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Linking peel and tack performances of pressure
sensitive adhesives

Vivek Pandey,a Antoine Fleury,a Richard Villey,b Costantino Creton *a and
Matteo Ciccotti *a

The performances of Pressure Sensitive Adhesives (PSA) are generally evaluated using different loading

geometries such as tack, peel and shear tests. It is difficult to link the behaviors of PSAs in these

different geometries, and to predict the result of one test from another, because the confinement of a

soft and dissipative material prevents the use of standard fracture mechanics, which separates the

interface debonding behavior from the dissipation associated with the bulk deformation. We present

here an original experimental investigation based on the modeling strategy proposed by Creton and

Ciccotti[1]. Using instrumented versions of both peel and tack measurements, we compared the

adherence performances of a series of model PSAs based on styrene–isoprene block copolymers, while

identifying the mesoscale mechanisms at play during debonding. This analysis method allows us to

model the contribution of the large strain rheology of the PSAs in the total work of debonding. We

clearly show that both the adherence performances and local mechanisms can be closely related

between peel and tack when considering both similar confinement and a similar strain rate of the fibrils

that are spontaneously formed during debonding. While the overall adherence properties change by a

factor of 3 between the different samples, the peel tests only present a minor +20% bias in adherence,

which can be attributed to the combination of a 10% increase in the average stress and a 10% increase

in the maximum strain of the fibrils. This improvement in the understanding of the PSA performances

opens the way to a more sound mechanical design of PSA based joints.

1 Introduction

Pressure Sensitive Adhesives (PSA) are used as a safe and versatile
means to precisely assemble, package and label, thanks to their
high level of adherence on very different substrates and their very
easy implementation.2 Yet the debonding of PSAs, which is used
to assess performance, is a classic example of the difficult and
unsolved issue of fracture in confined soft viscoelastic materials.
The performances of PSAs as evaluated with different loading
geometries such as tack, peel and shear tests,3 which are not
easily related to one another since standard fracture mechanics
cannot be applied to separate the interface debonding behavior
from the energy dissipation related to bulk deformation of the
whole joint.1 While the shear test is specifically designed to probe
the long term performance of the adhesive under a moderate
load and is outside the scope of this paper, both the peel and tack
tests can be used to assess the adherence of a PSA under the

action of a mostly tensile and rapid loading. Because of its ease of
implementation, the peel test is the workhorse of the industry.
Yet because of the presence of the flexible backing, imposing a
rather complex and self-adjusting loading geometry on the
adhesive, experimental investigations focusing on the debonding
mechanisms acting in the adhesive itself have been mostly
carried out with the probe tack test.4–7 The transposition of the
results of the probe tack test, which is well adapted to the
development stage of new adhesives, to a peel test would be
desirable, but to the best of our knowledge it has never been done
quantitatively. In particular, the presence of a complex debonding
region in both the peel and tack tests8,9 (cf. Fig. 1) where the
adhesive undergoes cavitation and the very large strain of a
spontaneously formed fibrillar network (also called stringing) has
defied many modeling attempts over the past 70 years.1

Starting from the pioneering work of Kaelble, it was recognized
that the viscoelastic properties of PSAs are a key ingredient
controlling the bonding performance, yet only linear (low strain)
properties were considered by most authors.10–13 Dahlquist14

proposed that the elastic component of the modulus m0 at 1 Hz
needed to be below a certain value to form a good contact with a
rough surface and that a relatively high value of the loss factor
(tan(d) between 0.3 and 0.5 at 1 Hz) was required to provide

http://orcid.org/0000-0002-0177-9680
http://orcid.org/0000-0003-2707-9217
http://crossmark.crossref.org/dialog/?doi=10.1039/c9sm02172h&domain=pdf&date_stamp=2020-03-12
http://rsc.li/soft-matter-journal


3268 | Soft Matter, 2020, 16, 3267--3275 This journal is©The Royal Society of Chemistry 2020

resistance to debonding. These properties are easily achieved
with a sparsely physically or chemically cross-linked polymer net-
work using a polymer with a low glass transition temperature
(around 50–70 1C below the usage temperature) as also discussed
by Zosel in a seminal paper.5 However, several recent investigations
have pointed out the major role played by the non-linear (large
strain) viscoelastic properties of these polymers in the adherence
performances, in particular during slow debonding, where the
fibrillated regions reach the largest extensions.15–17 While peel, a
steady-state test of debonding, and probe tack, a transient test, have
generally been investigated independently, the recent development
of novel instrumented peeling techniques and related modeling
procedures make it now possible to carry out a quantitative analysis
of the debonding region for both cases. Hence, the peel and tack
performances can now be compared and are shown here to be
related to different expressions of the same kind of local debonding
mechanisms.

Among the commercially available families of PSAs one
distinguishes three large groups: solvent-borne acrylic adhesives,
emulsion acrylic adhesives and block copolymer-based adhesives.18

In the present manuscript we focus on a series of blends of styrene–
isoprene–styrene triblock copolymers, styrene–isoprene diblock
copolymers and a hydrogenated tackifying resin that can be easily
formulated in a laboratory. While these polymers share very
similar rheological properties in the linear domain, they behave
very differently under large strain where the polymer architecture
is important.19,20 We also selected this family of PSAs because
their linear, non-linear and adhesive properties have been extensively
analyzed in the past.12,19–22 This article presents a thorough
comparison of the peel and tack performances of this series of

adhesives for different loading velocities. Thanks to the insights
provided by the instrumented peeling technique, we can com-
pare the peel and tack performances by analyzing the adherence
energy, the average stress and the maximum stretch of the
adhesives in conditions where the local debonding strain rates
of the fibrils are similar.

2 Sample composition and
preparation

The PSAs used in our experiments are based on styrenic block
copolymers (SBC). They are blends of styrene–isoprene–styrene
(SIS) triblocks and styrene–isoprene (SI) diblocks synthesized
by Dexco (Dow Chemicals and Exxon-Mobil Chemical joint
venture). Four different blends were formulated by changing
the SI diblock weight percentage (from 0% to 54%) as reported
in Table 1. A low molecular-weight and high Tg resin is also
added to this blend as a tackifier in order to bring the mixture
into the proper rheological window for PSAs.23 The tackifying
resin must be miscible with polyisoprene, but immiscible with
polystyrene.24 For this reason, we have used a hydrogenated
hydrocarbon resin derived from cyclopentadiene produced by
ExxonMobil Chemical, also commercially known as Escorez
5380 (Tg(DSC) B 40 1C). These tackifiers not only dilute the
entanglement network, but also increase the Tg of the blend to
give it a tacky behavior. Each of the four different adhesive
formulations was prepared using 40 wt% of the block copolymer
blend (SIS/SI as in Table 1) and 60 wt% of tackifying resin. These
compositions are the same as the ones investigated in ref. 19, 20
and 23, which provided both rheological characterization and
tack measurements for comparison.

PSA solutions were prepared by stirring the above formulation
with toluene (15 to 25 wt% polymer) for 24 h with a magnetic
stirrer. The samples for the probe tack experiments were prepared
by pouring a quantity of 2.5 to 3 mL of the solution onto a glass
slide (100 � 25 � 2 mm3). The samples were first kept under a
non-airtight desiccator cover for 24 hours to undergo slow
evaporation, and then the solvent was completely evaporated
by drying the samples in a vacuum oven at 45 1C for 24 h.
Depending on the polymer concentration and the quantity of
poured solution, we could obtain a variable sample thickness in
the range of a0 = (150� 25) mm. The peel samples were prepared
according to the same protocol, but using as a substrate a PET
backing sheet (160� 160 mm2 area, a thickness of h = 52� 2 mm).
After completely drying, the peel samples were cut into
strips (160 � 20 mm2) and protected by a silicon coated liner
before use.

Fig. 1 Fibrillar debonding region in the peel and tack tests.

Table 1 Sample composition

SIS/SI commercial
name SI, wt%

Mw (SIS),
kg mol�1

wt% S
in SIS

Mw (SI),
kg mol�1

wt% S
in SI

VR4100 0 154 15.1 — —
VR4113 19 154 15.1 72 15
VR4114 42 156 15.1 72 15
DPX565 54 176 16.1 72 16
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The created PSAs microstructure is thus as follows: the
styrene end-blocks of the copolymer chains create glassy
domains poor in tackifying resin. Outside of the domains, the
long isoprene chains are diluted in the tackifying resin; they are
mobile and entangled. Since the volume fraction of the glassy
phase is limited to 6% in the adhesive, the microphase separated
structures result in a dilute, but highly regular, density of nano-
scale nodules acting as cross-link points20,24 as presented
schematically in Fig. 2. For pure triblock copolymers, these
result in a soft elastic behavior at ambient temperature with an
order–disorder transition of about TODT B 150–180 1C where
the physical network (resulting from phase segregation) dis-
appears and the polymer can flow as a thermoplastic.25 In the
final composition of the adhesive, the tackifier has the effect of
both diluting the entanglements, therefore softening the
material,26 and of increasing the glass transition temperature,
and hence the dissipation at a fixed temperature.20 On the
other hand, the diblock copolymer modifies the large strain
behavior by reducing the number of bridges between polystyrene
domains.19,20,24 Yet in the composition regime explored in this
study the large strain behavior remains quite elastic in character,
with important strain hardening at ambient temperature.19

3 Instrumented peeling test

The peeling measurements were performed using the instrumented
peel test setup developed in our laboratory and previously presented
by Villey et al.16 (cf. Fig. 3). The adhesive tape is peeled from a flat
bar by an Instron testing machine (model 3343), which records
the peeling force F while imposing a constant pull-out velocity
V A [3:3000] mm s�1. The bar, which can be tilted at an angle
y A [301:1501] with respect to the pulling axis of the testing
machine, is mounted on a translation stage: it is translated at
the same velocity V as the pull-out velocity, resulting in steady
peeling at constant angle y.

In the present measurements, the translating bar is set in a
horizontal position in order to obtain peeling at y = 901 as in
standard peeling tests [cf. ISO 8510-1 (1990)]. The adhesives are
initially bonded on a flat glass substrate that is fixed on the

translating bar in order to present the same substrate as in the
tack measurements. The contact is formed by hand pressure.
The peel velocities used here were V peel = 10, 100 and 1000 mm s�1,
where steady-state adhesive debonding is observed, with no
residues left on the substrate. The measured force reaches a
constant value F peel after going through an initial peak that is
neglected in the present measurements. Since the backing is
stiff and the peel angle is not too close to 01, the elastic energy
stored in the backing can be neglected and the adherence
energy can therefore be obtained by the measured peel force
F peel using the simplified Kendall equation:27 Gpeel = F peel/b,
where b is the width of the tape.

The application of the instrumented peeling technique
described in Villey et al.16 allows one to extract valuable details
on the debonding mechanisms during steady-state peeling. The
shape of the tape backing profile close to the debonding region
(where the adhesive is deformed before debonding) is monitored
during the peeling experiments using a 1624 � 1228 pixel CCD
camera equipped with a microscope objective and a frame rate of
10 fps (a resolution between 0.55 and 2.2 px mm�1). For each frame
of the movies (such as the one presented in Fig. 4), the outer profile
of the tape backing is extracted using a binarization algorithm that
detects the interface between the dark background and the illumi-
nated tape. The tape backing profile does not significantly change
with time during steady peeling. We can thus average this profile
over 200 frames, which removes detection imperfections and even-
tually results in a significant increase of the signal-to-noise ratio.

The second step is to fit this average profile with a mechanical
model describing the backing as an inextensible elastica that
interacts with the substrate through a cohesive zone representing
the mechanical behavior of the stretched fibrils in the debonding
region as sketched in Fig. 5. Since the fibrils do not appear to
slide on the substrate, their direction is obtained by linking a

Fig. 2 Schematic of the domain organization of the block copolymer
chains and the tackifying resin in the blend. Both triblock copolymers
(linking two styrene-rich domains) and diblock copolymers (only linked to
one styrene-rich domain) are represented. The tackifying resin remains
confined outside of the stryrene-rich domains.

Fig. 3 Peeling test setup. The adhesive tape (sketched in red for clarity) is
bonded on a glass substrate on the horizontally translating bar and peeled
at a 901 angle by the testing machine.
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couple of points that have the same curvilinear distance s along
the backing and the substrate. The direction of the stress vector
at each point of the backing is assumed to be parallel to the local
fibril direction. The stress distribution s(s) applied to the tape

backing in the debonding region is approximated as an uniform
effective stress speel, which corresponds to a constant traction–
separation curve up to the maximum elongation af � a0 at
debonding (a0 being the thickness of the undeformed adhesive
and af the length of the longest fibril), where it drops to zero.

All the details about the theoretical derivations and fitting
procedure are thoroughly described in Villey et al.,16 and will
only be shortly recalled here. In the standard fitting procedure,
the free part of the profile out of the debonding region is first fitted
using a stress free elastica model in order to obtain the bending
stiffness EI of the backing of each sample. This first step was not
possible in the present measurements since the debonding region is
very large due to the strong adhesion on the high energy surfaces of
the glass substrate. The measurement of EI was thus performed by
first peeling the same kind of samples on a lower energy substrate,
such as the backing of 3M 600 tape that is coated with a release layer
as in Villey et al.16 The values obtained are consistent with indepen-
dent measurements on the PET backing, which provide a Young
modulus E = (3.6 � 0.3) GPa and a thickness h = (52 � 2) mm.

The second step of the fitting procedure consists in fitting
the whole profile with the complete mechanical model from
Villey et al.16 in order to extract the positions of the beginning
and of the end of the cohesive zone (red dots in Fig. 4). These
two independent fitting parameters allow a direct geometrical
calculation of the length Ldr of the debonding region and the
length af of the longest fibril, which in turn are used to
calculate the main peeling parameters, i.e.:

1. The maximum nominal fibril strain:

erupturepeel ¼ af � a0

a0
(1)

2. The average stress speel in the debonding region through
the energy balance between the macroscopic work of the peeling
force and the stretch of the fibrils in the cohesive zone:16

Gpeel ¼ Fpeel

b
¼ speel af � a0ð Þ ¼ a0speele

rupture
peel (2)

3. The average nominal strain rate of the fibrils in the debonding
region:

_epeel ¼ Vpeel

Ldr
erupturepeel (3)

Fig. 4 Typical image of the debonding region in peeling. The red profile is
the best fit of the tape backing by the model presented in Fig. 5, with the two
red circles as fitting parameters (beginning and end of the cohesive zone).

Fig. 5 Modelling of the debonding region in a peeling test as coupling
between an elastic flexible backing and a cohesive zone where the fibrils
apply a constant stress speel parallel to their direction (blue arrows). The
length a of the fibril changes from the initial thickness a0 to the maximum
value af at debonding.

Table 2 Results of the fitting procedure for the peeling measurements. The SI content and peeling velocity Vpeel are imposed, Fpeel is measured and Ldr

and af are the two fitting parameters (given by the red circles positions as in Fig. 4). The other parameters derive from Ldr and af, following eqn (1–3)

SI (%) Vpeel (mm s�1) Fpeel (N) Ldr (mm) af (mm) speel (kPa) erupt
peel Gpeel (J m�2) _epeel (s�1)

0 10 8.0 1.10 0.82 520 4.5 398 0.04
0 100 16 1.49 1.42 656 8.5 799 0.49
0 1000 21.9 1.79 1.50 820 9.0 1096 5.2
19 10 11.7 1.86 1.57 430 9.5 586 0.05
19 100 16 2.06 1.73 548 10.5 801 0.52
19 1000 22.9 1.90 1.67 746 10.1 1146 5.2
42 10 11.2 2.39 2.01 321 12.4 562 0.05
42 100 18 2.42 2.12 493 13.1 899 0.54
42 1000 22 1.96 1.71 711 10.4 1098 5.4
54 10 12 2.74 2.31 281 14.4 599 0.05
54 100 13.6 2.52 2.22 342 13.8 679 0.54
54 1000 19 2.49 2.16 459 13.4 950 5.4
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where Ldr, the length of the debonding region (or cohesive zone) is
simply the difference between the two initial fitting parameters.

This novel approach to peeling provides a much richer
description than simply measuring a peel force and deriving
an adherence energy as is generally done in peeling experiments.
The instrumented peeling test thus becomes a sort of local probe
providing access to the average stress, the average strain rate and
the maximum extensibility of the adhesive in its complex fibrillar
debonding region for a given set of control parameters. For each
set of conditions, the experiment was repeated 4 times and the
error bars represent the total scatter.

The results of the fitting procedure are fully reported in
Table 2. The values of the adherence energy, average stress and
maximum strain obtained for our four formulations as a function
of the peeling velocities are reported in Fig. 6. For each of the
formulations, both the adherence energy and the average stress in
the debonding region increase when increasing the debonding
velocity. However, the effect of adding the diblock is more subtle
and does not significantly change the fracture energy as previously
reported in probe tack experiments.23 This is because while the
average stress systematically decreases with the diblock content,
the maximum fibril strain at debonding is clearly increasing.
Moreover, the instrumented analysis shows that the velocity
dependence of the adherence energy is dominated by the stress
dependence on the strain rate, while the maximum strain is clearly
less sensitive.

4 Probe-tack test

The probe-tack test setup was originally designed to test the
instant adhesion properties of PSAs,28 i.e. for short contact times.
In our setup the applied compressive force, time of contact and
debonding velocities can be independently controlled. Moreover,
experiments can also be performed in a temperature controlled
chamber. For the present experiments the temperature was set as
ambient conditions (23 � 2 1C).

The planarity of the probe/adhesive contact is set by adjusting
three-micrometer screws as sketched in Fig. 7. The probe diameter
is 1 cm. For all the experiments, the velocity of approach of the
probe towards the glass slide is 30 mm s�1. The contact formation
is done under a compressive force of 70 N (0.9 MPa nominal
pressure for full contact) and the contact time was 10 s. In the
probe-tack test, the debonding velocities Vdeb used in this paper
are 8 mm s�1, 80 mm s�1, and 800 mm s�1. These values were
chosen in order to provide nominal strain rates close to those
estimated for the debonding region during the peeling tests. The
glass probe was cleaned with acetone after each experiment. The
measured tack curves of our four formulations and debonding
velocities are reported in Fig. 8, after converting the data into
engineering stress and strain and correcting for the machine
compliance as previously reported.29

The main physical parameters extracted from each tack
curve are:

1. The plateau stress stack (estimated here as the average of
the lowest and highest stress in the plateau).

Fig. 6 Adherence energy G, average stress s and maximum fibril strain
erupture in the debonding region during the peeling as a function of the
diblock content and peeling velocity.
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2. The maximal strain erupture
tack (nominal strain at debonding).

3. The nominal strain rate seen by the PSA layer, which is:

_e ¼ Vdeb

a0
(4)

4. The total adherence energy (Gtack in J m�2), which is the
area under the curve s(e) multiplied by the initial thickness a0

of the adhesive layer:

Gtack ¼ a0

ðerupture
tack

0

sðeÞde (5)

5 Discussion

The tack results are consistent with earlier investigations.23 The
small strain stiffness does not seem to change significantly
with the diblock content, because the low strain modulus is
mainly related to the entanglement network of the soft phase
(isoprene and tackifier), which is not affected by the variation
in diblock content.19 At larger strains, the plateau stress
decreases with increasing diblock content, whereas the strain at
rupture increases. This confirms that the large strain behavior is
highly controlled by the density of bridges between polystyrene
domains, which decreases with increasing diblock content.24

Comparing Fig. 6 and 9, very similar features are observed:
the dependencies of the observables G, s and erupture on the
study parameters (strain rate and diblock content) are the same
for both test geometries. Using the approach developed in this
paper, we indeed have the novel possibility to compare the
characteristics of the debonding mechanisms active during
steady-state peeling and a probe-tack test under different loading
conditions and for different formulations. Hence we report in
Fig. 10 the adherence energy, average stress and maximum strain

at debonding for couples of measurements corresponding to the
same average debonding strain rate.

The correlations between these quantities are good, and
thanks to the great variation of the properties of this block

Fig. 7 Probe-tack test setup. The sample is mounted on a reversed glass
slide. The flat cylindrical glass probe approaches from below. A side
camera through a 451 mirror images the contact.

Fig. 8 Tack curves for the four PSA formulations of Table 1 as a function
of the SI content and debonding veclocity Vdeb.
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copolymer system with the diblock content and the average
debonding rate, these correlations are also significant. The
simultaneous agreement in terms of adherence energy, average
stress and maximum debonding strain indicates that when

both the sample thickness (confinement condition) and average
debonding strain rates are the same, peel and tack do involve a

Fig. 9 Fracture energy, average plateau stress and maximum fibril strain
derived from the tack curves as a function of the diblock content and peeling
velocity. The vertical error bars represent the total scatter in the data.

Fig. 10 Comparison of the adhesion energy, average stress and max-
imum fibril extension during peel and tack tests at the same fibril strain
rate. The vertical and horizontal error bars represent the total scatter in the
peel data and tack data, respectively.
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very similar local mechanical response of the fibrillated region
(provided that the interfacial contact is properly formed). This
confirms the intuition based on the observation of the visual
aspects of this region in both testing geometries. While the
scatter of the data is likely to be caused by the presence of
bubbles or non-uniformity of thickness in our custom made
samples, we can note the presence of a weak bias making both
the average stress and the maximum debonding strain 10%
higher in peel than in tack. This results in a corresponding
positive 20% bias in the adherence energy.

This could partly be associated with the longer contact time
(B10 minutes) undergone by the samples before the peel test
than in the tack test (10 seconds). On the other hand, part of
this difference may also be associated with some intrinsic
differences between the two debonding techniques and geometries.
The most relevant one is that while peeling describes the steady
state propagation of the debonding front, the tack measurement is a
transient test probing the global simultaneous debonding of the
bonded region. However, when looking in Fig. 11 at the schematic
description of the peel front proposed by Kaelble,30 we see that
while the macroscopic condition of debonding looks very different,
each microscopic strand in the debonding region essentially
experiences the same local loading history as in tack (see Fig. 8).
Moreover, while the overall geometric confinements of the
samples were chosen to be similar in the two tests, the local
confinement in the debonding region could partially be different
due to the smaller lateral dimension of the debonding region for

peeling (o2 mm). We should also remark that the fibrils in
peeling are partly tilted before debonding,16 while in the tack test
the fibrils are mostly vertical.

6 Conclusion

The main objective of this study was to transpose the results of
probe tests, which give the details of the force displacement
curve, to those obtained with the peel geometry, which in its
standard form only provides the adherence energy. The model
polymer system chosen in our investigation made it possible to
change the adhesion performance in a progressive way by
varying the diblock content, and in particular to obtain similar
levels of adherence energy while changing significantly the
large strain rheology. With the recently developed instrumen-
ted peeling technique, we could also get detailed information
on the dissipative mechanisms in the debonding region during
peeling, and estimate important local parameters such as the
average stress, the strain at rupture and the fibril strain rate.

These local parameters can be directly compared with the
plateau stress and debonding strain typically obtained in a tack
test, and thus a direct and more detailed comparison between
the deformation pattern of a specific adhesive in peel and tack
can be carried out. For similar values of the sample thickness
and lateral confinement, we show that when comparing the
adherence energy, average stress, and maximum extension as a
function of the same fibril strain rate, we obtain very consistent
results with both experimental techniques. We could thus
prove the deep link between these two debonding tests and
identify the fibril strain rate as the main relevant parameter to
keep constant when transferring tack properties into the peel
properties of a tape.

We should not forget, however, that in standard practice
probe-tack tests and peel tests are done under different condi-
tions. The bond formation is generally quite different (in terms
of contact time and applied pressure). Moreover, in the tack test
the debonding is performed by applying monotonic traction to
a fixed region of tape, while in the peel test the debonding is
imposed in steady-state conditions and can be more directly
related to the propagation of a crack front. If the interfacial bonds
are not strong enough, the debonding will occur at smaller
strains and fast interfacial crack propagation will prevent fibril
formation, thus breaking the strong analogy between peel and
tack.1 The same can happen if the crosslink density of the
adhesive becomes too high, thus providing a stiffer and more
elastic character. Nevertheless, our experiments show that when
considering typical PSA tapes, which are soft and dissipative,
presenting a wide range of adherence energies, the value of the
adherence energy is determined in both tests by the strain rate
undergone by the fibrils that develop in the debonding region.

These results have important consequences for industrial
applications since the evaluation of PSA performances is gen-
erally done by combining several different tests such as peeling,
tack and shear tests. The development of instrumented peeling
can allow the determination of several important properties of

Fig. 11 Stress distribution below the debonding region during peeling as
sketched and measured by Kaelble.30
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the debonding mechanisms that are generally only available
through the tack test. Moreover, understanding quantitatively
the link between peel and tack performances makes it possible
to soundly predict peeling performances by only performing
tack measurements, which require less material and present
better control of the bond formation step. An extension of this
investigation to connect these data to the shear performances is
currently underway and it would greatly increase the potential of
fracture mechanics of soft materials to design and test adhesive
tapes under the most general range of loading conditions.
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