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It is pointed out that the tack of pressure-sensitive adhesives should be expressed in 
terms of rolling friction coefficient f of the adhesives. Values of fwere determined by 
both rolling ball and pulling cylinder experiments, and the dependence of f upon 
viscoelastic properties and thickness of the adhesives was studied. The experimental 
results were interpreted by the model theory previously proposed. It is also shown 
that the tack of pressure-sensitive adhesives by the conventional ball tack tests 
corresponds to f measured at the velocity ranging from v - 10 to v - I d  cm/sec. 

KEY WORDS Pressure-sensitive adhesives; rolling ball; pulling cylinder; rolling 
friction coefficient; viscoelastic properties; tack. 

INTRODUCTION 

The tack of pressure sensitive adhesives is often measured by rolling 
ball methods.' It is reasonable to express the tack in terms of rolling 
friction coefficient f ,  because it depends upon the physical pro- 
perties of the material, and not upon such experimental conditions 
as the leading distance or the angle of inclination of a surface. It has 
been shown that f of a pressure-sensitive adhesive can be evaluated 
by analysing the rolling motion of a ball on it.* If we assume that f is 

~ 

?Presented at the Tenth Annual Meeting of The Adhesion Society, Inc., 
Williamsburg, Virginia, U.S.A., February 22-27, 1987. 

25 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



252 H. MIZUMACHI AND Y .  HATANO 

a linear function of velocity v, namely f = qo + ql v, with qo and ql 
being constants, both the rolling process and rollout distance of a 
ball on a pressure-sensitive adhesive can satisfactorily be analysed 
according to a unified t h e ~ r y . ~  However, it has also been pointed 
out that f of a pressure sensitive adhesive can more easily be 
determined by a pulling cylinder method, without any assumption 
about the dependence off on 

H. Mizumachi6 proposed a model theory where f is expressed in 
terms of viscoelastic parameters of the material, by which the 
dependence of f on v can be calculated in a wide range. In this 
study, the influence of the viscoelastic properties of several 
pressure-sensitive adhesives upon f are experimentally examined 
and the rheological discussions are made on the results. 

EXPERIMENTAL 

Samples used in this study are shown in Table I which also gives 
the temperature of the viscoelastic adsorption peak T(Ek,) at 
110 Hz and thickness of the adhesives. 

TABLE I 
Pressure sensitive adhesives 

T(EA,) at 110 Hz 
Sample (“C) 

A l t  - 50 
A2t - 45 
A3t - 30 
A4t 0 
B1S - 35 
B2f - 38 

4.0 X lo-: 
4.0 X 10- 
4.0 x 
4.0 x 1 0 - ~  

1.8 x 
2.6 X lo-* 

t The pressure-sensitive adhesive is mounted 
directly on a glass plate. 

f A double-faced pressure-sensitive adhesive 
tape is adhered on a glass plate, upon which a 
sample tape is placed with the adhesive surface 
facing up. 

(A) Measurement of f by the rolling ball method 
The Nichiban tester’ was employed to measure the rollout distance 
(x  -x& as a function of initial height H of a ball. Measurements 
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RHEOLOGICAL STUDY OF TACK 253 

were repeated ten times (10runs) for one condition, and a new 
specimen was set in the tester at each run. Values of 'po and 'pl 
were determined by the least squares method, using the following 
equation? 

(x-xo)st=-[(ygH) 7R 10 
ssv1 'p1 

and then f is given by 

f =  TO+ 'p1v 

(8) Measurement of f by the pulling cylinder method 
A cylinder was pulled at a constant velocity on a horizontal surface 
of pressure-sensitive adhesives, and the resistance P was measured. 
Actually, the plate carrying the specimen is driven at various 
speeds, while the cylinder is placed on the specimen and connected 
to a load cell. Velocity can be varied from 0.001 to 100cm/sec. A 
new specimen was set in the tester at each run. Values off can be 
calculated by the following equation6 without any elaborate 
analysis; 

PR f =- 
Mg 

RESULTS AND DISCUSSIONS 

(A) Dependen- of f upon viscoelastic properties of a pressure- 
sensitive adhesive 

Figure 1 shows some of the typical examples of a plot of rollout 
distance (x  -xo)st at 20°C vs. initial height H of a ball for a few 
pressure-sensitive adhesives with different T(E;=). T(E;=) at 
11OHz is higher than by about twenty degrees. The average 
relaxation time z at room temperature increases with the increase of 
T(Ekax).  The shape of the curve in Figure 1 changes systematically 
with the change of the average relaxation time of the pressure- 
sensitive adhesives. Values of 'po and 'pl, obtained by the least 
squares method, for each adhesive are given in Table 11. 
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254 H. MIZUMACHI AND Y. HATANO 

H (cml 
FIGURE 1 Typical examples of a plot of rollout distance (a - x ~ ) , ~  at 20°C US. 
initial height H of a ball for some pressure-sensitive adhesives. 

0 :A2,  R=0.64cm,  cpo=1.32, rpl=0.006 
0: A3, R = 0.96 cm, qo = 2.258, rpl = -0.012 
A: A4, R = 0.159 cm, 'po = O.OO465, q1 = -0.OOO115 

Theoretical curves are illustrated by the solid lines. 

It is interesting that f at room temperature changes from a 
decreasing function of u (i. e., q1 < 0) to an increasing function (i. e., 
cpl > 0) as T(Ekax) decreases. 

Then, f of the same pressure-sensitive adhesives were also 
measured by the pulling cylinder method at various velocities, and 
the results are illustrated in Figure 2. It is evident that f of a 
viscoelastic material has a peak at some velocity and that the peak 

TABLE I1 
Values of qo and 'pl obtained by the least squares method 

R 'PO 'P1 DEVt 
Sample (cm) (cm) (set) (cm2) 
A2 0.96 

0.80 
0.64 

A3 O.% 
0.80 
0.64 

A4 0.159 

t DEV = 0, - yi)* 

0.6% O.OOO66 6.%x 10' 
0.859 0.00116 3.52 x 10' 
1.32 O.OO60 3.14X 10' 
2.26 -0.0120 1.15 X 10' 
2.76 -0.0141 7.31 X 10' 
3.60 -0.0166 1.71 X 10' 
0.00465 -0.000115 2.69 x 10' 
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V ( c m h e c )  
FIGURE 2 Values of f obtained from the pulling cylinder experiments at 20°C 
plotted against log u for A l ,  A2, A3 and A4. R = 0.5 cm, b = 2.5 cm, M = 50 g. 

shifts toward the higher velocity region as the average relaxation 
time z or decreases, as schematically shown in Figure 7. This is in 
agreement with the trends of the theoretical curves off 21s. log v, 
calculated according to the model theory.6 In the previous r e p ~ r t , ~  
the rolling motion of a ball on some pressure-sensitive adhesives 
was traced by means of stroboscopic photography, and data on 
time/position of a ball were analysed according to equations of 
motion. In every case, all the experimentally observed data fell in 
the velocity range between approximately 10 and lo2 cm/sec. 
Values of qo and ql could be determined from the data, and rollout 
distance calculated using those values agreed very well with the 
experimentally measured one. This means that the tack of pressure- 
sensitive adhesives which is measured by the conventional rolling 
ball tack tests must be related t0.f of a relatively narrow range of 
velocity, namely from log v - 1 to log v - 2. At room temperature, 
f of A1 and A2 is an increasing function of v in the above- 
mentioned velocity range and, on the other hand, f of A3 and A4 is 
a decreasing function of v in the same range. 

It has been made clear that f in the velocity range 10 - 102 cm/sec 
corresponds well to the rolling motion of a ball in the conventional 
ball tack tests, and that f of pressure-sensitive adhesives can easily 
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256 H. MIZUMACHI AND Y. HATANO 

be measured by the pulling cylinder method in a wide range of 
velocity. 

(B) Dependence of f upon temperature and thickness of a 
pressure-sensitive adhesive 

Figure 3 and Figure 4 show some examples of ( x  - x& us. H plots 
for the two pressure-sensitive adhesives, B1 and B2, at different 
temperatures. In the case of B1, the curve is almost straight or 
somewhat convex at 4"C, but it becomes concave at 20"C, while in 
case of B2, the curve is concave at both temperatures. This means 
that rp, changes from negative to positive as the temperature is 
raised from 4°C to 20°C in case of B1, but rpl is always negative in 
the same temperature range in case of B2. Values of rp, and rpl 
obtained by the least squares method is given in Table 111. 

Again, f of the same pressure-sensitive adhesives were measured 
at 4°C and 20°C by the pulling cylinder method. Figure 5 and Figure 
6 show f of these adhesives at 4°C and 20°C as a function of 
velocity. A broad peak is generally observed. In the case of B1, f is 
a decreasing function of u at 4°C in the velocity range from 10 to 

H (cm) 

FIGURE 3 Examples of a plot of (x  - us. H for B1 at different temperatures. 
0: 4"C, R = O.% cm, cpo = 0.799, cpl = -0.00746 
0: 2WC, R = O.% cm, cpo = 3.13, cpl = 0.0115 

Theoretical curves are illustrated by the solid lines. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



RHEOLOGICAL STUDY OF TACK 257 

H (cml 
FIGURE 4 Examples of a plot of ( x  - x ~ ) ~ ~  us. H for B2 at different temperatures. 

0: 4"C, R = 0.159 cm, 'po = 0.4488, 'pl = -0.005288 
0: 20T, R = O.% cm, 'po = 3.701, 'pl = -0.0279 

Theoretical curves are illustrated by the solid lines. 

102cm/sec, but it is almost a constant or a somewhat increasing 
function at 20°C in the same range, while in the case of B2, f i s  a 
decreasing function of IJ between IJ = 10 and Id cm/sec at both 
temperatures, which is consistent with the trends observed in the 
rolling ball experiments. 

TABLE I11 
Values of q0 and 'pl obtained by the least squares method 

B1 20 0.96 3.13 
0.80 4.05 
0.64 0.378 

4 0.96 0.799 
0.80 1.042 
0.64 1.152 

B2 20 0.96 3.701 
0.80 3.989 
0.64 3.67 

4 0.159 0.4488 

0.0115 
O.OOO2 
0.0719 

-0.00746 
-0.W5 
-0.0100 
-0.0279 
-0.0304 
-0.0268 
-0.00529 

2.20 x loo 
7.28 X lo-' 
7.73 x lo-' 
7.78 X 10' 
5.04 x 10' 
2.73 x 10' 
3.05 x 10' 
3.67 x 10' 
1.37 X 10' 
1.42 X 10' 
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V [cm/secl 
FIGURE 5 Values off obtained from the pulling cylinder experiments at 4°C and 
20°C plotted against log LJ for B1, R = 0.5 cm, B = 2.5 cm, M = 50 g. 

Now, we have to discuss the reason why these differences appear 
in the two pressure-sensitive adhesives. Viscoelastic properties of 
the two adhesives are quite similar, but B1 is much thicker than B2. 
If thickness of the adhesive is different, rate of strain of the 
adhesive is different at the same velocity of movement of a ball or a 
cylinder. 

It is easily shown by the model theory6 that a peak of f shifts 
toward higher velocity region as the adhesive becomes thicker. 
(Figure 7). 

In the case of B1, which is very thick, a peak is then located at 
very high velocity, and the velocity range of our concern cor- 
responds to the increasing part of the curve off us. u at 20°C, which 
corresponds to q1 > 0. But when the temperature is lowered to 4"C, 
the peak shifts toward the lower velocity region, and then f will 
become a decreasing function within the above-mentioned velocity 
range, which corresponds to q l < O .  On the other hand, the 
adhesive layer of B2 tape is very thin and in this case a peak of the 
curve of f us. u is located at very low velocity, and then f is 
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FIGURE 6 Values off obtained from the pulling cylinder experiments at 4°C and 
20°C plotted against log v for B2. R = 0.5 cm, b = 2.5 cm, M = 50 g. 

n I 
E 
0 
v 

I 
I 

I I I  

10' lo2 

V Icm/sec I 
FIGURE 7 Schematic representation off us. log u curve. Direction of shifts of the 
curve due to the change of some parameters are shown by the arrows. The curve 
shifts toward the higher velocity region when the average relaxation time r decreases 
( i e . ,  when temperature is raised for a pressure-sensitive adhesive, or when q ' s  of 
the adhesives are lowered in case the temperature of tests is fixed), or when 
thickness h of the adhesive layer increases. 
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260 H. MIZUMACHI AND Y. HATANO 

decreasing during 10 - Id cm/sec at 20°C. When the temperature is 
lowered, the peak shifts further toward the lower velocity region, 
and the effective velocity range in the conventional ball tack tests 
still corresponds to a decreasing part off, which means that q1 is 
always negative. 

CONCLUSIONS 

The tack of pressure-sensitive adhesives should be expressed by the 
rolling friction coefficient f of the adhesives, and it can be estimated 
by analysing the rolling motion of a ball. By employing the pulling 
cylinder method, f can be measured more easily. 

It has been indicated that f is closely related to the viscoelastic 
properties of the material. If we plot f of a viscoelastic material 
against logu over a very wide range of velocity, a curve having a 
peak is generally observed, and the curve shifts toward the higher 
velocity region when the average relaxation time t is lowered (ie., 
when temperature is raised for a pressure-sensitive adhesive, or 
when Tg’s of the adhesives are lowered in case the temperature of 
measurement is fixed), or when thickness of the adhesive becomes 
larger. 

It was pointed out that f obtained from rolling ball experiments 
corresponds to that from pulling cylinder experiments in the 
velocity range of lO-l@cm/sec. The pulling cylinder method is a 
good way to measure f of pressure-sensitive adhesives over a very 
wide range of velocity under a well-defined condition. 
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