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In this paper we analyze the adhesive properties of two kinds of adhesives, determined by 
a 90" peeling test on a PyrexTM substrate. Simultaneously, we observe the mechanisms of 
flow at the peeling front. An uncross-linked acrylic pressure-sensitive adhesive is used, 
whereas the second one, of the same class, is slightly cross-linked. The mechanisms of 
peeling are compared with the ones of our previous study (Benyahia er ul. [8]) and are 
found to be identical in the case of uncross-linked adhesives. On the other hand, we find 
new regimes of flow when the adhesive is cross-linked. 

To investigate these differences further, we determine the rheometrical properties of 
the adhesives in dynamic shear tests and in uniaxial elongational experiments. Further- 
more, surfaces are characterized. 

A discussion of the peeling curves is finally presented, showing the combined effects of 
the rheological properties and the surface ones. Conditions for predicting the type of 
regimes and transitions are also investigated. 

Keywords: Adhesion; rheology; acrylic; pressure-sensitive adhesive; peel; surface energy; 
mechanisms; cross-linking 

1. INTRODUCTION 

The importance of the rheological properties in the study of adhesives 
is not new [l] ,  and it is a real challenge to be able to predict the 
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94 C .  VERDIER el al. 

adhesive resistance of a given bond in terms of surface energies and the 
rheometrical properties of the adhesive. To be able to predict the peel 
resistance of an adhesive, one can think of observing closely the 
mechanisms of peeling occurring at the peeling front. Kaelble [2] was 
the first one to look a t  the peeling front with a special device allowing 
him to come up with a stress distribution as the adhesive moves 
toward the detachment point. Later, Niesolowski et al. [3] took 
photographs of the front and measured the backing curvature to 
determine the force required in a peel test. Zosel [4] looked at  some 
mechanisms occurring in a tack test, showing the elongation of the 
adhesive filaments. Urahama and co-authors [5, 61 revealed the 
importance of the stringiness in a peel test. Kano et al. [7] studied 
the peeling morphology of various acrylic adhesives and observed 
saw-tooth mechanisms from below (two-dimensional photographs). 
They explained these phenomena by the different dynamic shear pro- 
perties as well as their mean relaxation times using a fluorescence 
depolarization technique. Benyahia et al. [8] did a systematic 
observation of the mechanisms of peeling as we move along the 
peeling master curve. They revealed that in most regimes studied, the 
elongational properties become predominant. This is very important, 
because the usual PSAs (Pressure Sensitive Adhesives) undergo strain 
hardening during elongation, as revealed by Verdier et al. [9] ,  thus 
increasing the stresses by a factor of at least ten. This will also affect 
the peeling energy drastically. 

Simple models have been constructed [ lo-  131 which attempted to 
determine the peeling energy as a function of the velocity of peel. They 
usually assume that the peeling energy necessary to pull the strip 
(adhesive/backing) away from the substrate is mainly governed by 
the extension of the adhesive in the peeling region. Recently [9], the 
observation of regularly-spaced filaments and ribs has lead to the 
improvement of these models, in the case of the adhesion of a PSA on 
a PyrexTM substrate. This model uses actual measurements of the 
dimensions of the ribs (filaments) to determine the extension of the 
adhesive element at  the edge of the peeling front. This model was 
improved later [ 141 by considering a complete distribution of 
relaxation times to fit the rheometrical results, thus improving the 
prediction of the adhesion energy on PyrexTM. 

It is now clear that a close observation of the mechanisms of flow is 
essential, if one wants to understand the complexity of peel adhesion. 
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PEELING OF ACRYLIC PSA 9s 

To be able to go further and generalize these models, we pose the 
question of the universality of such observations, and of their 
application to other classes of adhesives. Do most adhesives show 
similar patterns? Can we extend the previous assumptions to  any 
adhesive? Actually, one knows that changes in the shape of the peel- 
ing master curves already reveal probable changes in the mechanisms 
of flow. 

This paper follows a previous one [8], and we propose to investigate 
another class of adhesives (acrylic-based adhesives) in order to deter- 
mine simultaneously: 

- peeling master curves G = G(aT V )  
(G = energy restitution rate, aT= temperature dependent coeffi- 
cient, V = peeling speed) 

- mechanisms of peeling observed with a fixed-point peeling machine 
- rheometrical data (in shear and elongation) 
- surface energies 

This study will be conducted with two acrylic adhesives, with similar 
composition and surface properties, but different rheometrical proper- 
ties: one is an uncross-linked adhesive, hence a viscoelastic liquid, and 
the other one is slightly cross-linked, i.e., an elastico-viscous chemical 
gel. The reason for doing this, is that peeling curves of cross-linked 
adhesives (see Maugis et al., for example [15]) generally show an 
interfacial branch, whereas peeling curves with uncross-linked adhe- 
sives [ I ,  3,8]  are usually divided into two parts: a cohesive failure mode, 
and an interfacial one. When peeling an elastomer, the cohesive branch 
may be absent, or  displaced, due to the high forces necessary to elongate 
the adhesive mass, and to initiate a tearing mode of separation of the 
adhesive into two parts. Actually, these regimes are also governed by 
the surface properties of the adhesive and the substrate [14]. 

In the first part (Section 2), we describe the two adhesives. 
Rheometrical characterization in shear and elongation are detailed. 
Also, determination of the surface energy properties of both adhesives 
and the PyrexTM substrate are given. 

In the next part (Section 3 ) ,  we analyze the peeling master curves 
obtained for the two adhesives. Mechanisms of flows are carefully 
analyzed and compared with the ones from the previous study [8]. A 
generalization is proposed. 
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96 C. VERDIER el a1 

Finally, in the last part (Section 4), we discuss the application of 
previous theories [9] to the case of acrylic adhesives. Particular 
attention is focused on the effect of surface energies and the rheology 
of the adhesives. 

2. MATERIALS AND RHEOMETRICAL PROPERTIES 

Materials 

The two adhesives (A and B) are statistical copolymers obtained by 
mixing of different acrylic comonomers. From a surface energy point 
of view, some of the elements are hydrophilic (Acrylic acid, Vinyl) and 
others are hydrophobic (2-Ethyl-Hexyl-Acrylate, Butyl Acrylate). In 
the end, the adhesive can develop good adhesion on polar and non- 
polar surfaces [16]. This is interesting in our case for the adhesives are 
intended to be used on skin (TFZ 35°C). 

The two adhesives A and B have the same composition but the 
adhesive A is slightly cross-linked and the adhesive B is not. 

The adhesives (100 pm thickness) are coated onto a Polyester 
backing (Hoechst RN 23, thickness 23pm) in a solvent solution. 
Solvent is evaporated at 50°C for 30 min. The solvent is a complex 
mixture, and it was checked that less than 0.05% of it is left within the 
adhesive after evaporation. The adhesive is covered with a siliconed 
Polyester sheet (Hoechst), which will be removed just before 
application on the PyrexTM substrate. 

PyrexTM is cleaned using a specific protocol already presented [8]: it 
starts with a pretreatment with acetone, followed by a bath in a 
sulfochromic-acid solution. Finally the substrate is cleaned with 
distilled water and dried in a vacuum oven at  50°C. 

Rheometrical Measurements 

a) Dynamic Shear Master Curves 

Dynamic shear measurements were carried out on a Carrimed CS 100, 
using a cone and plate geometry (radius = 20mm, angle = 4") in the 
frequency range [ Hz- 10 Hz], at temperatures ranging from 
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PEELING OF ACRYLIC PSA 91 

-10°C to 50°C. Figures 1 and 2 show master curves of moduli G' and 
G" (respectively, storage and loss moduli) versus a $ w  obtained using 
the time/temperature superposition principle [ 17, 181. This principle 
works well in this case, although the adhesives are mixtures of 
different components. This is due to the fact that most components 
are of the same kind, and are compatible with each other. In 
addition, shift factors a ;  are compared with the ones obtained by 
shifting peeling curves (ar). This is shown in Figure 3. We find good 
agreement between the coefficients obtained in rheometry and in the 
peeling experiments. Also, no significant difference is to be noted for 
the two adhesives A and B, because they have similar molecular 
structures. 

The curves showing G' and GI' have a different behavior, especially 
at low values of the reduced frequency a k w .  Adhesive A shows a 
plateau for G' and G" at low frequencies, revealing the presence of an 
elastic network built through cross-links. It should still be present, had 
we gone to even lower frequencies. On the other hand, adhesive B does 
not show this behavior, and low values of the frequency correspond to 

lo6 [ ' """'I ' " " " ' I  ' " ' ' ' " I  ' " "" ' I  ' " " " ' I  ' " " " ' I  ' """ ' I  ""T ' " "7  

- lo4 i 
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l o 2  io-' 10" 10' 10' 10' lo4 10' 
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FIGURE 1 Master curve of shear moduli G '  and G": adhesive A (T,,f = 35°C) 
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98 C. VERDIER et a1 
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FIGURE 2 Master curve of shear moduli G '  and GO: adhesive B (Tr.f = 35°C). 
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FIGURE 3 Comparison of a;  and aT for adhesives A and B 

typical slopes of 1 and 2, respectively, for G"  and G'. This is in 
agreement with the Newtonian behavior, and this is what we expect 
since B is an uncross-linked adhesive. 
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PEELING OF ACRYLIC PSA 99 

At high frequencies, moduli G‘ and GI’ behave in the same way 
(both for A and B), with slopes of approximately 0.5. Such slopes are 
characteristic of gel systems, as found by Winter and Chambon [19]: 
chemical gels show congruence of moduli G ’  and G ”  over a few 
decades in frequency with a G’ modulus larger than G ”  at  lower 
frequencies, thus adhesive A is above the gel point, whereas B is not. 

Finally, in the case of adhesive B, the plateau region is short, 
although the molecular weight is high (Mw = 270000, 1 ~ ~ 4 ) .  This is 
due to the fact that interactions between such molecules (hydrogen 
bonds) are strong and will prevent the mobility of chains, thus 
reducing the elasticity. 

We will now study the elongational properties of adhesives A and B, 
which seem to be of real concern in adhesion related problems, as 
shown previously [9, 141. 

6) Elongational Measurements 

Elongational measurements have been carried out at ambient 
temperature ( T  = 20°C) using a two-roller machine, described 
previously by Gonzalez et al. [20]. Two rollers, 5cm distant from 
each other, rotate in opposite directions at constant velocity, pulling 
on a material sample. This gives rise to a constant elongational rate, 1, 
that we can change depending on the values of the velocity of rotation. 
Five different elongation rates have been used (0.029, 0.095, 0.38, 0.95, 
1.9 s-‘). 

The resulting rheometric function often used is the elongational 
viscosity q+(1, t )  defined by Eq. (1) 

0 1 1  - g 2 2  

i. 
q+(1, t )  = 

where 0 1  - ~ 7 ~ ~  represents the first normal stress difference (expressed 
in Pa). 

The elongational viscosity typically shows a rapid increase (slope 1) 
corresponding to an elastic response, then i t  will either reach a plateau 
at  low rates 6 ( q ~ )  or show a very rapid upturn corresponding to strain 
hardening, at higher rates. 

Let us consider the two adhesives A and B. Figures 4 and 5 show the 
transient elongational viscosity as a function of time, and we observe 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



100 C. VERDIER el al. 
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FIGURE 4 Elongational viscosity (adhesive A) at different elongational rates 
( T  = 20°C). 
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FIGURE 5 Elongational viscosity (adhesive B) at different elongational rates 
(2- = 20°C). 
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PEELING OF ACRYLIC PSA 101 

strain hardening for both adhesives. The upturn seems to appear at 
smaller times for adhesive A, compared with the uncross-linked 
adhesive B. This makes sense, because the cross-linked adhesive A 
should show a rubbery behavior sooner compared with B, because of 
its structure (presence of cross-links). Also, when strain hardening 
occurs, the adhesive A breaks sooner, in an irreversible manner, 
whereas adhesive B resists up to longer times. 

Surface Energy Measurements 

As done previously [8], we determine the surface energy properties of 
the adhesives, the substrate (PyrexTM), and the backing (Polyester). 
We have used the classical decomposition y = yd + y p  (y, yd, y p ,  are 
the respective surface free energy, its dispersive component, its polar 
component). In addition, the adhesion energy, w,  between a solid 
(surface free energy rs) and a liquid (surface tension yl)  has been given 
by Fowkes [21], and further extended by Owens and Wendt [22], as in 
Eq. (2): 

where 8 is the angle measured with a goniometer (Face, CA-A) and ySl  
is the interfacial free energy between the given solid and a liquid. 

The polar and dispersive components of the free surface energy of 
the different solids can be deduced from wetting measurements with 
known liquids [18]. The results for adhesives A and B as well as 
PyrexTM and the Polyester backing are given in Table I. Errors 
(hysteresis, surface roughness) are also reported here. 

The adhesives A and B have the same dispersive and polar 
components, thus cross-linking does not change the surface properties. 

TABLE I Components of the free surface energy 

Y : (mJ/m * )  7: (mJ/m2) Y.v W i m  2, 

PyrexTM 3 4 . 6 ~ t  1.1  30.2 & 2.0 64.8 5 3.1 
Polyester 42&1.6 2 . 3 f  1.2 43.3 5 2.8 
Adhesive A 1 3 5 0 . 5  0.9 & 0.5 13.9% 1.0 
Adhesive B 1 3 f 0 . 5  0.9 1 0 . 5  13.95 1.0 
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102 C .  VERDIER el a1 

We note the presence of a small polar component -y!, due to the 
presence of the unit - C=O which creates hydrogen bonds. 

The reversible work of adhesion, w, of the different adhesives 
on both the substrate (s) and the backing (b )  are given by 
w, = 7, + y, - Y,, (respectively, wb = 7, + yb - Tab) with the same 
approximation, Eq. ( 2 ) ,  and the spreading coefficients S, or s h  are: 
S, = w, - 27, (respectively, s b  = wb - 27,), where y, is the adhesive 
free energy. Table I1 shows these numbers with the corresponding 
errors. 

Again w and S are about the same for both adhesives, but this was 
expected from surface energy components. The value of w may be 
considered to be of the order of typical energies found on such 
substrates, but the high positive values of the spreading coefficients, S,  
have to be discussed here. Clearly, we may expect strong affinities 
between acrylic adhesives and the surfaces produced here, thus leading 
to large peeling energies. This fact is also emphasized by the work of 
Benyahia [18], where it is shown that a positive coefficient Scan  lead to 
very large peeling energies. 

Finally, the close values of w for PyrexTM and Polyester suggest that 
the adhesive may undergo cohesive failure at some point, due to equal 
strengths on both sides, as is suggested by Benyahia et al. [8] when 
noticing the appearance of a fourth cohesive regime of peeling (on a 
substrate of PMMA) at even high values of the velocity. 

3. PEELING MASTER CURVES 
AND ASSOCIATED MECHANISMS 

Our attention now turns to peeling properties of the two different 
adhesives. The 90" peeling machine we used has been extensively 

TABLE I1 Reversible work of adhesion, w, and spreading coefficient, S (mJm-*) 

Adhesive A Adhesive B 

PyrexTM ( w . ~  52.8 It 5.2 52.8 f 5.2 
Polyester (wb) 49.6 It 3.3 49.6* 3.3 
PyrexTM (S,J 25.0 * 3.6 25.0 f 3.6 
Polyester (S,) 21.8 =k 2.4 21.8 f 2.4 
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PEELING OF ACRYLIC PSA 103 

0 
From backing 

0 

0 

described elsewhere [8, 9, 181. It enables us to carry out experiments at 
constant peeling velocity ( V ) ,  with a fixed peeling front. Therefore, we 
can film the peeling front and exhibit photographs of the different flow 
regimes. Temperature is controlled [-10°C, 5O"C], as well as relative 
humidity. We determine the force, F ( N ) ,  required to separate the 
adhesive from the substrate (or the backing), and we plot G (= F / l ,  l is 
the width of the adhesive strip), the energy restitution rate as a 
function of the reduced velocity a r  V. aT is a shift factor depending on 
the temperature, which determines by what amount the plots of log G 
need to be translated along the log horizontal axis in order to 
superpose them onto the plot at the reference temperature. Values of 
ar have been given in the previous section (Fig. 3). 

Let us start first with the peeling properties of the slightly cross- 
linked adhesive A. 

'3 
8 
5 
3 z 
3 

0 

Peeling of Adhesive A on PyrexTM. Mechanisms 

Figure 6 shows the peeling master curve of adhesive A on PyrexTM. 
Measurements have been carried out at - IOOC, -5"C, O°C, 5 ° C  20°C 
35"C, and 50°C. Humidity is maintained at its minimum, around 10%. 

I o4 

I o3 
h 

E 

u 
i5 

lo2 

10' 

0 -10°C 
a - 5 ~  
A 0 ° C  
0 5°C 
61 20°C 

35°C 
+ 35°C 
a 50°C 
0 50°C 

Stick-release From substrate 

104 10' 10 10 I I oo 1 o1 lo* 

aTV ( m d s )  

FIGURE 6 Peeling master curve of adhesive A on PyrexTM substrate (T,,f = 35°C). 
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104 C. VERDIER el al. 

We will now describe the total peeling curve obtained as we increase 
the velocity, as well as the observed mechanisms (Fig. 7). 

At slow peeling velocities, we observe interfacial failure at the 
backing-adhesive interface. We can associate a slope of about 0.7 
(in logarithmic scale) to this part of the curve. Photographs 1 and 2 
show the three-dimensional picture of the flow field. We will call this 
mechanism I',. We can clearly observe a fork formed at the edge at the 
adhesive/backing interface, which has been fed by the adhesive 
material present in the filaments. As we increase the velocity, the fork 
opens and one end will eventually meet the next fork's end. This 
mechanism is specific to cross-linked adhesives, because it was not 
observed in our previous study [S] with an uncross-linked adhesive. 
The study of adhesive B will also confirm this. 

For a certain range of velocities (aT V =  0.02 mm/s), we find next an 
unstable zone, where the solution tries to bifurcate to another regime 
without any success. Random force signals are reported. This may be 
due to the fact that the Dupri  adhesion energies for adhesive A on 
PyrexTM and Polyester are very close, so that the flow field is very 

a,V ( m d s )  

FIGURE 7 Peeling mechanisms of adhesive A on PyrexTM substrate (T,, = 35°C). 
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PEELING OF ACRYLIC PSA I05 

PHOTO I Mechanism I ;  : T =  SWC, V = 0.015 mm/s 

PHOTO 2 Mechanism I', : T = 50"C, V = 0. I5 mm/s. 

sensitive to the boundary conditions. The regime is actually under- 
going a transition from interfacial failure at  the backing to interfacial 
failure at  the substrate. It is deduced that there are two branches, 
corresponding to peeling from the substrate and  peeling from the 
backing: 

~ at low velocities, peeling from the backing is the stable one. 
~ at high velocities, peeling from the substrate is the stable branch. 
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106 C. VERDIER et ul. 

The transition from one branch to the other is due to a change in the 
local condition of detachment. This will be explained in the last part. 
The key point is to introduce a new local failure criterion, including 
both surface energies and rheology, showing these combined effects. 
This idea may also be used for investigating regime changes in other 
systems. 

At a reduced velocity of about 0.05mm/s, we obtain a new steady 
regime of force, but this time i t  is associated with interfacial failure at 
the acihesiveisubstrate interface. It exhibits a new mechanism I',', which 
may be described as follows: it resembles the previously observed I',, 
with the appearance of a fork with two ends which move towards each 
other, as we increase a T V  (see Photograph 3 ) .  As the velocity gets 
higher, the fork edges meet, and air is trapped inside two thin sails of 
adhesive (Photograph 4). The pattern resembles a honeycomb 
structure. Compared with the previous case (slow velocities), the roles 
of the backing and substrate are inverted. This final mechanism was 
observed by Urahama [ 5 ]  in the peeling of a weakly cross-linked 
adhesive, although (on his drawings) the sails are not clearly seen. Still, 
this emphasizes the fact that such a mechanism is only present with 
cross-linked adhesives. 

As we move along the master curve, we next see a different flow 
field, corresponding to Photograph 5, and mechanism 12. Three- 
dimensional flow is observed, with regular filaments forming goose- 
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PEELING OF ACRYLIC PSA 107 

PHOTO 4 Mechanism f ’[ : T = YC, V = 0.005 nim/s. 

PHOTO 5 Mechanism f2: T = ~ IWC, V = 0.15 mmjs 

like feet. This mechanism has already been observed by the authors [8], 
with an uncross-linked adhesive, and appears to be common to cross- 
linked and uncross-linked adhesives. At this stage, the peeling energy 
has stopped increasing and reaches a plateau. This behavior is similar 
to that observed by Barquins and Pouchelon [23 ]  when looking at  the 
adherence of silicone on stainless steel. 

Finally, at high reduced velocities larger than 10mm/s, we observe 
an unstable regime qfJorce which is similar to the one described by 
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108 C. VERDIER et at 

Benyahia et al. [S], called stick-release. The adhesive is first put in 
tension through its backing, without being peeled (Photograph 6) ,  
then it cannot withhold the tension, and allows the propagation of 
a crack (velocity V, > V )  at the interface. The adhesive is then 
released (Photograph 7). This is accompanied by a periodic regime 
of force. 

PHOTO 6 Stick-release, before detachment: T = O T ,  V = 1.5 mm/s. 

PHOTO 7 Stick-release, after detachment: T = 0°C. V = 1.5 mm/s. 
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Peeling of Adhesive B on PyrexTM 

Figure 8 presents the peeling master curve of the adhesive B on the 
PyrexTM substrate at Tref = 35°C. Temperatures - 1O"C, 20"C, 35"C, 
50°C have been used to achieve superposition. 

In the stable regime, the failure observed is cohesive over the entire 
range of reduced velocities used. We can distinguish a linear part 
(slope 1 in logarithmic scale) which ends with a plateau at  the higher 
peeling velocities. In comparison with the peeling curve of the slightly 
cross-linked adhesive A (Fig. 6), we can see that the effect of cross- 
linking has increased the peeling energies and has created changes in 
the slopes. However, the two curves show the same behavior at higher 
peeling velocities (G = 1000 N/m). 

The mechanisms of flow observed in the case of the uncross-linked 
adhesive B have been observed before [8], so we will not go into details 
here: there is only one mechanism here which is similar to mechanism 
C2 in [7]. It is a three-dimensional one, characterized by the formation 
of long regular ribs, such as the ones observed in hydrodynamic 
instabilities (see for example Coyle et al. [24]) occurring at a free 
surface. 

I o4 , , , , , , , , , , , , , , -"l I , , , I  , , , (  , , , , I ,.,, , 

0 
a 

0 

O A  

10 I 

I o - ~  10' 10 l o 1  1 oo 10' I oz 10' 

a,V ( m d s )  

loo I.,: ,.,.I I 1 1 1 1 1 1 1  I , o m , , , ,  I , . , , , I ,  I , I ~ l l l i l l  I 

FIGURE 8 Peeling master curve of adhesive B on PyrexTM substrate (T,f = 35°C). 
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At high velocities, an unstable regime occurs, which may correspond 
to the beginning of the transition from cohesive to interfacial failure. 
We could not go to higher velocities so no interfacial failure is 
reported. 

4. DISCUSSION 

Mechanisms of Failure 

We will first review and classify the different mechanisms of peeling 
obtained on cross-linked and uncross-linked adhesives. In our first 
paper [8], we determined four mechanisms of flow in cohesive failure 
for an uncross-linked adhesive. They are referred to as CI, C2, C3, C4 
(note that C4 was only obtained on a PlexiglasTM substrate). For the 
interfacial type of failure, we found two different stable regimes ZI, Z2, 

and the unstable stick-release mechanism. Mechanism C2 has also 
been observed with the uncross-linked acrylic adhesive B. Thus, we 
can generalize our first results [8] and assume them to be present for all 
uncross-linked adhesives. 

In the case of the cross-linked adhesive, we only obtained interfacial 
failure, associated with mechanisms Z{,Z/ and Z2. Still, it may be 
possible to obtain cohesive failure, but in the case of a higher surface 
energy substrate. This will be discussed in the next part. 

To summarize this, Table 111 gives the mechanisms that were 
observed on our adhesives: 

TABLE 111 Mechanisms of peeling 

Uncross-linked adhesive Cross-linked adhesive 

cohesive: CI, C2, C, and C, 
interfacial: I ,  and I ,  
stick-release stick-release 

cohesive: not observed 
interfacial: I', , I ;  and Z2 

Influence of the Degree of Cross-linking 

From our results, we were not able to obtain cohesive failure with the 
slightly cross-linked adhesive A. Furthermore, cohesive failure has not 
been reported for such adhesives by Barquins and co-authors [15, 231, 
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but their studies are carried out using rubbers or  highly cross-linked 
materials on low energy surfaces. Dahler and Pouchelon [25] have 
shown that it is possible to obtain cohesive failure with slightly cross- 
linked adhesives (e.g., silicones cross-linked with peroxide), but they 
used a primer between the adhesive and the substrate. We may say 
that, depending on the level of cross-linking agent and specific surface 
preparations, cohesive failure can be obtained. Figure 9 summarizes 
these comments, when the percentage of cross-linking agent is varied, 
at fixed surface properties. The change in the curves, indicated by the 
arrow, corresponds to increasing degree of cross-linking. Two cases 
may occur: 

a) When the substrate has a low surface energy, it is possible to obtain 
cohesive and interfacial failure. When adding small amounts ofcross- 
linking agent, the cohesive branch starts with a higher value (CarrC 
and Schultz [26]), but lower values of the peak are expected on 
the cohesive branch, because this peak is mainly related to the 
appearance of fibrillation. It is clear that a cross-linked adhesive will 
show less fibrillation. The interfacial branch will show higher energies 
(this study) as the degree of cross-linking increases; this will make the 
two branches close to each other until a critical value of the degree of 
cross-linking is reached, at which they will possibly merge. 

b) On the other hand, a high surface energy substrate will prevent the 
appearance of an interfacial branch, because of the high energy 

G 

Cohesive 

Interfacial a-V 
I Failure 

a) Low 7 

5 

FIGURE 9 Peeling master curves for an adhesive with different increasing percentages 
of cross-linking agent (direction shown by arrow) a) Low surface energy substrate; 
b) High surface energy substrate. 
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112 C. VERDIER ei al. 

between the substrate and the adhesive. Cohesive curves will be 
expected, and the values of G will increase with increasing degree of 
cross-linking. This should be due to higher cohesive strengthening 
of the adhesive. 

Effects of Rheometric Properties 

Next we consider the influence of rheometric and surface properties 
and their combined effects on peeling curves. The measured moduli G ’ 
and G ”  have shown similar behaviors, except for small angular 
velocity, w, where a plateau was obtained for adhesive A. These moduli 
can give an idea of the comparison between type of failure and type of 
mechanical behavior [8]. On the other hand, they do not give estimates 
of the orders of magnitude of the peeling energy, G. Actually G can be 
predicted [9, 141 using elongational experiments, when the adhesive is 
uncross-linked, and when regular filaments or ribs are observed. In the 
case of the cross-linked adhesive, things may become more compli- 
cated, because of the complexity of the flow pattern observed. 

Anyway, the presence of elongational flows is also clear, as on 
Photographs 1 - 3, or  when looking at  the sails formed on Photograph 
4. We will not try here to compare quantitatively the curves obtained. 
Nevertheless, let us consider the elongational properties of the 
adhesives A and B. From the constant rate experiments, it is shown 
that A will undergo strain hardening sooner (timewise) than B, as well 
as a sudden break-up; therefore, we expect stronger resistance of 
adhesive A. This is what can be deduced by comparison of Figures 6 
and 8: stresses, therefore values of G, are higher by a decade when 
peeling adhesive A, even though we only obtain interfacial failure. 

Combined Effects of Rheometric Properties 
and Surface Energies 

In addition to the elongational properties, one needs to take into 
account surface energy data. For both adhesives, we have measured 
the same free surface energy, but the peeling results are quite different: 
interfacial failure is obtained with adhesive A whereas cohesive failure 
is obtained for adhesive B. Therefore, one needs to account for the 
effect of cross-linking. Let us recall a previous result by CarrC and 
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Schultz [26]: they obtained parallel cohesive curves on aluminum for 
various adhesives and deduced a so-called M’,. cohesive energy, larger 
than the classical term 27,. They suggest that the cohesive energy 
should be modified by adding a chemical contribution, Wche,,, (holding 
for entanglements in the network), to the cohesive energy, wc. This will 
be particularly the case when dealing with cross-linked elastomers, 
where the cohesion energy is clearly higher. This contribution can 
reach values of up to 70mJ/m2 or more (in the case of NBR, W,-he,, 

can be evaluated to lie between 22 and 35mJ/m2 from [26]). This will 
change the value of w,. in the case of the cross-linked adhesive A, where 
cross-links exist. We assume that 27,  is increased (by say approxi- 
mately 30 mJ/m2), therefore S, and Sh will become negative (defini- 
tions of all the parameters have been given in the section on Surface 
Energy Measurements). 

This leads to the following conclusions, at low velocities, V.  

a) S, > 0 and S h  > 0 The Duprk adhesion energy is larger than the 
cohesive energy. 
Failure will be in the bulk: cohesive,failure + 

adhesive B 
intevfuciu1,fuilure 
Comparison between w h  (backing) and u’, 
(substrate) is needed to determine on which 
side we will have interfacial failure 

w’s ’ wh failure is at backing/adhesive interface + 

adhesive A (low V )  

b) S, < 0 or Sh < 0 

These results only work for small velocities, because the rheometric 
effects are negligible. If we increase the velocity, rheology comes into 
play, as proposed in [14]. We expect a bound for the velocity to change 
to interfacial failure at the substrate. 

The dissipative effects at  the corner (nip) or detachment point can 
be introduced in the case of interfacial failure. de Gennes [27] has 
proposed to rewrite Young’s relation. We may write, assuming first 
that the viscosity is constant (and large), and that the angle 0 is 
small: 
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which may again be written in terms of the spreading coefficient, S:  

where L is a macroscopic size (the adhesive thickness, for example) 
and a is a molecular length. Inspection of the graphs of the two 
functions (on the right and left hand side of Eq. (4)) for small values of 
the angle 6 is shown in Figure 10. There is always a small angle, 8, 
which is a solution of Eq. (4) but only when V is large enough. The 
critical velocity, V * ,  is a function of the parameters in Eq. (4). The 
condition can be written: 

v > V' ( L ,  a7 v, S ,  70) ( 5 )  

Also, we may note that if Eq. ( 5 )  is satisfied, two solutions, 8,  and O2 
are possible, one stable, and the other one unstable. 

In any case, these expressions show the combined role of the surface 
and rheometric properties in determining the type of failure. Further- 

S 

FIGURE 10 Condition on the velocity to obtain interfacial failure from substrate. 
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more, by making Eq. (3) into a dimensionless form, we obtain the rele- 

(yab/q V )  and, of course, (T/T,,r) ( T  = temperature, Tref = reference 
temperature). 

There are no references in the literature for calculating the 
dissipation in the corner, in the case of a viscoelastic material. We 
may then replace the viscosity, q, by its equivalent when it exists. The 
viscosity is, in fact, shear rate dependent and its value is q (?), where ? 
is the shear rate and is velocity dependent. In the case considered, 
estimations of the viscosity lead to a dependence of q V as a power law 
V",  where 0 < n < 1. This does not change the qualitative aspect of 
the curves in Figure 10. 

For a more accurate description, the rheology will be introduced via 
a Weissenberg number, (aT VA,/e) (A, = a relaxation time and 
e = thickness), which will play a role by modification of the viscosity. 
Other relaxation times will be added to describe the material's 
behavior completely. 

Therefore, this simple analysis shows that a criterion of the type 

vant dimensionless groups: ( Y ~ V  V>,  (rh V > ,  ( y Q h  V ) ,  ( Y ~ T I  V > ,  

is needed to explain the transition from a cohesive to an interfacial 
regime. This idea is relevant to the study of adhesives A and B and 
may be used further in the study of other systems. 

5. CONCLUSIONS 

In this paper, we have discussed the type of peeling curves and 
mechanisms of peeling that can be obtained for a family of acrylic 
adhesives. 

We have shown that classes of mechanisms are mainly determined 
by the amount of cross-links present in the adhesive. 

The shapes of the peeling master curves also are functions of the 
degree of cross-linking, and the cohesive branch disappears eventually 
for a highly cross-linked adhesive. 
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The type of regime is governed by the combined effects of the 

Further studies are needed to quantify the critical velocity for which 
rheology and the surface energies, in a complex manner. 

the system goes from cohesive to interfacial failure. 
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