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I. INTRODUCTION

A variety of adhesion tests serving different purposes have been developed in the PSA
industry. However almost all of them provide the user with a single number, characteristic of
performance such as the peel force or tack force or shear holding time and do not provide any
insights on the underlying failure mechanisms responsible for the final result.

The probe tack test, is widely used to test the short-time, low-pressure adhesion. This test,
which is effectively a test of an adhesive layer in a butt joint geometry has the advantage of
applying a fairly uniform displacement (uniform stress field and strain rate) to the adhesive film
over the whole surface of the probel:2, and for those soft adhesives where failure involves the
formation of cavities and fibrils34, it facilitates the analysis of the process. A set of probe-tack
curves obtained for different pressure-sensitive-adhesives (PSA) and varying experimental
conditions are displayed on Figure 1. The maximum nominal stress Gma.x , the maximum nominal
strain €y,x, and the adhesion energy, Waq, defined as the integral under the stress-strain curves, are
the easily accessible parameters characterizing the performances of a PSA in such a test, and
provide clues for the practical design of the molecular structure of the polymeric material for a
given application as pointed out by Zosel>. However, for a more refined optimization of the
properties, it is helpful to understand what really happens when testing the adhesive film and how
its molecular structure is involved. New developments in both instrumentation and interpretation of
the results have provided insights in the debonding mechanisms of soft adhesive layers. In
particular the breakdown of the debonding process in separate stages allows a better understanding
of the role of the molecular features of the adhesive and the coupling between the rheological
properties of the adhesive and the surface properties of the adherent. Some of these new concepts
are reviewed here with the help of experimental examples.
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Figure 1 : stress - strain curves at room temperature as a function of debonding speed for (a)
a cross-linked acrylic adhesive, and (b) a SIS based adhesive.



I1. INSTRUMENTED PROBE TACK TEST

We perform the mechanical measurement as follows : the adhesive layer is deposited as a 50-
100 pum thick layer on a clean glass slide, and a flat cylindrical probe, of radius 3 to 5 mm, usually
made of glass or stainless steel, is brought into contact with it and subsequently removed as shown
on Figure 2. If desired, the surface of the probe can be coated with a molecularly thin mineral or
organic layer (soft/hard polymer...) in order to modify surface interactions. During the compression
phase, we apply a nominal contact pressure of 1 MPa, in order to achieve a maximum contact area.
The contact time can be varied between 1 sec and more than 1 hour, and the probe is then removed
from the film at a constant probe velocity which can be varied between 1 and 1000 pm/s. The
temperature is controlled, and can be varied between —20°C and 60°C. Our custom-designed probe
tack apparatus allows the observation of the adhesive film from underneath the transparent substrate
with a microscope and/or a video camera along with the simultaneous acquisition of a nominal
stress and strain curves. The nominal stress o, is defined as the force divided by the contact area,
and the strain &, is defined as the displacement divided by the thickness of the film. Details on the
experimental setup can be found elsewhere®.
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Figure 2 : schematic of a probe-tack test

The key advantage of the probe test is the possibility to break up the debonding process into
separate stages, which are described schematically in Figure 3 :

1. Homogeneous expansion.

2. Initiation of the failure process at low deformation through the formation of microscopic
cavities at the interface between the film and the probe or in the bulk of the adhesive layer.
The load-bearing area decreases, and as a direct consequence, o goes through a maximum,
defining Oax.

3. Expansion of these cavities, mostly in the lateral dimensions.

4. Elongation of the walls in between the cavities in the direction of the applied stress, at an
approximately constant level of nominal stress. Eventually fracture occurs by creeping
(cohesive failure) or debonding of the foot of the polymer ligament from the probe, defining

Emax-



The details of each one of these individual stages (levels of stress, strain, shape of the curve)
are sensitive to the rheological properties of the adhesive and to the surface properties of the probe.
However different properties influence different stages and it is the purpose of this paper to provide
interpretation keys.
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Figure 3: Typical debonding mechanisms observed during a probe test on a soft adhesive
III. MECHANICAL ANALYSIS AND EXPERIMENTAL RESULTS

The first mechanism occurring during the application of the tensile stress is the formation of a
cavity. The underlying reasons for the occurrence of this cavitation process have been recently
discussed?.7:8 and can be summarized as follows:

The most common way for a material to release its elastic strain energy when it is stressed in
tension, is to initiate and then propagate a crack. For soft adhesives, i.e. polymer melts or gels of
low elastic modulus, this process is not favoured as it requires large bulk viscoelastic dissipations
and the available strain elastic energy is not very large’. Moreover, in the probe tack geometry, the
lateral dimensions of the compliant adhesive layer, i.e. diameter of the probe, are significantly
larger than its thickness, 4. Consequently, as the layer is deformed in the thickness direction, lateral
strains cannot be accommodated and significant lateral stresses develop. The resulting strong
hydrostatic pressure induces an alternative deformation mode to the propagation of a crack, namely
the cavitation process’.

Figure 4: Video capture of cavities at the interface between the probe surface and the
adhesive layer for an SIS based adhesive.

Figure 4 shows a magnified video capture of cavities for a styrene-isoprene-styrene (SIS)
based PSA on a steel surface, observed with a microscope working in reflection mode. Focusing



was done on the surface of the polished steel surface probe. When cavities appear as a result of the
applied tensile stress, they are sharply outlined, implying therefore that, in this case, nucleation
occurred at / or very near the interface, and expanded both in the bulk of the adhesive layer and at
the interface. Many years ago, it was noted by Gent? that a cross-linked elastomer could not sustain
a hydrostatic stress higher than approximately its elastic modulus without undergoing cavitation,
that is the unstable expansion of an existing defect into a macroscopic visible cavity. This
mechanical analysis was extended to a polymer melt by considering its time dependent modulus!9.
For a polymer melt, the rapid growth of a cavity is predicted when :

Onya > E(2) (1)

where E(?) is the time dependent elastic modulus and 0, is the hydrostatic component of the
applied stress. In agreement with Kaelble predictions’, and applying time-temperature
superposition, we indeed observed a direct correlation between the shear elastic modulus G’ (@) and
the maximum stress o, (V4p) for different model acrylic PSA’s over a large range of frequency /
debonding rates and temperatures®. An increase in ona.x With an increasing rate of debonding or a
decreasing temperature was observed, and that increase closely matched the increase of the elastic
component of the shear modulus G’(w), as shown on Figure 5. This result was found on other
adhesives although the ratio 0;,,,/G' was not identical from one adhesive to another.
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Figure 5: 0,,,. and E' as a function of the reduced shear frequency aif=w/2m, where aris the WLF
shift factor, or of the reduced strain rate arde/dt. (®) Gy ; (—--) E'

Therefore the value of G« in a probe test provides us chiefly information on the elastic bulk
properties of the adhesive rather than on its adhesive properties.

However, intuitively, the probe surface roughness should also impact the cavitation process,
since air bubbles could be trapped at the interface or an inhomogeneous strain field could be created
from asperities on the surface. Both could act as nucleation sites for the formation of cavities. Such
effects are observed for example, when the roughness of the probe is varied. Recent systematic
experiments have shown that the amplitude of the surface asperities has a direct effect on the level
of stress at which the cavities are formed!!. The rougher surface giving a much lower value of Gpax
than the very smooth one.



Once a few cavities have appeared and as the adhesive film is further strained in the tensile
direction, the next process is usually the lateral growth of existing cavities. This lateral growth is
always accompanied by a decrease of the force on the probe mostly due to the decrease in load-
bearing area that this process entails. This lateral growth, essentially an interfacial process, as
opposed to the nucleation of the cavities, is analogous to the propagation of a crack and can be
analyzed with similar tools. When a crack propagates at the interface between a rigid surface and
an elastomer, there is a relationship between the elastic energy which is released ahead of the crack
(G) and the crack velocity. This relationship which is strictly valid when the elastomer is fully
elastic can be given by an equation of the typel2.13:

G=Go (1+(NH") 2)

where @, is the value of the energy release rate at a vanishing crack velocity (which can
sometimes be equated to the thermodynamic work of adhesion of the polymer melt on the surface)
and the parameters v* and n characterize the velocity dependence arising from viscoelastic
dissipation in the vicinity of the crack tip. Although equation 2 cannot be applied directly in the
confined geometry of a probe-tack test or for very viscoelastic materials, it gives an insight into the
type of coupling existing between the rheological properties of the adhesive and the surface
properties of the adherent!4. G, for typical PSA's on steel surfaces, is rather high and prevents
extensive lateral crack propagation, favoring the formation of a fine bubble structure and
subsequent fibril stretching mechanism. Insight on the nature of the coupling can however be
obtained from studies on model systems.

Substantial changes in G, can be induced by varying the surface probe chemistry, for example
by coating a steel surface with a thin layer of poly(dimethyl siloxane) (PDMS). In this case, G, is
low for most PSA's , the cavities grow mainly at the interface and their coalescence lead to a rapid
adhesive failure!415. An example of the change in failure mechanism due to the reduction of g, is
given on figure 6. Alternatively, a change in the dissipative rheological properties of the adhesive
layer (G”) will affect the dissipative part of equation 2 and therefore v and n. One should therefore
stress that this lateral propagation stage is the main source of interfacial information. A
modification of the adhesive interactions or of the dissipative properties of the adhesive will have
its most important effect on the decrease in force after the maximum.
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Figure 6: Stress-strain curves of a soft adhesive on steel (solid line) and on a PDMS coated
surface (dashed line). Note the rapid decrease in stress after the maximum for the PDMS surface
compared to steel, while the two values of G, are almost identical.



Finally, if the lateral propagation is slow, the individual cavities/cracks will never coalesce
and the walls between cavities will extend in the direction perpendicular to the plane of the film.
This vertical elongation of the walls between cells implies that, at the molecular scale, there is a
progressive orientation of the polymer chains in the direction of traction*!6. Some of the
extensional growth is a result of a creeping process and some is due to the drawing of unoriented
polymer from the film. The respective importance of the two mechanisms will depend on the
rheological properties of the adhesive in elongation (large strain regime). Although the elongational
properties of a polymer melt of linear chains can be reasonably well predicted by its linear
viscoelastic properties, this is not the case for the partially crosslinked gels used normally as PSA
17 For example, Figure 7 shows stress-strain curves for a SIS based PSA with a variable amount of
ST diblock!8. Tt is clear that the fibrillar part of the curve at large strain is more affected than the
value of G,,,,.

In this case, the ultimate failure occurs by detachment of the foot of the fibril from the surface
of the adherent, while for a weakly strain hardening acrylic adhesive or for an acrylic polymer melt,
some cohesive fracture of the fibrils could be observed®:1°.

The maximum extension achieved, and therefore the adhesion energy, depend as a result
strongly on the elongational properties of the adhesive and weakly on the interfacial strength still
characterized by G,.
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Figure 7: Stress-strain curves of four adhesives based on SIS+SI. The increasing proportion of SI
in the adhesive significantly modifies the fibrillation part of the curve. This difference is captured
best by the elongational properties of the adhesives. T = 22°C, Probe debonding velocity =
10um/s.

V. CONCLUSION

The performance of PSA's is critically dependent on the fine control of their yielding behavior
under relatively small stresses. This yielding behavior often occurs in highly confined geometries,
and the ability to design tests with realistically large values of the confinement ratio is one of the
advantages of the probe tack test. Moreover, because of the uniform strain and strain rate which are
applied by a flat probe test, the debonding process can be easily broken down into more elementary
steps and analyzed. As opposed to a more conventional test such as peel, an instrumented tack test
provides information on the sensitivity of each specific step to the molecular features and
experimental conditions.



In particular we have been able to distinguish between the initiation of failure (controlled by the
linear viscoelastic G'), the interfacial propagation of a crack (controlled by G.) and the extension of
a fibril (controlled by the nonlinear extensional properties of the adhesive).
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