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Polymer surfaces and interfaces have many technological applications. In the present arti-
cle we review some recent experiments conducted on model systems with the aim of under-
standing the role played by surface-anchored polymer layers in adhesion and friction. We
also discuss some of the related theoretical models. The key parameter for both situations
is the degree of interdigitation between the surface layer and the bulk polymer system (an
elastomer in the case of adhesion, a molten polymer in the case of friction). We analyze how
this degree of interdigitation governs the optimum enhancement in the adhesion energy
between the solid wall and an elastomer, and how it is at the origin of the various wall slip
regimes observed experimentally.
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1

 

Introduction

 

In recent years, a large amount of experimental and theoretical work has been
devoted to surface-anchored polymer chains [1–3]. Particular attention has
been paid to polymer chains tethered by one end to a solid surface. At high
enough coverage, the polymer chains stretch away from the surface forming a
polymer “brush” [4]. As shown by Alexander and de Gennes in their pioneering
work on polymer brushes [5, 6], the behavior of such end-grafted chains is qual-
itatively different from that of free chains. For a polymer brush in a good solvent,
for instance, the layer thickness 

 

L

 

 is expected to vary 

 

linearly

 

 with the index of
polymerization of the chains, 

 

N

 

, while the radius 

 

R

 

 of a free chain in a dilute so-
lution varies as 

 

R 

 

µ

 

N

 

3/5

 

.

 

 

 

The Alexander-de Gennes model was followed more re-
cently by self-consistent field (SCF) calculations [7–13] and by computer simu-
lations [14–16]. Several review articles on the subject are now available [17–20].

It is commonly admitted that polymer brushes should be quite efficient in
many technological applications including in particular the steric stabilization
of colloidal suspensions [21–23]. Because of these potential practical applica-
tions, strong experimental efforts have been devoted to characterize the struc-
ture and the properties of polymer brushes [1, 24]. These efforts, however, have
long been slowed down by the difficulty to reach sufficiently high grafting den-
sities in good solvent. Indeed, as soon as the first grafted chains begin to overlap,
they repel each other. This, in turn, creates a repulsive barrier for the other
chains and the grafting reaction almost stops. The resulting layer then consists
of adjacent “mushrooms” [4]. A way to get around this difficulty was proposed
by Auroy and co-workers [25–27]. It consists in performing the grafting reaction
in a relatively concentrated solution where a rather large number of chains are
located in the vicinity of the surface and are susceptible of being grafted. The
particular system used by Auroy et al. was 

 

a

 

-

 

w

 

-hydroxyl terminated poly-
dimethylsiloxane (PDMS) chains end-grafted on previously modified porous
silica beads (by esterification of most of the silanol sites of the surface by penta-
nol molecules). An important result of the work of Auroy et al., apart from the
demonstration of the possibility of forming chemically end-grafted brushes
with high grafting densities, is the fact that the grafting density can be adjusted
via the volume fraction of free polymer in the reaction bath. A derived way of
modifying the silica surface, adaptable to plane large areas, has been developed
recently and will be detailed in Sect. 2.1.

Let us mention at this point that a number of studies have used block copoly-
mers in order to test the Alexander-de Gennes description of polymer brushes.
For example, surface force measurements have provided some global character-
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istics of the layers formed by block copolymers where one block adsorbs strong-
ly on the substrate while the other block adsorbs negligibly [28, 29]. Diblock co-
polymer monolayers on the surface of a selective solvent have been studied by
surface pressure measurements and by neutron reflectivity [30–32]. Block co-
polymers phases have also been investigated [33]. In these phases, the density of
chains tethered to the interface is fixed by the equilibrium conditions of the self-
assembly process and can not be chosen independently of the polymerization
index, contrary to what can be done with chemically end grafted chains.

When a strongly attractive surface is exposed to a polymer melt, a certain
amount of polymer becomes permanently bound to the surface. This occurs, for
instance, when an untreated silica surface is exposed to a melt of PDMS [34]. If
the polymer layer is then exposed to a good solvent, the layer swells. The result-
ing layer is made of loops, with a large polydispersity of loop sizes, reflecting the
statistics of the chains in the melt state. The structure of such irreversibly ad-
sorbed layers when swollen by a good solvent has been worked out by Guiselin
[35]. Irreversibly adsorbed layers have been named “pseudo-brushes”, because
they are somewhat analogous to highly polydisperse brushes of loops. A com-
parison of brushes and pseuso-brushes in terms of adhesive and friction prop-
erties was seen as an interesting problem, and is one of the objectives of this paper.

The present paper is organized as follows. In Sect. 2 we present an experimen-
tal system for which both chemically end-grafted layers with high grafting
densities and irreversibly adsorbed surface anchored layers can be formed
(Sect. 2.1). We then discuss how the internal structure of these two kinds of sur-
face layers can be analyzed and compared to the different available models
(Sect. 2.2). In Sect. 3, we review what is expected for the interdigitation between
such surface-anchored layers and a polymer melt, and compare these expecta-
tions with neutrons reflectivity results. In Sects. 4 and 5, we analyze the experi-
mental data and the different models which allow to understand under which
conditions such surface anchored layers can be used to promote adhesion or to
reduce friction.

 

2

 

Formation and Characterization of the Surface Layers

 

2.1
Formation of the Surface Layers

 

There are several ways of forming surface layers of polymer chains, and various
solid/polymer systems have been used. The silica/PDMS system is quite conven-
ient since both end-grafted layers with high grafting densities (i.e., brushes) and
irreversibly adsorbed layers (i.e., pseudo-brushes) can be formed with control-
led molecular characteristics (polymerization index of the tethered chains and
surface density), allowing a detailed investigation of the structure and proper-
ties of these two different classes of surface anchored polymer layers.
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The irreversibly adsorbed layers are the easier to obtain. PDMS forms hydro-
gen bonds between the silanol sites of the silica surface and the oxygen atoms of
the backbone of the chains, and thus spontaneously adsorbs on a clean silica sur-
face. This adsorption is quasi permanent [36], and can be rendered permanent
by using di-hydroxyl terminated PDMS chains. Incubation of the surface with a
polymer solution (polymer volume fraction 

 

f

 

0

 

) at 120 ˚C during 12 h, leads to
either condensation of the OH extremities of the chains on silanol sites of the sil-
ica, or to double hydrogen bond formation and the surface chains appear immo-
bilized [37]. Then the layer can be washed by a good solvent in order to rinse
away all the unattached chains, and dried. The monomers of the surface at-
tached chains then collapse, and form a layer with a thickness directly related to
the surface density of the anchored chains. The characteristics of these dry lay-
ers can be investigated through X-ray reflectivity techniques [38]. The electronic
density inside the layer appears to be comparable to that of the polymer melt,
and the dry thickness of the layer, 

 

h

 

0

 

, is governed by both the polymerization in-
dex of the surface attached chains, 

 

N

 

, and the volume fraction in the solution
used for the incubation, 

 

f

 

0

 

. A collection of typical results for 

 

h

 

0

 

, obtained
through X-ray reflectivity or ellipsometry, on layers made with chains having
polymerization indices in the range 10

 

2

 

 to 10

 

4

 

, is reported in Fig. 1, either for
incubation from a melt (triangles, 

 

f

 

0

 

=1) or from a solution (squares and discs,

Fig. 1.  Dry thickness h0 of various PDMS layers irreversibly adsorbed on the silica surface
of a silicon wafer, as a function of the scaling variable N1/2f0

7/8. N is the polymerisation in-
dex of the surface anchored chains and f0 is the polymer volume fraction in the incubation
bath. The triangles correspond to f0=1, i.e., to the maximum surface density of anchored
chains for the particular molecular weight. The range of molecular weights used is
29.6 kg mol–1£Mw£740 kg mol–1, with Mw=mN, where m is the molar mass of the mono-
mer, m=0.074 kg mol–1 for PDMS
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10

 

-1

 

£

 

f

 

0

 

<1). A clear scaling law is observed, with the scaling variable N

 

1/2

 

 

 

f

 

0
7/8

 

.
The origin of this scaling law can be easily understood: when the reaction cell is
filled, all the polymer chains located in a layer from the surface with a thickness
comparable to the radius of the chains in the incubation solution can rapidly
find the surface and bind, keeping the local concentration equal to the bulk pol-
ymer concentration. Further adsorption of additional chains implies an increase
of the local monomer concentration close to the surface (the chains already at-
tached being not able to go away) and corresponds to a repulsive osmotic pres-
sure. Thus the adsorption process stops when all the chains initially located in the
surface layer with a thickness comparable to the radius of the chains in the incu-
bation bath have adsorbed. Note that this is quite different from what occurs in the
case of r

 

eversible

 

 adsorption where the chains can permanently exchange between
the surface layer and the bulk solution. In the case of reversible adsorption, the
adsorbed layer can reach its thermodynamic equilibrium structure, which has
been analyzed in terms of a self similar concentration profile [39–41]. For the ir-
reversibly adsorbed layer, the structure is governed by the incubation bath and
keeps track of the history of the layer formation. Such irreversibly adsorbed layers
can however be put into an environment different from the incubation bath, keep-
ing the surface density of anchored chains constant. Since the radius 

 

R

 

 of a chain
in a semidilute solution scales like 

 

R

 

@

 

aN

 

1/2

 

f

 

0
7/8

 

 under good solvent conditions
[42], one can easily count the number of monomers per unit surface area inside
the surface layer and obtain for the adimensional surface chain density, 

 

s

 

, the fol-
lowing form:

 

s

 

@

 

N

 

–1/2

 

f

 

0
7/8

 

 (the number of chains per unit area, 

 

n

 

,

 

 is equal to 

 

s¤

 

a

 

2

 

,
where 

 

a

 

 is the size of a monomer). Each chain containing 

 

N

 

 monomers of size 

 

a

 

,
the thickness of the dry surface layer is

(1)

The data reported in Fig. 1 follow this scaling law, and give for the typical size
of the monomer, 

 

a

 

»

 

0.5 nm, a quite reasonable value for PDMS.
In order to form high density end-grafted layers with the same silica/PDMS

system, one has to chemically modify the silica surface in order to suppress the
monomers adsorption, while still keeping the possibility of end-grafting. An el-
egant way to do so has been developed by Folkers et al. [43]. It consists in first
forming on the silica surface a self assembled monolayer of a short PDMS oli-
gomer made of four monomeric units, and terminated by a chlorine at one ex-
tremity and either a Si-H or a Si-vinyl at the other one. The corresponding syn-
thesis and monolayer formation are described in details somewhere else [43].
On such a self assembled monolayer, PDMS hardly adsorbs: under incubation
conditions similar to those used to form the surface adsorbed layers, only a layer
with a typical thickness of 1 nm remains fixed on the surface (probably adsorbed
chains in the holes of the monolayer), to be compared with the 20–50 nm depos-
ited in the case of bare silica with the same polymer and same conditions. On the
functionalized extremities of the molecules in the monolayer, mono vinyl or Si-
H end terminated long PDMS chains can be grafted by a hydrosililation reaction,

  h a N0
1 2

0
7 8@ / /f
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in the presence of platinum as catalyst [38, 43]. Again, and for reasons quite sim-
ilar to what has been said for the adsorbed layers, the surface density in the graft-
ed layer is governed by both the volume fraction in the reaction bath and the po-
lymerization index of the PDMS chains used. The value of the dry thickness of the
layer, 

 

h

 

0

 

, determined after rinsing with a good solvent and drying, is a measure-
ment of the surface density of grafted chains. Typical results for 

 

h

 

0

 

, for a variety
of PDMS chains and several volume fractions in the reaction bath are reported in
Fig. 2. The same scaling law (Eq. 1) as for the irreversibly adsorbed chains is ob-
served, with, at the accuracy of the experiments, the same prefactor, a

 

»

 

0.5 nm.
This means that the dry thickness of the layers, 

 

h

 

0

 

, is a good measurement of the
surface density of the surface anchored chains, but does not tell any information
on the internal structure of the two categories of layers, irreversibly adsorbed and
end-grafted, which, as we will see below, are quite different.

 

2.2
Characterization of the Internal Structure of the Surface Layers

 

In order to investigate the internal organization of the surface-anchored chains,
we now consider the concentration profile of the layers when swollen by a good
solvent. Such concentration profiles have been investigated in details theoreti-
cally, since the Alexander-de Gennes model, and we can hope to be able to dis-

Fig. 2.  Dry thickness h0 f various PDMS layers end grafted on the modified silica surface of
a silicon wafer, as a function of the scaling variable N1/2f0

7/8, with N the polymerisation in-
dex of the grafted chains and f0 he polymer volume fraction in the reaction bath. The range
of molecular weights used for the grafted chains is 5 kg mol–1£Mw£263 kg mol–1, Mw=mN,
with m=0.074 kg mol–1
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criminate between different internal organizations and different models by
comparing experiments and theoretical predictions.

Let us first briefly review the Alexander-de Gennes model [5, 6]. Specifically,
we consider an ensemble of polymer chains, with degree of polymerization N,
terminally grafted onto a flat surface and exposed to a solvent of low molecular
weight. The number of terminally grafted chains per unit area is sa–2, where a
is the monomer size. The average distance between two grafting sites is given by
D=as–1/2. At low coverage, the different coils do not overlap (the so-called mush-
room regime) and each chain occupies roughly a half-sphere with a radius com-
parable to the Flory radius of a free chain R@aN3/5 (for simplicity reasons we as-
sume the solvent to be athermal, i.e. v@a3, where v is the excluded-volume pa-
rameter). When the grafting density, s, becomes greater than the critical density
s0@N–6/5 the different chains begin to overlap and form a brush of thickness L,
as schematically presented in Fig. 3. The equilibrium structure of the brush re-
sults from the competition between the osmotic forces that tend to expand the
layer and the restoring elastic forces. Accordingly, the free energy per chain can
be written as F=Fos+Fel. In a Flory type approach, the elastic free energy is given

Fig. 3.a   Schematic representation of a polymer brush. L is the layer thickness and D the av-
erage spacing between two grafting points. b The monomer density profile F vs distance
from the grafting plane z according to the Alexander-de Gennes model. Figure adapted
from [66]
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by Fel@kTL2¤(a2N) while the osmotic free energy is given by Fos@kTa3N2¤(LD2). By
minimizing F we obtain

(2)

and F@kTNs3/2. Thus the brush thickness increases linearly with N. It is possible
to develop a more refined scaling analysis of the overlap regime s>s0 [5, 6]. A
grafted chain is subdivided into blobs of size D, each containing gD monomers.
Within one blob, the chain behaves like a free excluded volume chain; this leads
to the relation D@agD

3/5. Different blobs repel each other and the brush is essen-
tially a closely packed system of blobs. The monomer volume fraction, F, is giv-
en by F@gD(a¤D)3@s2/3. Since the volume per grafted chain is LD2 the monomer
volume fraction can be written as F@Na3¤LD2. Comparing the above two expres-

sions for F we obtain the equilibrium brush height . This

last result indicates that the chain can be viewed as a string of blobs almost fully
stretched along the normal to the wall (see Fig. 3). The kT per blob ansatz leads
to a free energy per chain F@kTNs5/6. Note that while the Flory analysis gives a
correct estimate of the brush height, it overestimates the brush free energy.

The above Alexander-de Gennes model constrains the concentration profile
to be steplike and all free ends to be at the same distance from the surface. This
imposes strong restrictions on the allowed chains configurations. Some years
ago, Hirz [7] and Cosgrove et al. [8] numerically solved the self-consistent field
(SCF) equations describing the brush situation, but relaxing the above-men-
tioned restrictions. They found that in the case of a good solvent the concentra-
tion profile was essentially parabolic. This was rationalized analytically by Mil-
ner et al. [10, 11] and Zhulina et al. [12]. Much of the physics of the parabolic pro-
file may be understood in terms of the following simple argument due to Pincus
[44]. The mean-field free energy per unit area of the brush, H, may be written 

(3)

where f(z) and Y(z) are respectively the monomer concentration and the free
end concentration at a distance z from the surface. The first two terms in the in-
tegral, respectively, represent the excluded-volume energy and the polymer
stretching energy;m is a Lagrange multiplier to fix N monomers per chain. The
problem is to determine Y(x). A crude approximation may be obtained by
guessing that far enough from the surface Y(x)@f(x)¤N. Now setting dH¤df(c)=0,

we obtain a parabolic profile  where m@(32/3¤2)(a¤D)4/3

and the brush thickness L@Na(3a2¤D2)1/3 is consistent with the Alexander-de
Gennes result (Eq. 2).
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We now turn to pseudo-brushes. Five years ago, an elegant scaling approach
has been proposed by Guiselin [35] to describe the irreversible adsorption from
a polymer melt onto a plane surface, assuming that the time necessary to satu-
rate all the surface sites was small compared to that of chain diffusion in the
bulk. The conformation of the chains is thus not modified during the adsorption
process and the distribution of loops and tails is related to the statistics of the
chain folding in the melt. Guiselin considered the following sequence of events:
(i) the plane solid surface is put in contact with a polymer melt and all the mon-
omers touching the surface adsorb instantaneously and irreversibly; (ii) the sur-
face is then washed with a pure solvent and only the initially adsorbed chains are
retained onto the surface. The layer thus formed can be visualized as a succes-
sion of loops and tails. In the Guiselin’s approach, each loop made of 2n mono-
mers is considered as two pseudotails of n monomers. The number (per unit ar-
ea) of pseudotails made of more than n monomers is given by [35]

(4)

where, as for the brush, N is the degree of polymerization of the adsorbed chains
and a the size of the monomer. When swollen by a good solvent, the pseudo-tails
tend to stretch normal to the surface in order to decrease the excluded volume
interactions. Let us assume that the n-th monomers of all pseudotails larger than
n are located at the same distance z from the surface. We can then consider n as
a function of z. At a distance z from the surface, the average distance between

two pseudotails is given by . Using Eq. (4) we get

. By analogy with the Alexander-de Gennes’ model

for monodisperse polymer brushes (see above) we expect that, locally, at a dis-
tance z from the surface, the layer can be visualized as a closely packed system
of units of size D(z). In order to determine the function n(z), we consider the
number g(z) of monomers within a volume [D(z)]3. The function n(z) satisfies
the differential equation dn¤g(z)=dz¤D(z). At a scale smaller than D, the chain be-
haves like a free chain and g is related to D by the relation g@(D¤a)5/3 and, conse-
quently, n(z)@(z¤a)5/6. The volume fraction of monomers is then given by

(5)

and the total extension of the layer scales as

(6)

The internal structure of a Guiselin's pseudo-brush is schematically present-
ed in Fig. 4. Similar arguments in the case of an irreversibly adsorbed layer pre-

    
S n a n n N( ) @ < <( )- -2 1 2 1/

    
D z S n z( ) @ ( )( )[ ]-1 2/
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pared by adsorption from a semidilute solution with a volume fraction f0, lead
to an extension of the layer that scales as L@aN5/6f0

7/24 [35].
Systematic investigations of the concentration profile inside the two kinds of

PDMS surface anchored layers have been performed through neutrons reflectiv-
ity techniques [45]. Octane was used as a good solvent and PDMS with a molec-
ular weight of 92 kg mol–1was either grafted or adsorbed on the surface of a sil-
icon wafer, taking advantage of the contrast for neutrons between hydrogenated
and deuterated species (either the solvent or the surface chains were deuterat-
ed). Fitting procedures of the reflectivity data have been developed in order to
extract the concentration profile from the reflectivity curves, without assuming
a priori the shape of the concentration profile, contrary to what is usually done
[45]. The profile was divided into 10 or 20 slabs of equal thickness, and the index
for neutrons of each slab was adjusted in order to obtain the best fit to the reflec-
tivity curve. Despite the large number of adjustable parameters, this fitting pro-

Fig.4.a  Schematic of a pseudo-brush. L is the layer thickness. b The monomer density pro-
file F vs distance from the grafting plane z according to Guiselin. Figure adapted from [66]
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Fig. 5.  Concentration profile inside a grafted PDMS layer swollen by a good solvent (oc-
tane). The molecular weight of the grafted chains is 92 kg mol–1 and the surface density in
the layer is s=0.011. The full line is the profile determined by neutrons reflectivity. The dot-
ted line is the SCF result of Zhulina et al. [52] calculated for a surface density s=0.011 and
an excluded volume parameter v=0.8 a3 (a is the size of the monomer, determined to be
a»0.5 nm by the slope of the scaling line in Fig. 2).

Fig. 6.  Concentration profile inside an irreversibly adsorbed PDMS layer swollen by a good
solvent (octane). The molecular weight of the adsorbed chains is 92 kg mol–1. The surface
density in the layer is s=0.02. The full line is the profile determined by neutrons reflectivity.
The dotted line corresponds to the theoretical profile calculated following the Guiselin's ar-
gument corrected to take into account the finite length of the surface chains [45]
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cedure revealed to be quite efficient, provided one imposes a condition to favour
smooth profiles and checks that the total surface excess of polymer, is equal to
that measured independently by the dry thickness of the layer, h0. In Figs. 5 and
6, typical concentration profiles for respectively a end-grafted layer (i.e. a brush)
and an irreversibly adsorbed layer (i.e. a pseudo-brush) are reported. 

In Fig. 5, the data points for the brush (full line) are compared to the calculat-
ed SCF parabolic profile of Milner et al. [10, 11] and Zhulina et al. [12]. In Fig. 6,
the data points for the pseudo-brush (full line) are compared to the profile cal-
culated by Guiselin [35]. Note that there are no adjustable parameters in the
comparison between the theoretical predictions and the data points since the
surface excess is imposed. The quite good agreement between the predicted and
measured concentration profiles, and the very different shapes of the two curves
for either the grafted or the irreversibly adsorbed layer are strong evidences of
the fact that these layers have indeed quite different internal organization of the
surface-anchored polymer chains. It is interesting to notice that, despite the
good agreement between the experiments and the models for both kinds of lay-
ers, the two theoretical descriptions used are somewhat different: the parabolic
profile is the result of an SCF analysis where the constrains on the allowed chains
configurations imposed by the Alexander-de Gennes model are relaxed, while
the Guiselin’s description treats the layer at a degree of approximation compara-
ble to the Alexander-de Gennes approach (the only difference being in the poly-
dispersity of the pseudo-tails). While it clearly appears that the experimental
concentration profile of the end-grafted layer cannot be described by the step
profile of the scaling Alexander-de Gennes model (see Fig. 5), it seems that the
Guiselin’s model is sufficient to describe the experimental concentration profile
of the irreversibly adsorbed layer (this might be due to the large polydispersity
of loop sizes [11, 66]).

3
Interdigitation Between Surface-Anchored Chains and a Polymer Melt

In order to understand the role played by surface-anchored chains in adhesion
and friction, it is essential to understand under which conditions a surface layer,
when in contact with a melt, is penetrated by free chains. The question has been
addressed theoretically mostly for polymer brushes, and more recently for
Guiselin's pseudo-brushes. We want to review here some of these analysis, and
compare the predictions of the models with the available experimental data.

3.1
Polymer Brushes in Polymeric Matrices

Most of the existing studies focus on brushes exposed to a low molecular weight
solvent and less is known of the behavior of surface-tethered polymers in poly-
meric matrices [6, 46–56]. On the experimental side, nuclear reaction analysis
[57, 58], neutron scattering [59–61], neutron reflectivity [62] and secondary-ion
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mass spectrometry [63] have provided some information concerning the struc-
ture of grafted chains immersed in a polymer melt or a solution of mobile poly-
mer chains. The first computer simulation of a brush immersed in a polymer
melt was presented recently by Grest [64].

The case where the grafted chains are in contact with a melt of shorter, chem-
ically identical chains was studied theoretically by de Gennes some years ago [6].
His approach has been further developed by Leibler [46], Raphaël et al. [51], and
Aubouy et al. [54]. Consider a brush made of chains, with degree of polymeriza-
tion N, terminally grafted onto a flat surface and exposed to a polymeric solvent
made of chemically identical chains, with degree of polymerization P<N (the ef-
fect of a small non-zero c between the P and the N chains has been discussed by
Aubouy and Raphaël [53]) The number of terminally grafted chains per unit
area is sa–2, where a is the monomer size. The average distance between two
grafting sites is given by D=as–1/2. At sufficiently low s, the grafted chains do
not overlap (the so-called mushroom regime) and the layer thickness L is given
by L@aN1/2 for P>N1/2 and by L@aN3/5P–1/5 for P<N1/2 (see regions {1} and {2} in
Fig. 7). As s increases, the different chains begin to overlap for D@L. This defines
an overlap concentration: sov@N–1 for P>N1/2 and sov@N–6/5P2/5 for P<N1/2. In a
Flory-type approach the free energy per chain is then given by [6]

(7)

The first term in Eq. (7) represents the elastic contribution. The second term
corresponds to the effect of the screened two-body interactions. From Eq. (7)
one can easily construct the (P,s) diagram represented in Fig. 7. In region {3},
two-body interactions are relevant and the brush thickness is obtained by min-
imizing Eq. (7): (L=aNP–1/3s1/3. In region {4}, repulsive interactions are not suf-
ficient to swell the brush and the conformation of a grafted chain remains Gaus-
sian: L@aN1/2. At higher s, we reach region {5} where the P chains are almost
completely expelled from the brush: the brush is “dry” [6]. The brush thickness
L is then related to s by the requirement F=aNs¤L@1 which leads to L@aNs. The
free energy per chain consists merely of an elastic term F@kTL2¤a2N@Ns2. The
boundaries between regions {3} and {4} and between regions {3} and {5} are giv-
en by s@PN–3/2 and s@P–1/2, respectively.

According to the scaling theory [51, 54], region {3} has to be subdivided into
two regions. In region {3a}, a grafted chain may be subdivided into spherical
blobs of size D, each containing gD monomers. Within one blob, the chain be-
haves like a free chain and can therefore be pictured as a self-avoiding walk of
subunits called melt blobs [42, 51]. This leads to the relation D@agD

3/5P–1/5. Dif-
ferent blobs repel each other and the brush is essentially a closely packed system
of blobs. The volume fraction F of monomers belonging to grafted chains is giv-
en by F@gD(a¤D)3@s2/3P1/3. Since on the other hand F=aNs¤L, we obtain for the
equilibrium brush thickness L@aNP–1/3s1/3. This thickness can be rewritten as
L@(N¤gD)D: the chain can be viewed as a string of blobs almost fully stretched
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along the normal to the wall. The kT per blob ansatz leads to a free energy per
chain F@kTNP–1/3s5/6. When the grafting density increases, the blob size D pro-
gressively decreases down to a point where it is of the order of the melt blob size
lc@aP. The crossover occurs for D@aP that is for s@P–2(this grafting density corre-
sponds to the broken line in Fig. 7). Therefore, the blob picture developed above
is only valid in region {3a} of the (P,s) diagram. In region {3b}, each chain can be
viewed as a string of non-overlapping spherical subunits, of size L larger than D,
almost fully stretched along the normal to the wall (see Fig. 8). At a scale smaller
than L, the chain behaves like an ideal chain of gL@(L¤a)2 monomers. It is impor-
tant to notice that in a plane parallel to the wall, subunits of different chains do
overlap and therefore the brush as a whole cannot be described as a closely
packed system of subunits (see Fig. 8). The subunit size is given by L@aP1/3s–1/3

[54]. Since the different subunits of a grafted chain repel each other, the brush
thickness is given by , in agreement with the Flory
result. The free energy per chain is given by .

Fig. 7.  Schematic (P, s) diagram for a brush of polymerization index N exposed to a
chemically identical melt of polymerization index P. At sufficiently low s, the grafted chains
do not overlap and the layer thickness L is given by L@aN1/2 for P>N1/2 (region {2}) and by
L@aN3/5P–1/5 for P<N1/2 (region {1}). As s increases, the different chains begin to overlap for
s³sov where the overlap surface density is given by sov@N–1 for P>N1/2 and by sov@ N- 6/5P2/5

for P<N1/2. In region {4}, two-body interactions are not sufficient to swell the brush and the
conformation of a grafted chain remains Gaussian: L@aN1/2. In region {3}, two-body inter-
actions are relevant and the brush thickness is given by L=aNP–1/3s1/3. At higher s, region
{5}, the P chains are almost completely expelled from the brush and the brush is “dry”. The
brush thickness L is then given by L@aNs. The subdivision of region {3} into two regions
(region {3a} and region {3b}) is discussed in the text. Figure adapted from [54]
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It is of some interest to build up a scaling picture for the high coverage regime
s>aP–1/2 (region {5}). As in region {3b}, each chain can be viewed as a string of
subunits of size L larger than D almost fully stretched along the normal to the
wall. At a scale smaller than L, the chain behaves like an ideal chain (the corre-
sponding number of monomers is given by gL@(L¤a)2). Within a given subunit,
there is on average a number (L¤D)2 of other chains. The subunit size L is given
by L@a(D¤a)2. The kT per subunit ansatz leads to a free energy per chain

 in agreement with the result found above.
Testing in details the (P,s) diagram of Fig. 7 is a difficult task. Indeed, in order

to check this diagram, one has to use: (a) a technique which gives contrast be-
tween the surface and the bulk chains, and (b) a reliable enough way of forming
the brushes so that a large range of surface densities can be analyzed. Techniques
allowing contrast all imply deuterated polymers, which are not always easy to
obtain, and the real control of the surface density and of the brush structure (no
adsorption) immediately renders the program difficult: each point in the dia-
gram requires a synthesis and a control of the characteristics of the grafted layer,
prior to any further investigation. The general tendency of the diagram of Fig. 7
is the following: increasing the surface density s or increasing the polymeriza-
tion index P of the bulk polymer (compared to the polymerization index of the
grafted chains, N) lead both to an expulsion of the free chains from the brush,
and thus to a decrease of the thickness of the brush profile. Such tendencies are
indeed present in the experimental investigations [36, 45, 60, 62], but no system-
atic experimental test of the theoretical (P,s) diagram is presently available. In
Fig. 9 we present a series of profiles of PDMS brushes obtained by neutrons re-

Fig. 8.  Schematic of the brush in the region {3b} of the (P, s) diagram of Fig. 7. Figure adapt-
ed from [66]
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flectivity (the grafted chains are deuterated and the bulk polymer is hydrogen-
ated) for several surface densities and different molecular weights of the bulk
polymer. Clearly, increasing the surface density and increasing the molecular
weight of the bulk polymer, correspond to a progressive expulsion of the bulk
chains from the brush, a fact which is apparent first as a reduction of the exten-
sion of the concentration profile of the surface chains, and second as an increase
in the steepness of this profile. A remarkable feature, however, is that if the ten-
dencies of the experimental profiles do qualitatively agree with the predictions
of the diagram of Fig. 7, the real brushes seem to be more easily interpenetrated
by bulk chains than predicted. Indeed, even molecular weights much larger than
that of the brush do penetrate a brush with a surface density close to N–1/2

(Fig. 7). This might be due either to the polydispersity of the grafted chains
(even if small, Mw/Mn <1.1), or more generally to the fact that the (P,s) diagram
of Fig. 7 is based on a scaling theory that assumes a step function for the brush
segment density profile. For a detailed comparison with the experimental pro-
files, one has to use analytical self-consistent calculations [52] which relax the
constraint of locating all the chain extremities in the same plane [55, 60].

Fig. 9. Concentration profiles determined by neutron reflectivity for three end grafted
PDMS layers in contact with PDMS melts. The molecular weight of the grafted chains is
mN=92 kg mol–1 for all the layers. Curve a: surface density in the layer s= 0.011, molecular
weight of the melt mP=90 kg mol–1; curve b: s=0.01, mP=360 kg mol–1; curve c: s= 0.015,
mP=17 kg mol–1. The layer contracts more and more when exposed to a melt of larger mo-
lecular weight. In all cases the melt chains penetrate down to the surface, as demonstrated
by the volume fraction of end grafted chains which always remains much lower than one
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3.2
Irreversibly Adsorbed Layers in Polymeric Matrices

The behavior of an irreversibly adsorbed layer in contact with a melt of shorter,
chemically identical chains was studied theoretically by Aubouy et al. [65, 66].
The pseudo-brush was treated as a polydisperse brush of half loops, character-
ized by the distribution of Eq. (4). Assuming that the local conformation of a
polydisperse polymer brush is similar to the bulk structure of a monodisperse
brush with the same grafting density, Aubouy and Raphaël [65] built up a dia-
gram analogous to the diagram of Fig. 7. Again, the global tendency is that a
dense layer should expel the chains from the melt, and so more efficiently for
bulk chains with a large molecular weight. No systematic experimental investi-
gations are presently available, except a few neutrons reflectivity data [36]. Typ-
ical examples of profiles are reported in Fig. 10. These results do show an intrin-
sic difficulty of such investigations: when comparing data for a layer made with
either deuterated or hydrogenated PDMS, in contact with a melt of the corre-
sponding either hydrogenated or deuterated chains, a clear preferential interac-
tion of the hydrogenated specie with the silica surface appears. In order to com-
pare the experimentally determined profiles with a model, such a preferential
interaction has to be included. On a qualitative level, however, the data seem to
indicate that a pseudo-brush is more easily penetrated by a given polymer melt

Fig. 10.  Concentration profile as determined by neutron reflectivity for two irreversibly ad-
sorbed layers in contact with a PDMS melt. The molecular weight of the surface chains is
92 kg mol–1 and is identical to that of the melt. In both cases s=0.02. The full line corresponds
to an adsorbed layer made with deuterated chains, in contact with a hydrogenated melt, while
the dotted line corresponds to the reverse situation (hydrogenated surface chains, deuterated
melt). The clear difference between the two profiles is a demonstration of a preferential in-
teraction of the hydrogenated chains with the surface compared to the deuterated one
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than the equivalent brush (same surface density and same molecular weight of
the surface chains). This might be an indication of the fact mentioned by Laub
and Koberstein [67a] that polydispersity may help interdigitation. On the other
hand, a pseudo-brush is not really equivalent to a polydisperse brush and one
should take the “cactus effect” discussed by Brochard-Wyart et al. [68] into ac-
count. The profiles shown inFig. 10 are clearly different from that of a brush: the
inner part of the layer is dry (or almost dry in the case of the preferential inter-
actions between the melt and the surface), and tails extend far away from the
surface.

4
Role of Surface-Anchored Chains in Adhesion

Understanding what happens when a polymer comes into contact with another
material is important for many industrial applications [69, 70]. In the last ten
years, there has been a significant improvement in our understanding of the lo-
cal processes that control the adhesion of polymers [71–73]. Experiments by
Hugh Brown and co-workers and by Ed. Kramer and co-workers have shown
that the interface between two chemically different glassy polymers can be
strengthened by the presence of diblock copolymers at the interface [74–76].
When a fracture propagates at the interface, these coupling chains can either be
pulled-out or break. Experiments show that long diblock molecules fail by scis-
sion, while shorter diblocks can be pulled out. Random copolymers have also
been used recently in this context [77, 78]. Here we shall not discuss adhesion of
glassy or semi-crystalline polymers [79–84] but rather focus on the adhesion of
elastomers to solids [85–89]. Studies have demonstrated that coupling chains (or
“connectors”) that bind to the solid and interdigitate with the elastomer enhance
the adhesion energy [90]. The important question is to understand how to opti-
mize practical adhesive joints using connector molecules to enhance adhesion.
Early models, considering the connector chains as independent of each other,
predict a linear increase of the adhesion energy at zero crack propagation veloc-
ity, G0, with the surface density of connectors [91, 92]. So the question is whether
it is interesting to graft as many chains as possible on the solid surface. To try to
answer this question, systematic experiments on silica/PDMS systems were un-
dertaken, using the pseudo-brushes presented in Sect. 2.1 (these experiments
will be discussed in details below). A typical result for G, the adhesive energy
measured at a very low velocity of fracture, as a function of the surface density
of connector molecules is reported in Fig. 11. The major feature of these data is
the non-monotoneous variation of the adhesion energy with s. The connector
molecules clearly loose their efficiency to promote adhesion when they are too
densely packed on the surface. Several attempts have been made very recently to
try to rationalize such a behavior. They will be reviewed in Sect. 4.1 for the ad-
hesion between a brush and an elastomer and in Sect. 4.2 for the adhesion be-
tween a pseudo-brush and an elastomer. Experimental results will be discussed
in Sect. 4.3
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4.1
Adhesion Between a Brush and an Elastomer

The interface between a solid and a crosslinked elastomer can be strengthened
by the addition of chains (chemically identical to the elastomer) that are teth-
ered by one end to the solid surface as schematically presented in Fig. 12. As the
crack grows along the interface, these coupling chains are progressively pulled-
out from the elastomer [71, 90, 93] as schematically presented in Fig. 13. This
“suction” process is expected to occur in an approximately plane cohesive zone
directly ahead of the crack tip [94, 95]. A number of models have been proposed
to describe the process of chain pull-out and the relation between chain pull-out
and interfacial toughness [91, 92, 96–103]. In the model of Raphaël and de
Gennes [92, 100], the partially pulled-out chains are assumed to form single-
chain fibrils. The minimization of the sum of the surface and stretching energies
of these chains shows that there is a minimum force ƒ* required for a fibril to ex-
ist even at zero pull-out rate (such a minimum force has been observed in a very
elegant dewetting experiments by Reiter and co-workers [104]). As the force on
a chain that is being pulled-out remains finite as the velocity of the fracture line,
V, goes to zero, the existence of a threshold toughness G0 larger than the thermo-
dynamic work of adhesion W due to intermolecular interactions (typically van

Fig. 11.   Normalised enhanced adhesive strength (G–W)¤W as a function of the surface den-
sity, s, for two PDMS elastomers in contact with silicon wafers covered with irreversibly ad-
sorbed chains. W is the thermodynamic work of adhesion, W=2g, with g the surface tension
of PDMS, g=21.6 mN · m–1 at 25 ˚C. The filled symbols correspond to a molecular weight
between crosslinks in the elastomer Mc=24.2 kg mol–1 while Mc=10.2 kg mol–1 for the open
symbols. The adhesive strength, G, has been measured by peel tests performed at a very low
velocity of the propagation of fracture, 0.17 mm/s. The molecular weight of the surface an-
chored chains is Mw=242 kg mol–1
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der Waals type) is predicted. For many practical cases, the zero-rate fracture en-
ergy, G0, is given by [100, 101]

(8)

where s is the dimensionless grafting density of the coupling chains, N their po-
lymerization index, and g the surface tension of a melt of connector molecules.

Equation (8) is restricted to the limit of low s, where the connector molecules
freely penetrate into the network and have additive contributions. For high s
values, the coupling chains may segregate (at least partially) from the elastomer
and G0 may reduce to W. How to describe the interdigitation between the grafted
surface and the network over all the range of s is a difficult problem which has
been recently considered by several authors [3, 68, 105, 106]. Since there are still
open questions on the subject, we will here adopt the most simple point of view
which is based on the analysis by de Gennes [105] of the equilibrium state be-
tween a melt of linear chains (N monomers per chain) and a chemically identical
network cross-linked in the dry state (Nc monomers between cross-links, with
Nc<N). Using the fact that the elastic modulus of the network, E, is given by
E@kT¤a3Nc, de Gennes showed that the behavior of an N-chain inside the net-

Fig. 12.  Schematic representation for an elastomer/solid interface strengthened by the addi-
tion of end-grafted chains

    G W N0 - @  g s

Fig. 13.  Schematic picture of the pull-out process that takes place as the crack grows along
the interface. As the crack advances, each connector is progressively stretched until it reach-
es its maximal length. At that point the connectors collapses onto the surface



Surface-Anchored Polymer Chains: Their Role in Adhesion and Friction 205

work is very similar to the behavior of the same N-chain when dissolved in a
melt of shorter, chemically identical chains, of length Nc. In the later situation,
the short chains screen out the excluded volume interaction, and as shown by
Edwards, the effective excluded volume parameter is reduced by a factor 1¤Nc. In
the network case, a similar screening occurs through the elastic deformation of
the network segments. De Gennes further used the above remarkable analogy to
show that the behavior of a polymer brush (N monomers per grafted chain) ex-
posed to a chemically identical network cross-linked in the dry state (Nc mono-
mers between cross-links, with Nc<N) is identical to the behavior of the same
polymer brush when exposed to a melt of shorter, chemically identical chains,
of length Nc. The various regimes of interdigitation between a brush and a net-
work are thus identical to those given in Sect. 3.1 for the interdigitation between
a brush and a polymer melt (see Fig. 7).

We can now go back to the evaluation of the adhesion energy between the
grafted surface and the elastomer. In all what follows we assume that the elas-
tomer was cross-linked in the dry state. As long as s<Nc ¤N3/2, the local volume
fraction of grafted chains, F, is much smaller than unity. More precisely,
F<<Nc ¤N for s<<Nc ¤N3/2 (see [105]) and we expect Eq. (8) to hold. For
s>Nc ¤N3/2, Eq. (8) should be replaced by [107]

(9)

where the factor (1–F) is a phenomenological way of taking into account the fact
that the connectors interact less and less with the network as F increases [67a,
67b]. For Nc ¤N3/2<s<Nc

–1/2, F is given by s2/3Nc
1/3 (see Sect. 3.1) and Eq. (9) can

be rewritten as

(10)

For s>Nc
–1/2, the brush segregates completely from the network and the ad-

hesion energy G0 reduces to W.
Equation (10) indicates that the adhesion energy passes through an optimum

for [3]

(11)

The corresponding value of G0 is given by [3]

(12)

The full line in Fig. 14 represents the result of Eq. (10) for N=743 and Nc=230
assuming that g»W¤2 (experimental results with surface chains and elastomers
having these characteristics will be presented in Fig. 17).
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Note that if instead of a step-like profile one uses a more realistic profile where
F is a function of the distance to wall z, Eq. (9) has to be replaced by the more
general formula [67a,b, ]

(13)

where L is the brush thickness. In particular, if one uses the SCF results of Zhuli-
na et al. [52] for the case of a brush exposed to a melt (Nc momomers per chain)
one obtains

(14a)

where

(14b)

Fig. 14.  Normalized enhanced adhesive strength G0–W)¤W vs grafting density s for a brush
(with N=743, Nc=230 and g»W¤2) according to Eq. (10) (full curve), and Eqs. (13) and (14)
(dashed curve). In both cases the optimum is indicated by a black dot
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One can check numerically that the adhesion energy (Eq. 14a) passes
through an optimum. At the level of scaling laws, this optimum has the same
characteristics as the optimum predicted by Eq. (10) i.e. soptµNc

–1/2 and G0opt–
WµgNNc

-1/2. The dashed line in Fig. 14 presents the result of Eq. (14a) for N=743
and Nc=230 assuming that g»W¤2. The optimum – which is not very visible at the
scale of Fig. 14 – is indicated by a black dot.

Let us conclude this section by some remarks [3].
First, the dynamics of interdigitation is expected to be very slow for tethered

chains exposed to a network [108]. Thus the above discussion is restricted to
long enough times of contact between the brush and the elastomer.

Second, the above discussion is restricted to connectors that are not chemi-
cally attached to the elastomer. The opposite situation was analyzed recently by
Brochart-Wyart and de Gennes [106] who predicted a switch from adhesive to
cohesive rupture.

Third, the above discussion is based on Eq. (8) which is only valid at very low
separation velocities. This equation can however be generalized to larger values
of V [109].

Finally, the above analysis considers only local crack tip processes. Viscoelas-
tic energy losses during crack propagation [110–113] have been theoretically in-
vestigated by de Gennes [114] and by Hui et al. [115], and may also contribute to
the sadhesive strength.

4.2
Adhesion Between a Pseudo-Brush and an Elastomer

In order to get an estimate of the adhesion energy between a pseudo-brush and
an elastomer (cross-linked in the dry state), we can use the concentration profile
calculated [65] for the case of a pseudo-brush exposed to a melt (Nc monomers
per chain)

(15a)

with

(15b)

Inserting Eqs. (15a) and (15b) into Eq. (13), we obtain a quite simple analyt-
ical formula for the adhesion energy

(16)
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In Eq. (16), s is the adimensional surface chain density :s » N–1/2f0
7/8.

Equation (16) indicates that G0 reduces to W for s³ Nc
–1/2. Equation (16) also

indicates that the adhesion energy passes through an optimum for

(17)

The corresponding value of G0 is given by

(18)

The full line in Fig. 15 represents the result of Eq. (16) for N=770 and Nc=176
assuming that g»W¤2 (to be compared with the experimental data shown in
Fig. 17).

Note that Eq. (16) can be rewritten as

(19)

It is interesting to note that at the level of scaling laws, the optimum in the
brush/elastomer adhesion energy predicted by Eq. (10) and the optimum in the

Fig. 15.  Normalized enhanced adhesive strength (G0–W)¤W vs grafting density s for a pseu-
do-brush (with N=770, Nc=176 and Nc=176) according to Eq. (16) The optimum is indicat-
ed by a black dot
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pseudo-brush/elastomer adhesion energy predicted by Eq. (16) have the same
characteristics [3]:

(20)

and

(21)

These characteristics indicate in particular that one can improve the adhesion
between the brush or the pseudo-brush and the elastomer by decreasing the
number of monomers between crosslinks, Nc. This result, which is a direct con-
sequence of the de Gennes analogy between a network and a melt (see Sect. 4.1),
cannot be correct for too small values of Nc, that is for too highly reticulated net-
works. For pseudo-brushes, it has been conjectured [107] that Eqs. (20) and (21)
are only valid for Nc>N2/3 and should be replaced by

(22)

and

(23)

for Nc<N3/2.
More theoretical work will be needed to establish the validity of Eqs. (22) and

(23), and to derive analogous equations for the brush/elastomer problem.

4.3
Experimental Results

One way to estimate G0 is to measure the adhesive strengthy G, the energy nec-
essary to open the fracture at finite speed, working at very low speed by using
the Johnson-Kendall-Roberts (JKR) technique [116, 117]. In this technique, a
lens-shaped elastomer is loaded for a while against a flat solid substrate to allow
the adhesion to develop. The load is then removed, and the interfacial crack
slowly propagates, driven by the elastic energy stored in the crosslinked elas-
tomer lens [72]. Brown [90] and Creton et al. [93] have used the JKR technique
to study chain-pullout process in polyisoprene (PI) where the coupling chains
were PS-PI diblock copolymers and the flat substrate was PS (polystyrene). The
adhesive strength G was found to increase with diblock copolymer coverage and
also with the molecular weight of the PI part of the diblock, in qualitative agree-
ment with Eq. (8).

The adhesion between PDMS chains irreversibly adsorbed on silica and
crosslinked PDMS elastomers has been investigated in a systematic way in our
group [118–120] over a wider range of surface densities than in the early work by

  
s opt cNµ -1 2/

  
G W N Nopt c0

1 2- µ -
  

/g

  
s opt cN Nµ -1

  
G W Nopt c0 - µ  g



210 L. Léger, E. Raphaël, H. Hervet

H.Brown. Both 90˚ peel test at very low peel velocity (in the range 5 nm/s to
1 µm/s) [118] and JKR test over the same range of fracture velocities were used
[121]. The main result of this study is the existence of an optimum surface density
to promote the elastomer/solid adhesion, as shown in Fig. 11. The observed loss
of efficiency of the connector molecules when increasing their surface density has
to be related to the fact that increasing s leads to a loss of interdigitation (see
Sects. 4.1 and 4.2). A remarkable feature of the experimental results is the fact that
they display a “universal” behavior: if one plots G–W)¤(Gopt–W) as a function of
s¤sopt for elastomers with different molecular weights between crosslinks and for
layers made with chains having different molecular weights, all the results gather
on a single curve (see Fig. 16), in accordance with the prediction of the simple
model of Sect. 4.2 (see Eq. (19) and the corresponding full line in Fig. 16).

Fig. 16. Universal curve giving the enhanced adhesive strength, G-W, normalized by the
optimum enhanced adhesive strength, Gopt-W, as a function of the normalized surface
density, s/sopt (sopt is the surface density leading to the maximum adhesive strength) for
different irreversibly adsorbed PDMS layers in contact with PDMS elastomers. Peel tests
with a fracture velocity of 0.017 mm/s have been used to measure G. The molecular weights
of the surface chains, Mw, and the molecular weights between crosslinks of the elastomers,
Mc, are the following: 
(p): Mw=242 kg mol–1, Mc=10.2 kg mol–1; (l): Mw=242 kg mol–1, Mc=24 kg mol–1; 
(r): Mw=293 kg mol–1, Mc=24 kg mol–1; (´): Mw=293 kg mol–1, Mc=35.4 kg mol–1; 
(+): Mw=412.5 kg mol–1, Mc=10.2 kg mol–1; (g): Mw=293 kg mol–1, Mc=77.2 kg mol–1; 
(■): Mw=412.5 kg mol–1, Mc=24 kg mol–1; (R): Mw=412.5 kg mol–1, Mc=35.4 kg mol–1; 
(▲): Mw=412.5 kg mol–1, Mc=77.2 kg mol–1; (▼): Mw=577.5 kg mol–1, Mc=10.2 kg mol–1; 
(p): Mw=577.5 kg mol–1, Mc=24 kg mol–1; ( ): Mw=577.5 kg mol–1, Mc=35.4 kg mol–1; 
( ): Mw=577.5 kg mol–1, Mc=77.2 kg mol–1. 
The full line is calculated from Eq. (16)
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In order to go further in a detailed comparison between experiments and
models, it is convenient to work with end-grafted layers rather than irreversibly
adsorbed layers because end-grafted layers are somewhat easier to model. After
the first experiments with Creton on chain pull-out effects in the adhesion of
polyisoprene [90, 93], Hugh Brown [122] used the same JKR technique to study
chain-pullout in PDMS elastomers where the coupling chains where PS-PDMS
diblock copolymers and the flat substrate was PS. Surprisingly, Brown essential-
ly observed no effect of the end-grafted chains on the adhesive strength of the
interface. We have recently repeated these experiments with PDMS brushes
formed by using the method of Folkers et al. [43] described at the end of
Sect. 2.1, and have observed pull-out. Typical results are shown in Fig. 17, where
the enhancement of adhesive strength of the interface (with a fracture velocity
equal to 0.1 µm/s) is reported as a function of s. For comparison, results for ir-
reversibly adsorbed layers (with similar or much larger molecular weights) in
contact with crosslinked PDMS elastomers (with a similar molecular weight be-
tween crosslinks) are displayed in the same figure. Both the end-grafted layer
and the irreversibly adsorbed layers do give adhesion reinforcement, with an op-
timum surface density, but this optimum appears sooner (when increasing s)
for the brush than for the pseudo-brush. The pseudo-brush thus appears to be
somewhat more efficient to promote adhesion than the equivalent brush. A sys-
tematic experimental program is presently underway to establish this result
firmly. If confirmed, it will become important to understand what makes the

Fig. 17.   (G – W)¤W as a function of the surface density of connector chains, s, measured by
the JKR test at a velocity of propagation of the fracture of 0.1 mm/s, for 1) (■) a grafted
brush with Mw=55 kg mol–1 and Mc=17 kg mol–1; 2) (❍) an irreversibly adsorbed PDMS
layer with Mw=57 kg mol–1 and Mc=13 kg mol–1; 3) (▼) an irreversibly adsorbed layer with
Mw=140 kg mol–1 and Mc=13 kg mol–1. The full lines are only guides for the eye, to help to
locate the optimum
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pseudo-brush more efficient to promote adhesion than the brush1). A natural
reason may be the polydispersity of the pseudo-tails. But as mentioned before, a
pseudo-brush is not really equivalent to a polydisperse brush and one would
have to take into account the “cactus effect” [68].

More theoretical and experimental work is obviously needed for a better un-
derstanding of the adhesive properties of surface-anchored polymer chains.

5
Role of Surface-Anchored Chains in Friction

Polymer chains anchored on solid surfaces play a key role on the flow behavior
of polymer melts. An important practical example is that of constant speed ex-
trusion processes where various flow instabilities (called “sharkskin”, periodic
deformation or melt fracture) have been observed to develop above given shear
stress thresholds. The origin of these anomalies has long remained poorly un-
derstood [123–138]. It is now well admitted that these anomalies are related to
the appearance of flow with slip at the wall. It is reasonable to think that the onset
of wall slip is related to the strength of the interactions between the solid surface
and the melt, and thus should be sensitive to the presence of polymer chains at-
tached to the surface.

Indeed, the shear stress at the solid surface is txz=hb(dV¤dz)z=0 (where hb is
the melt viscosity and (dV¤dz)z=0 the shear rate at the interface). If there is a finite
slip velocity Vs at the interface, the shear stress at the solid surface can also be
evaluated as txz=bVs, where b is the friction coefficient between the fluid mole-
cules in contact with the surface and the solid surface [139]. Introducing the ex-
trapolation length b of the velocity profile to zero (b=Vs ¤(dV/dz)z=0, see Fig. 18),
one obtains b=hb ¤b. Thus, any determination of b will yield b, the friction coef-
ficient between the surface and the fluid. This friction coefficient is a crucial
characteristics of the interface: it is obviously directly related to the molecular
interactions between the fluid and the solid surface, and it connects these inter-
actions at the molecular level to the rheological properties of the system.

It is important to notice that measuring the shear stress txz gives only partial
information on the polymer – wall friction, as long as Vs is unknown. Up to 1992,
there were no reliable measurements neither of the slip velocity or of the extrap-
olation length even if direct visualizations of the existence of wall slip had been
performed [140]. Migler et al. [141] designed an experimental technique which
gives a direct access to the velocity of the fluid very locally at the interface, inside
a layer with a typical thickness of 70 nm. This spatial resolution is well adapted
to the flows of polymer melts, especially when polymer chains are attached to
the wall, the range of the interfacial interactions being of the order of the radius
of the polymer chains (between 10 and 100 nm).

We want to review here the main results of these direct measurements of the
interfacial velocity, in the case of PDMS melts flowing on silica surface covered

1  The models of Sects. 4.1 and 4.2 are not able to explain this result.
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with various anchored polymer layers, along with the models which have been
developed to describe the different friction regimes put into evidence by these
experiments.

5.1
The Three Friction Regimes

The polymer system which has been extensively studied was PDMS flowing
(simple shear) on smooth silica surfaces bearing either irreversibly adsorbed or
end grafted PDMS chains. In the case of adsorbed layers with low densities, it
was necessary to protect the surface in order to avoid any further adsorption
during the flow experiment (since the surface was put into contact with a PDMS
melt). To do so, the silica surface was previously treated by grafting a monolayer
of octadecyltrichlorosilane, the adsorption of the surface PDMS chains taking
place in the holes of this protective layer which had an adjusted surface density
[142]. End grafted layers were produced following the procedure described in
Sect. 2.1. Over the range of shear rates explored (from 10–2 s–1 to 100 s–1), and for
all the samples investigated, three different regimes have been observed for the
evolution of both the slip velocity and the extrapolation length of the velocity
profile as shown in Fig. 19. In Fig. 19a, the average velocity measured in a layer
from the interface with a thickness 70 nm, Vs, is displayed as a function of the
velocity imposed at the upper limiting surface of the sample, Vt. First, wall slip

Fig. 18.   The simple shear geometry used to characterise the interfacial friction: the fluid
thickness is e. The top plate limiting the sample is translated at the velocity Vt and transmits
this velocity to the fluid. The bottom plate is immobile, and the local velocity of the fluid at
the bottom interface is Vs. The fluid is submitted to a simple shear, with a shear rate  =
(Vt–Vs)¤e. The velocity profile extrapolates to zero at a distance b below the interface, with
the extrapolation length 
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exists at all Vt, the measured average local velocity being always at least ten times
larger than the average velocity one would obtain in the same layer of fluid, in
the case of a zero boundary condition for the velocity at the interface (full line in
Fig. 19a). The second clear result is the existence of a transition from low slip to
high slip, when the applied shear rate becomes larger than a critical shear rate

*. The slip velocity at * is V*. In Fig. 19b, the extrapolation length (or slip
length) b is reported as a function of the slip velocity Vs. For Vs smaller than V*,
b admits a constant value b0 (of the order of 1 mm): this is a linear friction regime
characterized by a friction coefficient independent of Vs. Between V* and V**, b
becomes proportional to Vs, implying a friction coefficient b inversely propor-

Fig. 19b

  ̇g   ̇g

Fig. 19a
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tional to Vs. This non-linear friction regime (the shear stress at the wall is not
proportional to the slip velocity) is called the “marginal regime”. Finally, for slip
velocities larger than V**, b levels off to a value b¥, about 20 times larger than b0.
In this high slip regime, the friction coefficient between the polymer and the sol-
id is strongly decreased compared to what happens at low velocity, and the pol-
ymer melt and the surface are almost decoupled. In Fig. 19c, the variations of the
slip velocity vs the shear rate close to the surface,  exhibit the same three re-
gimes. The striking feature is that in the whole “marginal regime”  remains
constant and equal to *.

Such behavior has been interpreted in terms of a molecular model proposed
by Brochard-Wyart and de Gennes [143] and further refined [145, 146]. The first
version of these models considers a solid surface bearing a few end grafted pol-
ymer chains, with a surface density, s, below the onset of the mushroom regime
sN<1, with N the polymerization index of the anchored chains). The melt chains
have a polymerization index P. Both N and P are assumed to be much larger than
Ne, the average number of monomers needed to form an entanglement. Thus the

Fig. 19a–c.  Typical results obtained at the interface between a PDMS melt mP=
970 kg mol--1, with m the molar mass of the monomer m = 0.074 kg/mol) and a grafted
PDMS layer (mN=96 kg mol–1 and s=0.0055): a the local velocity at the interface Vs (meas-
ured in a layer from the interface with a thickness 70 nm) as a function of the imposed top
plate velocity Vt; b the same data reported in terms of the extrapolation length b as a func-
tion of the slip velocity Vs, in log scales. Three different friction regimes are clearly seen: at
low shear rates, b is low and constant. Above V*, b increases linearly with Vs, over more than
one decade, and above V**, b becomes constant again with a value b¥ more than ten times
larger than the value at low Vs, b0; c the same data reported in terms of the slip velocity Vs
as a function of the shear rate experienced by the polymer melt, . The three friction re-
gimes are also clearly visible in this representation. In the marginal regime where b increas-
es linearly with Vs, the shear rate appears locked at the threshold value *
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surface chains behave independently of each other and are entangled with the
melt chains which fully penetrate the surface layer. When flowing, the bulk
chains exert a friction force on the immobilized surface chains. If large enough,
this friction force can deform the surface chains, which in turn develop a restor-
ing elastic force. In a steady state regime these two forces counterbalance. In the
first version of the models, the resulting equilibrium shape of the deformed
grafted chains was assumed to be a cylinder with a length l and a diameter d, as
shown in Fig. 20. In order to evaluate the friction force, let us consider one sur-
face chain and one bulk chain entangled with it. The process allowing the rela-
tive motion of these two chains is schematically depicted in Fig. 21: to allow the
bulk P chain to flow, the entanglement has to be released in a time shorter than
the time taken by the P chain to move parallel to the surface over a distance com-
parable to the average distance between entanglements, d*@aNe

1/2. The velocity
of the P chain along its own tube (in the reptation picture [147]) needs thus to
be larger than the surface velocity, Vs, by a factor P¤Ne. Counting the number of
entanglements between the two chains, the friction force ƒƒ between one surface
N chain and one bulk P chain can be evaluated as ƒƒ@ahbVs. The total friction
force between one N chain and the melt is then Fƒ@Xƒƒ, where X is the number
of bulk chains entangled with one surface chain. Fƒ increases with Vs, and, con-
sequently, the elongation of the grafted chain increases with Vs. The diameter of
the grafted chain is thus a decreasing function of Vs. This description assuming
entangled bulk and surface chains, cannot remain valid at large slip velocities:
when the diameter of the elongated N chains reaches d* (that is for Vs@V*), one
enters into a new friction regime. The cornerstone of the model is that when d
reaches d*, the elongation of the surface chain no longer increases with Vs but
remains locked to d* over a wide range of Vs values. Indeed, if increasing Vs over
V* the diameter of the grafted chain would decrease below d*, the surface and
bulk chains would disentangle, and the friction force would decrease. It would
then not be able to balance the large elastic force associated with the large elon-
gation of the N chain which would then recoil and re-entangle. This is the “mar-

Fig. 20.  Schematic representation of one grafted chain entangled with melt chains and de-
formed under the effect of the friction forces
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ginal regime” where the progressive transition from low slip to high slip takes
place. It is remarkable that the transition is progressive in terms of the evolution
of the extrapolation length with the slip velocity (in Fig. 19, the marginal regime
extends over more than one decade in Vs), while it appears sudden in terms of
the evolution of the surface stress as a function of the slip velocity: all along the
marginal regime, the surface stress is locked at the value t*,

(24)

while b increases with Vs as

(25)

The onset of the marginal regime is reached for Vs@V* with:

(26)

When the slip velocity is further increased, the Rouse friction [148] finally be-
comes dominant, for Vs>V**µN–1. A linear friction regime is then recovered,
with a constant extrapolation length, b¥, much larger than b0 and comparable to
what would be observed on an ideal surface without anchored chains [139].

The experimental data obtained at low surface densities, for end grafted
chains, are in very good agreement with these theoretical predictions, not only
for the overall evolution of the slip velocity vs the shear rate or of the slip length
vs the slip velocity as shown in Fig. 19, but also for the molecular weight depend-
ence of the critical velocity V* which do follow exactly the laws implied by

Fig. 21.  Schematic representation of the process allowing one melt chain, P, entangled with
one grafted chain N to move parallel to the surface at the velocity Vs: the P chain has to re-
lease the entanglement fast enough to allow for the relative motion of the two chains. The
velocity of the P chain along its tube (in the reptation picture) is thus Vtube=VsP¤Ne (Ne is
the average number of monomers between entanglements)
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Eq. (26): V*µP–3.3N–1 [144, 149–152]. The extension of the nonlinear friction re-
gime over a wide range of slip velocities and the reproducibility of the location
of the onset of the marginal regime can be taken as clear evidence that the defor-
mation of the surface anchored chains under the effect of the friction force ex-
erted on them by the flowing melt is the correct framework to analyze the dy-
namic decoupling between the bulk and surface chains. A decoupling mecha-
nism between the melt and the surface based on the breaking or the desorption
of the surface chains [153] would lead to a sudden onset of strong slip, the width
of the transition being governed by the polydispersity of the surface anchored
chains. It would also lead, because the adsorption process is not a rapid one [34],
to an evolution of the parameters of the transition (value of the critical shear
rate) with the time elapsed under shear, evolution which has never been ob-
served for the PDMS-silica system discussed here.

5.2
Modulation of the Interfacial Friction

From the above discussion, the friction b is given by

(27)

and can be controlled by modulating s, the surface density of the surface an-
chored chains. This has been investigated in details by Durliat et al. [151, 152]
for end grafted chains. Figure 22 displays the variations of * vs the grafting
density, s. From s*=0.003 to s*=0.01, * increases linearly with s as predicted
by Eq. 27. This is surprising, because the model has been developed for surface
chains well below the overlapping density, s*>N–1 while the experiments pre-
sented in Fig. 22 all correspond to surface densities above the overlapping den-
sity: N»1000 gives N–1»0.001. In fact, s remains low enough to allow a good pen-
etration of the bulk chains into the surface layer, screening the interactions be-
tween the surface chains, so that they still behave independently of each other
[6, 65] and the surface stress increases linearly with s. At the same time, as
shown in Fig. 23, the extrapolation length at low slip velocity, b0, appears to be
independent of s (151). The explanation is due to Gay [144, 145]: the friction be-
tween the surface and the melt is fixed by the number of bulk chains entangled
with the surface chains. Starting from very low surface densities of grafted
chains, and increasing progressively s, it is natural to think that the number of
bulk chains able to entangle with the surface layer first increases linearly with s.
However, the total number of bulk chains trapped by a unit area of the grafted
layer cannot increase more than the surface density of bulk chains, sb @P–1/2.
With X the number of entanglements between one surface chain and one bulk
chain, this means that above the grafting density sc@X–1P-1/2, the surface layer is
saturated with bulk chains and the number of entanglements no longer increas-
es when s increases. The friction coefficient between the surface chains and the
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fluid is then independent of s, while the onset of the marginal regime, which
corresponds to a given elongation of each surface chain, is characterized by a
critical shear rate increasing linearly with s.

For larger s values, s>0.01 in Fig. 22, * becomes a decreasing function of s.
The friction between the bulk and surface chains is no longer additive as it was
at lower surface densities, meaning that a “collective behavior” of the grafted
chains shows up. Such a decrease of the critical surface stress for the onset of
strong slip means that it becomes easier to disentangle the bulk and surface
chains compared to the situation at low surface densities. This is coherent with
the fact that the bulk chains are progressively expelled from the surface layer
when s is increased (see Sect. 3.1). Additionally, it is also possible that the me-
chanical response of the dense grafted layer is different from that at low densi-
ties. Up to now there is no quantitative model to describe this situation.

Similar trends have been observed qualitatively for a melt in contact with ir-
reversibly adsorbed layers. Three friction regimes also show up, with a wide
marginal regime in which the extrapolation length b follows a power law de-
pendence vs the slip velocity Vs

a. Quantitatively, the exponent a of this power
law is always smaller than 1 at low grafting density [149] and varies from 0.7 to
1.4 at high grafting densities [151]. At the same time, the shear rate is not exactly
locked at a constant value inside the marginal regime, but rather follows a S
shape curve as a function of the slip velocity, a fact that can be attributed to the
polydispersity of the loops and tails forming the surface anchored layer.

Fig. 22.  Evolution of the critical shear rate * at the onset of the marginal regime as a func-
tion of the surface density in the grafted surface layer, s, for mP=970 kg mol–1, and mN=
96 kg mol–1. For 0.003£s£0.01, * increases linearly with s, indicating an additive effect
of the surface chains to the friction, i.e. surface chains contributing to the surface friction
independently of each other. Above a surface density of 0.01, a collective behavior of the
surface chains shows up
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  ġ
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Besides the essential possibility of controlling the surface friction by chang-
ing the surface density of anchored chains all other parameters being kept con-
stant, the value of V* (Eq. 26) can also be adjusted by changing the molecular
weight of the anchored chains [150, 152, 154].

The preceding analysis of the progressive decoupling between the surface and
bulk chains assumes that the anchored and the bulk chains are entangled, i.e. that
N and P are both much larger than Ne. What does happen if this is not the case?
An interesting situation should be that corresponding to N<Ne, P>>Ne and a high
s value. According to [6, 65] and to the discussion of Sect. 3.1, the bulk chains are
then not allowed to penetrate into the dense surface layer of short chains. The
surface should thus behave like an ideal one, with a very low friction coefficient,
comparable to that observed in the high slip regime previously described. This
has indeed been shown by Durliat [151] with small PDMS grafted chains (Mw=
kg mol–1, N<Ne) and long PDMS bulk chains (Mw=970 kg mol–1): high slip was
always present, even at the lower shear rates experimentally attainable.

All the above results show clearly that adsorbing or grafting polymer chains
on a solid surface facing a flowing polymer melt can change drastically the fric-
tion coefficient and lead to non trivial non linear friction regimes. For the
PDMS/silica system, where the surface chains are strongly anchored to the sur-
face, the dynamic decoupling between the surface and bulk chains occurs
through a coil to stretch transition of the surface chains. This leads to a friction
governed both by the molecular parameters of the system (surface density of the
surface chains, polymerization indices of both the surface and bulk chains) and
the level of shear. For weaker anchoring of the surface chains, however, an alter-

Fig. 23. Evolution of the extrapolation length at low slip velocity, b0, as a function of the sur-
face density of grafted chains for the experiments reported in Fig. 22. The fact that b0 ap-
pears independent of s when * increases linearly with s indicates that in this range of
surface densities, the surface layer has saturated the number of melt chains it can capture
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native mechanism of decoupling is the desorption of these chains, also leading
to an onset of strong wall slip above a critical shear stress and to an abrupt tran-
sition [153].

6
Conclusions

There have been considerable advances in understanding adhesion and friction
in polymeric systems in the last few years. In this work we have examined in de-
tail the behavior of surface-anchored polydimethylsiloxane chains attached to a
plane silica surface. Depending on the fact that either all the monomers in the
macromolecule or only one chain extremity are able to bind to the surface, two
different categories of layers can be formed (both with controlled molecular
characteristics) in a rather wide range of surface density of anchored chains.
End-grafted chains form brushes, well described by the SCF parabolic profile of
Milner et al. [10, 11] and Zhulina et al. [12] when swollen by a good solvent,
while irreversibly adsorbed chains lead to concentration profiles which agree
quite well with Guiselin' s description of pseudo-brushes [35].

These surface-anchored layers can be used as adhesion promoters to enhance
elastomer-solid adhesive strength. We have shown that there is then an optimum
surface density of surface anchored chains to do so. At high coverage of the sur-
face, the layers lose their efficiency, a tendency which can be rationalized in
terms of interdigitation between the elastomer and the surface chains. A full
characterization of the different regimes of adhesion enhancement associated
with the different regimes of interdigitation between the surface chains and the
elastomer is a difficult experimental task, not fully accomplished to date.

We have demonstrated that these surface-anchored layers were also quite ef-
ficient to adjust the friction between a polymer melt and a surface. This friction
is governed by the ability of the surface chains to interdigitate into the melt and
to entangle with the bulk chains. However, because the surface anchored chains
are flexible and deformable objects, they can elongate under the effect of the
friction forces, thus leading to a non-trivial friction law when the local velocity
at the interface is progressively increased. Indeed, at sufficiently high shear rates
the surface chains become elongated enough so that they can disentangle from
the bulk chains, leading to an onset of flow with high slip at the wall, i.e. to a dy-
namic decoupling between the layer and the bulk polymer. We have shown that
it is possible to account for the different observed friction regimes in terms of a
molecular model based on this notion of shear induced disentanglement. These
investigations thus open the way to the design of surfaces with adjusted friction
properties.

An important question is now to understand how these two effects, adhesion
enhancement and adjusted friction, can interplay. For example, when peel tests
are used to estimate the adhesive strength, the curvature of the peeled ribbon
implies a fracture advancing through both modes I and II of opening [72, 155].
This means that in the presence of surface anchored chains, the connector
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chains are solicited both in elongation and shear deformation. The total energy
necessary to open the fracture, and its velocity dependence should thus be af-
fected by the non-linearity of the interfacial friction. Systematic analysis of such
effects just start to appear [156, 157] and should be of great fundamental and
practical importance in the near future.
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