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Effect of the pullout of tethered chains of 
slip resistance 

1030 and 106°, similar to that of water on

PDMS. Angle-resolved x-ray photoelec-
tron spectroscopy (XPS) measurements on

a sample whose PDMS layer was nominal-
ly 1.2 nm thick were consistent with a

model of a 1.1-nm-thick layer of pure

PDMS over pure PS. Both contact angle
and XPS results confirm that the PDMS
was mainly at the air surface.

Figure 1 shows the variation of true
shear stress with slip velocity for a range of
thicknesses of the tethered PDMS layer on
the substrate. The same results are shown
on a more expanded scale in Fig. 2. It is
clear that for layer thicknesses greater
than 1.2 nm, the shear stress at the higher
slip speeds tends to decrease with increas-
ing thickness of the PDMS layer. At low
slip speeds there was no difference be-
tween the shear stress on 0-nm-thick
PDMS (uncovered PS) and 2.4-nm PDMS
substrates. However, the 5.6-nm and 9.2-
nm layers decreased the shear stress over

the whole range of slip velocities. For a

1.2-nm-thick layer of the tethered PDMS,
there was an increase of the shear stress for
slip speeds less than about 10 [um s` over

that observed with no tethered PDMS
chains. The observed shear stress was in
the range of 1 to 100 kPa [consistent with
previous results with elastomer sliders (9,
10)1 and thus lower than the shear stress
seen with lubricant layers between mica
sheets. Evidently, the lack of mobility
induced by the constraint and adsorption
of the mica sheets profoundly influences
the resistance to sliding.

Let us consider first the results obtained
with the thicker layers of tethered chains.
There is little driving force for the teth-
ered chains to penetrate deep into the
network, whose elastic free energy resists
swelling. Hence, one would expect the
situation, as sketched in Fig. 3, where the
PS remains covered with tethered PDMS
chains. The slip therefore is between teth-
ered PDMS chains on the one side and the
PDMS network on the other. Comparison
of the shear stress obtained with 5.6-nm
and 9.2-nm layers with that obtained with
no tethered PDMS layer shows that the
shear stress of PDMS on PDMS is signifi-
cantly less than that of PDMS on PS. This
large difference occurs in spite of the fact
that there is little difference in the van der
Waals interaction and work on adhesion
of the interface. Clearly, the mobilities of
the materials on both sides of the interface
affect the friction. This result suggests that
the rigidity of the PS slows down the
molecular motion of the adjacent PDMS
segments, giving direct evidence that a

thin layer of mobile material becomes less
mobile when adjacent to a solid.

Let us turn now to the results obtained
with the 1.2-nm-thick layer. If the network
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Fig. 1. Variation of the true shear stress with slip
velocity for a range of thickness of the tethered
PDMS layer. The values of : range from 0.007
chains per square nanometer for the 1.2-nm-
thick layer to 0.055 chains per square nanom-
eter for the 9.2-nm-thick layer.

is not present, the tethered chains are in a

situation where they are severely com-

pressed normal to the interface and
stretched parallel to the interface with re-

spect to their relaxed Gaussian shape, as

suggested in Fig. 4. When the network is
present, the tethered PDMS chains may be
expected to expand from the PS surface and
enter the network. Hence, most of the
PDMS units in contact with the PS are part
of the cross-linked network. Sliding the
interface requires both (i) sliding the net-
work over the PS and (ii) pulling the
tethered chains through the PDMS net-
work. The latter process causes an increase
of the friction over that on the bare PS
substrate.

The theory of Ajdari, Rubinstein, and
co-workers (12, 13) describes just this
situation of pulling chains through a net-
work, so it is valuable to compare the
experimental results with their predic-
tions. In the intermediate speed, constant
stress regime, they predict the pullout
stress is given by or = XkT/De, where : is
the areal density or tethered chains, k and
T are the Boltzmann constant and temper-
ature, respectively, and De is the mesh size
of the network. Hence, for the 1.2-nm
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Fig. 2. The results of Fig. 1, expressed here at
an expanded scale to show the low slip-speed
region. The error bars shown for the 1.2-nm
layer are typical for all the substrates.
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Fig. 3. A sketch of the situation when the
tethered PDMS layer was relatively thick and so
the network did not contact the PS. The teth-
ered chains are represented by the bold lines,
and the network is shown, very schematically,
above.

layer, assuming a De value of 5 nm, they
predict a pullout stress of 5.8 kPa. This
number should be compared with the dif-
ference between stresses obtained with the
0-nm-thick and 1.2-nm-thick layers. This
difference is about 5 kPa at a slip speed of
0.02 gxm s5l and increases slowly to a

maximum of about 10 kPa at a speed of
about 2 gum s-' then decreases to 0 at
about 10 ,um s-51 Hence, there is a regime
at speeds below 2 pgm s- 1 where the stress
difference varies very slowly, as it changes
only by a factor of 2 while the speed
changes by two orders of magnitude. Con-
sidering the approximations involved in
the theory and the assumption of complete
chain penetration in the experimental
analysis, there is good agreement between
the theoretical prediction of a constant
stress of 5.6 MPa and the experimental
results.

As the slip velocity increases above
about 7 to 10 ,um s-1, the shear stress with
a 1.2-nm-thick PDMS layer decreases be-
low that with no PDMS. With increasing
slip velocity, less of the grafted layer is in
the network so the number of network-to-
PS contacts decreases, thereby decreasing
the friction. Two separate effects contrib-
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Fig. 4. Sketch of the situation when the PDMS
layer was only 1.2 nm thick and there was no
slip, showing the tethered chains penetrating
well into the lens.

SCIENCE * VOL. 263 * 11 MARCH 1994

*NoPDMS
El

cl° al1.2-nm PDMS
o2.4-nm PDMS
A5.6-nm PDMS
A9.2-nm PDMS

00Oo 0° o
000 00 A

A A £"
AA

U 'F

.4

1030 and 106°, similar to that of water on

PDMS. Angle-resolved x-ray photoelec-
tron spectroscopy (XPS) measurements on

a sample whose PDMS layer was nominal-
ly 1.2 nm thick were consistent with a

model of a 1.1-nm-thick layer of pure

PDMS over pure PS. Both contact angle
and XPS results confirm that the PDMS
was mainly at the air surface.

Figure 1 shows the variation of true
shear stress with slip velocity for a range of
thicknesses of the tethered PDMS layer on
the substrate. The same results are shown
on a more expanded scale in Fig. 2. It is
clear that for layer thicknesses greater
than 1.2 nm, the shear stress at the higher
slip speeds tends to decrease with increas-
ing thickness of the PDMS layer. At low
slip speeds there was no difference be-
tween the shear stress on 0-nm-thick
PDMS (uncovered PS) and 2.4-nm PDMS
substrates. However, the 5.6-nm and 9.2-
nm layers decreased the shear stress over

the whole range of slip velocities. For a

1.2-nm-thick layer of the tethered PDMS,
there was an increase of the shear stress for
slip speeds less than about 10 [um s` over

that observed with no tethered PDMS
chains. The observed shear stress was in
the range of 1 to 100 kPa [consistent with
previous results with elastomer sliders (9,
10)1 and thus lower than the shear stress
seen with lubricant layers between mica
sheets. Evidently, the lack of mobility
induced by the constraint and adsorption
of the mica sheets profoundly influences
the resistance to sliding.

Let us consider first the results obtained
with the thicker layers of tethered chains.
There is little driving force for the teth-
ered chains to penetrate deep into the
network, whose elastic free energy resists
swelling. Hence, one would expect the
situation, as sketched in Fig. 3, where the
PS remains covered with tethered PDMS
chains. The slip therefore is between teth-
ered PDMS chains on the one side and the
PDMS network on the other. Comparison
of the shear stress obtained with 5.6-nm
and 9.2-nm layers with that obtained with
no tethered PDMS layer shows that the
shear stress of PDMS on PDMS is signifi-
cantly less than that of PDMS on PS. This
large difference occurs in spite of the fact
that there is little difference in the van der
Waals interaction and work on adhesion
of the interface. Clearly, the mobilities of
the materials on both sides of the interface
affect the friction. This result suggests that
the rigidity of the PS slows down the
molecular motion of the adjacent PDMS
segments, giving direct evidence that a

thin layer of mobile material becomes less
mobile when adjacent to a solid.

Let us turn now to the results obtained
with the 1.2-nm-thick layer. If the network
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Fig. 1. Variation of the true shear stress with slip
velocity for a range of thickness of the tethered
PDMS layer. The values of : range from 0.007
chains per square nanometer for the 1.2-nm-
thick layer to 0.055 chains per square nanom-
eter for the 9.2-nm-thick layer.

is not present, the tethered chains are in a

situation where they are severely com-

pressed normal to the interface and
stretched parallel to the interface with re-

spect to their relaxed Gaussian shape, as

suggested in Fig. 4. When the network is
present, the tethered PDMS chains may be
expected to expand from the PS surface and
enter the network. Hence, most of the
PDMS units in contact with the PS are part
of the cross-linked network. Sliding the
interface requires both (i) sliding the net-
work over the PS and (ii) pulling the
tethered chains through the PDMS net-
work. The latter process causes an increase
of the friction over that on the bare PS
substrate.

The theory of Ajdari, Rubinstein, and
co-workers (12, 13) describes just this
situation of pulling chains through a net-
work, so it is valuable to compare the
experimental results with their predic-
tions. In the intermediate speed, constant
stress regime, they predict the pullout
stress is given by or = XkT/De, where : is
the areal density or tethered chains, k and
T are the Boltzmann constant and temper-
ature, respectively, and De is the mesh size
of the network. Hence, for the 1.2-nm
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Fig. 2. The results of Fig. 1, expressed here at
an expanded scale to show the low slip-speed
region. The error bars shown for the 1.2-nm
layer are typical for all the substrates.
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Fig. 3. A sketch of the situation when the
tethered PDMS layer was relatively thick and so
the network did not contact the PS. The teth-
ered chains are represented by the bold lines,
and the network is shown, very schematically,
above.

layer, assuming a De value of 5 nm, they
predict a pullout stress of 5.8 kPa. This
number should be compared with the dif-
ference between stresses obtained with the
0-nm-thick and 1.2-nm-thick layers. This
difference is about 5 kPa at a slip speed of
0.02 gxm s5l and increases slowly to a

maximum of about 10 kPa at a speed of
about 2 gum s-' then decreases to 0 at
about 10 ,um s-51 Hence, there is a regime
at speeds below 2 pgm s- 1 where the stress
difference varies very slowly, as it changes
only by a factor of 2 while the speed
changes by two orders of magnitude. Con-
sidering the approximations involved in
the theory and the assumption of complete
chain penetration in the experimental
analysis, there is good agreement between
the theoretical prediction of a constant
stress of 5.6 MPa and the experimental
results.

As the slip velocity increases above
about 7 to 10 ,um s-1, the shear stress with
a 1.2-nm-thick PDMS layer decreases be-
low that with no PDMS. With increasing
slip velocity, less of the grafted layer is in
the network so the number of network-to-
PS contacts decreases, thereby decreasing
the friction. Two separate effects contrib-
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Fig. 4. Sketch of the situation when the PDMS
layer was only 1.2 nm thick and there was no
slip, showing the tethered chains penetrating
well into the lens.
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End tethered PDMS chains on polystryrene and a crosslinked 
PDMS lens slider 
 
The PDMS lens was made by the technique developed by 
Manoj Chaudhury  



1030 and 106°, similar to that of water on

PDMS. Angle-resolved x-ray photoelec-
tron spectroscopy (XPS) measurements on

a sample whose PDMS layer was nominal-
ly 1.2 nm thick were consistent with a

model of a 1.1-nm-thick layer of pure

PDMS over pure PS. Both contact angle
and XPS results confirm that the PDMS
was mainly at the air surface.

Figure 1 shows the variation of true
shear stress with slip velocity for a range of
thicknesses of the tethered PDMS layer on
the substrate. The same results are shown
on a more expanded scale in Fig. 2. It is
clear that for layer thicknesses greater
than 1.2 nm, the shear stress at the higher
slip speeds tends to decrease with increas-
ing thickness of the PDMS layer. At low
slip speeds there was no difference be-
tween the shear stress on 0-nm-thick
PDMS (uncovered PS) and 2.4-nm PDMS
substrates. However, the 5.6-nm and 9.2-
nm layers decreased the shear stress over

the whole range of slip velocities. For a

1.2-nm-thick layer of the tethered PDMS,
there was an increase of the shear stress for
slip speeds less than about 10 [um s` over

that observed with no tethered PDMS
chains. The observed shear stress was in
the range of 1 to 100 kPa [consistent with
previous results with elastomer sliders (9,
10)1 and thus lower than the shear stress
seen with lubricant layers between mica
sheets. Evidently, the lack of mobility
induced by the constraint and adsorption
of the mica sheets profoundly influences
the resistance to sliding.

Let us consider first the results obtained
with the thicker layers of tethered chains.
There is little driving force for the teth-
ered chains to penetrate deep into the
network, whose elastic free energy resists
swelling. Hence, one would expect the
situation, as sketched in Fig. 3, where the
PS remains covered with tethered PDMS
chains. The slip therefore is between teth-
ered PDMS chains on the one side and the
PDMS network on the other. Comparison
of the shear stress obtained with 5.6-nm
and 9.2-nm layers with that obtained with
no tethered PDMS layer shows that the
shear stress of PDMS on PDMS is signifi-
cantly less than that of PDMS on PS. This
large difference occurs in spite of the fact
that there is little difference in the van der
Waals interaction and work on adhesion
of the interface. Clearly, the mobilities of
the materials on both sides of the interface
affect the friction. This result suggests that
the rigidity of the PS slows down the
molecular motion of the adjacent PDMS
segments, giving direct evidence that a

thin layer of mobile material becomes less
mobile when adjacent to a solid.

Let us turn now to the results obtained
with the 1.2-nm-thick layer. If the network
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Fig. 1. Variation of the true shear stress with slip
velocity for a range of thickness of the tethered
PDMS layer. The values of : range from 0.007
chains per square nanometer for the 1.2-nm-
thick layer to 0.055 chains per square nanom-
eter for the 9.2-nm-thick layer.

is not present, the tethered chains are in a

situation where they are severely com-

pressed normal to the interface and
stretched parallel to the interface with re-

spect to their relaxed Gaussian shape, as

suggested in Fig. 4. When the network is
present, the tethered PDMS chains may be
expected to expand from the PS surface and
enter the network. Hence, most of the
PDMS units in contact with the PS are part
of the cross-linked network. Sliding the
interface requires both (i) sliding the net-
work over the PS and (ii) pulling the
tethered chains through the PDMS net-
work. The latter process causes an increase
of the friction over that on the bare PS
substrate.

The theory of Ajdari, Rubinstein, and
co-workers (12, 13) describes just this
situation of pulling chains through a net-
work, so it is valuable to compare the
experimental results with their predic-
tions. In the intermediate speed, constant
stress regime, they predict the pullout
stress is given by or = XkT/De, where : is
the areal density or tethered chains, k and
T are the Boltzmann constant and temper-
ature, respectively, and De is the mesh size
of the network. Hence, for the 1.2-nm
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Fig. 2. The results of Fig. 1, expressed here at
an expanded scale to show the low slip-speed
region. The error bars shown for the 1.2-nm
layer are typical for all the substrates.
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Fig. 3. A sketch of the situation when the
tethered PDMS layer was relatively thick and so
the network did not contact the PS. The teth-
ered chains are represented by the bold lines,
and the network is shown, very schematically,
above.

layer, assuming a De value of 5 nm, they
predict a pullout stress of 5.8 kPa. This
number should be compared with the dif-
ference between stresses obtained with the
0-nm-thick and 1.2-nm-thick layers. This
difference is about 5 kPa at a slip speed of
0.02 gxm s5l and increases slowly to a

maximum of about 10 kPa at a speed of
about 2 gum s-' then decreases to 0 at
about 10 ,um s-51 Hence, there is a regime
at speeds below 2 pgm s- 1 where the stress
difference varies very slowly, as it changes
only by a factor of 2 while the speed
changes by two orders of magnitude. Con-
sidering the approximations involved in
the theory and the assumption of complete
chain penetration in the experimental
analysis, there is good agreement between
the theoretical prediction of a constant
stress of 5.6 MPa and the experimental
results.

As the slip velocity increases above
about 7 to 10 ,um s-1, the shear stress with
a 1.2-nm-thick PDMS layer decreases be-
low that with no PDMS. With increasing
slip velocity, less of the grafted layer is in
the network so the number of network-to-
PS contacts decreases, thereby decreasing
the friction. Two separate effects contrib-
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Fig. 4. Sketch of the situation when the PDMS
layer was only 1.2 nm thick and there was no
slip, showing the tethered chains penetrating
well into the lens.
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At low coverage of end-tethered chains on the polystyrene the friction 
increases due to tethered chain penetration and chain pullout.  Pullout 
approximately agreed with the model of Ajdari et. al.. 
 At high coverage the friction decreases as the situation is now 
mobile-on-mobile with little chain penetration. 
There is much more recent work from Liliane Leger’s group and others. 

H. R. Brown Science 264, 1411 (1994) 



Effect of Interfacial Slippage on Adhesion 
Work done with Manoj Chaudhury and Bi-min Zhang Newby. 
Just talk about first paper – initial adhesion measurements and model. 
Manoj will talk about later work this afternoon. 
 
Newby, Chaudhury and Brown, Science 269, 1407 (1995) 

REPORTS

Macroscopic Evidence of the Effect of
Interfacial Slippage on Adhesion

Bi-min Zhang Newby, Manoj K. Chaudhury,* Hugh R. Brown
The adhesion strengths of a viscoelastic adhesive were measured on various substrates
that were prepared by grafting silanes bearing organic functional groups to silicon wafers.
Conventional theories predict that adhesion should be proportional to the surface free
energy of the substrate; but adhesion on a fluorocarbon surface was significantly greater
than on some of the hydrocarbon surfaces, although the fluorocarbon surface has the
lowest surface free energy. This result could be explained by invoking a model of adhesion
based on the slippage of the adhesive at the interface.

It is not well understood why viscoelastic
adhesives, such as transparent adhesive
tapes, stick to some surfaces more strongly
than to others. According to conventional
theories (1, 2) of adhesion, the energy sup-

plied to separate an interface is largely dis-
sipated as heat; only a small fraction of the
energy is used to overcome intermolecular
forces. Adhesion strength is directly propor-

tional to the viscoelastic energy dissipation,
the magnitude of which is controlled by
interfacial processes. Current theories (1, 2)
consider peeling to be the principal mode of
separation of the adhesive from the sub-
strate; thus, the adhesion strength is propor-
tional to the surface free energy. However,
our findings indicate that the adhesion of a

viscoelastic adhesive is controlled not so

much by the thermodynamic work of adhe-
sion but by interfacial slippage.
We observed that the peel adhesion of

a transparent tape on a fluorocarbon sur-

face is considerably greater than that on a

hydrocarbon surface, even though the sur-

face free energy of fluorocarbon is lower
than that of hydrocarbon. Furthermore,
we observed that the meniscus instability
patterns differ on these surfaces: the pat-
terns are smooth on the surfaces that ex-

hibit low peel adhesion, but elongated and
irregular on the surfaces exhibiting high
peel adhesion. These observations indi-
cate that the adhesive experiences a shear
resistance during the peeling process and
that both the meniscus instability and the
peel strength of the adhesive are influ-
enced by the adhesive's ability to slip over

the substrate.
The interfacial factors that govern adhe-

sion of viscoelastic adhesives were exam-

ined with three types of organic surfaces.
These surfaces were prepared by grafting
silanes having organic functional groups
onto polished silicon wafers (3). The first

B.-m. Zhang Newby and M. K. Chaudhury, Department
of Chemical Engineering, Lehigh University, Bethlehem,
PA 18015, USA.
H. R. Brown, International Business Machines, Almaden
Research Center, San Jose, CA 95120, USA.

*To whom correspondence should be addressed.

surface (FC) was prepared by formation of a

self-assembled monolayer (SAM) of flu-
oroalkylsiloxane [CF3(CF2)7(CH2)2Si03/2]
onto silicon. Another surface (HC) was a

SAM of alkylsiloxane [CH3(CH2)nSiO3/2, 9
' n ' 15]. The third surface (PDMS) was

prepared by grafting a long chain siloxane
polymer, polydimethylsiloxane [CH3CH2-
CH2CH2(OSi(CH3)2)(CH3)2SiO1 2] onto
silicon. The surface free energies (4; (-y,) of
these surfaces determined by the contact
angle are of the following order: WFC (10
mJ/m2) < YHC (20 mjm2) YYPDMS (22
mJ/m2). Values for the work of adhesion of
the dispersive surfaces follow a geometric
mean of their cohesive energies (4). Be-
cause all the surfaces (PDMS, HG, and FC)
interact with the adhesive by means of dis-
persive interactions, their work of adhesion
values [PDMS (57 to 59 mj/m2) - HC (55
to 56 mj/m2) > FC (40 to 46 mJ/m2)]
follow the same sequence as their surface
free energies, which has also been con-

firmed by direct measurements of work of
adhesion with contact mechanics methods
(5). On the basis of the trend of the surface
free energies, the peel adhesion should be
highest on the PDMS surface and lowest on
the FC surface. However, our results show
that the contrary is true.

Standard transparent tapes (6) were

peeled from the various substrates by using a

string, which ran over a pulley, that had
known weights hanging from its free end.
The position of the pulley was adjusted to
obtain a peel angle of 40°. The experimen-
tal setup also contained video microscopic
capability that allowed examination of the
peeling fronts as a function of the substrate
conditions. The adhesion results (summa-
rized in Fig. 1) show that the peel velocity
increases as the peel force increases for a

given substrate. At a particular velocity, the
peel force values vary as FC > HC >
PDMS.

If the above discrepancy between the
experimentally observed trend in peel ad-
hesion and that expected from the -y, val-
ues were to be explained by using the
classic model of peel adhesion, where frac-
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ture toughness increases with work of ad-
hesion, an unrealistic amount of surface
reconstruction needs to be postulated. For
example, it would require that the surface
free energy of the FC surface increase to
an effective value of 500 mj/m2-a value
50 times that of its true value. The dis-
crepancy however may be explained by
invoking a model that allows interfacial
slippage. When a viscoelastic adhesive is
peeled from a solid substrate, it simulta-
neously undergoes an extensional defor-
mation and shrinkage at the base area of
contact. If the substrate allows the adhe-
sive to slip, the viscous work needed to
carry out a rolling motion of the adhesive
is lowered at the crack tip, and thus the
adhesion strength is reduced.

The slippage of viscoelastic polymers on

rigid solids under shear stress is known in
other fields of polymer science (7). Migler
et al. (7) measured slip velocities of a high
molecular weight polymer (PDMS) on sev-

eral surfaces and found direct evidence of
strong slippage on a hydrocarbon monolay-
er. The shear response of fluids confined
between rigid walls is also thought to be
related to the slippage along the interfaces
(8). In these studies, FC liquids exhibit a

higher shear stress at the interface than
their HC analogs. Higher friction of FC
surfaces was also observed with Langmuir-
Blodgett films and SAMs (9, 10). These
observations and the studies of Brown ( 1 1 )
point out that the surfaces of greater local
mobility have lower friction than the rigid
ones. On the basis of this scenario, the
adhesive is likely to slip most on the flexible
PDMS surface and least on the FC surface.
The general trend of the peel adhesion
values is consistent with this phenomeno-
logical description of interfacial slippage.

To examine further the possible effect of
surface mobility on peel adhesion, we used
SAMs of hexadecylsilane of two different
phase states. The surface with a partially
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Fig. 1. The peel adhesion results of a viscoelastic
adhesive on three types of surfaces at a peel angle
of 400. Within a certain class of organic film, the
adhesion does not depend significantly on film
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Fluorocarbon (FC), Hydrocarbon 
(HC) and Siloxane surfaces. 
 
The peel force was FC>HC>PDMS 
But surface energy implied the 
opposite would happen. 
 
Peel force varied inversely with the 
mobility of the surface. So peel force 
varied with resistance to slip. 



covered hexadecylsiloxane [CH3(CH2)15-
SiO3/2] monolayer exhibits a liquidlike state,
whereas the surface with a completely cov-
ered CH3(CH2)15SiO3/2 monolayer exhibits
a crystalline state ( 12). Because the chains in
a liquidlike monolayer are more mobile than
those in a crystalline state, the liquidlike
monolayer should allow more slippage than
the crystalline surface and therefore yield
lower adhesion, as we observed (Fig. 2).

In the language of fracture mechanics,
the peel test is a combination of opening
and shear modes, characterized by their re-
spective stress intensity factors K, and K,,.
Thouless and Jensen (13) suggested that the
phase angle [i = tan` (K11/KYlI is -380
under most circumstances. A negative
phase angle tends to drive the crack into
the upper layer, in the present case, the
strip being peeled. In our opinion, the more
important source of shear at the crack tip
comes from the huge elastic modulus differ-
ence between the substrate and the adhe-
sive. The size of the phase angle caused by
this modulus mismatch is, as far as we know,
unsolved, although Hutchinson and Suo
(14) reported a phase angle of up to +15°
for much smaller mismatches. The shape of
the crack tip (Fig. 3) in our studies makes it
clear that the phase angle is positive, an
effect that must come from the modulus
mismatches, not from global peel geometry,
which is corroborated by the fact that the
adhesion values at a high peel angle (1800)
follow a trend similar to that of a much
lower peel angle (400).

Adhesive failure occurred by a fingering
process that left webs of material between
the fingers that became highly stretched
(Fig. 3, A to C). This phenomenon has
been described by Fields and Ashby (15)
and Urahama (16). Examination of the tips
of the fingers showed that the distance by
which the finger tip tunnels beyond the
detachment point varies with the substrate.
It seems likely that the contact angle be-
tween the adhesive and the substrate (0 in
Fig. 3D) varies in a similar way.

Modeling the detachment of a pressure-
sensitive adhesive is problematic because the
material is essentially viscoelastic. Zosel ( 17)
and Chang (18) showed that optimum ad-
hesion is obtained when the storage and loss
moduli of the material are both -10 to 100
kPa at frequencies of -1 Hz. We propose a
simple model of the energy dissipation close
to the crack tip in which the geometry is
controlled by the elastic properties of the
material, but the dissipation is estimated
with the assumption that the material is
viscous. If the adhesive is considered to be
elastic with an effective shear modulus G,
the angle 0 can be related to G and the
maximum shear stress (o'a) at the interface.
We assume that the interface shows static
friction; there is no slip at a shear stress
below as but unlimited slip can occur at as.
The actual detachment process must occur
in two ways. The situation is similar to the
dewetting of a liquid. If there is no slip at the
interface, the detachment must be entirely
by the highly dissipative rolling motion in a
wedge discussed by Dussan and Davis (19)
and de Gennes (20). If there is interface slip,
there can also be partial detachment by slip,
as the slip process permits extension of the
adhesive normal to the interface. Both of
these processes are modified from the situa-
tion in a simple liquid by the finite deforma-
tion capability of the adhesive. The dissipa-
tion in the wedge in either a wetting or
dewetting process increases as the angle 0
decreases. Hence, as as is decreased, 0 in-
creases and the viscous dissipation close to
the interface decreases.

The relation between the wedge angle 0
and the shear strain can be found by assum-
ing a very crude model for the wedge defor-
mation in which the undeformed material is
considered in two regions: one in front and
the other behind the crack tip. The regions
experience large shear strains of equal mag-

A D

nitude but of opposite sign. The region
behind the crack tip also rotates by wr - 0.

exy = tan[(Qr - 0)/2] (1)

2G
tan 0 =

- (G)2]

(2)

The dissipation of viscous energy, Q, in a
wedge is given by (20)

I3 u2 Xmax
Qtan

I

Xmin
(3)

where u is the difference between the mac-
roscopic velocity and the slip velocity at the
interface, 'r is the fluid viscosity, and Xmax
and xmin are the maximum and minimum
widths of the wedge. For fluids, xmin is often
a molecular size, but in the adhesive case it
would seem most likely that xm.n is con-
trolled by strain hardening that must occur
in the stress concentration at the tip of the
wedge. The important feature is that it
should be a fixed constant. In that Xmax is
the distance between the tip of the finger
and the substrate, the logarithmic term can
be considered approximately equal to a con-
stant, a. It should be noted that for non-
Newtonian fluids, X will be a strain rate-
dependent function.

If uJG is large, the energy dissipated per
unit area of new crack, Go, can be written

Q 3'quoaw,
° U 2G (4)

demonstrating that dissipation at the local
crack tip increases with the resistance to
interfacial slip. In Eq. 4, Go appears as a
product of the viscous dissipation and the
interfacial shear stress. It exhibits a paral-
lelism to the theory of Gent and Schultz
(1), except that in our model the interfa-
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Fig. 2. The peel adhesion values on hexadecylsi-
loxane monolayers as a function of their phase
states. The liquidlike monolayer (0) with a 65%
surface coverage has lower adhesion than a com-
pletely crystalline monolayer (@).
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Optical observation showed that the crack tunneled as shown 
schematically  in D above. 



covered hexadecylsiloxane [CH3(CH2)15-
SiO3/2] monolayer exhibits a liquidlike state,
whereas the surface with a completely cov-
ered CH3(CH2)15SiO3/2 monolayer exhibits
a crystalline state ( 12). Because the chains in
a liquidlike monolayer are more mobile than
those in a crystalline state, the liquidlike
monolayer should allow more slippage than
the crystalline surface and therefore yield
lower adhesion, as we observed (Fig. 2).

In the language of fracture mechanics,
the peel test is a combination of opening
and shear modes, characterized by their re-
spective stress intensity factors K, and K,,.
Thouless and Jensen (13) suggested that the
phase angle [i = tan` (K11/KYlI is -380
under most circumstances. A negative
phase angle tends to drive the crack into
the upper layer, in the present case, the
strip being peeled. In our opinion, the more
important source of shear at the crack tip
comes from the huge elastic modulus differ-
ence between the substrate and the adhe-
sive. The size of the phase angle caused by
this modulus mismatch is, as far as we know,
unsolved, although Hutchinson and Suo
(14) reported a phase angle of up to +15°
for much smaller mismatches. The shape of
the crack tip (Fig. 3) in our studies makes it
clear that the phase angle is positive, an
effect that must come from the modulus
mismatches, not from global peel geometry,
which is corroborated by the fact that the
adhesion values at a high peel angle (1800)
follow a trend similar to that of a much
lower peel angle (400).

Adhesive failure occurred by a fingering
process that left webs of material between
the fingers that became highly stretched
(Fig. 3, A to C). This phenomenon has
been described by Fields and Ashby (15)
and Urahama (16). Examination of the tips
of the fingers showed that the distance by
which the finger tip tunnels beyond the
detachment point varies with the substrate.
It seems likely that the contact angle be-
tween the adhesive and the substrate (0 in
Fig. 3D) varies in a similar way.

Modeling the detachment of a pressure-
sensitive adhesive is problematic because the
material is essentially viscoelastic. Zosel ( 17)
and Chang (18) showed that optimum ad-
hesion is obtained when the storage and loss
moduli of the material are both -10 to 100
kPa at frequencies of -1 Hz. We propose a
simple model of the energy dissipation close
to the crack tip in which the geometry is
controlled by the elastic properties of the
material, but the dissipation is estimated
with the assumption that the material is
viscous. If the adhesive is considered to be
elastic with an effective shear modulus G,
the angle 0 can be related to G and the
maximum shear stress (o'a) at the interface.
We assume that the interface shows static
friction; there is no slip at a shear stress
below as but unlimited slip can occur at as.
The actual detachment process must occur
in two ways. The situation is similar to the
dewetting of a liquid. If there is no slip at the
interface, the detachment must be entirely
by the highly dissipative rolling motion in a
wedge discussed by Dussan and Davis (19)
and de Gennes (20). If there is interface slip,
there can also be partial detachment by slip,
as the slip process permits extension of the
adhesive normal to the interface. Both of
these processes are modified from the situa-
tion in a simple liquid by the finite deforma-
tion capability of the adhesive. The dissipa-
tion in the wedge in either a wetting or
dewetting process increases as the angle 0
decreases. Hence, as as is decreased, 0 in-
creases and the viscous dissipation close to
the interface decreases.

The relation between the wedge angle 0
and the shear strain can be found by assum-
ing a very crude model for the wedge defor-
mation in which the undeformed material is
considered in two regions: one in front and
the other behind the crack tip. The regions
experience large shear strains of equal mag-

A D

nitude but of opposite sign. The region
behind the crack tip also rotates by wr - 0.

exy = tan[(Qr - 0)/2] (1)

2G
tan 0 =

- (G)2]

(2)

The dissipation of viscous energy, Q, in a
wedge is given by (20)

I3 u2 Xmax
Qtan

I

Xmin
(3)

where u is the difference between the mac-
roscopic velocity and the slip velocity at the
interface, 'r is the fluid viscosity, and Xmax
and xmin are the maximum and minimum
widths of the wedge. For fluids, xmin is often
a molecular size, but in the adhesive case it
would seem most likely that xm.n is con-
trolled by strain hardening that must occur
in the stress concentration at the tip of the
wedge. The important feature is that it
should be a fixed constant. In that Xmax is
the distance between the tip of the finger
and the substrate, the logarithmic term can
be considered approximately equal to a con-
stant, a. It should be noted that for non-
Newtonian fluids, X will be a strain rate-
dependent function.

If uJG is large, the energy dissipated per
unit area of new crack, Go, can be written

Q 3'quoaw,
° U 2G (4)

demonstrating that dissipation at the local
crack tip increases with the resistance to
interfacial slip. In Eq. 4, Go appears as a
product of the viscous dissipation and the
interfacial shear stress. It exhibits a paral-
lelism to the theory of Gent and Schultz
(1), except that in our model the interfa-
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Fig. 3. The meniscus instability patterns on the three
organic surfaces: (A) PDMS (100 A thick), (B) alkylsilane
(n = 10), and (C) fluoroalkylsilane. The direction of the
crack propagation is shown by the arrow. The bright
regions in (C) are where the adhesive has detached from
the substrate. The dark regions in front of them show that
the tips of the fingers are in the adhesive away from the
interface. (D) Schematic of how the deformation in the
adhesive causes a shear stress at the adhesive-substrate
interface.
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Fig. 2. The peel adhesion values on hexadecylsi-
loxane monolayers as a function of their phase
states. The liquidlike monolayer (0) with a 65%
surface coverage has lower adhesion than a com-
pletely crystalline monolayer (@).
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covered hexadecylsiloxane [CH3(CH2)15-
SiO3/2] monolayer exhibits a liquidlike state,
whereas the surface with a completely cov-
ered CH3(CH2)15SiO3/2 monolayer exhibits
a crystalline state ( 12). Because the chains in
a liquidlike monolayer are more mobile than
those in a crystalline state, the liquidlike
monolayer should allow more slippage than
the crystalline surface and therefore yield
lower adhesion, as we observed (Fig. 2).

In the language of fracture mechanics,
the peel test is a combination of opening
and shear modes, characterized by their re-
spective stress intensity factors K, and K,,.
Thouless and Jensen (13) suggested that the
phase angle [i = tan` (K11/KYlI is -380
under most circumstances. A negative
phase angle tends to drive the crack into
the upper layer, in the present case, the
strip being peeled. In our opinion, the more
important source of shear at the crack tip
comes from the huge elastic modulus differ-
ence between the substrate and the adhe-
sive. The size of the phase angle caused by
this modulus mismatch is, as far as we know,
unsolved, although Hutchinson and Suo
(14) reported a phase angle of up to +15°
for much smaller mismatches. The shape of
the crack tip (Fig. 3) in our studies makes it
clear that the phase angle is positive, an
effect that must come from the modulus
mismatches, not from global peel geometry,
which is corroborated by the fact that the
adhesion values at a high peel angle (1800)
follow a trend similar to that of a much
lower peel angle (400).

Adhesive failure occurred by a fingering
process that left webs of material between
the fingers that became highly stretched
(Fig. 3, A to C). This phenomenon has
been described by Fields and Ashby (15)
and Urahama (16). Examination of the tips
of the fingers showed that the distance by
which the finger tip tunnels beyond the
detachment point varies with the substrate.
It seems likely that the contact angle be-
tween the adhesive and the substrate (0 in
Fig. 3D) varies in a similar way.

Modeling the detachment of a pressure-
sensitive adhesive is problematic because the
material is essentially viscoelastic. Zosel ( 17)
and Chang (18) showed that optimum ad-
hesion is obtained when the storage and loss
moduli of the material are both -10 to 100
kPa at frequencies of -1 Hz. We propose a
simple model of the energy dissipation close
to the crack tip in which the geometry is
controlled by the elastic properties of the
material, but the dissipation is estimated
with the assumption that the material is
viscous. If the adhesive is considered to be
elastic with an effective shear modulus G,
the angle 0 can be related to G and the
maximum shear stress (o'a) at the interface.
We assume that the interface shows static
friction; there is no slip at a shear stress
below as but unlimited slip can occur at as.
The actual detachment process must occur
in two ways. The situation is similar to the
dewetting of a liquid. If there is no slip at the
interface, the detachment must be entirely
by the highly dissipative rolling motion in a
wedge discussed by Dussan and Davis (19)
and de Gennes (20). If there is interface slip,
there can also be partial detachment by slip,
as the slip process permits extension of the
adhesive normal to the interface. Both of
these processes are modified from the situa-
tion in a simple liquid by the finite deforma-
tion capability of the adhesive. The dissipa-
tion in the wedge in either a wetting or
dewetting process increases as the angle 0
decreases. Hence, as as is decreased, 0 in-
creases and the viscous dissipation close to
the interface decreases.

The relation between the wedge angle 0
and the shear strain can be found by assum-
ing a very crude model for the wedge defor-
mation in which the undeformed material is
considered in two regions: one in front and
the other behind the crack tip. The regions
experience large shear strains of equal mag-

A D

nitude but of opposite sign. The region
behind the crack tip also rotates by wr - 0.

exy = tan[(Qr - 0)/2] (1)

2G
tan 0 =

- (G)2]

(2)

The dissipation of viscous energy, Q, in a
wedge is given by (20)

I3 u2 Xmax
Qtan

I

Xmin
(3)

where u is the difference between the mac-
roscopic velocity and the slip velocity at the
interface, 'r is the fluid viscosity, and Xmax
and xmin are the maximum and minimum
widths of the wedge. For fluids, xmin is often
a molecular size, but in the adhesive case it
would seem most likely that xm.n is con-
trolled by strain hardening that must occur
in the stress concentration at the tip of the
wedge. The important feature is that it
should be a fixed constant. In that Xmax is
the distance between the tip of the finger
and the substrate, the logarithmic term can
be considered approximately equal to a con-
stant, a. It should be noted that for non-
Newtonian fluids, X will be a strain rate-
dependent function.

If uJG is large, the energy dissipated per
unit area of new crack, Go, can be written

Q 3'quoaw,
° U 2G (4)

demonstrating that dissipation at the local
crack tip increases with the resistance to
interfacial slip. In Eq. 4, Go appears as a
product of the viscous dissipation and the
interfacial shear stress. It exhibits a paral-
lelism to the theory of Gent and Schultz
(1), except that in our model the interfa-
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Fig. 3. The meniscus instability patterns on the three
organic surfaces: (A) PDMS (100 A thick), (B) alkylsilane
(n = 10), and (C) fluoroalkylsilane. The direction of the
crack propagation is shown by the arrow. The bright
regions in (C) are where the adhesive has detached from
the substrate. The dark regions in front of them show that
the tips of the fingers are in the adhesive away from the
interface. (D) Schematic of how the deformation in the
adhesive causes a shear stress at the adhesive-substrate
interface.
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Fig. 2. The peel adhesion values on hexadecylsi-
loxane monolayers as a function of their phase
states. The liquidlike monolayer (0) with a 65%
surface coverage has lower adhesion than a com-
pletely crystalline monolayer (@).
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covered hexadecylsiloxane [CH3(CH2)15-
SiO3/2] monolayer exhibits a liquidlike state,
whereas the surface with a completely cov-
ered CH3(CH2)15SiO3/2 monolayer exhibits
a crystalline state ( 12). Because the chains in
a liquidlike monolayer are more mobile than
those in a crystalline state, the liquidlike
monolayer should allow more slippage than
the crystalline surface and therefore yield
lower adhesion, as we observed (Fig. 2).

In the language of fracture mechanics,
the peel test is a combination of opening
and shear modes, characterized by their re-
spective stress intensity factors K, and K,,.
Thouless and Jensen (13) suggested that the
phase angle [i = tan` (K11/KYlI is -380
under most circumstances. A negative
phase angle tends to drive the crack into
the upper layer, in the present case, the
strip being peeled. In our opinion, the more
important source of shear at the crack tip
comes from the huge elastic modulus differ-
ence between the substrate and the adhe-
sive. The size of the phase angle caused by
this modulus mismatch is, as far as we know,
unsolved, although Hutchinson and Suo
(14) reported a phase angle of up to +15°
for much smaller mismatches. The shape of
the crack tip (Fig. 3) in our studies makes it
clear that the phase angle is positive, an
effect that must come from the modulus
mismatches, not from global peel geometry,
which is corroborated by the fact that the
adhesion values at a high peel angle (1800)
follow a trend similar to that of a much
lower peel angle (400).

Adhesive failure occurred by a fingering
process that left webs of material between
the fingers that became highly stretched
(Fig. 3, A to C). This phenomenon has
been described by Fields and Ashby (15)
and Urahama (16). Examination of the tips
of the fingers showed that the distance by
which the finger tip tunnels beyond the
detachment point varies with the substrate.
It seems likely that the contact angle be-
tween the adhesive and the substrate (0 in
Fig. 3D) varies in a similar way.

Modeling the detachment of a pressure-
sensitive adhesive is problematic because the
material is essentially viscoelastic. Zosel ( 17)
and Chang (18) showed that optimum ad-
hesion is obtained when the storage and loss
moduli of the material are both -10 to 100
kPa at frequencies of -1 Hz. We propose a
simple model of the energy dissipation close
to the crack tip in which the geometry is
controlled by the elastic properties of the
material, but the dissipation is estimated
with the assumption that the material is
viscous. If the adhesive is considered to be
elastic with an effective shear modulus G,
the angle 0 can be related to G and the
maximum shear stress (o'a) at the interface.
We assume that the interface shows static
friction; there is no slip at a shear stress
below as but unlimited slip can occur at as.
The actual detachment process must occur
in two ways. The situation is similar to the
dewetting of a liquid. If there is no slip at the
interface, the detachment must be entirely
by the highly dissipative rolling motion in a
wedge discussed by Dussan and Davis (19)
and de Gennes (20). If there is interface slip,
there can also be partial detachment by slip,
as the slip process permits extension of the
adhesive normal to the interface. Both of
these processes are modified from the situa-
tion in a simple liquid by the finite deforma-
tion capability of the adhesive. The dissipa-
tion in the wedge in either a wetting or
dewetting process increases as the angle 0
decreases. Hence, as as is decreased, 0 in-
creases and the viscous dissipation close to
the interface decreases.

The relation between the wedge angle 0
and the shear strain can be found by assum-
ing a very crude model for the wedge defor-
mation in which the undeformed material is
considered in two regions: one in front and
the other behind the crack tip. The regions
experience large shear strains of equal mag-

A D

nitude but of opposite sign. The region
behind the crack tip also rotates by wr - 0.

exy = tan[(Qr - 0)/2] (1)

2G
tan 0 =

- (G)2]

(2)

The dissipation of viscous energy, Q, in a
wedge is given by (20)

I3 u2 Xmax
Qtan

I

Xmin
(3)

where u is the difference between the mac-
roscopic velocity and the slip velocity at the
interface, 'r is the fluid viscosity, and Xmax
and xmin are the maximum and minimum
widths of the wedge. For fluids, xmin is often
a molecular size, but in the adhesive case it
would seem most likely that xm.n is con-
trolled by strain hardening that must occur
in the stress concentration at the tip of the
wedge. The important feature is that it
should be a fixed constant. In that Xmax is
the distance between the tip of the finger
and the substrate, the logarithmic term can
be considered approximately equal to a con-
stant, a. It should be noted that for non-
Newtonian fluids, X will be a strain rate-
dependent function.

If uJG is large, the energy dissipated per
unit area of new crack, Go, can be written

Q 3'quoaw,
° U 2G (4)

demonstrating that dissipation at the local
crack tip increases with the resistance to
interfacial slip. In Eq. 4, Go appears as a
product of the viscous dissipation and the
interfacial shear stress. It exhibits a paral-
lelism to the theory of Gent and Schultz
(1), except that in our model the interfa-
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Fig. 3. The meniscus instability patterns on the three
organic surfaces: (A) PDMS (100 A thick), (B) alkylsilane
(n = 10), and (C) fluoroalkylsilane. The direction of the
crack propagation is shown by the arrow. The bright
regions in (C) are where the adhesive has detached from
the substrate. The dark regions in front of them show that
the tips of the fingers are in the adhesive away from the
interface. (D) Schematic of how the deformation in the
adhesive causes a shear stress at the adhesive-substrate
interface.
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Fig. 2. The peel adhesion values on hexadecylsi-
loxane monolayers as a function of their phase
states. The liquidlike monolayer (0) with a 65%
surface coverage has lower adhesion than a com-
pletely crystalline monolayer (@).

SCIENCE * VOL. 269 * 8 SEPTEMBER 1995

1300-

t 1000-

M 700
.

CD 400

12 18 24 30
Peel force (N/m)

m

inn.w]

1408

 o
n 

O
ct

ob
er

 2
6,

 2
01

2
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

It was assumed that the peel energy was dissipated in viscoelastic 
deformation in the adhesive. This was crudely modeled by using a 
simple elastic model to find the contact angle θ and a viscous model for 
the dissipation in the wedge. 

Elastic shape. σs is slip resistance 

Viscous dissipation in a wedge 

Fracture energy varies as slip resistance-  
gives reasonable numbers 



Recent developments 

A number of recent experimental papers from Robert McMeeking’s 
group in UCSB on the role of frictional sliding in peeling. 
 
Finite deformation calculation of the crack tip shape with and without 
slip with soft elastomer adhesive. 
T. H. Lengyel, Rong Long and P. Schiavone, Proc Roy. Soc A 470, 20140497 (2014) 
 
They showed that no slip increased the wedge angle from the 90° in 
the perfect slip case. 
 
They said 
“it is speculated that the wedge angle should depend on the slippage 
as shown in the rough model of Newby et. al.” 



Friction induced polymer orientation 
Liquid crystal display screens sometimes require that the liquid crystal 
molecules are oriented in a defined direction at the surfaces of the cell. 
This is (or was) done by coating the glass with a polyimide (PI) and 
buffing it with a nylon cloth.  

The buffing orients the PI in-
spite of its high yield stress 
(~200 MPa). 
NEXAFS has shown that the 
orientation is much higher in 
the top 1 nm than the top 10 
nm. 
What shear stress is 
required for orientation of 
the PI? 
 



Principle of the experiment 

•  We know the stress under the spherical indenter as a function of 
position so the width of the orientated line can give the normal 
force required for orientation. 

•  The oriented line can be seen by X-ray photoemission 
microscopy (X-PEEM) using monochromatic polarized soft X-
rays. 



Images of the oriented line 

The ‘scratch’ was not visible by optical or scanning probe microscopy. 
 
The difference in contrast shows that it is a strip of orientated polymer 



Results 

From the normal load the contact patch had a width of 16 µm but the 
lines were 12 µm wide. Hence, from Hertzian contact, the normal 
stress at the edge of the line was 45 MPa. This must be the 
minimum normal stress to cause orientation. 
 
The measured coefficient of friction was 0.75 so perhaps the 
minimum shear stress for orientation was 34 MPa.  
 
This is to be compared with an estimated yield stress of 
200-300MPa. 

A. Cossy-Favre et. al. Macromolecules 31, 4957-62 (1998) 



Polymer entanglement density and its 
influence on interfacial friction 

Philip Whitten 
Hugh R. Brown 

 P. G. Whitten and H. R. Brown, Phys. Rev. E, 76, 026101 (2007) 



Background 

•  Glassy polymer surfaces are oriented by brushing 
with a velour cloth in liquid crystal display production 

•  Sliding on a polymer surface with a smooth indenter 
has two modes: 1) an interfacial friction mode with 
high friction, often described as elastic as no damage 
is visible optically and 2) a normal friction mode with 
visible damage 

•  This work concerned with mode 1). Sliding cannot be 
elastic – what is the friction process? 



Macroscopic Friction Experiments 

•  70 nm thick PS 
films on silicon 
wafers 

•  Indenters melted 
glass rod ~2 mm 
radius 

•  2 µm/s sliding 
velocity 



Variation of Friction with Contact Area and 
Coefficient of Friction 

At high loads the friction 
increased above the linear 
relation. 



Pressure Dependent Shear Stress 

)( αστ +== cSAAF
. Normal pressure 



Ripples on PS surface 

Sliding 
direction 

of 
indenter 



Width of rippled region matches Hertzian 
contact area 

The red line is a 
1:1 relationship 



Profile of ripples on 
Polystyrene 



Holes in PMMA Surface 



Ripples form at leading edge of contact 

Sliding 
Direction 

Should be 
compressive 

loading 



Ripples and Brittle Failure 

•  Damage (ripples and holes) only occurred in 
PS and PMMA, not in PPO and PC. 

•  PS and PMMA show brittle failure, PC and 
PPO are more ductile 

•  Suspect ripples related to brittle failure 



Brittle failure of glassy polymers 

•  Many glassy polymers fail in a macroscopically 
brittle manner under tensile loading 

•  Cracks nucleate from crazes 
•  Ironically, crazes form through large-strain plastic 

deformation at a small scale (strain localization) 
•  The extension ratio of a deformation or craze zone 

decreases with increasing entanglement density – 
suppress crazing by increasing entanglement 
density 

•  Can change effective entanglement density by 
crosslinking PS using the e-beam of an SEM  

C. Henkee, E. Kramer, Journal of Polymer Science: Polymer Physics edition, Vol. 22, 721-737 (1984) 
L. Berger, E. Kramer, Journal of Materials Science, Vol. 23, 3536-3543 (1988) 



Frictional Force is Independent of the Crosslink 
Density 



The ripples are due to strain localization 



Mechanisms of ripple formation and friction 

•  Ripples are related to strain localisation and crazing, 
probably caused by accumulation of wear debris that 
come from brittle failure 

•  If there was no slip or uniform slip, tension would only 
exist towards the rear of the contact patch. But 
ripples form at the front of the contact patch showing 
there must be tensile stresses all over the contact 

•  There are probably stick regions and slip regions all 
over the contact with tension (and failure) occurring 
behind each stick region 



Conclusions 
•  The frictional shear stress of glass on 

polystyrene is independent of the crosslink 
density 

•  Glassy polymers that fail by a brittle manner 
under tensile loading produce debris under 
sliding friction 

•  The entanglement density of a polymer has a 
dramatic affect on the processes occurring at 
the sliding interface 

•  Substantial plastic deformation at the polymer 
surface must take place 



Interfacial Friction and Structure of PPO 

Philip G. Whitten and H. R. Brown 

P. G. Whitten and H. R. Brown, J. Polym. Sci. B. 47, 1637-43 (2009) 



Effect of Annealing Temperature on the 
Frictional Properties of PPO 

The PPO was spin coated onto 
silicon wafers from a solution in 
toluene and dried (annealed) in 
a vacuum oven. 

What happens when the annealing temperature is ≥ 200C? 



Surface topography 

Ripples formed for annealing temperatures less than 200C. 



DSC Results 
The PPO crystallizes when 
cast from toluene. No Tg is 
visible for annealing at less 
than 200C – rigid amorphous 
phase is present.  
 
Only the 250C annealed 
sample is fully amorphous. 
 
The difference between the 
two groups cannot be 
caused by crystallization. 
Presumably it is caused by 
the elevated yield stress and 
brittle nature of the rigid 
amorphous phase. 



Tensile Properties 

PPO bar exposed to toluene for 5h then dried for 2 days at 100C. 
Mass increase 1.8%. Material highly brittle. 



Conclusion 

•  PPO shows a brittle-ductile transition in 
friction properties when cast from toluene. 

•  The brittle form appears to be caused by the 
existence of a rigid amorphous phases rather 
than crystallization or residual toluene. 

•  There is a strong correlation between 
frictional and tensile properties – implies 
loading during interfacial friction is tensile. 



Mechanism of ripple formation 

Indenter Indenter 

Polymer film Polymer film 

Arrows represent 
principal axes of stress 

Indenter is sliding over 
the PS film 

Indenter is sticking to 
the PS film 

•  High amounts of deformation at a local scale 
•  Loading changes from shear to tensile 
•  Cohesive failure occurs in tensile regime 





Micro-NEXAFS Results 

The image signal 
comes from the 
carbon atoms shown 
as diamonds 


