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(Received 17 July 19%; In final form 14 September 1996) 

We analyze the peeling properties of an uncross-linked pressure sensitive adhesive. 90" 
peeling master curves on Pyrex"' and PMMA @olymethylmetacrylat) are constructed. 
The shlft coefficients aT are compared with the ones obtained from rheometrical shear tests. 

With our machine, the peeling front is kept fixed, enabling us to observe the mechan- 
isms of deformation of the adhesive. We count four different mechanisms of peeling in 
cohesive failure, and three in interfacial peeling (the last being unstable); they corres- 
pond to various slopes that we identify. The flow patterns at slow reduced velocities are 
two-dimensional. Then they undergo transitions to three-dimensional periodic complex 
flows, due to instabilities in the flow of thin adhesives. Interpretation of these peeling 
master curves are discussed in terms of rheology and physico-chemistry. It appears 
necessary to take into account the elongational properties of the adhesive, as well as the 
surface energy properties, to predict adhesion. 

Keywords: Adhesion; rheology; polymer; pressure sensitive adhesive; peel; mechanisms; 
cohesive; interfaciak contact angle 

1. INTRODUCTION 

In this paper, we study pressure sensitive adhesives (PSA), which are 
widely used materials in modern industry (packaging, release coatings, 
labels, hospital products.. .). Many studies have been undertaken to 
understand the adhesion properties of these materials. In particular, sur- 
face energies, the rheological properties (shear moduli, glass transition 
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46 L. BENYAHIA e ta l  

temperature), adhesive thickness, backing and substrate, all play an 
important role when predicting the adhesive properties of a P.S.A. 

There are different ways of measuring the adhesive properties [l], in 
particular, the peeling test is one way to do  so: one pulls on a strip of 
adhesive coated onto a backing, to remove it from a given substrate. 
The force, F ,  necessary to separate the bond is measured as well as the 
velocity, I/, at which the peeling front moves. 

The force required in a peeling test depends both on the physico- 
chemical properties of the different surfaces, and on the rheology of 
the adhesive. Actually, one can draw peeling master curves using the 
time/temperature superposition principle [2,3] when it can be applied 
to the rheometrical properties of the adhesive. Still, some cases have 
been encountered where the shift coefficients are not those of the 
adhesive [4]. 

It is generally found that there are two modes of steady failure, a 
cohesive one and an interfacial one. At low velocities or high tempera- 
tures, stresses within the adhesive are high enough so that the failure 
mode is cohesive, and the adhesive remains both on the substrate and 
the backing. This can give rise to comparatively very high peeling 
energies [3]. 

At moderate rates, the adhesive undergoes a transition from cohesive 
to interfacial failure. The interfacial mode corresponds to a flow mode 
where the adhesive stays on one side only (substrate or backing). In 
practice, the most common case is the one where the adhesive remains 
on the backing. The peeling energy increases with the rate of peel [S]. 

Many authors have tried to describe this type of peeling. It has been 
shown [6,7,8] that the peeling energy (G) required to break the bond 
away from the substrate (interfacial failure) is proportional to the 
thermodynamic work of adhesion, w 

G =  wq5(aTV) 

where uT V is called the reduced velocity (aT is a coefficient depending 
on temperature) and 4 is a dimensionless function of the reduced velo- 
city representing the dissipative energy, depending on the rheology of 
the adhesive. Also, the cohesive part of the curve obeys a similar rela- 
tionship where one should replace w by the cohesive energy of the 
adhesive when in contact with a specified liquid or atmosphere [8,9]. 
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MECHANlSMS OF PEELING OF PSAS 47 

When the failure is interfacial at low enough velocities, the energy is 
of the same order as the work of adhesion, w. On the other hand, at 
high velocities, G can sometimes be two or three orders of magnitude 
higher than w .  

In some cases this dissipation function has been determined to be a 
simple power law of the form [ S ,  lo] 

where n is a function of the adhesive. For example, the case of separ- 
ation of polyurethane [ 5 ]  from glass gives n = 0.6. 

At  high peeling velocities, an instability occurs. This type of peeling 
is related to the rubber glass transition [3,11,12,13] and an oscilla- 
tory force is observed under controlled peeling velocity, due to the 
combined elasticity of the backing and the adhesive. 

To be able to understand the effect of rheology on the adhesive 
properties, one needs to find out what type of flow exists at the peeling 
front. The actual question is to know whether the shear or elonga- 
tional effects are preponderant or both. The simplest idea is to try to 
conduct careful visualizations of the flow mechanisms involved. A 
special case [14] of peeling has been analyzed by looking at the 
peeling front through a PyrexTM glass substrate, thus showing a two- 
dimensional picture from which the three-dimensional flow pattern 
was guessed. Still, no clear pictures showing the evolution of the flow 
regimes have been shown, as we move along the master curve. 

In the present paper, the study of a 90" peeling experiment of an 
uncross-linked P.S.A. (containing copolymers with styrenic blocks) on 
two substrates (PyrexrM and polymethylmetacrylate (PMMA) is per- 
formed. The originality of ths work consists of the simultaneous inter- 
esting features: 

0 the measurements of peeling curves at different temperatures, under 
controlled humidity, in a large range of reduced velocities (eight 
decades) 

0 the visualization of the peeling front with a special system allowing 
magnification of the mechanisms. This enables one to see a three- 
dimensional picture of all the mechanisms 

0 complementary rheological and surface characterizations of the ad- 
hesive and substrate, respectively 
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48 L. BENYAHIA et al. 

In section 2, we present the experimental set-up, as well as the 
information concerning the materials and the testing procedures. The 
peeling experiment built in our Laboratory is described, along with 
the observation system used. 

Then we show the evolution of the mechanisms in relation to peel- 
ing master curves (on PyrexTM and PMMA), in a large range of 
reduced velocities (section 3). The construction of the peeling master 
curve allows the determination of the shift factors uT to be compared 
with the ones obtained from dynamic shear rheometry. 

The photographs taken from the peeling front are crucial for the 
understanding of the problem and show clearly that there are various 
modes of flow in cohesive failure, as well as in interfacial failure. In 
both cases, the flow is first two-dimensional, then a transition occurs, 
corresponding to a hydrodynamic instability, and the flow becomes 
three-dimensional. This instability in cohesive failure is similar to the 
one observed for a fluid forming a free surface when driven by two 
rotating rollers [lS, 16,171. Furthermore, we have counted four mech- 
anisms in the cohesive mode of peeling and three when the peeling is 
interfacial. 

This is the first time that all mechanisms characterizing the 90" 
peeling of an uncross-linked adhesive are provided, in close relation to 
peeling master curves. This study is very helpful for modeling the flow 
at the peeling front, which governs the peeling force, and for deriving 
scaling laws corresponding to each flow regime. 

2. EXPERIMENTAL DETAILS 

Material and Preparation of Adhesive Strips 

The adhesive used throughout this study is intended to be used in 
pharmaceutical application. It is an uncross-linked H.M.P.S.A. (Hot 
Melt Pressure Sensitive Adhesive). It contains about 20% of a 
copolymer (with styrenic blocks), 40% of tackifiers and additional 
plasticizers (waxes). The copolymer contains about 70% of triblock 
compound and 30% of diblock compound. The role of the tackifier is 
to increase the glass transition temperature Tg (this has been verified 
by separate dynamic measurements), and the adding of non-crystalline 
compatible plasticizers adjusts the plateau modulus of the mixture. In 
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MECHANISMS OF PEELING OF PSAS 49 

this case, T,  is approximately equal to - 25°C (measured dynamically, 
f = 1 Hz) and the melt temperature is T,,, = 45°C. 

The adhesive tape has a 100 pm thickness. It is coated over a 23 
pm-thick rigid (but flexible) polyester backing (Hoechst, RN 23, 
Young Modulus E=4500MPa) at a temperature of 110°C and the 
coating rate is 2m/min. The other side of the adhesive is protected by 
a siliconed polyester sheet (Rexor, 74 H, thickness 75 pm) which is 
moved away clean from the P.S.A. just before applying the adhesive 
on the substrate. For the peeling test, 300 x 30 mm strips are cut from 
the sheet. 

Rheological Measurements 

Dynamic rheological measurements were carried out on a Carrimed 
CS 100 rheometer, using a cone and plate geometry (radius = 20mm, 
angle = 4"). The deformation measurement for low enough controlled 
stress values at various frequencies allows the determination of the 
storage modulus (G') and the loss modulus ( G ) ,  as functions of the 
frequency ( f  = 04271, Hz 6 f < 10 Hz). Measurements were car- 
ried out at five temperatures (OOC, 20"C, 35"C, 50°C). It is found that 
the time-temperature superposition principle can be applied to the 
adhesive and shift factors a; are determined by translation of the 
curves obtained at the different temperatures onto the reference curve 
(Tref= 35°C). This is shown in Figure 1. 

Preparation of Substrates 

In this study we used two substrates: PyrexTM and PMMA. Kaelble 
[ 3 ]  and later Gent and Schultz [ 6 ]  have demonstrated the importance 
of the surface energies both of the adhesive and of the substrate on the 
peeling behavior. Thus, the substrates are cleaned using a defined 
protocol which produces a clean and reproducible surface. The adhe- 
sive is then applied on the latter surface under controlled pressure. 
The cleaning of the substrate not only allows one to improve the 
repeatability of the measurements but also reduces the waiting time. 

First the PyrexTM substrate (roughness Ra = 0.0025 pm) is washed 
with acetone in order to eliminate most of the pollution (grease, 
water,. . .) present at the substrate interface. The PyrexTM substrate is 
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FIGURE 1 Dynamic shear moduli G’ and G” (Ter= 35’C) 

then put into a sulfochromic-acid solution. This treatment is similar to 
the one described in the case of steel [18]. The substrate is free of all 
sorts of pollution. In the end, the PyrexTM is rinsed with distilled water 
and dried in a vacuum oven at 50°C for 10 min. 

The PMMA substrate (roughness Ra = 0.01 pm) is cleaned first us- 
ing ethyl alcohol. Then the substrate is put into an ultrasonic bath 
containing Freon TF. Finally, the PMMA is dried in a vacuum oven 
(pressure 10 mm Hg) at 50°C for 10 min. 

Surface Energy Measurements 

The sessile drop method is used to measure the contact angles 
between five wetting liquids and the different surfaces (substrates, 
polyester backing and adhesive). The same cleaning protocol used 
for the PMMA is applied for the polyester backing. An approxi- 
mation due to Fowkes [19] and later extended by Owens et al. [20] 
is chosen to calculate the surface free energy. The surface free en- 
ergy, ?, is divided into two components, y d  and y p ,  which refer, 
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MECHANISMS OF PEELING OF PSAS 51 

respectively, to the contribution of the dispersive and polar forces 

y = yd + y p  ( 3 )  

Then the adhesion energy, wsf, between a given solid (s) and the wet- 
ting liquid ( I )  can be expressed by 

WSf = y s  + yr - ysr = 1 + c o d )  (4) 

after using Young’s equation. In Eq. (3), y, and y r  denote, respectively. 
the surface free energies of the solid and the liquid. 6 is the angle 
between the drop and the solid, measured with a contact angle-meter 
(Face, CA-A). ysl  is the interfacial free energy between the solid and the 
liquid. 

Following the method developed in Refs. 19, 20, we introduce the 
dispersive and polar components and assume that 

Finally the combination of Eqns. (4) and (5) leads to: 

A plot of y f ( l  +c0s8)/2(,&”~ as a function of ~ ~ f ) 1 ~ 2 / ~ ~ : ) 1 ’ 2  for known 
liquids allows one to draw a straight line whose ordinate for zero ab- 
scissa and slope give access respectively to the dispersive and polar com- 
ponents of the surface free energy of the given solid (yJ. Table I shows the 
different values of the surface free energies obtained in our case. 

TABLE I Polar and dispersive components of surface free energies 

Solid Y d f m J l m 2 )  y p ( m J / m 2 )  y ( m J / m 2 )  

Pyrex“ 34.6 k 1.1 30.2 k 2.0 64.8 It 3.1 
PMMA 45 i 1.4 0.2 * 0.5 45.2 1.9 
Adhesive 38.8 & 1.2 0 k 0.5 38.8 k 1.7 
Polyester 42 i 1.6 2.3 * 1.2 44.3 3.8 
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52 L. BENYAHIA et al. 

We further note that since the adhesive contains mostly C-H 
bonds, the main forces should give rise to non polar components of 
the surface free energy, which is the case ( y p  == 0). Due to the uncertain- 
ty of such measurements (advancing and receding angles may give 
different values, also roughness may alter the precision), we have ad- 
ded the measurement error. Therefore, in the case of PMMA and 
Polyester, the comparison is difficult. The yd component, though, gives 
more accurate information because it was obtained using a purely 
dispersive fluid. 

Peeling Apparatus 

The peeling apparatus is composed of two micrometric tables (Micro- 
contrde, MT 160) driven by two step-by-step motors (two configu- 
rations: UE 72 PP and UE 72 PP with a 1/50 gear ratio). A 
description of the apparatus is shown in F'igure 2. In this configur- 
ation the peeling angle is 90". The two tables are translated with 
constant and equal velocities, V .  The adhesive is placed on the sub- 
strate and the latter moves horizontally, while the other part of the 
adhesive moves vertically pulled by the other micrometric table. Thus, 

FIGURE 2 Peeling Apparatus. 
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MECHANISMS OF PEELING OF PSAS 53 

the separation front is fixed in the laboratory reference frame. The 
adhesive is attached to the micrometric table through a force trans- 
ducer (Sedeme Kistler, model XF 2, measurement range: * 2 daN), 
which measures the peeling force, F .  

Observation System 

The peeling front is observed using a video system. A CCD black and 
white video-camera (SONY, SSC-M370CE) is placed in different posi- 
tions with respect to the adhesive/substrate separation front. Figure 3 
shows the position of the camera and the light source in a particular 
visualization position. The camera is placed on an articulated arm 
which allows different positions in space. The video signal is recorded 
on a U-MATIC VCR (SONY, VO-9600H). The high performance of 
the camera (resolution, sensitivity and available shutter speeds up to 
1/10000 s), the lens (150 mm Macro-Nikkor) and the VCR (resolution) 
allow us to obtain excellent views of the peeling mechanisms. Storage 
of photographs from the video film is possible through a computer 
related to an AGFA-MATRIX system. The photographs obtained 
from this apparatus have the same resolution as the original film. The 
observation of the mechanisms at high pulling rates is obtained by 

I CAMERA 

FIGURE 3 Observation System. 
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54 L. BENYAHIA e tn l .  

selecting a high value of the shutter switch available on the camera. 
Magnification (from 4 to 24) is achieved using prolongators with dif- 
ferent lengths (from none up to 200 mm). The position of the camera 
with respect to the peeling front is obtained by adding selected focal 
length lenses. 

The lighting of the peeling front is obtained using two optical fiber 
light sources. They point straight at the peeling front and their orien- 
tation is adjusted for each observation taking into account the back- 
ing curvature, the failure type and the position of the camera. 

Experimental Conditions 

In this study, the peeling angle is 90". A constant pulling rate is 
chosen in a large range from l o p 4  to 15 mm/s. The complete equip- 
ment is placed into a chamber under controlled temperature and 
humidity. Four temperatures are used (- 10, 20, 35, 50°C &O.l°C) for 
the tests. Humidity is always kept at 10% R.H. (f 1% R.H.). It is 
controlled by the measurement of the temperature difference be- 
tween a humid sensor and a dry one. The minimum of humidity is 
selected to limit water absorption by the adhesive. This may cause 
swelling of the adhesive 161 and, therefore, changes in its rheology 
and physico-chemical properties. 

Testing Procedure 

When the system is set into motion at constant velocity, the force 
signal shows first a transient regime, then a plateau, where the force F 
is measured. The time required to reach the steady-state regime is 
inversely proportional to the pulling velocity, but it also depends on 
the initial conditions. The peeling energy, G{,N/m), using a 90" angle is 
given by [21]: 

F 
G = T  (7) 

where 1 is the width of the adhesive tape. The precision of this peeling 
energy, G, is about 5%. 
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3. RESULTS 

When the adhesive is applied, it needs some time to flow and form 
chemical bonds necessary to adhere to the substrate. This contact time 
depends on the viscoelastic properties of the adhesive, the roughness 
of the substrate and the interfacial free energy of both the adhesive 
and the substrate. The peeling energy required to separate the adhe- 
sive from the substrate is shown in Figure 4 as a function of the 
contact time, for a given velocity (0.5 mmjs) and temperature (20'C). 
We can see that the force reaches a plateau after about thirty minutes. 
All peeling experiments are carried out when the peeling energy does 
not depend on the contact time. 

3.1. Time-temperature Superposition 

Figure 5 shows the cohesive peeling energy, G(N/m), versus the separ- 
ation rate on a logarithmic diagram when the substrate is the PMMA. 
Figure 6 represents both the cohesive and adhesive curves using PyrexTM 
as the substrate. Master curves were constructed using the method of 
reduced variables in both cases. Curves obtained at variom temperatures 

100 

I 0' 102 10) 

t (mn) 

FIGURE4 
L = 0 5mm/s). 

Dependence of the peeling force on the contact time (Pqrex"' T=20 C, 
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56 L. BENYAHIA et al. 

FIGURE 5 PMMA peeling master curve at Tef = 35°C (cohesive mechanisms). 

FIGURE 6 PyrexT” peeling master curve at Te, = 35°C (interfacial mechanisms). 
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( -  10, 20, S O O C )  were shifted horizontally, along the rate axis, to 
superpose them with the curve obtained at 35°C. This temperature 
was chosen for application purposes. The shift factor which allows one 
to achieve good agreement between the curves for each temperature is 
called u p  This method of master curve construction has already been 
applied by several authors [3,5,7,13]. We did not apply the correction 
factor T,/T for the vertical shift because it only creates negligible 
changes. Previous authors showed that the shift coefficients, uT, ob- 
tained in peeling are comparable with those found in dynamic shearing 
experiments or calculated using the WLF equation. Shreuder-Stacer 
1141, on the other hand, shows that deviations can be obtained when 
peeling in different geometries. The identification of the coefficients 
assumes that the phenomena occurring during a peel test are simply 
governed by the rheological properties of the adhesive. 

The shift factors obtained by shifting the peeling curves either in cohe- 
sive (c) or interfacial type of failure ( i )  are shown in Figure 7 in compari- 
son with those calculated from dynamic oscillatory shear experiments 
(u!,.). The WLF equation has been used for fit of a;. The polyester does 
not have any influence on the peeling energy because it is inextensible in 
the range of forces and temperatures studied. Furthermore, it is easy to 

6 
To=35'C 

t- Log(a'T)/Oscillatian 

3 1  

D 
M 
- 
: 

0 LOP(aT)/PMMA 

x Log(aT)/Pyrex 

C 

Best WLF fit Lcg(aT)--8 86*(T-Tl)/(101 WT-TI) C 
using T = 3 3 T  

-50 4 -30 -20 -10 0 10 20 

T-To ("C) 

FIGURE 7 
against T- To (To = 35°C) with WLF fit. 

Shift factors aT (C = cohesive, I =interfacial) and a;. (from rheometry 
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bend it, for its thickness is small. We find a good agreement between 
aT and a; for high temperatures, when the failure is cohesive. This is 
true because the failure occurs within the adhesive. Thus, the behavior 
of the peeling joint in the cohesive regime is g,overned by the rheologi- 
cal properties of the adhesive. On the other hand, in the interfacial 
mode of failure, a difference is to be noted between the two factors 
(PyrexTM). We conclude that, for interfacial failure, one has to be 
careful when applying the time-temperature superposition principle. 
This means that adhering to a substrate may have an effect on the 
relaxation processes of a polymer. Indeed, it is possible that links 
created at the interface may change relaxation times, by reducing the 
chains' mobility. Another explanation may be that the failure was not 
completely interfacial and that there is some adhesive left on the 
substrate. Still we did not see any. Further investigations of the sur- 
face should be carried out in a forthcoming study. After these observa- 
tions, we decided to shift our peeling curves using uT. 

3.2. 90" Peeling Mechanisms on PMMA: Cohesive Failure 

The results of the 90" peeling curve on PMMA versus reduced pulling 
rate at different temperatures are shown in Figure 5 with the corres- 
ponding photographs for each identified mechanism. 

In the present case, the failure mode is cohesive. This means that a 
part of the P.S.A. remains on the substrate and the rest stays with the 
backing after peeling. 

In this particular failure mode, we can identify four different regimes 
of flow. 

The jirst mode C l  occurs at slow pulling velocity. The P.S.A. is 
deposited between the substrate and the backing in a two-dimensional 
flow pattern (Photographs 1 and 2), and the fluid lies in approximate 
equal amounts on both sides after peeling. The corresponding data 
points are not accurate enough (limiting range of the force transducer) 
to measure the cohesive strength of the adhesive (w,=  2y, z 
78 mJ/mZ). Nevertheless, the order of magnitude of the energy in- 
volved is in this range. The C1 mode of cohesive flow is obtained at 
50°C or at slow peeling rates. The dynamic oscillatory curve of the 
adhesive obtained at 50°C (Fig. 1) shows a Newtonian behavior of the 
adhesive at a low frequency. The dependence of the peeling energy, 
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PHOTOGRAPH I 
viem 

PMMA, T= 5 0 C ,  c = 0.003 mmjs (C1) Cohesive flow regime. front 

PHOTOGRAPH 2 
view. 

PMMA, T= S O T ,  u = 0.003 mmjs (Cl) Cohesive flow regime. side 
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G(V), on the dynamic moduli, G*(w), has been used by Komornicki 
et al. [22] to describe the peeling types of failure. It is more precisely 
explained in Aubrey's paper [23]. He suggests the use of a constant 
shift, I/ = h0w/2n, and the plotting of the two curves of G(hOw/27t) and 
G*(w) on the same axis. h, should correspond to the half wave that 
can be measured on the backing of the adhesive behind the peeling 
front using optical techniques. h, was found to be a constant (0.6 mm) 
in a large range of velocities. Another way to relate these curves would 
be to compare a shear rate, Vje,  with the angular frequency, w. We 
note that h, z 0.6 mm, so that h,/27t M 0.1 mm, whereas e = 1.0 mm. 
Therefore, the multiplying factor is roughly the same. Using either of 
the two methods, we find that the regime C1 corresponds to the 
Newtonian behavior of the adhesive, i.e. the region where G and G" 
have respective slopes of 2 and 1 (example: rad/s <---> lop4 
mm/s). 

When we increase the pulling velocity at 50°C, a three-dimensional 
instability occurs at the peeling front. The P.S.A. flows between the 
substrate and the backing and forms transparent ribs. This is the 
second mode of cohesive failure C2 (Photographs 3 and 4). The same 
phenomenon is also observed between two rotating rollers submerged 
in a liquid [ lS,  16,171. The hydrodynamic instability occurs to modify 

PHOTOGRAPH 3 PMMA, T= 5 0 T ,  u = 0.015 mm/s (C2) Cohesive flow regime. 
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PHOTOGRAPH 4 PMMA, T =  50°C, u = 1.5mm/s (C2) Cohesive flow regime 

the two-dimensional flow into a three-dimensional one with the ap- 
pearance of ribs at a critical velocity. The same mode of flow is also 
observed at the low peeling rates at 35°C. The corresponding points of 
this second mode of flow align with a slope of about 0.8. Thus, the 
appearance of ribs increases the slope of the energy curve and is in 
close relationship with the experimental parameters. In this region of 
flow, the adhesive still exhibits a Newtonian behavior as shown again 
by the correspondence between Figures 1 and 5 (example: lo-' rad/s 
< --- > lo-' mm/s). 

If we increase the pulling rate, the ribs become opaque and start to 
tear at the very edge of the free surface (Photograph 5). This third 
mode of cohesive flow C3 corresponds to a slope of roughly 0.6. This 
mode of flow is observed at 35°C at high peeling rates as well as at 
20°C and low peeling rates. The adhesive shows a rubber-like behav- 
ior (example: lO'rad/s <---> 10' mm/s) and the mechanisms at the 
edge of the ribs correspond to the tearing of a rubber when subjected 
to an elongational test. 

For the last mode of cohesive failure C4 detected when peeling on 
PMMA, we have obtained a few points corresponding to a fourth 
mechanism. The ribs still remain opaque and there are secondary ribs 
peeling from the main ones (Photograph 6). This last mode of cohesive 
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failure is observed at 20°C. These points correspond to the rubbery 
behavior of the adhesive (example: lo2 rad/s < --- > 10' mm/s). The 
appearance of secondary ribs has also been observed by Urahama 
[14] but for interfacial failure. 

PHOTOGRAPH 5 PMMA, T= 35T,  v = 0.15 mmjs (C3) Cohesive flow regime. 

PHOTOGRAPH 6 PMMA, T= 20T,  u = 0.15 mm/s (C4) Cohesive flow regime. 
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This investigation of the stringiness of peeling phenomena in com- 
parison with the rheological behavior of the adhesive confirms that a 
relationship exists between the behavior of the P.S.A. in cohesive 
failure and the rheological properties of the adhesive. 

The superposition of the curves (at Tref = 35°C) obtained at different 
temperatures show the superposition of the mechanisms. The points 
obtained at one temperature corresponding to one type of flow are in 
good agreement with the points corresponding to the same mecha- 
nism at another temperature. This is another reason to believe that we 
can apply the time/temperature superposition to a peeling process. 
The comparison of the characteristic dimensions, i, (wavelength) and L 
(height), of the ribs in cohesive failure (Fig. 8) show that for two points 
superposing on the master curve and corresponding to different tem- 
peratures, the dimensions of the ribs can be different. The mecha- 
nisms are similar, but the length scale is different. 

From the observation of the rib’s dimensions, we can say the following: 

0 In mole C1,L and L and not defined. 
0 For the second mode, C2, when the ribs appear, i decreases rapidly 

from 1.4. mm to reach a constant value (as in Ref. 15) of 0.7 mm, 
whereas L increases from 0.2 mm to 1.5 mm. 

0 The wavelength, E,, of the third mode, C3, and the fourth one, C4, 
does not change and equals approximately 0.3 mm. L is also a 
constant of 1 mm. 

L I  

FIGURE 8 Dimensions of the ribs. 
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These comments and observations (shape of the free surface, wave- 
length.. .) should be very useful for further theoretical investigation of the 
problem, especially since most of the energy seems to be lost in these 
mechanisms. Indeed, a first series of investigations of the shape of the 
backing, using an optical technique, reveals that the crests and troughs on 
the backing side correspond respectively to the troughs and ribs on the 
adhesive. These results should appear in a forthcoming paper. 

3.3. 90” Peeling on PyrexTM: Cohesive and Interfacial Failure 

The results of peeling on PyrexTM are shown in Figure 6. The master 
curve presents three modes of failure: cohesive, interfacial and an 
unstable region at high peeling rates. The construction of the master 
curve is obtained with the same method of shifting as in the PMMA 
case. The interfacial failure occurs at the €’.S.A./substrate interface, 
unlike in the case of PMMA. For PMMA, we were only able to 
obtain interfacial failure at the interface between the backing and the 
adhesive. The difference in the locus of failure can be understood by 
comparing the reversible work of adhesion, w, between the different 
couples (adhesivelsubstrate and adhesive/backing), for the two differ- 
ent substrates. 

The reversible work of adhesion, w, between the adhesive and the 
substrate (or backing), is given as in Eq. (4) by the following expression: 

where Y,, y,, are, respectively, the surface free energies of the adhesive 
and the substrate (or backing), and y,, is the interfacial free energy 
between the adhesive and the substrate (backing). 

An approximation for y,, similar to the one in Eq. (5) is used: 

As the polar component of the adhesive’s surface free energy is zero 
(see Tab. I), the expression of w is simply given by: 
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The values of y d  are shown in Table I1 and w is calculated for the 
different pairs of adhesive/surface: 

TABLE 11 
adhesion, w ,  between the adhesive and the surface at  T = 20°C 

Dispersive component, y d ,  and reversible work of 

PMMA 45 f 1.4 83.6 2.6 
Pyrex 34.6 1.1 73.3 2.3 
Polyester 42 i 1.6 80.7 f 2.5 

The approximate classification is obtained: 

w(Adhesive/PMMA) >, w(Adhesive/Polyester) > w(Adhesive/PyrexTM) 
(1 1) 

These data have been obtained at 20°C and many vary with tempera- 
ture; therefore, conclusions should be drawn carefully. Usually, the 
surface free energy decreases with temperature, so combined values 
will decrease, but not necessarily by the some amount. 

Failure occurs at the interface where the work of adhesion is the 
lowest [13] (or when the dispersive part of the surface free energy is 
lower) because stresses need not be so large. Thus, the interfacial 
failure is located at the backing interface in the case of peeling on 
PMMA, and at the substrate interface when peeling on PyrexTM. 

Mechanisms observed in cohesive failure on PyrexTM are identical 
to those observed on the PMMA substrate except for the fourth 
mode, C4, which does not appear. Indeed, on a PMMA substrate, we 
have a higher work of adhesion, w, which allows us still to peel 
cohesively at higher reduced velocities. The stresses in the adhesive 
become larger, because the competition between the surface free ener- 
gies required to break the bond are similar. Therefore, the adhesive 
undergoes a cohesive failure at higher velocities. 

The interpretation of the cohesive-interfacial transition in terms of 
cohesive strength of the P.S.A. [23] is not sufficient. Indeed, we have 
observed interfacial failure on a PyrexTM substrate and cohesive failure 
on the PMMA substrate at the same reduced velocity. Thus, the transi- 
tion from cohesive to interfacial failure is clearly influenced by surface 
free energies. Actually, we expect the detachment conditions to be in- 
fluenced both by the rheology (velocity, viscosity, temperature, . . .) and 
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the surface free energies, as in the case of wetting of a surface by a 
liquid drop [24]. In this case, at  small advancing angles, the velocity 
of the drop depends on the viscosity, the velocity and the surface free 
energies. A failure criterion has to be used (limit stress, etc.) to predict 
what really happens at the detachment point. We may consider that, 
as in Ref. 24, the governing parameters are :?,, y,, y,,, y b  (surface free 
energy of the backing), the reduced velocity, uTV,  the zero-shear vis- 
cosity qo, a characteristic relaxation time, R,, and the adhesive thick- 
ness, e. They can be introduced through the following dimensionless 
groups v, +$, e, 5, 2 (Weissenberg number, capillary number, and 
surface free energy ratios). For one type of adhesive, one backing, on a 
given substrate, the condition depends only on the capillary number, 
C, = 3. As a first try, we can say that when the viscous forces are 
large enough compared with the surface forces, a transition will occur. 
This corresponds to a critical capillary number, C,*, and a critical 
velocity I/* =&. This shows also that, when the temperature 
changes, the critical velocity V* (or a,V*) will change. Further stud- 
ies with more adhesives and substrates still need to be carried out to 
predict this transition condition accurately. 

The mechanisms observed in interfacial failure present three modes 
of flow. The first one is a two-dimensional mode of flow. The second 
kind is a three-dimensional one. 

In theJirst mode of jow ZI, the adhesive remains on the backing. 
The flow of the adhesive is two-dimensional (Photographs 7 and 8). 
From the pictures of the peeling front, we can observe that the height 
of the front increases with peeling velocity. At very low velocity, the 
curve can be extrapolated to a plateau where the measured peeling en- 
ergy should correspond approximately to the reversible work of adhesion 
between the substrate and the adhesive (w % 73 mJ/mz). This confirms 
the fact that the peeling energy is strongly influenced by the surface free 
energies of the adhesive and the substrate ,at low velocities [ S ] .  The 
comparison of the rheometric and the peeling curves shows that this 
regime corresponds to the Newtonian-to-rubber transition of the adhe- 
sive. We note that two different forces can be observed for the same 
velocity, but at different temperatures. This IS due to the fact that the 
transition from cohesive to interfacial failure depends, in a complicated 
manner, on the surface free energies, as well as the temperature and the 
rheology of the adhesive. This has also been observed by Oborj et al. 
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[25] when varying the velocity continuously. They obtained a hysteresis 
loop when increasing the velocity and then decreasing it. Higher levels of 
forces are obtained when V goes up, whereas lower levels, corresponding 
to the steady-state values, are found when decreasing the velocity. 

PHOTOGRAPH 7 PyrexTM, T= 20T,  v = 0.05mm/s (11) Interfacial flow regime. 

PHOTOGRAPH 8 Pyrex’”, T= - IOC, L’ = 0.05mm/s (11) Interfacial flow regime. 
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At high peeling velocities, a hydrodynamic instability occurs and a 
three-dimensionalflow 12 takes place at the peeling front. The stringi- 
ness observed (Photographs 9 and 10) is similar to the one mentioned 
by Urahama [14] for interfacial peeling of an uncross-linked adhesive. 

PHOTOGRAPH 9 PyrexTM, T= 20°C, u = 5 mmjs (12) Interfacial flow regime. 

PHOTOGRAPH 10 PyrexTM, T= 20T,  o = 1.5min/s (12) Interfacial flow regime 
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The wavelength of the stringiness decreases with peeling rate until it 
reaches a constant value of 0.2mm. The height of the filaments is 
approximately constant (0.5 mm) for the range of reduced velocities 
(10’- 10’ mmjs) at which the stringiness shows up. The appearance of 
this flow is followed by a change in the curvature of the peeling master 
curve. The points corresponding to this regime begin to form a plateau at 
high velocities. The appearance of this mechanism, with regard to the shear 
oscillatory master curve, coincides with the rubbery behavior of the adhesive. 

If we increase the velocity again, or if we decrease the temperature, 
an oscillatory regime of peeling force is obtained, corresponding to an 
unstable regime. This is shown in Photographs 11-12. The adhesive is 
submitted to a very high deformation while still adhering to the subs- 
trate (Photograph 1 l), until the bonds with the substrate break with a 
crack propagating (Photograph 12): the energy stored in the adhesive 
becomes too high and is then released. The velocity of propagation of 
the crack is larger than the peeling velocity, that is why no stable 
regime is possible. If we could get as high as this velocity of propaga- 
tion, we could reach a stable regime. Several authors call this phenom- 
enon a stick-slip failure, but it is clear that there is no slip here. We 
would rather call it “stick-release’’ mechanism. 

To summarize these results, we sketch the type of flow occurring at 
the peeling front in two cases (cohesive and interfacial failure). This is 

PHOTOGRAPH 11 PyrexTM. T= - 10 C, L = 3 5 mmis Unstable regime 
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shown in Figures 9a and 9b, where the steamlines are represented in a 
two-dimensional case. In Figure 9a, we notice the presence of a stag- 
nation point. In Figure 9b, the detachment point is a singularity. This 
picture could also hold for the case of the flow within thin ribs or 
filaments. We conclude that, in both cases, the flow can be considered, 
at least in the vicinity of the stagnation point (Fig. 9a) or the detach- 
ment point (Fig. 9b), to be similar to an elongational flow of the type 
u1 = i x l ,  u2 = - ix2, u3 = 0, in a reference frame (Ox, x2 x3). In the 
case of cohesive failure, direction 1 is the dividing streamline, and 
direction 2 corresponds to the free surface line. In the adhesive case, 
direction 1 is the substrate line, whereas direction 2 is again the line 
following the free surface. Detachment and :stagnation points are the 
origins 0 in each case. 

This leads one to conclude that the mechanisms show the importance 
of elongational effects in 90" peeling of an adhesive. These results should 
be enhanced by actual quantitative predictions in a forthcoming paper. 

This adhesive has enabled us to follow the evolution of a peeling 
master curve, and to determine the associated flow regimes. 

PHOTOGRAPH 12 PyrexTM, T= - 10T,  u = 3.5 mmjs: Unstable regime. 
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FIGURE 9 
failure. 

Picture of the streamlines a) cohesive mode of failure, b) interfacial mode of 
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CONCLUSION 

The whole 90" peeling master curve of an uncross-linked adhesive has 
been described over eight decades of reduced velocity, ranging from 
low velocities corresponding to Newtonian behavior, to high ones 
corresponding to the glassy transition of the adhesive. 

The different mechanisms have been identified in correlation with 
the peeling master curve, for the two modes of failure: cohesive and 
interfacial. It has been shown that the change from one mechanism to 
another corresponds to changes in slopes in the peeling curves. Hence, 
there are several scaling laws describing the different parts of the 
curve. 

The rheological properties are strongly coupled with the interfacial 
ones, especially in interfacial mode of failure. The transition from 
cohesive to interfacial failure also is influenced by the combination of 
these properties. 

The shape of the peeling curves remains to be explained quantita- 
tively, but we have shown here the importance of the elongational 
properties of the adhesive, which should be put into the model. 
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