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The cohesive peel spectra of pressure-sensitive adhesive (PSA) tapes have been measured using a non- 
stationary peel tester. The experimental evidence and a viscoelastic analysis based on a peel model 
indicate that there are no significant effects of acceleration in the normal rate region. The nonstationary 
peel tester can be regarded as a useful tool for testing and evaluating PSA tapes. 
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INTRODUCTION 

The nonstationary peel method has been applied to testing of the peel behavior for a 
variety of pressure-sensitive adhesive (PSA) tapes; this technique allows one to 
obtain the spread peel spectra from a cycle run of the accelerating and decelerating 
peels for short-length This is useful for studies about the peel transition 
between cohesive and interfacial failures, including stick-slip behavior. 

Conventional peel phenomena have been analyzed with a combined model of a 
three-element structure for the adhesive and an elastic beam for the b a ~ k i n g . ~  The 
Voigt element4’9 or the Maxwell element,5.9 connected to backings deformed in a 
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128 H. OBORl et al. 

curved shape, were also proposed. The results of model calculation gave an s-type 
curve, in agreement with those for measured peel curves. 

In this paper, the peel behavior at low rates, measured using a nonstationary 
method, is interpreted with a viscoelastic model. This model, consisting of Maxwell 
elements with different relaxation times, is based on a prototype of the Hata model'. 
The good agreement between model analysis and experiment indicates the useful- 
ness of this nonstationary method. 

EXPERIMENTAL 

A pressure-sensitive adhesive tape was prepared using a special adhesive made from a 
blend of masticated natural rubber (40%) and a tackifier (60%) consisting of the pen- 
taerythritol ester of hydrogenated rosin. The thckness of the adhesive was 30 pm. The 
sample tape with backings of a 25pm-thick PET film was cut into 10mm-wide strips. 
The surfaces of Pyrex@ glass for the substrate were cleaned with the procedure previous- 
ly described.' The tape adhered onto the substrate was kept for a day at ambient 
temperatures in an air-conditioned room to acheve steady state adhesion. 

The peel measurement at a peel angle of 180" in a cycle of accelerating and 
decelerating peels was normally done at room temperature in air by use of a non- 
stationary peel tester. The details of the tester have been described elsewhere.' In the 
present measurement, three kinds of peel rate processes, called the stationary, con- 
stant accelerating, and variable accelerating peels, were utilized. The respective peel 
rates,V, with respect to the time, t ,  or peel distance, D,, are expressed by 

V, = const. (1 )  

V, = At 

V, + = V,exp(BD,) (3) 

where A is the constant peel acceleration, V, is the initial rate at D, = 0, and B is a 
constant. In the third process, the peel acceleration is given with A, = BV:, and its 
magnitude decrease as the rate is lowered; the measurable rate range in a single run 
is very wide. In the latter two, the corresponding deceleration peels are represented 
in the same functional form with different constants: e.g., A, = - A ,  and B = -B. 

RESULTS AND DISCUSSION 

Figure 1 shows peel spectra in a cycle of accelerating and decelarating peels, related 
to the third process of Eq. (3). The failure mode was cohesive over a relatively wide 
range of peel rates, but was visually interfacial on the high rate side, via the transi- 
tion region of the failure mode. In addition, the stationary peel force, related to Eq. 
(l), was measured. The data overlapped the nonstationary curve within experimental 
precision. 
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NONSTATIONARY PEEL METHOD 129 

For the same sample, the acceleration dependence in the low rate region was 
examined at various magnitudes of constant acceleration, related to Eq. (2). The 
resultant curves are dependent on the acceleration, as shown in Figure 2; the lower 
the peel rate, the stronger its dependency becomes. In each curve, a discontinuous 
change in peel spectra at a rate V, was observed; below V, the acceleration effect was 
dominant. We recognized from visual observation that at rates below V, the 
adhesive only deforms, with no failure. 

vp /mms-' 

FIGURE 1 Peel force per tape width, F,, against peel rate, 5. Squares, in stationary peel; open circles, 
in decelerating peel with B = -0.1 mm- '; solid curve, calculated from Eq. ( 5 )  with q1 = 6.3[N-%], 
q 2  = 0.63[N-'s], E~ = 70, zi = 42O[s]. Note that no data in accelerating peel have been plotted so as to 
avoid overlap, and that solid circles denote interfacial failure. 
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FIGURE2 
[mm/s'] = 5.3 x lo-', (0); 2.4 x 
denote cohesive failure and the initial deformation prior to failure, respectively. 

Peel force per tape width, F,, against peel rate V,, in constant acceleration peel: A ,  
(0). Open and solid symbols (A); 4.1 x (a); 1.7 x 
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130 H. OBORI et al. 

Viscoelastic Model 

The peel behavior measured with this tester is interpreted by use of a viscoelastic 
m ~ d e l ~ , ~ ,  consisting of Maxwell elements with relaxation times z j  ix., the ratio of the 
viscosity, qj ,  of the dashpot and the elastic modulus, Gj, of the spring, as Figure 3 
shows in j =  1,2. The relaxation time z1 is associated with the viscoelasticity of 
long-chain components in the pressure-sensitive adhesive, while z2 is associated with 
that of short-chain components. The relation z1 > z2 is effective in the normal range 
of strain rates. For cohesive failure peels in the low rate region, the contribution 
from z1 is more significant than that from the z2 component. 

The cohesive failure criterion is defined as follows: the failure occurs when 
the total strain, E ( = E ~  or E ~ :  the respective values are the strains of the first and 
second Maxwell elements), has reached a critical strain, E,, and is constant; this is 
called the strain-controlled cohesive failure. In the present treatment, the elastic 
effect caused by backings will not be considered, because we focus on nonstationary 
behavior. 

Figure 4 shows the schematic side-view peel profile. The adhesive adhered onto a 
substrate is divided into volume elements, each of which is numerated by i = 1,2.. . 
from the initial peel point. With peeling at the strain rate u (u  = at: a is the constant 
acceleration and t is the time elapsed), the peel point moves toward the larger 
numbered elements, and the i-th element will arrive at the peel point during the time 
ti. After that, the i-th element starts to deform at ui( = at,), and it breaks after the 
time t, at the rate v( = v i  + at,), where t, is the time when E of the i-th element, which 
had experienced E = 0, u = u,, and t = ti, reached E = q,. The resultant stress, op, at the 

& " I  I o , 2 E  2 

FIGURE 3 Viscoelastic model. Two Maxwell elements in parallel with each other: relaxation times, T,, 

elastic modulus of spring, Gj, viscosity of the dashpot, qj ,  stresses, aj, and strains, ej ( j  = 1,2). 
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NONSTATIONARY PEEL METHOD 131 

c 

9 . .  3 1 4 

. 
D D,+D, Di 0 

FIGURE 4 Schematic side-view profile of PSA tape peeling. The right is the initial state of pre-peeling. 
F ,  is peel force, 8 is peel angle, t is elapsed time, D, is peel distance; see the text for other variables with 
subscript. The left is the peel state at the moment when the i-th volume element is just broken. 

rate, u, or at the strain of E = E ,  = uit, + (1/2) at,', is expressed by 

j =  1 
(4) 

If a = 0, then the stationary stress at ui can be obtained as IT, = Q j Y { l  - exp 

Before converting 8, to the peel force, F,, we consider a few necessary factors: As 
the cross-sectional area of the volume element decreases on deformation because of 
filamentation, we introduce the effective area ratio R (  = S/S,)  based on the volume 
constancy, where S anmd So are the cross sections at E and at no strain, respectively. 
The ratio R is readily represented as R = 1/(1 + E). Furthermore, the distance, D,, 
from the peel point to the break element along the substrate can be obtained from 
E, = 2D,/gL,, by approximating an isosceles triangle to the deforming adhesive re- 
gion, where Lo is the adhesive thickness and g is the peel angle factor defined by 
l/g = sin(8/2) for the peel angle 8. 

The peel force, F,, is obtained by assuming no interaction among the divided 
elements and a uniform stress distribution for all the elements existing between the 
peel point and D,. In the latter assumption, the stress of the related elements is the 
same as that at the distance D,; but note that they have different forces owing to 
their R-dependent cross-sections. This is a rough approximation based on the ex- 
periment results from Kaelble.6 Thus we obtain the peel force per tape width, F,, 
with respect to the peel rate, V,, corresponding to u( =ui+at,), by summation of 
each force from the peel point to D,: 

(- t b / Z j ) ) -  

1 
2 

F ,  = -g'L,ln( 1 + E,) CT, 
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132 H. OBORI etal .  

where Vand a, being implicitly involved in (T,, are transformed by multiplying 6 
and peel acceleration A,. by the factor (1/2) gL,. The stationary peel force can be 
obtained by substituting a = 0, and the force in the decelerating peel by reversing the 
sign of the acceleration. 

In the accelerating peel of this test method, the initial deformation of the adhesive 
without failure is involved, as also shown experimentally; the force per tape width, 
F,, for initial deformation at very low rates, if one makes the approximation 
exp( - t / zJ  = 0, is approximated by 

2 
1 
2 

F ,  = -g2Loln(l + (ql + q2)at  - q,z,a 

From the intersection of the curves of failure and deformation, expressed by Eqs. (5 )  
and (6), respectively, a characteristic rate, V,, at which adhesive failure occurs, is 
obtained to be V, = (gL,&,A,)1i2; in other words, using the test results of Figure 2, 
we can estimate the E, value from the plot of V,’ against A,, if other parameter are 
known. Another derivation under the condition of E = E, at t = t,, using E = (1/2) at2,  
v = at, A, = (1/2) gL,a, and V, = (1/2) gLou, also gives a similar relation for V,. 

Model Calculation 

Figure 5 shows numerically calculated curves, using Eq. ( 5 )  for the stationary and 
decelerating peels, and Eqs. ( 5 )  and (6) for the accelerating peel, with appropriate 
values of q1 = 100 Ns/mm2, q2 = 10 Ns/mm2* z1 = 2000s, z2=  0.02s, Lo = 30 pm, 
g =  1 and a =  f 1 x mmsC2. In this calculation, the rate v( =ui+at,)  was 
divided into the constant interval of zli and, further, the t b  time at any vi was varied 

7 
I 

f 
E c 
LL!! 

FIGURE 5 Peel force per tape width, F ,  calculated from Eq.(5) in stationary, accelerating and decel- 
erating peels; A ,  = 0, mmjs’, q, = 100 Ns/mm2, q2 = 10 Ns/mm2, T~ = 2000 s, T~ = 0.02 s, 
Lo = 30 pm, g = 1. At low rates in accelerating peel, the deformation force, F,, per tape width is calculated 
from Eq.(6). Dashed line, decelerating; bold solid line, stationary; narrow solid line, accelerating and 
initial deformation. Note that these lines overlap in the middle and high rate regions. 
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NONSTATIONARY PEEL METHOD 133 

so as to satisfy &b = Ui tb  + (1/2) at,’ = 100. In the medium and high rate regions, no 
appreciable differences between their curves was seen; but there is a much smaller 
degree of deviation depending on factors such as the relaxation time and the magni- 
tudes of acceleration and rate. In the low rate region, the relatively large deviations 
of the accelerating curve, including the initial deformation, and of decelerating cur- 
ves, were recognized; to examine the effect, the dependence of acceleration was tested 
in the spread range of deceleration and acceleration, i.e. A ,  = 0, 
- + 5 x k 1 x lo-’ mm/sz, if other constants were the same as above. As illus- 
trated in Figure 6,  the results shows that as a whole the larger the magnitude of A,, 
the larger the deviation from the stationary curve becomes. It is expected that when 
the variable rate mode in this nonstationary method is used, such deviation is 
reduced because the magnitude of acceleration lowers with decrease in rate. 

2.5 x 

Comparison with Experimental Results 

In the low peel rate region where V, is smaller than a rate of V,( = gL0&,/2z,), the 
stationary peel force is approximated by 

F ,  ClQ?, + r2) V, at V, < Vl (7) 

F ,  - Clqz V, + C ,  at V, < V, (8) 

where C, = g ln(1 + E,), C, = C,q, V,, and V,( = gL0~,/2z1) < V,, independent of the 
rate. Using Eqs. (7) and (8) and the stationary data, we estimate the effective values 
of q,, q2, z1 and GI. Before that, a value of E, = 70 was estimated from the maximum 
strain of fibrils which has been just broken, using the observed results of a micro- 
scopic video. According to Eq. (7) and since C, = 4.3 as calculated, the initial slope 
gives C,(ql + q,) = 27 Ns/mm2; since q ,  >> q2, ql  = 6.3 Ns/mm2. From comparison 

-r 
I 
E 
E z 
\ 

&“ 

0 0.01 0.02 
V, Irnms-’ 

FIGURE 6 Peel force per tape width, F,, in stationary, acclerating and decelerating peels as parameters 
of acceleration; A,/mms-’= 0; 22 .5  x i 1 x lo-’ mmjs. Curve S denotes stationary 
peel; dashed lines, decelerating; solid lines, accelerating including the initial deformation at very low rates. 
Magnitudes of A ,  become larger on proceeding upward or downward from curve S .  
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134 H. OBORI et al. 

TABLE I 
Values of parameters estimated from comparison with model calculation 

and test results 

of the higher-rate data with Eq. (8), the fitted line had the slope of C,q2 = 2.7 
Ns/mm2 and the intercept of C, = 0.068 N/mm; thus, we gave q ,  = 0.63 Ns/mm2 
and z1 = 420 s, leading to G ,  = 0.015 N/mm2. These values are listed in Table I; the 
overall calculated curve is compared with the measured data, as exhibited in Fig- 
ure 1.  

From nonstationary data, an estimate of the relaxation time was also made using 
the relation F,  - Clql( V, - z,A,) at V, > A,z,. In Figure 2, let us draw lines with the 
slope of Clql as fits to each set of data; and the plot of the rate, V,, at F ,  = 0 for 
each line against the corresponding acceleration, A,, gives a straight line with the 
slope including the relaxation time of z1 = 500 s, consistent with that from the 
stationary data. Furthermore, the relaxation measurement' of the similar adhesive 
has given a relaxation time of the same order as our values. 

CONCLUSION 

The peel force us. peel rate characteristics, including the deformation process in the 
initial accelerating peel, were measured with a nonstationary peel tester. The peel 
spectra were analyzed using a viscoelastic peel model. The qualitative agreement 
between test results and model analysis indicated that in cohesive failure peeling, 
over the normal rate range, the degree of the acceleration effect was not significant 
and that the nonstationary peel technique could be regarded as a useful tool for 
testing and evaluating the peel spectra of PSA tapes. 
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