrene is significantly higher
than those on the fluorocarbon and hydrocarbon surfaces, even
though the adhesion energy of PDMS on polystyrene (∼45 mJ/
m2), as measured by the method of contact mechanics, differ
only slightly from those on the hydrocarbon (∼42 mJ/m2) and
fluorocarbon (∼34 mJ/m2) surfaces. Another important fact is
that the areas of contact between the PDMS lenses and the
substrates remain constant at all sliding speeds, implying perhaps
that adhesion does not change during sliding. Earlier, Brown
had made similar observations.70 We try to understand these
results using the method of Schallamach, with an important
difference. Schallamach39 considered only two states: bound
and relaxed. A two-state model is however incomplete, as a
surface presents a multitude of energy traps to a polymer chain.
Our picture of elastomeric sliding is as follows. We consider
that the interface between the polymer and the substrate is
composed ofΣ0 numbers of polymeric springs. One end of each
spring is fixed to the polymer network, whereas the other end
undergoes a biased random walk on the surface by hopping from
one potential well to the next (Figure 15). We estimate the
probability p(x) of finding a chain in a particular stretched
condition by solving a dynamic probability73 balance equation
as follows:

σ ) ksVth[ Σ0th
( th + t0)] (23)

Figure 13. Schematics of the method used to measure the friction of
a silicone rubber against a solid substrate. The lens is dragged on the
surface as the spring recovers its neutral position. The friction force is
calculated by knowing the spring constant (73 N/m) and the deflection
X(t). This force divided by the area of contact yields the shear stress.

Figure 14. Shear stress of a PDMS elastomer on three low-energy
surfaces. (a) and (b) indicate self-assembled monolayers of fluorocarbon
(O3/2Si(CH2)2(CF2)7CF3) and hydrocarbon (O3/2Si(CH2)15CH3) on silicon
wafer and (c) denotes polystyrene, respectively. Friction on polystyrene
could not be measured at velocities higher than 200µm/s, because of
the occurrence of instabilities. The solid lines are obtained from eq 27
and 29 by adjusting the values ofΣo andτ. PDMS elastomers used for
these studies were produced by cross-linking vinyl-ended dimethyl-
siloxanes (3.5 K) via platinum-catalyzed hydrosilation.

Dp(x)
Dt

) [J(x+λ)fx + J(x-λ)fx - Jxf(x+λ) - Jxf(x-λ)] (24)
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where Jifj indicates the rate at which the polymer segment
jumps from sitei to j. The operation D/Dt implies a differential
operation in time and space: D/Dt ) ∂/∂t + V(∂/∂x). Jifj can
be expressed as

wherepi is the occupancy in theith state andf(x) is the force
acting on the chain end corresponding to a chain extensionx.
The positive and negative signs in eq 25 signify jumps toward
the right or left directions respectively in Figure 15.λ (∼4 Å)
is the characteristic lattice length.p(x ( λ) can be estimated
from p(x) by Taylor series expansion:

Using the definitions in eqs 25 and eq 26 for other terms, eq
24 can be written as

Equation 27 readily converts to the well-known Smoluchowski
equation of diffusion in a gravitational field in the limit off(x)
<< kT/λ. To solve eq 27, we take the force on the entropic
elastic spring to follow a persistence chain model:55

whereLc andA (∼3.8 Å) are the contour and persistence lengths
of the PDMS chain. We solve the steady-state version of eq 27
to find out the probability distribution of the extension of the
polymer chain at different sliding velocities. The frictional stress
at the interface (σ) is estimated using the following equation:

Equations 24-29, however, do not account for a small but finite
frictional stress observed experimentally at zero shear velocity.
Without knowing its origin, we have tentatively added an
empirical static shear stress to shift the baseline of the dynamic
shear stress calculated using eqs 28 and 29. The values ofΣo

andτ needed to fit the experimental data in Figure 14 are 1.5
× 1016 m-2 and 0.38µs for the fluorocarbon surface, 1.8×
1016 m-2 and 1µs for the hydrocarbon surface, and 2.0× 1016

m-2 and 27µs for polystyrene, respectively. The areal chain
densities turn out to be remarkably close to each other for all

three surfaces, whereas the segmental relaxation times differ
considerably. The longer relaxation time on polystyrene is
consistent with the loss of chain mobility conjectured earlier
by Brown.70 However, the rigidity of the surface contributing
to the loss of mobility, as proposed earlier, is probably of
secondary consequence. The answer lies primarily in the
difference in the interaction forces, however small it may be.
Since the segmental relaxation time varies with the activation
energy exponentially,τ ∼ exp(Ea/kT), a small change in the
latter quantity could affect friction in a dramatic way. Assuming
the validity of the transition state theory, the activation energies
of PDMS on three surfaces are estimated as follows: 45 kJ/
mol on polystyrene, 38 kJ/mol on hydrocarbon, and 35 kJ/mol
on fluorocarbon surfaces. These energies are considerably higher
than the typical depths of van der Waals potentials (3-5 kJ/
mol), perhaps implying that clusters of several segments of
dimethylsiloxane move in a correlated fashion on a surface.
However, those energies adjusted by the areal chain densities
(Σo) of the idealized polymer springs, amount to adhesion
energies (1.0-1.5 mJ/m2) which are in clear disagreement with
those (35-45 mJ/m2) obtained from the direct contact mechanics
methods. There are no clear answers to these discrepancies. The
results might, however, imply that friction measures the
interaction of segments that are in direct physical contact, which
is smaller than the mean field interaction of the two surfaces as
probed by contact mechanics. There are, however, other factors
to consider: for example, the change of the cohesive energy of
the chains during the unfolding process.

An important finding of these studies is that the elastomeric
friction, in contrast to adhesion, at first decreases with the
increase of the inter-cross-link molecular weight (Figure 16) of
the network, but then seems to reach a limiting value at high
molecular weights (G 18 K g/mol). Numerical calculations show
that the force needed to slide a polymer chain on a surface is
nearly independent of its molecular weight. Hence, the molecular
weight dependent frictional stress is probably related to the
effective areal density of the polymer chain, which, at first,
decreases with the increase of the molecular weight of the
polymer, but seems to reach a constant value at high molecular
weights.

The interfacial shear stress between PDMS and polystyrene,
as calculated using eq 29, varies weakly with the sliding speed,
whenV > 200 µm/s. Experimentally, it was difficult to probe

Figure 15. Schematic of the method used to calculate friction force.
One end of the polymer chain is fixed whereas the other end undergoes
biased random walk on a surface by hopping from one potential well
to the next. Random walk is possible in both positive and negativex,
the maximum value of which cannot exceed the contour length of the
polymer chain (Lc), i.e., -Lc< x < Lc. The fixed end moves with the
reference frame at velocityV.

Jifj )
pi

2τ
exp((

f(x)λ
2kT) (25)

p(x ( λ) ) p(x) ( (∂p
∂x) λ + λ2
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∂

2p

∂x2
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∂p
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τ

sinh( f λ
2kT) ∂p
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+ λ2

2τ
cosh( f λ

2kT) ∂
2p

∂x2
(27)

f ) kT
A [14 (1 - x
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)-2

- 1
4

+ x
Lc] (28)

σ )
Σo∫-Lc

Lc p(x) f(x) dx

∫-Lc

Lc p(x) dx
(29)

Figure 16. Shear stress (σ) at the interface of a self-assembled
monolayer of n-hexadecylsiloxane (O3/2Si(CH2)15CH3 and PDMS
elastomer of various molecular weights. The inter-cross-link molecular
weights of the elastomers are shown in the inset.
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this region due to the occurrence of stick-jump type instabilities
at these sliding speeds. Recently, Casoli et al.74 explored
successfully the frictional behavior of a PDMS elastomer on
various surfaces up to a sliding speed of 10 cm/s. They report
two distinct behaviors: the first is a nearly velocity-independent
friction on high energy surfaces such as silicon wafer, and the
second is a (logarithmic) velocity-dependent friction on low
energy surfaces. These differences, reflecting the differences
in the segmental relaxation times, are qualitatively consistent
with our observations.

Our simple model does not account for many details of
interfacial interactions that prevail on real surfaces. One
important factor is the nano- or microscale level surface
corrugations that could affect the surface diffusion of the
polymer chain and thus friction. The model also does not
account for the cooperative dynamics of the polymeric segments
on a surface presenting multiple meta-stable states, which is
particularly important when the energy barriers separating these
meta-stable states are comparable to the mechanical potential
energy (i.e., at small forces). The collective Brownian motion
of polymer chains, in that case, may either be completely
frustrated or so slow that one may be misled to believing that
a true static friction exists.

Because of space limitations, we are not able to touch upon
another important subject that deals with the differences of the
frictional behavior of the fluorocarbon and hydrocarbon surfaces
and their relationships to adhesion hysteresis.63 These discrep-
ancies are brought about by a number of factors, including the
structural differences and the triboelectric charging that occur
so spontaneously on the fluorocarbon surfaces. We also noted
that the frictional behavior of a pure PDMS network, as used
in the current studies, are quite different from those of silica-
filled commercial elastomers to the extent that a fluorocarbon
SAM exhibits higher friction than a hydrocarbon SAM. The
frictional behaviors of the fluorocarbon and hydrocarbon SAMs
also depend strongly on the chain length, the packing density,
and the substrates that support them. These topics will be
discussed in detail separately.

8. Slippage of Polymer Melt on Low Energy Surface

A problem of considerable significance to polymer processing
is the slip75-86 behavior of the melt on solid surfaces. It is
thought that the often-observed shark-skin-like patterns on the
surface of injection molded polymers are due to the flow
instabilities associated with slippage. It had been suspected for
a long time that the hydrodynamic no-slip boundary condition
at the wall may be violated by the entangled polymer melts.77

Now it has been proven experimentally that, depending on the
interactions of the polymeric melt with the solid surface and
the applied shear stress, two types of slip behavior could be
observed.75 When the interaction is strong and the hydrodynamic
stress is weak, interfacial chains disentangle from the bulk
polymer leading to what is known as the apparent wall slip.
Conversely, on a weakly interacting surface the polymer melt
undergoes infinite slippage. The existences of apparent and true
slips have been demonstrated by Le´ger et al.75 in an experiment
involving the flow of a high molecular weight (Mw ∼ 970 000)
polymer (PDMS) melt on a low energy hydrocarbon surface.
True slip occurred at the interface when the hydrodynamic shear
stress exceeded 35 kPa, below which only apparent slip was
observed. Interestingly, the shear stress vs slip velocity data
obtained from these experiments fall in the same range as those
obtained from our experiments on elastomeric friction on similar
low energy solid surfaces. This observation is important for a

number of reasons. First, it supports our previous finding that
the frictional stress reduces to a limiting value when the
molecular weight is very high. Second, it indicates that
molecular mechanism of friction at solid-solid or solid-liquid
interfaces are not different at high sliding speeds. We therefore
proceeded further to correlate the data obtained from these two
entirely different experiments.

Assuming a linear velocity profile between the two plates in
the experiment of Le´ger et al. (Figure 17), the interfacial shear
stress in the fluid can be written asσ ) µ(Vt-Vs/L). If we take
the shear stress to be the same as the interfacial shear stress
obtained from the rubber friction experiments in the limit of
high inter-cross-link molecular weight, we can estimate how
Vs should depend onVt. Figure 18 compares theVt vs Vs data
obtained from the experiment of Le´ger et al. and those obtained
from this analysis. The two slip regimes are very evident in the
experimental data. In the true slip regime, the data agree very
well with those obtained from our analysis. Interestingly, the
theoretically predicted slip velocity becomes zero when the top
plate velocity is less than a critical value (∼5.0 µm/s).
Experimentally, this is where the transition from the true to
apparent slip occurs.

9. Mixed Mode Fracture

The discussion so far dealt with two distinct types of
interfacial separation. In the first case, the interface opens

Figure 17. Schematic of the method used by Le´ger et al. to measure
slip of a high molecular weight (970 000) PDMS melt on a octadecyl-
silane-treated silica prism. The shear stress on the lower surface was
produced by moving the top plate at a velocityVt. Slippage of polymer
was investigated using an evanescent wave method that probes the
interface within a length scale of 1000 Å.

Figure 18. Slip velocity at the interface between PDMS polymer and
hydrophobic glass as a function of the top plate velocity in the
experiment of Le´ger et al. The solid line is the prediction of the slip
velocities based on rubber friction data.
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perpendicular to crack propagation, and, in the second case,
surfaces slide past each other. Fracture at real interfaces usually
involves a mixed mode, resulting from some sort of asymmetry
arising from the differences in geometry or from the mismatch
of elastic properties of the materials87 (Figure 19). In these cases,
cracks just cannot open up and propagate without one material
shearing against the other. The shear stress, thus developed,
concentrates and diverges at the crack tip. Since the crack tip
cannot support an infinite shear stress, some amount of
interfacial sliding, either by slippage or by the emissions of
dislocations, occurs at the crack tip. The crack driving force (G
- W) is thus used up in overcoming the frictional processes at
and near the crack tip regions:

The power dissipation due to interfacial sliding can be evaluated
if we know how the shear stressσ(V) varies with slip velocity
V and how it varies along the interface.72,88These points can be
illustrated with the example of a thin elastomer film peeling
from a surface.72 Figure 20 shows a thin cross section of the
elastomer in contact with a low energy substrate. When a tensile
force is applied to the film, the strip tends to stretch, while
interfacial friction prevents it. The balance of forces on a thin
cross section of the film yields the following equation:

whereσxx andσyx are the normal and shear stresses, respectively.
σxx is related to the slip displacementu and elastic modulus of
the film according to the following equation:

The shear stressσyx varies with the interfacial slip velocity,V,
in a nonlinear way as shown in Figure 16. For calculational
comfort, we describe theσ ∼ V relationship with a power law
equation:

By curve fitting theσ ∼ V data, the value ofn is usually found

to be approximately 1/3. Under steady-state peeling, the slip
velocity V is related to the crack velocity (V) as follows:

Equations 31-34 now can be combined to yield the following
equation:

Solution of eq 35 yields the slip displacement (u) of the
elastomer as a function of the distance (x) from the crack tip.
Once the slip profile is known, the energy dissipation per unit
extension of crack area can be estimated from eq 30 in the
following form:

Equations 35 and 36 have been verified recently in a model
experiment,72 in which a thin elastomeric silicone ribbon was
peeled from a low energy surface produced by grafting PDMS
chains to a glass slide. Fracture energies estimated (1-10 J/m2)
for this system were considerably higher than the thermody-
namic work of adhesion (∼0.05 J/m2), but the results agreed
well with the estimates based on eq 36. These studies provided
definitive evidence that the energy dissipation due to frictional
sliding can play an important role in the fracture of asymmetric
interfaces.

10. Summary

The main issues addressed in this article are the roles of the
reversible and irreversible interfacial processes in adhesion,
friction, and fracture. Various examples, ranging from molecular
weight and rate-dependent fracture energy to frictional sliding,
portray the picture that interfacial processes, in general, are
irreversible. The activated rate theory of Eyring, as extended
by various authors including Schallamach and Evans et al.,
provides a theoretical framework with which to estimate the
energy dissipation in fracture and the frictional sliding of
elastomeric interfaces. Some of the important findings of this
research are summarized below.

First, we discussed the well-known Lake-Thomas effect,
which states that energy to fracture an elastomeric interface is
amplified due to the stretching and relaxation of polymer chains.
Examination of the Lake-Thomas model reveals that the elastic
energy dissipation in the polymer chain is coupled to a “zero-
temperature” mode of bond fracture at the interface. The idea
is somewhat similar to the Gent-Schultz model of viscoelastic
fracture. These models often convey the notion that the
irreversibility manifests only in the bulk, whereas the interface
behaves reversibly. The kinetic theory of fracture, however,
suggests that coupling between bulk dissipation and interfacial
separation depends on the relative relaxation times of the
interfacial and bulk processes. The corollary of the above
statement is that no energy dissipation occurs in the bulk of an
adhesive if the interface behaves reversibly. As a consequence,
we need to look deeper into the relaxation processes at the
interface in order to develop a comprehensive theory of
viscoelastic fracture rather than focusing only on such param-
eters as “surface free energy” and “thermodynamic work of

Figure 19. Shear stress develops at the interface in any of these
asymmetric cases. The shear stress can be relieved by a slip process
near the crack tip.M is the moment of a force acting on the crack.

Figure 20. Sketch of an elastic ribbon peeling from a surface at a
very low angle (θ). A thin section of the rubber experiences an elastic
tensile stress (σxx) and an interfacial shear stress (σyx). The force balance
on a differential cross section of the ribbon gives the equation for slip
displacement (see eq 31-35).

(G - W)V ) ∫0

∞
σ(V) V dx (30)
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adhesion”. How the bulk irreversible processes are coupled to
the interfacial kinetic process is clearly the subject of further
research.

Second, we used the activated rate theory to re-examine the
frictional sliding behavior of elastomeric polymers on low
energy surfaces. Here the interface can be modeled as composed
of elastic springs, the ends of which undergo random walks by
hopping from one potential well to next. The collective behavior
of the springs can be described by solving a dynamic probability
equation. The basis of the idea is that an external force biases
the random walk, causing a net relative motion of the two
surfaces. The process requires irrecoverable external work. The
method, however, does not elucidate the modes of energy
dissipation arising from the transition of the polymer chain from
one metastable state to the next. The analysis, nonetheless, brings
forth several points regarding adhesion and friction to light. First,
while a polymer chain segment overcomes a single potential
well during fracture, multiple potential wells need to be
overcome during frictional sliding. This process effectively
increases the residence time of a polymer chain in frictional
sliding. Similar issues have been raised previously by other
investigators working in the field of polymer adsorption and
diffusion on a solid surface. Second, since the relaxation time
varies exponentially with the depth of surface potential well,
the relationship between adhesion and friction is nonlinear, at
least, at low sliding velocities. Detailed understanding of the
relationship between adhesion and fracture is expected to emerge
from additional systematic studies, in which not only the rate
but also the temperature could be varied.
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