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In this work the influence of cross-linking on the adhesive fracture energy and the peel strength is
studied choosing polydimethylsiloxane (PDMS) as a model polymer. A series of samples was prepared by
electron-beam irradiation which covers the whole range from a viscoelastic liquid to a cross-linked
rubber. The mechanical behaviour of these PDMS samples was characterized by mechanical spectros-
copy. Tack measurements with an instrument described elsewhere® and peel measurements show that
the adhesive fracture energy after short contact times as a measure of tack and the peel strength have
a pronounced maximum in the range above the gel point, where the PDMS consists of a very loose and
imperfect network and a high fraction of solubie polymer. In this range debonding is connected with the
formation of fibrillar structures within the polymer.

KEY WORDS adhesive fracture energy; peel strength; dynamic shear modulus; cross-linking; gel point;
fibrillar structure.

1 INTRODUCTION

Polymers to be used as pressure-sensitive adhesives have to meet requirements with
respect to bond formation and bond separation, which are contradictory to some
extent. Bond formation requires a sufficiently high segmental mobility in order to
obtain contact in molecular dimensions between adhesive and adherend during the
possibly very short contact time. During the separation phase, the adhesive has to
store and to dissipate an amount of deformation energy as high as possible before
fracture occurs. When a polymer passes from the uncross-linked to the cross-linked
state, its ability to come into intimate contact with the adherend by elastic deforma-
tion and viscous flow is reduced, whilst its cohesive strength is enhanced. It can
thus be imagined that the material should pass through an optimum in the balance
between good deformability and high strength in this transition from uncross-linked
to rubberlike behaviour. It is the objective of this study to verify this assumption
by investigating a series of model polymers with different and well-known degrees
of cross-linking.
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2 SAMPLES

Polydimethylsiloxane (PDMS) was chosen as a model polymer. It can easily be
cross-linked by electron-beam irradiation and has a very low glass transition temper-
ature (T,) of about —125°C. As all measurements in this work were carried out at
23°C, i.e. about 150°C above T,, their results are expected to be essentially indepen-
dent from influences of the glass transition range. A polydimethylsiloxane sample
with a mean molecular mass of 1.5 X 10° g/mole was chosen for these investigations,
which is a highly viscous liquid with a zero-shear viscosity of 4.1 x 10? Pa-s at 23°C.
Polydimethylsiloxane has an entanglement network with a mean molecular mass
between entanglements, M., in the range from 8 to 14 x 10° g/mole, according to
the literature."? This temporary network is superimposed by a permanent network
in the radiation cross-linked samples.

Samples with a thickness of 1 mm were irradiated at room temperature under N,
atmosphere with electrons from a 2 MeV Van de Graaff accelerator. The radiation
dose, defined as the ratio of absorbed energy and mass of the exposed sample,
ranged from 10 to 1000 kGy.' The effect of the radiation can be studied by swelling
measurements in a liquid which is a good solvent for the uncross-linked polymer.
The swelling ratio Q, i.e. the weight of the swollen sample divided by the weight of
the dried sample, and the weight fraction, s, of the soluble polymer are summarized
in Table I for various radiation doses. Ethyl acetate served as the swelling agent.

According to Charlesby and Pinner,>* the quantity s+s* should be linearly
dependent on the reciprocal radiation dose, D!, for polymers with an initially
random distribution of the molecular mass, i.e.

B
172 —
s+s“=A+ D 1)
The soluble fraction s equals 1 at the gel point D, i.e. the dose at which an insoluble
network just begins to form. This leads to

B
Pe=7—% @
TABLE I
Swelling ratio Q and soluble fraction, s, of cross-linked PDMS
D
[xGy] Q s
10 dissolved 1.0
20 dissoived 1.0
50 7.2 0.33
75 5.6 0.23
100 4.5 0.16
200 3.0 0.08
500 21 0.04
1000 1.65 0.02

'1 kGy=1 kJ-kg!
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FIGURE 1 Correlation between the soluble fraction, s, and the radiation dose D according to
Charlesby and Pinner,? for radiation cross-linked polydimethylsiloxane (PDMS)

The gel dose can thus be determined from a Charlesby-Pinner plot according to
equation (1).

Figure 1 shows this plot for the PDMS samples which follow very well the predic-
tions of the Charlesby-Pinner approach. The gel dose is found to be D,=21 kGy.

3 EXPERIMENTAL METHODS

The mechanical properties of the PDMS samples were characterized by measure-
ments of the complex shear modulus G*=G’ +G" as a function of frequency at
23°C with a dynamic mechanical analyser developed in our laboratory a number of
years ago, using a parallel plate geometry with a plate diameter of 20 mm.

The tack was determined with an instrument also of our own development. As
this instrument has been described with greater detail in a previous publication,®
only a rather short description will be given here. By means of an electronically
controlled motor, the surface of the polymer to be tested is brought into contact
with a cylindrical probe of stainless steel which is connected to a piezoelectric force
transducer. The motor is stopped when a certain preselected contact force between
about 2x1072 and 1x 10? N is reached. After an also preselected time intervall
between about 1x 1072 s and arbitrarily long times, the contact period, the motor
is driven in the opposite direction and separates the sample and probe surfaces with
a definite velocity in the range between 1x 107! and 2 X 10' mm-s~!. The piezoelec-
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tric load cell measures the force as a function of time during bond formation and
bond separation. The energy necessary to separate the polymer from the probe
surface is calculated from the force versus time curve during the debonding phase
or the corresponding stress-strain curve. This energy, divided by the probe area,
gives the fracture energy per unit of interface®’ and characterizes the strength of
the adhesive joint. Under conditions of low contact force and short contact time,
this fracture energy, w, is an appropriate measure of the tack of the sample.

The measurements described in this paper were carried out at 23°C with a contact
time of 1 s and a contact pressure of 4 X 1072 Nmm 2. The rate of separation was
5 mm-s~!, and the probe diameter 1.75 mm.

With the instrument briefly described here, not only the adhesive fracture energy
can be determined as a function of the most important parameters such as contact
pressure and time, rate of separation, and temperature, but also the form of the
stress-strain curve during debonding which gives valuable insight into the deforma-
tion processes during bond separation.®

Peel measurements were performed with a commercial tensile tester. Strips of
the PDMS samples with a width, b, of 15 mm were brought into contact with a steel
plate by means of a roller with a mass of 1 kg, passing over the PDMS strip with a
velocity of about 1 cm s™!, and peeled off under an angle of 180°. The peel rate was
1.67 mm-s™!, the temperature 23°C as in the tack measurements. The time between
contact formation and the start of the peel test was 1 min. The peeling force F
divided by the width of the strip serves as a measure of the peel strength.

4 RESULTS AND DISCUSSION

4.1 Mechanical Properties

The PDMS samples irradiated with doses between 0 and 1000 kGy represent the
complete transition from the state of a liquid to that of a cross-linked, rubberlike
material. This can be concluded from Figure 2 where the storage modulus G’ and
the loss modulus G” are plotted versus the angular frequency w. The curves are
shown in two distinct plots in order to avoid too much overlap of the single curves.
The unirradiated siloxane behaves like a viscoelastic liquid. G’ is much smaller than
G” and is proportional to w? in the limit of low frequencies, whilst G” increases
proportional to « with increasing frequency according to the well-known relation

GII = T]O'w R

where 1, is the zero-shear viscosity [e.g., Reference 8].

The same shape of the G’ and G” curves is found for the sample irradiated with
10 kGy which is not shown in Figure 2. That means that this sample, too, behaves
like a viscoelastic liquid, however with a higher viscosity than the unirradiated
PDMS. A very interesting behaviour is shown by the sample irradiated with 20 kGy,
i.e. slightly below the gel dose of 21 kGy. G’ and G" have about the same values
and increase proportional to »* over the whole frequency range of about 4 decades.
This is in complete agreement with the investigations of Winter and Chambon®1°
who were the first to find that G’ and G” of polymers at the gel point are congruent
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FIGURE2 Storage modulus G’ and loss modulus G” in dependence on angular frequency w for PDMS,
irradiated with various doses as indicated

and proportional to »”. That, in our case, G” is about 10% higher than G’ may be
caused by the fact that the sample with 20 kGy is slightly below the gel point of 21
kGy, i.e. still in the liquid state. With increasing radiation dose (50 and 100 kGy)
the storage modulus becomes higher than the loss modulus, i.e. the samples become
predominantly elastic, however with a significant amount of internal losses. This
behaviour is certainly influenced by the relatively large fraction of soluble material,
and the imperfect and loose network structure, present in the samples in this dose
range. At 200 kGy and higher radiation doses, G’ is independent of the angular
frequency according to the theory of rubber elasticity.!"!> G” is more than two
orders of magnitude smaller than G’ and can only be determined with a fairly large
scatter.

4.2 Fracture Energy (Tack) and Peel Strength

Figure 3 shows a double logarithmic plot of the fracture energy, w, versus the radia-
tion dose for the PDMS samples at 23°C. The fracture energy of the unirradiated
polysiloxane is shown at the left side of the figure, however, outside the logarithmic
dose axis. Figure 3 additionally exhibits the storage and the loss moduli G’ and G”
at an angular frequency of 1 s~! which corresponds to the reciprocal of the contact
time (1 s) chosen in the tack experiments. The gel dose (21 kGy) is indicated as a
broken line.
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The fracture energy, w, as a measure for the tack increases with increasing radia-
tion dose until it reaches a maximum at about 45 kGy, i.e. above the gel dose D,.
At higher doses w drops very rapidly by more than two orders of magnitude. The
storage modulus G’ increases in the studied dose range by more than 4 powers of
ten. The loss modulus G” exactly equals G’ at the gel dose and shows a maximum
at about 70 kGy for the angular frequency chosen in Figure 3. That means that the
adhesive fracture energy obtains appreciable values predominantly in the dose
range between the gel point and the G"-maximum where the PDMS samples are
only very slightly cross-linked and have large soluble fractions between about 0.2
and 0.7. It was observed that the debonding occurred by cohesive fracture in the
PDMS at doses below the gel point, whilst adhesive separation was found above
the gel dose.

The peel strength F/b is plotted versus the radiation dose D in Figure 4, in a quite
analogous manner as the fracture energy or tack in Figure 3. The polydimethyl-
siloxane shows liquid-like behaviour with low strength and cohesive fracture at
doses below the gel point, similar to the tack. A very pronounced maximum is
found for the peel strength, also, at doses above the gel dose. Contrary to the tack
measurements, we found cohesive fracture also in this dose range. A sharp transi-
tion from cohesive to adhesive failure is observed at a dose of about 80 kGy which
is connected with a decrease of the peel strength by nearly two orders of magnitude.
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FIGURE 3 Adhesive fracture energy, w, and storage and loss moduli, G’ and G”, plotted versus the
radiation dose for PDMS
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FIGURE 4 Peel strength F/b as a function of the radiation dose D

4.3 Stress-strain Behaviour During Debonding

The fracture energy, w, characterizes the strength of the adhesive bond. Additional
information about adhesive performance and deformation behaviour during
debonding can be obtained from the stress-strain curve of the debonding process,
i.e. the tensile stress as a function of the tensile strain during bond separation. There
have generally been found three types of stress-strain curves from investigations of
a large number of polymers, e.g. rubber/resin blends, polyacrylates.® The first type
is observed for polymers of comparatively low viscosity. The adhesive joint breaks
by cohesive fracture within the polymer, and the debonding process is governed by
viscous flow. In many cases high molecular mass polymers exhibit another type
of stress-strain behaviour which we have called “‘brittle”” fracture. A sharp stress
maximum is reached at rather low strains, and debonding occurs by purely adhesive
fracture. The third type of deformation behaviour is connected with high tack values
and is characterized by a stress-strain curve with a large ‘“‘shoulder” following the
stress maximum and a high strain at break. It is revealed by polymers with a high
molecular mass, too, but additionally with a large mean molecular mass M, between
entanglements. Examples are polyethylhexylacrylate and blends of natural rubber
and tackifying resins. It could be shown by high-speed photography that this charac-
teristic is connected with the formation of fibrillar structures within the adhesive.
These fibrils are increasingly stretched causing the storage and dissipation of energy.
At least, the fibrils separate from the probe surface by a purely interfacial failure,
and the deformed polymer recovers and finally restores the original film surface.
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The occurrence of these three types of deformation behaviour, liquid-like, ““brittle”
and fibrillar behaviour, and its correlation with molecular parameters, especially
the mean molecular mass between entanglements, has been discussed with greater
detail in a preceding publication.’

Some examples of stress-strain curves are given in Figure 5 for samples, irradiated
with different radiation doses, whereby different scales have been chosen for the
various plots. Liquid-like behaviour with cohesive fracture is found for the original
polysiloxane and also the sample irradiated with 10 kGy, i.e. well below the gel
point and the tack maximum. The stress has a maximum and then falls off gradually,
giving rise to very large strains of about 10. At 40 kGy, i.e. near the tack maximum,
the deformation behaviour changes, and the type of the stress-strain curve is
observed which represents fibrillar behaviour. The shoulder in the stress-strain plot
leads to a large area under the curve i.e a high fracture energy. The deformation
behaviour gradually changes to “brittle” fracture at higher radiation doses, in Figure
5 represented by 100 and 1000 kGy, and the area under the curve, which is propor-
tional to w, decreases drastically. Figure 5, thus, very nicely illustrates that the
PDMS studied in this work shows all three types of deformation behaviour during
debonding, depending on the viscoelastic state of the material which has simply
been obtained by different radiation doses.
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FIGURE 5 Stress-strain curves during bond separation for PDMS, irradiated with various doses.
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5 CONCLUSION

The investigations presented in this paper show that the gel point where a polymer
passes from the state of a viscoelastic liquid to that of an elastic rubber has a great
significance with respect to adhesion and tack. Just above the gel point, a polymer
consists of a very loose and imperfect network, which forms a coherent molecular
structure throughout the entire sample, and a large fraction of uncross-linked mate-
rial with a presumably broad distribution of molecular masses and a high degree
of branching. This morphology results in high internal losses which make their
appearance in a maximum of the loss modulus, determined in a dynamic experi-
ment. In the range between the gel point and this maximum, the adhesive fracture
energy as a measure of the tack and the peel strength which equals the peel energy
per unit of interface show very pronounced maxima which are connected with a
transition from cohesive to adhesive separation. Additionally, the formation of
fibrillar structures during bond separation was observed in the tack measurements.
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