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ABSTRACT: Pressure-sensitive adhesives represent one of the most important commercial applications of
block copolymers. The large-strain tensile properties of these soft adhesive materials play a dominant role in
determining their adhesive properties. In many cases changes in the polymer architecture significantly affect
the large-strain properties and the resultant adhesive performance, with little or no effect on the linear
viscoelastic properties. In this Perspective we provide several examples, using model systems based on
diblock, triblock, tetrablock, and star-block copolymers of polystyrene and polyisoprene.

Introduction

Pressure-sensitive adhesives (PSAs) consist of a thin viscoelastic
layer (typically 20-100 μm)with amodulus at the experimentally
relevant frequencies in the range of 104-105 Pa. They find
widespread applications in the labeling and packaging industry
of course but also as assembling tools when precise positioning
and instant adhesion are required. PSAs are a special class of soft
materials that stick to nearly any surface upon simple contact.1

They must have a low elastic modulus and be very dissipative in
the viscous sense (the property of a liquid) to stick by simple
contact, even to a rough surface, but must also be resistant to
creep (the property of a solid), to avoid slow failure under load.
Physically or chemically cross-linked polymers above their glass
transition temperature (Tg) are the only known types of material
that offer this combination of propertieswhich result fromhaving
a loose but sufficiently connected network of chains.

Starting from the pioneering work of Kaelble, it was recog-
nized that the viscoelastic properties of PSAs were a key ingre-
dient controlling the application performance. For reasons of
experimental convenience the early work focused only on viscoe-
lasticity in the linear (low-strain) regime,2-8 which provides
steady-state properties such as the complexmodulus as a function
of frequency. Dahlquist proposed that the elastic component of
the modulus needed to be below a certain value to form a good
contactwith a rough surface and that a relatively high value of the
loss factor (tan(δ) between 0.3 and 0.5) was needed to provide
resistance to detachment.9 These properties were easily achieved
with a sparsely physically or chemically cross-linked polymer
network made with a polymer with a low glass transition
temperature (around 50-70 �C below the usage temperature).10

Such sparsely cross-linked networks are commonly produced
from natural rubber, diluted with a small miscible molecule or
with acrylic copolymers. Both of these systems are still used
extensively in pressure-sensitive adhesive formulations.

Beginning in the 1970s, it was realized that properly designed
microphase-separated block copolymers could be used to make
PSAs.3,11 These soft networks have exceptional resistance to creep
while providing ahigh level of adhesion.The fact that thePSA films
could be processedwithout using any solvent, by simply heating the
block copolymer over the order-disorder temperature (ODT),
greatly favored their development in industrial applications.12

Themechanismsof adhesionofPSA layers havebeen elucidated
in detail through a series of insightful mechanical experiments,
beginning with the work of Zosel in the late 1980s and early 1990s.
10,13,14 These experiments demonstrated that the stickiness or
“tack” of the PSA was due to the formation of an optically visible
fibrillar structure bridging the adhesive and the adherend during
debonding. Zosel identified the crucial role played by the average
molecular weight between entanglements in the formation of this
fibrillar structure, showing that when the density of entanglements
was too high, the fibrils could not form. These conclusions were
based on a contact test where a flat-ended cylindrical probe is
brought into contact with an adhesive layer and detached under
controlled conditions. Using an adhesive film thickness much
smaller than the diameter of the cylindrical probe, Zosel clearly
demonstrated the load bearing nature of the PSA fibrils. Further
experimental advances have led to the identification of the
mechanisms by which the fibrils are formed and led to a rather
detailed description of the deformation of the adhesive layer.13,14

These studies have clearly demonstrated that PSA perfor-
mance is determined by an interplay between adhesive/substrate
interactions and the bulk mechanical properties of the adhesive
material.1 The role of the interfacial interactions is to support a
stress that is sufficiently large so that the bulk of the adhesive
material can be deformed to the large strains experienced by the
adhesive fibrils. Optimization of a PSA therefore requires that
two separate materials questions be addressed:

• What controls the stress that the interface can
support?

• What controls the large-strain deformation behavior
of the adhesive material?
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These questions are equally important in the overall design of a
soft adhesive. The first question is important in the design of
release coatings for PSAs, for example. These coatings must be
designed so that stress required to remove the PSA from the
backing is less than the stress required to substantially deform the
bulk of the material.15 This Perspective, however, is concerned
primarily with the second question because this is the issue where
block copolymers have played the greatest role.

Given the obvious importance of the large-strain tensile
behavior of the materials in determining the adhesive perfor-
mance, it is useful to understand how this behavior is affected by
the underlying material structure. Block copolymers, used widely
as the basis for commercial PSAs as mentioned above, are ideally
suited for these types of fundamental investigations. In this
Perspective we begin with some general background on the
mechanical properties of the types of block copolymers that are
of particular relevance in soft adhesive applications. We then
discuss results for the mechanical response of styrenic block
copolymers and conclude with some adhesive characterization
of these styrenic materials.

Background

Nonlinear Elasticity and the Neo-Hookean Limit. While
the thermodynamics of microphase-separated structures of
block copolymers and their blends has been extensively
investigated,16 the mechanical properties of pure block
copolymers have been comparatively less studied, in parti-
cular because mechanical testing requires a larger amount of
material that is widely available only for selected micro-
structures and chemistries.17-19Whenmechanical properties
are concerned, the nature (glassy or rubbery) and the type of
organization (lamellae, cylinders, gyroid, spheres) of the
immiscible blocks have a profound effect on themacroscopic
mechanical behavior.

Because of the expected interesting anisotropic properties,
many published investigations have focused on the situation

where the block copolymer self-organizes over a long dis-
tance in a lamellar or a cylindrical structure.22-25 These
structures are of limited use for adhesive applications and
will not be considered in detail here.We will instead focus on
another very interesting feature of ordered block copolymer
structures, namely their ability to introduce a dilute but
highly regular density of cross-link points. This type of
ordered structure can be obtained when the volume fraction
of the minority phase is less than 15%, and the block
copolymers self-assemble in a structure of spheres in a
matrix, as illustrated schematically in Figure 1. From the
point of view of mechanical properties and adhesive applica-
tions, the most common type of material is an A-B-A
triblock copolymer where the A block is glassy and the B
block is elastomeric. This results in an elastomeric material
which is very similar to a chemically cross-linked rubber
at room temperature but becomes a low-viscosity poly-
meric fluid above the order-disorder temperature. Such a
material is commonly called a thermoplastic elastomer. The
mechanical properties of some of the commercially produced
grades of styrene-isoprene or styrene-butadiene were
extensively characterized in the 1960s and 1970s as potential
substitutes for rubbers. This first generation of materials
was mostly comprised of triblock copolymers and may
have contained poorly controlled amounts of diblock
copolymers.

While relatively few systematic investigations of the
effect of the architecture of the block copolymers on the
large-strain mechanical properties have been carried out,
progress has certainly been made in the ability to place these
properties in the general context of rubber elasticity theory.
The starting point for these models is usually the strain
energy density function for a neo-Hookean material, which
has the following form:17

Un ¼ E

6
J1; J1 ¼ λ1

2þλ2
2þλ3

2 -3 ð1Þ

Here Un is the strain energy per unit volume for this neo-
Hookean reference system, E is Young0s modulus, λ1, λ2,
and λ3 are the principal extension ratios, and J1 þ 3 appear-
ing in eq 1 is the first strain invariant as usually defined
in solid mechanics. The small compressibility of these mate-
rials can generally be ignored, so that the shear modulus
is given by E/3 and λ1λ2λ3 = 1. A consequence of this
assumption of incompressibility is that the elastic properties
in the linear regime are completely specified by a single
parameter. While there is no compelling reason to use E
as opposed to the shearmodulus, we useE in this Perspective
because we have historically been interested in the testing

Figure 1. Schematic structure of an elastic block copolymer network,
showing bridging and looping configurations of triblock copolymer
midblocks and tails originating from the addition of diblock copolymer.
The spheres represent the glassy end block domains.
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of soft adhesive materials in an extensional geometry where
it is sensible to express the results in terms of Young0s
modulus.

The specific value of E depends on the cross-linking
conditions. If the material deforms affinely, and the network
strands between cross-link points are described by Gaussian
statistics, then E is given by the concentration of elastically
effective network strands, νe:

E ¼ 3vekBT ð2Þ

For triblock copolymers in the limit where entanglements do
not play a role, νe is simply given by the inverse of the
molecular volume, vp, multiplied by fb, the fraction of tri-
block copolymers with “bridging” midblocks that span
different end block domains. For the block copolymer
systems of interest here, this simple picture is complicated
by the finite size of the end block domains and by the
distortion of the midblock chains from their ideal Gaussian
configurations. These are relatively small corrections, typi-
cally a factor of 2 or less, and do not substantially affect the
most relevant qualitative features of mechanical response.
More important effects include the finite extensibility of the
midblocks, responsible for strain hardening of these materi-
als, and the role of physical entanglements that have a more
pronounced effect on the mechanical response at low strains
than at large strains. These effects are discussed in general
terms in the following section.

Strain Hardening in Unentangled Triblock Copolymer
Gels. Equation 1 is valid for relatively low strains, where
the bridging midblocks in the triblock copolymer structure
can be viewed as linear springs. This approximation breaks
down at sufficiently large strains, where the separation
between domains approaches the contour length of the
midblock itself. Various modifications to the strain energy
function have been proposed to account for this effect,
including a simple form suggested by Gent that diverges
when J1 reaches some critical value.18 The following form
has a similar behavior, but without a divergent stress field for
finite J1, an important factor when using this strain energy
function in finite element simulations.19

Ue ¼ EJ�
6

ðexpðJ1=J�Þ-1Þ ð3Þ

HereUe is the elastic strain energy for this exponential strain-
hardening model, and J* is a characteristic value of J1 above

which strain hardening effects dominate the material beha-
vior. Equation 3 is convenient because the strain hardening is
described by a single parameter, J*, and the neo-Hookean
form (eq 1) is recovered at small strains or alternatively for
J* f ¥. Also, the model predicts an exponential increase in
the stress for any applied deformation. We are specifically
interested in uniaxial extension (λ1> 1) and compression (λ1
< 1), both of which have λ2 = λ3. For the compression data
we generally use the area extension ratio, λA, as the measure
of strain, with λA = λ2λ3 = 1/λ1. The nominal stress (force
divided by undeformed cross section) in this case is given by
the following expression:

σe
N ¼ DUe

Dλ1
¼ σn

N expðJ1=J�Þ ð4Þ

where J1 = λ1
2 þ 2/λ1 - 3 and σN

n is the nominal stress
obtained for a neo-Hookean material:

σn
N ¼ E

3
ðλ1 -1=λ1

2Þ ð5Þ

For the data shown in this Perspective we drop the subscripts
and define λ as λ1 in a uniaxial extension experiment.

Triblock copolymer gels are excellent systems for investi-
gating the importance of strain hardening in the absence of
additional complications originating from entanglements.
Thermoreversible gels are particularly useful because the
network structure forms at solution concentrations that are
low enough so that entanglements between midblock poly-
mers are eliminated, a result that is evident from the follow-
ing relationship between the entanglementmolecular weight,
Me, and the polymer volume fraction, φp, for polymer
solutions:20,21

Me ¼ M0
eφp

-4=3 ð6Þ
where Me

0 is the entanglement molecular weight for the
undiluted polymer. Figure 2 shows data for acrylic tri-
block copolymer gels for which the midblock molecular
weights are below Me, so that entanglement effects do not
need to be taken into account.19 The exponential hardening
predicted by eq 4 is observed, with values of J* that are
consistent with the maximum extensibility of the copolymer
midblocks.

General Behavior of Triblock Copolymer Melts. Entangle-
ments play a dominant role in the behavior of both thermo-
plastic elastomers and pressure-sensitive adhesives that are
based on multiblock copolymers. The role of entanglements
in the context of the strength of thermoplastic elastomers has

Figure 2. Stress-strain behavior for an unentangled block copolymer
gel. The solid lines are fits to eqs 4 and 5, using the indicated values for
E and J*.

Figure 3. Stress-strain curves for PMMA-PBD-PMMA triblock
copolymers. Each of the midblocks has a molecular weight of 80K,
and themolecular weights of the PMMAend blocks are indicated in the
plot (from ref 22).
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been demonstrated by the synthesis and characterization of
an excellent set of model systems by the Jerôme group.22-28

One of the conclusions that has emerged from this work is
that the ultimate tensile strength of pure triblock copolymers
increases when the entanglement molecular weight of the
soft, rubbery midblock is decreased.25 Triblock copolymers
with poly(methyl methacyrate) end blocks and a polybu-
tadience midblock (Me

0 ≈ 1700 g/mol) have a higher tensile
strength than the corresponding triblock copolymers with
poly(n-butyl acrylate) midblocks (Me

0 ≈ 28 000 g/mol). We
attribute this result to the strain softening that is observed in
entangled systems, which leads to a redistribution of stresses
to a larger volume in the vicinity of a propagating crack,
thereby increasing the energy dissipation associated with
crack propagation and increasing the toughness. This effect
plays an important role in the behavior of pressure-sensitive
adhesives and is discussed in more detail below.

The elastomeric character of block copolymer melts gen-
erally requires that the overall volume fraction correspond-
ing to the hard blocks be less than about 15%. At higher
volume fractions the glassy phase exists as a continuous
network of rigid cylinders or lamellae, stiffening the material
and giving a yield point at relatively low strains. The effect is
illustrated in Figure 3, which shows stress-strain curves in
uniaxial extension for PMMA-PB-PMMA triblock copo-
lymers with a constant midblock length and increasing end
block lengths.22 This figure is an excellent illustration of the
dramatic changes in mechanical properties that accompany
changes in the domain morphology from glassy spheres (6K
end blocks) to glassy cylinders (14K and 20K end blocks) to
lamellae (50K end blocks).

Model Styrenic Systems

While the examples from the previous section illustrate the
existence of mechanical data for a range of chemical composi-
tions, perhaps the most carefully characterized and commercially
useful system is the case where the end blocks are polystyrene,
and the midblock is cis-1,4-polyisoprene. For pressure-sensitive
adhesive applications a triblock copolymer is often blended with
diblock copolymer (either intentionally or as a consequence of
the polymerization reaction), thereby reducing the midblock
bridging fraction and decreasing the tensile strength of the
material. In addition, these diblock/tribock blends are often
further diluted with a high Tg, low molecular weight molecule
that ismiscible with the elastomeric domains and immiscible with
the glassy domains. These low molecular weight diluents are
generally referred to as tackifying resins in the industrial com-
munity and are necessary to dilute the entanglement network,
lower the elastic modulus, and transform the rubbery and
nonadhesive pure block copolymer into a much softer and
viscoelastic material that acts as an effective PSA.7,29 Although
the microstructure of the blend is mainly determined by the
volume fraction of PS, similar to the behavior illustrated in
Figure 3, its mechanical properties are greatly dependent on the
architectures of the block copolymers that are being used. It is the
purpose of this section to explore the effect of copolymer
architecture in more detail.

Diblock/Triblock Blends. The easiest comparison to make
is between a pure A-B-A triblock copolymer and a 50/50
blend of a triblock copolymer with an A-B diblock with the
same polystyrene content but one-half the total molecular
weight. Triblock copolymers with PS end blocks have the
ability to bridge adjacent PS domains while diblock copoly-
mers do not. This bridging capability of the midblock does
not significantly affect the undeformed morphology but
greatly affects the mechanical strength.30,31 In the rest of
this Perspective we will refer to bridging chains and pendant
chains for these two situations. For the pure triblock copo-
lymers, mean-field simulations have shown that about 80%
of the midblocks act as bridging chains while the rest act as
loops.32,33 This result remains true when the blend is diluted
with a tackifying resin to an overall polymer concentration of
40 wt %. If diblocks with one-half the molecular weight of
the triblock are added to the blend, the concentration of
bridging chains scales linearly with the triblock volume
fraction in the diblock/triblock blend.32 We also discuss
results using S-I-S-I tetrablocks, and four-arm star-block
copolymers, described in more detail below. The character-
istics of each of the copolymers are listed in Table 1. Note
that two closely related triblock copolymers, referred to
as SIS-a and SIS-b in Table 1, have been used in these
experiments.

Figure 4 shows the small strain complex shear modulus
measured in a parallel plate rheometer as a function of
frequency for SIS material and a SI/SIS blend with 54 wt %
SI, relative to the total amount of copolymer. Each material
also contains 60 wt % resin. The resin (Tg = 40 �C) is
a hydrogenated polycyclopentadiene produced by Exxon

Table 1. Molecular Characteristics of the Styrene (S)-Isoprene (I) Copolymers Used in the Experiments
a

S mol wt
(kg/mol)

I mol wt
(kg/mol)

S mol wt
(kg/mol)

I mol wt
(kg/mol) wt % S

wt % bridgeable
isoprene

SI diblock 10.8 61 15 0
SIS-a triblockb 11.6 131 11.6 15 100
SIS-b triblockb 10.6 97 10.6 18 100
SISI tetrablock 12.4 60 12.4 70 16 46
(SI)4 4-arm star block 10.8 61 15 100

aThe star block can be viewed as four diblock copolymers with the molecular weights indicated in the table, joined together at the polyisoprene ends.
b SIS-b was used to generate the data shown in Figures 7, 11, and 12. SIS-a is the triblock copolymer used in all other experiments.

Figure 4. Storage modulus G0 (a) and loss tangent tan(δ) (b) as a
function of frequency at T = 22 �C, for SIS-a/SI blends with 60 wt %
resin: (O) 0 wt % SI; (0) 54 wt % SI.
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Mobil Chemical under the trade name of Escorez 5380.
The introduction of a diblock copolymer results in a slight
decrease in G0 at low frequency and increases more sig-
nificantly the value of the loss tangent. Both effects are
only apparent at frequencies lower than about 1 Hz. If
tensile tests are performed up to several hundreds of
percent strains on the same materials, a relatively weak
strain rate dependence is observed (see Figure 5a) for a
given blend, and a strong effect of the presence of the
diblock on the softening behavior is observed at a given
strain rate (see Figure 5b). Because these experiments are
conducted with a constant crosshead velocity, V, the
actual true strain rate decreases throughout the test. The
reported strain rates correspond to the initial strain rates,
ε
·
init, obtained by dividing the crosshead velocity by the
undeformed sample length (i.e., by the sample dimension
in the direction of the applied deformation). The primary
effect of the presence of the diblock is to modify the shape
of the stress-strain curve, giving a more pronounced
softening (negative curvature in the stress/strain curve)
followed by strain hardening (positive curvature) at higher
strains.

Strain softening is also observed in a biaxial extension
geometry. These biaxial extension measurements were per-
formed by spin-coating a thin layer of SIS or an SIS/SI blend
onto a salt crystal and transferring it to awater bath and then
onto an open cylindrical tube. Pressurization of the tube
inflates the membrane as shown schematically in Figure 6a.
A representative image for a large biaxial extension is shown
in Figure 6b. If the overall shape of the inflated membrane
can be approximated as a sphere, as is often the case,
the average area extension, λA, is given by the following
expression:34

λA ¼ 1þðδ=RmÞ2 ð7Þ
where δ is the vertical extension of the membrane, Rm is the
radius of the undeformedmembrane, and λA is defined as the
ratio of the deformed and undeformed membrane areas. A
quantitative analysis of the data is complicated by the
nonuniform strain state within the inflated membrane35

but is simplest at the apex where the membrane is in a state
of equibiaxial stress. In this region the membrane tension is
given by the following expression:

T ¼ PR0

2
ð8Þ

where R0 is the radius of curvature at the apex and P is the
inflation pressure. The elastic contribution to the membrane
tension is obtained by subtracting the contribution from the
two free surfaces of the membrane:

Te ¼ T -2γ ð9Þ

Strain softening in entangled systems is observed in both
uniaxial extension and equibiaxial extension, as illustrated
by the data in Figure 7. The uniaxial data in Figure 7a
correspond to the measured nominal tensile stresss, normal-
ized by the neo-Hookean values given by eq 5. The data in
Figure 7b were normalized by the neo-Hookean elastic
tension, Te

n, given by the following expression:

Tn
e ¼ Eh

3
1-

1

λA
3

 !
ð10Þ

The relationship between the local area extension at the apex
and the average value given by λA depends on the detailed
constitutive relationship for the rubber. For typical rubbers
the area extension in this region exceeds λA by a factor of
about 2, a correction that we have not used here because we
are interested primarily in the qualitative nature of the strain
softening.35 Because of this correction, the values for the
elastic moduli shown in Figure 7b should be viewed as upper
bounds to the actual values, so that the moduli obtained
from the biaxial extension experiments are actually substan-
tially lower than the moduli obtained from the uniaxial
extension measurements. We attribute this result to a re-
duced entanglement density in the spuncast films used in the
equibiaxial extension experiments. The phase-separated
morphology forms during the casting process while the films
exists in a transient, solvent-rich gel state, with an entangle-
ment density that is reduced by the presence of the solvent.
As the solvent evaporates, the relaxation time associated
with molecular exchange between polystyrene aggregates
is too long for the structure of the dried material to
equilibrate, so the entanglement density and low-strain

Figure 5. Nominal stress as a function of extension ratio for SIS-a/SI
blends with 60 wt % resin: (a) tensile tests for the 0 wt % SI blend at
initial strain rates of 5 � 10-3, 5� 10-2, and 0.5 s-1; (b) tensile tests at
0.5 s-1 for blends with 0 and 54 wt % SI.

Figure 6. (a) Membrane inflation geometry for biaxial stretching of
thin polymer films. (b) Representative image of an inflated membrane.
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elastic modulus remain lower than one would expect for
a truly equilibrated film. Similar phenomena have been
observed previously in systems where the solvent preferen-
tially dissolves the rubbery midblock of the triblock
copolymer.36,37

The important qualitative result illustrated by the data in
Figure 7 is that strain softening is observed for both uniaxial
and equibiaxial extension. From the molecular point of view
this result can be interpreted as follows: the small strain
modulus is controlled by the density of entanglements which
act as cross-link points but progressively slip and orient in
the direction of traction.38 The fractional softening observed
in uniaxial extension at intermediate strains is not strongly
dependent on the fraction of bridging midblocks, as illu-
strated by the data in Figure 7a.

Effect of Copolymer Architecture: Triblock/ Diblock Blend
vs Tetrablock. A striking example of the role played by the
copolymer architecture is provided by the comparison be-
tween a diblock/triblock blend and an A-B-A-B tetra-
block copolymer. In a recently proposed molecular model of
the linear viscoelastic behavior, Gibert et al. reduce the
triblock/diblock blends to a blend of bridging chains and
pendant chains.39,40 Their model suggests that a properly
designed A-B-A-B tetrablock copolymer could have
identical linear viscoelastic properties to a blend of A-B
diblock and A-B-A triblock. Three conditions are neces-
sary in order for this equivalence to be achieved: (i) The A
content needs to be constant in order to maintain the same
thermodynamically stable structure (spheres of A in amatrix
of B). (ii) The molecular weight of the B free end-block in
theABAB chains has to be the same as that of the B sequence
of diblock chains in the ABAþAB blend. (iii) The length of
the B blocks trapped between two A blocks in the ABAB

chains has to be chosen in order to respect the same “pendant
B chains/bridgingB chains” ratio. Therefore, the length of the
equivalent triblock in the ABAB chains could not be equal to
the length of the triblock chains in ABA þ AB blends.

In order to test these ideas, a SISI tetrablock copolymer
was synthesized by ExxonMobil Chemical. The polymer had
an overall styrene fraction of 16 wt % with 46.2 wt % of the
polyisoprene corresponding to the “bridgeable” block be-
tween styrene blocks. The molecular weight of the non-
bridgeable block is just slightly higher than the
polyisoprene block of the SI chains. As expected, the linear
viscoelastic properties of a SISI tetrablock and a SIS/SI
blend are nearly identical, provided that they are formulated
according to the three criteria listed above. Room tempera-
ture data for the specific blend used by Roos41,42 are shown
in Figure 8 and confirm the similarity of the linear viscoe-
lastic properties of these materials. Gibert et al. have ob-
tained similar results over a much broader temperature and
frequency range, even with the addition of substantial resin
fractions.43

An important difference between the SISI and tetrablock
and the SIS/SI blends is that the tetrablock has a covalent
bond linking the equivalent triblock and diblock chains.
Therefore, while no difference is seen in the linear viscoelastic
response, we would expect to see differences in the large-
strain mechanical properties and consequently on their
adhesive properties. The expected differences in the large-
strain tensile properties are illustrated by the comparison
shown in Figure 9. The tensile curves of the tetrablock-based
adhesive and the corresponding SIS/SI-based adhesive are
extremely different. We also have represented for compar-
ison the pure SIS blend data of Figure 5. In both cases there is
a linear increase in the stress at low strains, followed by strain
softening and then strain hardening regimes. Reduction in
the bridging fraction by the addition of the additional
polyisoprene block or by the addition of the SI diblock
copolymer increases the strain softening, but the details
depend on the way the decrease in bridging fraction is
achieved. Use of tetrablock chains causes the hardening to
occur at much lower strains (∼600% as compared to 1200%
for the SIS/SI blend).

Figure 7. Nominal stress in uniaxial tension (a) and elastic membrane
tension in equibiaxial extension (b) for diblock/triblock blends. Stresses
andmembrane tensions are normalized by the values corresponding to a
neo-Hookean material.

Figure 8. Linear viscoelastic properties for the adhesive blends based
on SIS-a þ SI with 54% SI and on SISI: (a) G0 and G0 0 and (b) tan δ.
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Although an unambiguous molecular interpretation of
these results is difficult to make, the results clearly show that
the architecture-dependent connectivity between polystyr-
ene domains can be discerned much more clearly from large-
strain measurements and are often difficult to see from
measurements of linear viscoelasticity. Given the large
strains involved in the debonding processes of soft adhe-
sives, this result implies that it is also difficult to predict
quantitatively the adhesive performance from the linear
viscoelastic properties.

Effect of Copolymer Architecture: Star vs Linear.Another
example of the effect of copolymer architecture is obtained
from a comparison involving a four-arm star-block
copolymer, (SI)4, which has the branch point at the ends of
the polyisoprene blocks of the constituent arms. Each arm of
the star corresponds to one SI diblock or to one-half of the
SIS triblock. Hence, the total molecular weight of the star is
twice that of a triblock.Comparison between a (SI)4/SI blend
and a SIS/SI blend (each containing 60% resin) shows two
important differences. First, the (SI)4/SI blend softens for
higher levels of stress, indicating a higher density of cross-
links or trapped entanglements, and the finite extensibility of
the SI4/SI blend is apparent for lower values of λ. The

difference in the finite extensibility and in the density of
cross-link points is very clear from the tensile tests (see
Figure 10a). If we say that the finite extensibility of the blend
should scale as the square root of the molecular weight
between chemical or physical cross-link points, the star
tensile curve should bemoved to lower extensions by a factor√
2, which is the case in Figure 10b. This result is illustrated

by renormalizing the deformation by the theoretical max-
imum extension λmax. On the basis of the value of Rg in the
melt,44 λmax is equal to 19 and 26 respectively for the SI4 and
SIS copolymers.

Large-Strain Hysteresis. Because the adhesion energy is
determined by the energy expended in deforming the
adhesive material, experiments designed to quantify the
mechanical hysteresis are instructive.Figure 11andFigure 12
show results obtained for blends without resin and with
60 wt % resin at room temperature. On each graph we show
results for successive tensile tests carried out on the same
sample, with values of the maximum extension, λmax, in-
creasing from 1.25 to 2 to 3.5. A hysteresis loop was
considered complete when a sample was stretched to each
λmax at a ramp of 5 mm/min, corresponding to an initial
strain rate of 0.005 s-1, and then cameback to zero force. The
extension was recorded by a laser video-extensometer
following the distance between two marks in the middle part
of the stretched sample. There was a 120 s break between
each hysteresis loop to release the residual stress. The
hysteresis loops for increasing values of the maximum
extension, λmax, are plotted for each material. The area in
the center of a hysteresis loop is a direct representation of the
dissipated energy.

The pure SIS material displays little hysteresis with or
without added resin. The only difference being the initial
modulus Ewhich drops from approximately 3 to 0.4MPa as
resin is added, consistentwith rheological data. The situation
is very different when 54% of diblock copolymer is present.
The hysteresis becomes much larger, in particular for
extensions above 2. Furthermore, the added resin plays a

Figure 9. Nominal tensile stress as a function of uniaxial extension for
the adhesive blends based on SISI, on SIS-a þ SI, and on SIS-a at =
0.5 s-1 (T=22 �C). The data are those of Figure 5bwith the addition of
the SISI data. Resin content for all blends is 60 wt %.

Figure 10. Uniaxial tensile data for the SIS-a/SI and SI4/SI blends for
0.5 s-1 andT=22 �C. (a) Nominal stress vs λ for the SI4/SI blends and
the SIS-a/SI blends. In both cases the percentage of diblocks in the
copolymer blend is 50%. (b) Same data plotted as a function of λ/λmax.
The percentages on the figure are the percentages of diblock in the
blends. Values of λmax are 19 and 26 respectively for the SI4 and SIS-a.

Figure 11. Step-cycle tests for block copolymers materials without
resin: SIS-b (a) and a SIS-b/SI blend with 54 wt % SI (b). Percentages
indicate the maximum strain experienced for each cycle.
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significant role in increasing the hysteresis at high strains.
This is exactly the deformation range found at the edge of a
debonding front of an adhesive. Indeed, the material con-
taining 54% of adhesive is much stickier than the pure SIS,
while maintaining a similar initial modulus due to the
entanglement structure.

While the experimental protocol used in these experiments
is similar to the standard tests used to detect the Mullins
effect in filled elastomers,45 no real Mullins effect was
identified in our materials. Indeed, the energy dissipation
we measured does not seem to be due to the breakage of an
organized structure but more to classic viscoelastic dissipa-
tion at the macromolecular scale. It is interesting however to
note that while the resin substantially increases the glass
transition temperature and the monomer friction coefficient
at room temperature,7 it does not greatly affect the shape of
the loading curves. On the other hand, the unloading curves
for the SIS þ SI blend are significantly affected by the
presence of this high-Tg resin, implying a slowing down of
the relaxation of the stretched polymer chains.

Overall, we observe that, within this range of molecular
weights that are much larger than the average molecular
weight between entanglements, the molecular weight of the
midblock has an important effect on the maximum extensi-
bility and on the softening at intermediate strains, but it has
no discernible effect on the linear viscoelastic properties.
On the other hand, the ratio of pendant chains to bridging
chains has a very important effect on the dissipative proper-
ties on the blend, in addition to its effect on the large-strain
properties.

Adhesive Behavior. As mentioned in the Introduction,
block copolymer blends of the sort described in this Perspec-
tive find interesting applications as pressure-sensitive adhe-
sives. An important requirement of a good PSA is that
interfacial bond failure by crack propagation be limited,
even when the adhesive forces are due to relatively weak van
der Waals forces. The material must also maintain a dis-
tinctly solid character, exhibiting minimal creep under a

constant low level of stress. The capability to resist inter-
facial crack propagation is typically tested by bringing a
flat ended or spherical probe in contact with the adhesive
film and subsequently removing it at a constant velocity.10,14

An example of such a debonding curve for a flat-ended
probe removed from a 100 μm thick layer of SIS/SI adhe-
sive blend with 42% diblock is shown in Figure 13.41 These
data are plotted as a function of the engineering strain,
ε, with ε = λ - 1. The force-displacement curve extends
with a nonzero force up to distances several times the initial
thickness of the film. The images taken during the debonding
process show that the first initial peak is due to the nucleation
of a series of cavities, with a size comparable to the thickness
of the film, and the subsequent plateau is due to the extension
of a fibrillar foam in the direction of traction until the fibrils
detach cleanly from the surface. The formation of a such a
highly extended foam is a clear signature of the high resis-
tance to interfacial crack propagation of the adhesive/sub-
strate interface. This general scenario occurs for all the
styrene/isoprene block copolymer blends discussed here.
However, the detailed shape of the force displacement curve
varies.41,46

Typical debonding curves are shown in Figure 14 for the
different SI block copolymer blends discussed above. The
level of the plateau in stress during the extension of the
fibrillar foam is clearly related to the large-strain tensile test
as can be readily seen by comparing Figure 14a with
Figure 5b (SIS/SI blends), Figure 14b with Figure 9 (SIS/
SI blend and SISI tetrablock), and Figure 14c with Figure 10
(SI4/SI and SIS/SI blends). It is particularly noteworthy to
see that while the small strainmoduli of the SIS/SI, SISI, and
SI4/SI materials are all very similar at the typical strain rate
applied during these probe tests, the level of stress required to
extend the fibrillar foam varies significantly with the copo-
lymer architecture. Such differences in the resistance to fibril
extension during debonding lead to important differences in
the adhesive properties evaluated by industry-standard
methods.43,47

Finally, Figures 11 and 12 show that at low strain rates and
at intermediate strains the presence of pendant chains in-
creases the level of dissipated energy during stretching of the

Figure 12. Step-cycle tests for block copolymers blends with 60 wt %
resin: SIS-b (a) and SIS-b/SI blend with 54 wt % SI (b). Percentages
indicate the maximum strain experienced for each cycle.

Figure 13. Debonding of an SIS-a/SI PSA blend from a steel surface.
The blend consists of 60% resin, and 42% of the block copolymer is SI
diblock. The stress represents the force normalized by the initial area of
contact, and the strain is the displacement of the probe normalized by
the initial thickness of the PSA film.
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material. This different level of hysteresis has an important
effect on the adhesive properties. These differences become
increasingly obvious when the adhesive blends are detached
from surfaceswhere van derWaals forces areweaker, such as
a polyolefin surface.48 In this case the stress-strain curve
and the resulting foam structure formed during the debond-
ing of the adhesive layer depend markedly on the competi-
tion between the interfacial crack propagation process and
the extension of the walls of the foam in the tensile direction.
The development of an appropriate adhesive failure criter-
ion, integrating both interfacial interactions and topography
and the rheological properties of the adhesive, remains an
important unsolved problem for these highly dissipative
materials. The difficulty arises from the need to couple the
highly nonlinear, large-strain mechanical behavior of the
material with an accurate description of the boundary con-
ditions.

In spite of these difficulties, some important progress
has been made in describing the micromechanics of ad-
hesive failure in highly deformable elastics solids. The
initial stages of the debonding (cavitation vs interfacial
crack propagation) have been analyzed for elastic layers49

and more recently for viscoelastic layers.50,51 The late
stages of the debonding process (fibril formation and
detachment) have bee described with solid mechanics
models.52,53 A full-fledged mechanistic model has also
been developed to describe the complete debonding of
perfectly bonded viscoelastic fluid layers.54,55 These mi-
cromechanical models illustrate the important role played

by the following features: (i) Viscoelastic dissipation at the
edge of the moving crack, which retards crack propaga-
tion. (ii) Strain softening behavior of the material at
intermediate strains, which controls the nature of the
“blunted” crack tip at the periphery of a debonded zone.
Strain softening acts to reduce the mechanical driving
force for adhesive failure at intermediate strains. (iii)
Strain hardening at large strains, which controls fibril
stability and fibril detachment.

An example of the effect of block copolymer architecture
on the 3D debonding structure is shown in Figure 15, where
the three adhesive blends are debonded from an ethylene-
propylene (EP) surface. The increased hysteresis andmarked
strain softening brought by the presence of the pendant
chains of the diblock copolymer and of the SISI strongly
tilts the balance toward fibril formation and prevents the
interfacial crack propagation which is observed for the SIS
based adhesive. Note also that the combination of the more
pronounced strain hardening at large strains of the SISI
combined with the softening at intermediate strains due to
the presence of the pendant chains results in a higher tensile
stress and a fibrillar structure.

This very marked strain softening and large-strain hys-
teresis, while maintaining a clearly solid and nonflowing
character at small strains, is a significant advantage of the
block copolymer systems for the adhesive applications.
Simple sparsely cross-linked networks made by free radical
polymerization of acrylic copolymers can only be made
viscoelastic by introducing a significant amount of net-
work imperfections which in turn negatively affect creep
resistance.

Conclusions

The focus of this article has been on the relationships
between the molecular architecture of block copolymers and
block copolymer blends, the large-strain behavior of these
materials, and their adhesive performance. Examples have
been provided to highlight the importance of factors affecting
the large-strain response and the related tack behavior but
that have little or no effect on the linear viscoelastic proper-
ties. Specific examples for spherical domain morphologies,
with spherical glassy domains in a rubber matrix, are as
follows:

• Reducing the bridging fraction by the addition of
diblock copolymer substantially enhances the ob-
served strain softening and delays the onset of strain
hardening to much larger strains (Figure 5b).

• Entanglements contribute to the modulus at low
stresses, but the effect of entanglements diminishes
at higher stresses, resulting in a substantial strain

Figure 14. Tensile part of the nominal stress vs strain curves obtained
on 100 μm thick layers of PSAwith a cylindrical flat-ended steel probe.
(a) Comparison of the SIS-a and SIS-a/SI blend with 54% SI (V=100
μm/s). (b) Comparison of the SIS-aI tetrablock and the SIS-a/SI blend
with 54% SI (V = 100 μm/s). (c) Comparison of the SI4 and SIS-a/SI
blend with 64% SI (V = 10 μm/s). Each material contains 60% resin.

Figure 15. Tensile part of the nominal stress vs strain curves ob-
tained on 100 μm thick layers of PSA with a cylindrical flat-ended
EP coated probe. Comparison between the SIS-a and SIS-a/SI
blends with the SISI tetrablock (V = 10 μm/s). Each material
contains 60% resin.
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softening of thematerial relative to the prediction for a
neo-Hookean material.

• Energy dissipation is increased substantially by a
reduction in the fraction of bridging chains between
glassy domains (Figures 11 and 12).

• The stress/strain curves measured during a tack curve
(deformation of a thin film along its thickness direc-
tion by adhesive contact with an indenter) mimic the
results obtained from standard tensile tests (com-
parison of Figure 14 with Figures 5, 9, and 10).
Correlation of adhesive performance to large-strain
mechanical response is much stronger than the cor-
relation to linear viscoelastic properties.
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(25) Tong, J. D.; J�erôme, R. Polymer 2000, 41, 2499.
(26) Tong, J. D.; Moineau, G.; Leclere, P.; Bredas, J. L.; Lazzaroni, R.;

Jerome, R. Macromolecules 2000, 33, 470.
(27) Tong, J. D.; Lecl�ere, P.; Doneux, C.; Br�edas, J. L.; Lazzaroni, R.;
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