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1. Introduction

Tack, which denotes the ability of adhesive agentsto form bondsinstantaneousdly, is one of their
most important practical characteristics. While various empirical rules? have been expounded
regarding the phenomenon of tack, its precise mechanismis still not satisfactorily understood. The
elementary processes of the tack phenomenon are the bonding and debonding processes between
the adhesive and the substrate. The contribution of each of these is believed to vary according to
measurement method and ambient conditions, which makesit very complex and difficult to quan-
tify on ascientific basis.

The authors have researched amethod of measuring adhesive tack and developed arelated rhe-
ological theory. The present paper givesabrief summary of the features of tack followed by adis-
cussion of the contribution of the bonding and debonding processes from a simplified theoreti-
cal standpoint.

2. Adhesive Tack
2.1 Ball Tack
(a) Ball tack and rolling friction coefficient
Adhesivetack is often measured using the rolling ball method of which the J. Dow version and
the PSTC-6 version are the most common. The authors 24 analyzed dynamically the motion of
arigid ball and, using a combination of fundamental equation (1) below and equation (2), which
expresses the velocity dependence of the rolling friction coefficient f, found that the equations
resulting from their combination reproduced with avery high degree of accuracy experimental-
ly measured data on velocity, distance traveled, and rollout distance.
d?x/dt? = O 5¢f/7R Q)
f=¢ o0 1v (2
where x isdistance traveled by ball, g isacceleration of gravity, fisrolling friction coefficient,
Risradius of ball, @ o, @ ; are constants, and v is dx/dt.
Figure 1 provides an example. The figure shows the analytical results from an experiment in
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Fig. 1 Rigid ball rolling on cloth packaging tape surface
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which a steel ball was allowed to roll on the surface of commercially available cloth packaging
tape and its position registered every 0.1 seconds by a stroboscopi ¢ photography. If one assumes
that the rolling friction coefficient f of thistapeisf =0.8—0.016v, atheoretical curve can be drawn
connecting all measured values. Another distinctive featureisthat all measured valuesfall with-
in the range v = 10~10? cm/sec and that values for rollout distance, as calculated using parame-
ters (¢ ¢=0.8,¢ ;=—0.016) evaluated from data within this range, accurately match the actual
measured values.

After conducting analysis of thiskind on many different commercial adhesivetapes, it was pos-
sible to determine their rolling friction coefficient f, or the parameters@ gand® ;.

Thisfact indicates that the regular rolling ball method of allowing arigid ball to roll on an adhe-
sive surface and seeing how far it rolls before coming to rest corresponds to measuring rolling fric-
tion coefficient of adhesive agentswithin arelatively narrow range of velocities. In other words,
the practical properties expressed as ball tack show performance within the velocities range
10~102 cmi/sec (in order to expand the velocity range by one digit it would be necessary to
increase ball drop height 100-fold).

In many packaging tapes, masking tapes, cellophane tapes and other tapes, rolling friction coef-
ficient tends to drop as velocity increases (¢ ; < 0), but in some packaging and medical tapes,
the opposite tendency is seen (¢ ; <0).

(b) Measurement of rolling friction coefficient using pulling cylinder method

We have seen that the rolling ball method for evaluating adhesive tack is actually a method for
measuring the rolling friction coefficient of the adhesive, but as rolling friction coefficient
depends on velocity, in order to analyze the data, it is necessary to establish an assumption such
as that represented by equation (2). However, by pulling aball or cylinder of radius R and mass
M at afixed velocity over the adhesive surface and measuring theresistance P, it issimpleto cal-
culate the rolling friction coefficient corresponding to that velocity, asin equation (3) below:

f = PR/Mg ©)]

In this case there is no need to make any assumption regarding vel ocity dependency of rolling
friction coefficient.

Using the pulling cylinder method, the authors® 8 measured the temperature and velocity
dependency of rolling friction coefficient. Therolling friction coefficient of adhesive at a constant
temperature, like other adhesive properties, describes a curve with amaximum value at acertain
velocity; if the measuring temperature rises, the curve shiftsto the high-velocity side. Also, if the
thickness of the adhesive layer is increased, the maximum value shifts to the high-velocity side
and at the same time absolute value increases dightly. These features are illustrated in Fig. 2.
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Fig. 2 Velocity dependence of rolling friction coefficient f of adhesive (schematic representation)



.ol NITTO TECHINICAL REPORT ~w/\\

vol.38,no.2 Dec., 2000

On the low-vel ocity side of the peak, cohesive failure of the adhesive is mainly seen, while on
the high-velocity side interfacial failureis observed.

Theassumptionf=¢ o+¢ ;v established when analyzing the data from the rolling ball method
was equival ent to superimposing a straight line on the v = 10~102 cm/sec section of this curve.

For adhesives in the case of which the rolling friction coefficient obtained using the pulling
cylinder method in thisvelocity range describes arising curve (i.e. df/dv > 0), it has been demon-
strated that the rolling ball method also produces ¢ , > 0, while for those with afalling curve it
produces @ | <0.

When rolling friction coefficient defined in dynamic termsis measured for adhesive agents, the
curvein Fig. 2 is obtained, but when the regular rolling ball methods such asthe J. Dow method
and the PST C-6 method are used, the behavior seen represents only avery narrow velocity range
(v="10~10%cm/sec). To put it another way, the practical properties called tack coincide with this
rolling friction coefficient at this velocity range; the further velocity falls below the threshold of
this velocity range, the closer rolling friction coefficient should tend toward peeling.

(c) Dependence of rolling friction coefficient and peeling force on critical surface tension (y.)
of adherend

If rolling friction coefficient is measured over awide range of velocity, it becomes clear that a
marked dependence on the critical surfacetension (y.) of the adherend (i.e. the cylinder) appears,
especialy in the high-velocity range where interfacial failure occurs. A typical example of this
isshown in Fig. 3, which describes the rolling friction coefficient of a 90/10 copolymer of butyl
acrylate and acrylic acid. The distinctive features of thisfigure are that apeak appearsin therange
where cohesive failure occurs, followed by a second peak in the range where interfacial failure
occurs, and the higher critical surface tension of the cylinder becomes, the higher the latter peak
becomes”). These features can be explained qualitatively using asimplified rheological theory 89,
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Fig. 3 Velocity dependence of rolling friction coefficient f of acrylic adhesive (butyl acrylate
90/acrylic acid 10)
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2.2 Probe Tack

The probetack of adhesive can be evaluated by bringing the smooth end of acylindrical probe
into contact with the adhesive and then plotting the curve of stress/strain produced when it is
pulled away. The degree of tack is often expressed as the maximum stress value (0,4, but
Zosel19 claimsthat adhesive energy (W) should be calculated as the areaunder the stress/dis-
tortion curve and that this represents a clearer index of tack in terms of physical science.

Kim!) measured the probe tack of many blends of acrylic copolymer with tackifier and dis-
covered that these two parameters had slightly differing features. Regarding maximum stress, the
superposition of temperature over velocity was very good, delivering the master curve shown in

Fig. 4; the higher the Tg of the adhesive, the more the peak shifted to the low-velocity side.
Regarding adhesive energy, the tendency was basically the same, but the superposition of tem-
perature over velocity was unsatisfactory in some cases.
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Fig. 4 Dependence on pulling-away velocity of a,,, in probe tack of acrylic adhesive (blend
of acrylic copolymer and rosin tackifier)

Creton et al1?. observed the same tendency and interpreted it as follows: when the cylinder is
pulled away, at first a uniform deformation arises, but then cavities develop at the adhesive sur-
face and begin to expand. Since maximum stress appears during thisinitial stage while strainis
still low, it displays atendency similar to linear visco-elasticity. However, towards the end of the
pulling away process, fibril structures develop. The energy which is dissipated with the growth
of the fibril structures contributes greatly to adhesive energy (accounting for 70~90% thereof
depending on the velocity range of measurement). Because this corresponds to the great defor-
mation arising from nonlinear visco-elaticity, it isdifficult to predict al of these properties direct-
ly from elastic modulus aone.

The stresg/strain curve can be obtained by the probe tack test and information about the
mechanism of adhesive failure and changes therein can be obtained from the curve.

Zosel 13 demonstrated that uniform deformation produces a very sharp peak while fibrillation
produces asharp peak followed by a curve with aflattened section; and that if, under constant tem-
perature, pulling away is performed at various velocities, as shown in Fig. 5. , at a certain veloc-
ity, aclear transition from uniform deformation to fibrillation is observed. Ga in thisfigure cor-
responds to W,q,. Creton et al.»? classified the patterns of the stress/strain curve more finely
(Fig. 6), and reported that the various curves appeared in the so-called “ viscoel astic window” (a
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certain temperature-velocity range) of the adhesive agent (Fig. 7). Creton et al. also demonstrat-
ed that the shape of the stresg/strain curve in the probe tack test changes considerably at low tem-
perature, and concluded that these temperature ranges provoked behaviors dependent on the con-
tact process. At this stage, time comesinto play asanew factor, so that the velocity/temperature
superposition no longer holds for probe tack.
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Fig. 5 Dependence on pulling away velocity of adhesive energy G, (corresponding to Wgqy,)
Transition from uniform deformation to fibril formation found to occur at certain
velocity (Zosel)
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Fig. 7 Region of temperature/velocity flattening in which typical stress/strain curve occurs
(Creton et al.) Adhesive: poly 2-ethyl hexyl acrylate
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3. Tack in Bonding and Debonding

It isknown that bonding and debonding contribute simultaneously to adhesive tack. Since both
processes are vel ocity-dependent, for both probe tack and rolling friction coefficient, therelative
contribution of the two will naturally differ depending on the time scale of measurement. Thisis
proved in the following.

Figures 8 and 9 show the master curves of rolling friction coefficient for acrylic adhesive (90/10
copolymer of butyl acrylate and acrylic acid). The two adhesive samples were in the form of dou-
ble-sided adhesive tape covered on either side with release liner. The copolymer composition,
molecular weight, and molecular weight distribution of the adhesives were confirmed equal, but
adifferent release liner was used on the two samples and precise data on this factor is not avail-
able. The adhesive was applied to a glass plate and the velocity dependence of rolling friction
coefficient measured at various temperatures using the pulling cylinder method, and a master
curve was plotted by shifting the curves so that they became superposed at the low-velocity side
(the side where cohesive failure occurs). The adhesive in Fig. 8 (PSA-N) produced arelatively
neat curve at al velocity ranges, but with the adhesive of Fig. 9 (PSA-T), the superposition at the
high-velocity side (where interfacial failure occurs) is not satisfactory.
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Fig. 8 Master curve of rolling friction coefficient of acrylic adhesive PSA-N
(90/10 copolymer of butyl acrylate and acrylic acid)

100

sl AD 400)
#0300
— o0 200
§ 6r mooo0
= & ié t1tg
at g @‘} %
oy ted
2t & ¢ 93t D £
A 4,;@ W g
O L L O T T T HHHH%\HHH
1095 1094 1093 10”2 109t 10° 10t 102 108
Var (cm/s) Standard temperature 2001

Fig. 9 Master curve of rolling friction coefficient of acrylic adhesive PSA-T
(copolymer composition as in Fig. 8)

Asshown in Fig. 10, the shift factor a; hecessary to superpose the low-velocity section of the
curves is the same for the two adhesives, and activating energy is calculated to be around 20
kcal/mole. This is thought to correspond to the activation energy of the debonding process,
AH* gepond-

o
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Fig. 10 Arrhenius plot of shift factor a; in superposing of low-velocity sections of rolling

friction coefficients of PSA-N and PSA-T
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In the low-velocity range,when the bonding process is sufficiently advanced, the debonding
process begins, but in the high-vel ocity area, debonding takes over while the bonding processis
still immature. Therefore the difference between Figs. 8 and 9 suggests that , for some reason, a
difference arises in the process of bonding between the adhesive and the cylinder.

To compare the bonding processin the two adhesives, a measurement was made of the contact-
time dependence of probe tack. Contact pressure (100g/cm?) and pulling away velocity (1 cm/sec)
remained constant. The rate of increase of effective contact area in the bonding process was cal-
culated as conforming to the following equation:

dAl tO/dt = Kl Al oo [T] Al t[IT 4

where A(t) is effective contact area at time (t), k israte constant and n is rate order.

In the theories of W.M. Bright!®), K. Kanamaru'® and J. Fukukawal” et al. , n=1, but the tol-
erance is reduced when n is used as general.

when n=1

Al't00 Al o 000 Al 0 OO0 Al Ofexpd O ktO (5)
where nz1
At00 Al eo 110 Al oo [0 AJOIP "9 00 n0 0 0 ktOo 00010 ()

If activation energy is calculated by undertaking an Arrhenius plot of the rate constant k
obtained by applying the curve of n=4 to the data obtained here, the result for PSA-N is AH* ,ong
=10kcal/mole and for PSA-T 17 kcal/mole. Since activation energy valuesvary with n, aquan-
titative discussion is not possible, but in any case the AH* ,,,q Value of PSA-N is1.5to0 2.0 times
greater than that of PSA-T. In other wordsit isfairly certain that PSA-T hasless wettability than
PSA-N.We can now calculate rolling friction coefficient based on asimple model theory reflect-
ing these findings.

When the cylinder rolls over the adhesive surface, contact is taken to begin from the lowest
point of the cylinder (6 =0) and proceedto 8 =0 ; if the apparent effective surface area of the
side of the cylinder istaken as changing in accordance with the nth-degree speed formula, rolling
friction coefficient can be expressed in the following equation®:

6
0 M R?bIMgQ o1 & trcosg sing d@ (M
0

where R, b and M are the radius, length and mass of the cylinder, a(t) = A(t)/A(« ), andt=R
0 Mv.
If adynamic equivalence model and failure conditions are established, therolling friction coef-
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ficient of an adhesive can be calculated using equations (7) and (5) or (6). Below is an example
of the calculation curve when Hata's model is applied. The curves are master curves produced by
shifting therolling friction coefficient at high temperature (A), medium temperature (B) and low
temperature (C) so as to superpose the low-velocity ranges where cohesive failure occurs.

Figure 11 is a curve plotted assuming equivalence of activation energy in the bonding and
debonding processes (with each 1-digit decrease in dynamic relaxation time as temperature rises,
the constant for rate of increase of effective contact areaincreases by one digit). Because the the-
oretical shape of the curve does not change with temperature, if the curves for A, B and C are
shifted in line with the vel ocity axis, they can be superposed exactly.

Figure 12 meanwhileisacurve plotted assuming that activation energy in the bonding process
is 1.5 timesthat of the debonding process (with each 1-digit decrease in dynamic relaxation time,
the rate constant increases by 1.5 digits). Here, the temperature dependence of rolling friction
coefficient in the high-vel ocity range varies with temperature, so that an overall master curveis

not possible.
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Fig. 11 Theoretical curve of rolling friction coefficient f assuming A H*yo0g = 4 H*gepond
(Value of n is order of rate equation for bonding process)
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Fig. 12 Theoretical curve of rolling friction coefficient f assuming A H*poq = 1.5 % A H*jenond
(Value of n is order of rate equation for bonding process)

The difference between Figs. 8 and 9, that is, the finding that in the rolling friction coefficient
of one of these two adhesives — in which copolymer composition, molecular weight and other
chemical parameters are virtually equivalent - the velocity — temperature superposition law is
applicable, whilein the other itisonly partially so, can be seen as suggesting that their debond-
ing processes are the same but that the rates of their bonding processes differ dightly.

An ECSA analysis of the surfaces of the two adhesives revealed that while PSA-N was Si/C
0.008, (Fig. 13), PSA-T was Si/C = 0.058 (Fig. 14). This seems likely to be the result of the dif-

o
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ferent release agents used in the release liners of the two samples becoming transferred to some
extent to the adhesive surface and thusinfluencing the bonding process between the cylinder and
the adhesive surface. One possible view is that in the PSA-N system, the amount of transfer is
small and its effect virtually negligible, whilein the PSA-T system, the effect of the transfer can-
not be disregarded. If this hypothesisis correct, measurement of rolling friction coefficient in the
high-vel ocity range could be expected to be an effective method for clarifying the differencesin
the characteristics of the release agents.

10

Cis

N (E)E

9
8
7
6
5
4
3
2
1
0

Sizs Sizp
1 1 1 1 1 1 1 1 1 1 1 1 1 1

1000.0 900.0 800.0 7000 6000 5000 4000 300.0 2000 1000 0.0
BINDING ENERGY (eV)

Fig. 13 ECSA spectrum of PSA-N
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Fig. 14 ECSA spectrum of PSA-T

4. Conclusion

In the above the author has presented a discussion of adhesive tack. To accurately classify and
evaluate the bonding and debonding processes between the adhesive and the adherend substrate
and quantitatively account for the various phenomena of adhesion asthey occur in actuality isan
extremely difficult task. Accordingly the present paper has presented the two processes in an
extremely simplified form.

To explain the mechanism producing tack in more detail and more rigorously in terms of phys-
ical science, it will be necessary to undertake basic research into its elementary processes.

For example in the probe tack test, when other conditions are held constant and only contact
timeisvaried during measurement, resistance to pulling away (0,,,) hasan initial low value but
increases with time and finally approaches a constant value. This suggests that a situation must
be hypothesized in which, when the surface of an adherend of a certain apparent surface area con-
tacts the adhesive surface, all the polymer segments at the interface do not instantaneously enter
into an effective state of contact (that is, effective in exerting resistance); rather polymer segments
which are in a non-effective state of contact seem gradually to transfer to an effective state.

o
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There is existing research into the process by which polymer melt placed on a solid surface
gradually spreadst®) 19, However, there has been insufficient molecular theory research into the
bonding process described in the preceding.

Regarding the debonding process, uniform deformation, cavity formation and expansion, fib-
rillation, interfacia failure, cohesive failure and other phenomena have been experimentally
observed, but the related morphology and the physical criteriaof the transfer of the failure process
have not been clarified in all cases.

In recent times, direct measurement of surface force and mechanical testing at micro level have
become possible?®: 21, Meanwhile, it has also become possible to easily track morphological
changes in materials in the leadup to failure. In the near future, it is hope that new insights into
the various phenomena of bonding and adhesion will be gained leading to theoretical advances.
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