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and surface tensions 
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Abstract: The adhesion of various polymers used as model adhesives, polyisobutylene, 
polyacrylates etc. has been investigated by means of an apparatus measuring the adhesive 
failure energy w in dependence on contact time, contact pressure, rate of separation, and 
temperature. The adhesive failure energy of adhesive joints formed with low contact 
pressure during a short contact time is called "tack". After a sufficiently long contact time 
and with a high bonding pressure an adhesive joint exhibits its maximum energy of sepa- 
ration win. 

The viscoelastic properties of the model adhesives were characterized by creep exper- 
iments in dependence on time and temperature. The surface tension of the polymer adhe- 
sives and adherents could be determined by contact angle measurements. Adhesion 
measurements of polyisobutylene on a number of adherents were carried out in air and in 
various liquids in order to obtain information about the influence of surface tension on 
tack and maximum adhesive failure energy. 

Wm can be written as the product of two terms: the thermodynamic work of adhesion 
WA which is related to the surface and interfacial tensions of adhesive and adherent and a 
dimensionless function dependent on temperature and rate of separation which describes 
the viscoeleastic properties of the adhesive and which obeys the rate-temperature super- 
position principle known from linear viscoelasticity. The tack is related to incomplete 
bond formation and cannot be described in the same manner. It is, however, strongly de- 
pendent on the viscoelastic properties of the adhesive showing a maximum at about 50 to 
70 ~ above the glass transition temperature. It is, moreover, influenced by the compli- 
ance in the plateau range above the glass transition which is determined by the entangle- 
ment network of the polymer. Wetting of the adherent by the adhesive is a further impor- 
tant condition for high tack values which is fulfilled if the adherent has a higher surface 
tension than the adhesive. 

Key words: Adhesive failure energy, creep compliance, glass transition temperature, 
entanglements, contact angle. 

1. Introduction 

When an uncross-linked or lightly cross-linked 
po lymer  is brought  into contact with the surface of 
another material at temperatures above its glass transi- 
tion in most  cases an adhesive bond of measurable 
strength is formed. This phenomenon  of po lymer  
adhesion is of great significance to the application of 
polymers in various fields, e. g. as adhesives, sealants, 
coatings etc. 

The investigations described below were concerned 
with adhesion phenomena  where bond formation and 
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bond separation occurred at the same temperature and 
where the polymers used as model  adhesives under-  
went  no modifications in the time interval between 
both events, e.g. by cross-linking or crystallization. 
Polymer adhesion in this restricted sence is connected 
with a two-stage process: with bonding and unbond-  
ing. During bond formation contact in molecular 
dimensions is achieved in isolated regions of the geo- 
metric contact area A, the number  and size of which is 
increased with increasing contact time by  deformation 
and flow processes as well as by  wetting. 
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The strength of the adhesive joint thus formed can 
be characterized by the work of detachment per unit 
area of interface which is given by the equation 

1 
w = ~ . J F .  volt, (1) 

where v is the rate of separation and F the tensile force 
during the unbonding process. This fracture energy 
per unit of interface or intrinsic "adhesive failure 
energy", as it has been defined by Andrews, Gent and 
Kinloch [1-3], is subsequently used as a measure for 
the adhesive bond strength. The separation of both 
materials comprises the deformation of the whole test- 
piece and the creation of two new surfaces under des- 
truction of the interface. Accordingly, polymer adhe- 
sion as referred to bond formation as well as bond 
separation is intimately related to the mechanical or 
viscoelastic properties and to surface properties such 
as surface and interfacial tensions, surface roughness, 
adsorbed layers etc. This study was undertaken in 
order to obtain information how polymer adhesion is 
influenced by these two groups of parameters, where- 
by the correlation with surface properties is restricted 
to surface tension. 

2. Measurements of adhesive joint strength 
The apparatus developed for the measurement of the adhesive 

failure energy simulates the bonding and unbonding process just 
described. A simplified and schematic diagram of this device is 
given in figure 1. The polymer to be tested is applied as a solution or 
a latex to a flat rigid plate (2) of stainless steel, after drying forming a 
thin layer of definite thickness (3). By means of an electronically 
controlled motor (1) the surface of this polymer film is brought into 
contact with a probe (5) of metal or another material such as glass or 
a hard polymer. The contact force as well as the contact or dwell 
time can be adjusted in rather broad ranges. At the end of the con- 
tact period the motor is driven in the opposite direction thus sepa- 
rating the polymer film and the probe surface with a defined and in a 
wide range adjustable velocity. The probe is firmly connected to a 
piezoelectric force transducer (6) which determines the forces dur- 
ing bond formation and separation as a function of time. The sample 
and the probe are placed in a temperature chamber (4) permkting 
measurements between about - 4 0  and + 200 ~ by means of a 
nitrogen thermostat. The whole instrument is interfaced to a mini- 
computer which enables an automatic measurement of the force vs. 
time curve during bond formation and separation. For most meas- 
urements described in this paper a cylindical probe of stainless steel 
with a diameter of 1.75 mm was used. For studying the influence of 
surface tensions hemispherical probes of various polymers were 
chosen which are listed in the corresponding section of this paper. 
The main parameters determining bond formation and separation 
can be varied in the following ranges: 

- The dwell time between about 10 -2 s and aribitrarily long 
times. 
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Fig. 1. Simplified diagram of the apparatus used for the determina- 
tion of the adhesive failure energy. I electronically controlled 
motor; 2 sample holder; 3 sample; 4 temperature chamber; 
5 probe; 6 piezoelectric force transduceser 

- The contact force between about 2.10 2 N and 102 N corre- 
sponding to a contact pressure between 8 �9 10 -3 and 4 �9 10' N/ram 2 
for the probe with a diameter of 1.75 ram. 

- The rate of separation between 10 1 and 2 - 1 0 1  mm/s. 
In figure 2 a schematic diagram is shown of the time dependence 

of the force F, the distance h between sample and probe, and the 
velocity v of the sample during the bonding and the unbonding 
process. In the moment where probe and sample surface come into 
contact a negative force is observed which quickly increases until 
the pre-chosen value F1 is attained. Then the motor is stopped for a 
definite time interval. In this period the relaxation of the contact 
force can be compensated for by small additional motions of the 
sample so that a constant contact force is prevailing during the 
whole contact time. At the end of the contact time the probe and the 
polymer surface are separated with a velocity v2. In this period a 
positive (tensile) force is registered as function of time which nor- 
mally shows a pronounced maximum and then decreases to zero in 
the moment where complete separation is achieved, whether it is by 
adhesive separation or by cohesive fracture within the polymer 
film. By integration over the force vs. time curve during the separa- 
tion phase and dividing by the probe area the formerly defined 
adhesive failure energy w is obtained. 

With the apparatus briefly described above the strength of adhe- 
sive bonds can be determined under variation of the most important 
parameters such as contact pressure, contact time, rate of separa- 
tion and temperature. This is essential if relations between adhesion 
and viscoelastic properties are to be studied. If the contact pressure 
has a low value and if the contact time is very short the adhesive 
strenght of the bond is called "tack" [4], a quantity which is decisive 
for the use of a polymer as a pressure-sensitive adhesive. Under the 
influence of a sufficiently high contact pressure and after a suffi- 
ciently long bonding time molecular contact over the total interface 
between probe and sample may be achieved. In this case the maxi- 
mum energy of separation, win, is measured. Besides the adhesive 
failure energy a lot of information can be obtained from the shape of 
the force vs. time curve, which, however, is not the subject of this 
paper. 
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Fig. 2. Bonding and debonding process during an adhesion meas- 
urement (schematically). v = velocity of sample; h = distance be- 
tween sample surface and probe surface; F = force acting on the 
probe 

3. Samples and preparation of  testpieces ' 

In order to investigate the influence of viscoelasticity and surface 
energetics on adhesion polymers with very different properties 
were chosen as model adhesives which are listed in table 1. The glass 
transition temperatures in table 1 have been determined with the 
viscoelastic measurements described in the next section of this pa- 
per viz. the determination of the tensile compliance D as function of 
temperature. The inflection point of the reciprocal compliance D-1 
plotted vs. temperature as shown in figure 5 is in this paper defined 
as the glass transition temperature. The Tg-values given in table 1 are 
obtained by determining D at a fixed time of 10 s. 

Table 1. Polymers used as model adhesives 

Polymer Abbre- Tr M~0 
viation [~ [g mole -1] 

polyisobutylene I PIB I - 60 3.8.105 
polyisobutylene II PIB II - 60 1.3.106 
polyethylexylacrylate I PEHA I - 62 
polyethylexylacrylate II PEHA II - 62 
polyethylacrylate PEA - 14 3.5.10 s 
polystyrene PS 100 3.5.10 s 
polybutadiene PBu - 97 

Polyethylhexylacrylate II is an emulsion polymer with a high 
but unknown molecular weight and presumably a certain percen- 
tage of lightly cross-linked material as it is typical of polyacrylates 
obtained by emulsion polymerization. 

From viscosity measurements on dilute solutions and the bulk 
polymer it can be assumed that the molecular weight of PEHA I 
should be compar~able to that of PIB I, PEA and PS. The same is true 
for the polybutadiene sample. The polymers used as model adhe- 
sives can, thus, roughly be divided in two groups: two polymers 
with high molecular weights and nearly equal glass transition tem- 
peratures, viz. HB II and PEHA II, and a series of polymers with 
comparable molecular weights in a medium range covering a very 
extended Tg-range between about - 100 and + 100 ~ 

For the adhesion measurements the polymers were applied as 
solutions or - in the case of the high molecular PEHA - as emul- 
sion to flat plates of stainless steel. After drying they formed films 
with thicknesses between 50 and 60 ~n.  The compliance D was 
determined with free films having thicknesses between 50 and 
about 200 ~n.  

4. Adhesion and mechanical behaviour 

4.1 Determination of viscoelastic properties 

Polymers are viscoelastic materials, which means 
that, especially in certain temperature ranges such as 
the glass transition zone, the mechanical properties are 
not only dependent on temperature but also on the 
time scale or the frequency of the experiment. For a 
complete characterization of the viscoelastic behav- 
iour a material function such as a modulus or a compli- 
ance has to be determined with dependence on tem- 
perature and time or frequency. In this work the vis- 
coelastic behaviour of polymers is investigated by 
creep measurements in the linear-viscoelastic regime. 
In a creep experiment a constant stress o0 is imposed 
on a sample and the resulting strain e is measured as a 
function of time. From stress and strain the compliance 
D(t) of the sample can be calculated: 

D(t)- e(t) (2) 
Oo 

The compliance of the polymers used as model adhe- 
sives is measured with an instrument described in 
detail elsewhere [5]. A constant tensile stress is applied 
to the sample to be studied and the resulting elongation 
is continuously recorded dependent upon time be- 
tween about 0.3 s and 1-103 s. The creep experiments 
can be carried out at different temperatures between 
about - 100 and + 250 ~ Materials with not too high 
molecular weights begin to flow considerably above 
the glass transition range. In this case the tensile creep 
experiments were supplemented by creep measure- 
ments in shear using a rheometer with parallel plates 
and by dividing the shear compliance l(t) by 3 in order 
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Fig, 3. Creep compliance D of polyisobutylene I with ~r w = 3.8 �9 
105 g mole- 1 plotted logarithmically versus time at various tempera- 
tures 

to obtain the tensile compliance, a procedure which is 
possible above the glass transition because the samples 
can be regarded as incompressible. 

With both these methods the compliance vs. time 
curves at various temperatures can be determined. An 
example is given in figure 3 showing a double loga- 
rithmic plot of D against t for polyisobutylene I. The 
measurements comprise the mechanical behaviour 
from the glassy state at the lowest temperature up to 
viscous flow at 23 ~ and long times. From the curves 
in figure 3 a master-curve at a certain reference temper- 
attire can be obtained by applying the well-known 
principle of time-temperature superposition [6]. The 
compliance D(t) measured at a temperature T is mul- 
tiplied by a factor T/Tol). Then each curve is shifted on 
the logarithmic time scale until optimum overlap with 
the curve determined at the reference temperature To 
has been achieved. 

The resulting master-curve at the reference temper- 
attire To = 23 ~ for the polyisobutylene sample is 
shown in figure 4 a, the shift factor a:~ is plotted versus 
the reciprocal temperature in figure 4 b. The master- 

') To be exact D(t) has to be multiplied by e(T). T/e(To). To, e 
being the density. The density ratio is, however, not far from unity 
and the loss of accuracy by neglecting it is not serious for these 
investigations. 
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Fig. 4 a. Master-curve of polyisobutylene I, obtained from the data 
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Fig. 4 b. Shift factor ar of polyisobutylene I in dependence on reci- 
procal temperature 

curve in figure 4 a shows various time ranges with dif- 
ferent viscoelastic behaviour: glass-like behaviour 
with a compliance between 10 -4 and 10 -3 mm2/N at 
short times, an increase in D corresponding to the glass 
transition between about t/ar = 10 -8 and 10 -2 s, a time 
interval with minor time dependence of D, the so- 
called plateau zone, influenced by the entanglement 
network of the polymer (between about 10 -2 and 
102 s), and an increase at long times reflecting the begin- 
ning of viscous flow. At sufficiently long times D(t) 
increases linearly with t. The shift factor a r  follows the 
well-known WLF-equation at temperatures between 
about Tg and Tg + 100 ~ [6] and an Arrhenius equa- 
tion at higher temperatures. The figures 4 a and b com- 
pletely characterize the linear viscoelastic behaviour of 
a polymer in an extended temperature range in which 
the principle of time-temperature equivalence is valid. 
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Fig. 5. Temperature dependence of the reciprocal compliance of 
polyisobutyiene I at a fixed time of 10 s 

A simpler way to obtain some restricted informa- 
tion on the mechanical behaviour is a plot of the com- 
pliance D determined at one fixed time against temper- 
ature. In figure 5 the reciprocal value of D at t = 10 s, 
which conforms to Young's modulus of the polyisobu- 
tylene determined in a creep experiment, is plotted 
versus T2). This modulus vs. temperature curve also 
shows the transition of the polyisobutylene from glass- 
like to melt-elastic behaviour. The glass transition tem- 
perature Tg which is defined as the inflection point is 
marked on the curve. 

The other polymers studied in this paper have been 
characterized in the same way. Some of the results are 
shown in the following section. 

4.2 Maximum adhesive strength and tack 

In the adhesion measurements discussed in this pap- 
er unbonding occurred exclusively by adhesive sepa- 
ration. Cohesive fracture which was only observed in 
some cases at higher temperatures will be excluded. It 
has been pointed out in the introduction that the adhe- 
sive failure energy w should increase with increasing 
contact time due to a growth of the number and the 
size of the contacted areas. In figure 6 w for polyethyl- 
hexylacrylat I is shown as a function of the contact 
time t. The contact pressure was 0.2 N /mm 2, the tem- 
perature 23 ~ w increases with increasing contact 
time until a constant value is obtained at about 300 s. 

2) The reciprocal compliance is plotted vs. temperature in this 
paper in order to obtain diagrams similar to the well-known modu- 
lus vs. temperature curves. 
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Fig. 6. Adhesive failure energy w of polyethylhexylacrylate I in de- 
pendence on the contact time t at 23 ~ 
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Fig. 7. Maximum adhesive failure energy wm of polyethylhexyl- 
acrylate I plotted logarithmically against rate of separation v at three 
different temperatures as indicated and master-curve of Wm at To = 
23 ~ using the shift factor ar  from the compliance measurements 

This constant value is independent of the contact pres- 
sure, it is, thus, the maximum energy of adhesion Wm 
for the adhesive joint of the PEHA sample and stainless 
steel at 23 ~ 

In figure 7 wm is plotted versus the rate of sparation 
for the same polymer at three different temperatures. 
Using the shift factor ar from the compliance measure- 
ments a master curve of (To/T) �9 w,~ versus a t .  v can be 
constructed which is shown in figure 7, too. The time- 
temperature or, in this case, the rate-temperature 
superposition principle is thus valid for adhesion 
measurements with the same shift factor as for linear 
viscoelasticity indicating that segmental mobility is 
governing both in the same way. This fact completely 
confirms with results known from literature. Several 
authors found that the peel strength [7-11] and the 
adhesive strength determined with tensile tests [1,12] 
follow the rate-temperature superposition principle. 

The maximum adhesive failure energy Wm additio- 
nally depends on the type of the experiment and on 
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polyisobutylene and the polyethylhexylacrylat with high molecu- 
lar weights (PIB II and PEHA II) 

geometric factors such as probe diameter etc. Similar 
to the compliance the quantity w~ can be calculated 
for a given temperature T and separation rate v in a cer- 
tain range of both variables if the functions Win(aT" V) 
and aT(T) are known. This principle is invalid if a 
change in the type of separation, e. g. from adhesive to 
cohesive fracture, occurs. In this paper "tack" is 
defined as the adhesive failure energy of bonds formed 
under low contact pressure and with a short dwell 
time. It is obvious that the tack is strongly dependent 
on the conditions of bond formation. In figure 8 the 
adhesive failure energy w under low pressure/short 
time conditions (8-10 -3 N m m  -2,1.6.10 -2 s) is plotted 
versus temperature for the PEHA with the lower 
molecular weight. The rate of separation v was 5 m m /  
s. In figure 8 are additionally shown the maximum 
energy of separation at the same rate v and the recipro- 
cal value of the creep compliance, D- 1, corresponding 
to the dwell time, i. e. to a time of 1.6 �9 10 -2 s. D and wm 
have been calculated from the D(t/aT)- and w(v. aT)- 
plots by means of the time (rate)-temperature superpo- 
sition principle. From the D-* vs. temperature plot a 
glass transition temperature of - 47 ~ corresponding 
to the time of 1.6 �9 10 -2 s can be deduced. 

The tack w shows a pronounced maximum at about 
70 ~ above Tg whilst Wma x monotonicly decreases 
with increasing temperature. This maximum indicates 
that w is influenced by bond formation and the maxi- 
m u m  energy of separation as well. It can be assumed 
that the decrease of w at low temperatures is caused by 
imperfect bond formation and that the decrease at high 
temperatures reflects the decrease of Wm. Before dis- 

cussing these effects in more detail the tack of the other 
polymer samples determined under the same condi- 
tions will be regarded. 

In figure 9 the tack w and the maximum adhesive 
failure energy Wm for polyisobutylene II and poly- 
ethylhexylacrylat II, the samples with high molecular 
weights, are shown as functions of temperature. Wm is 
about a factor of 3 to 6 higher for PEHA than for PIB 
depending on the temperature. On  the other hand, the 
tack of PEHA is about 30 to 50 times that of the HB 
sample. That means that there are two reasons for the 
different tack of both polymers, differences in the 
maximum adhesive joint strength and differences in 
the ability to form an adhesive bond whereby the latter 
point is responsible for the major part of the tack differ- 
ence. One reason for this different ability for adhesive 
bond formation is illustrated in figure 10 showing the 
master-curves of the compliance D at 23 ~ for both 
polymers. The PEHA sample has a higher compliance 
than PIB over the whole range of reduced time. Espe- 
cially in the time range between about 10 -2 and 104 S 
where, as already mentioned, the viscoelastic behav- 
iour is primarily influenced by non-permanent entan- 
glements there is a difference of more than one order of 
magnitude between both compliances. There are sev- 
eral approaches to approximately determine the 
entanglement spacing, i. e. the mean molecular weight 
Me between entanglements from viscoelastic measure- 
ments which have been summarized by Ferry [13]. By 
transforming the creep compliance D to the imaginary 
part D" of the dynamic compliance by means of a stan- 
dard approximation [14] Me could be calculated from 
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Fig. 10. Master-curves fo the creep compliance of the high molecular weight polyisobutylene II and polyethylhexylacrylate II at T O = 23 ~ 

the maximum of D"  following a procedure of Marvin 
and Oser [15]. One obtains 

Me = 8.7 �9 103 g mole -1 for PIB II 

in accordance with the literature [13] and a very high 
value of 

M+ = 1.3 �9 105 g mole -t for PEHA II. 

Thus, PEHA has an entanglement network with much 
longer network strands compared with PIB. This fact 
is the main reason for the higher compliance in the time 
range determined by entanglements. 
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T 

The differences between both polymers are also 
evident from figure 11 presenting the reciprocal com- 
pliances of both polymers as a function of temperature 
at a time of 1.6.10-2 s corresponding to the dwell time. 
The glass transition temperatures are - 4 7 ~  for 
PEHA and - 4 0  ~ for HB respectively at this short 
time. The maxima of w are thus found about 50-60 ~ 
above the glass transition temperatures. 

The tack for the PIB I and PEHA I samples with the 
lower molecular weights and of the polybutadien have 
been determined under the same conditions as men- 
tioned before. Here, too, very remarkable differences 
for w are found (fig. 12). The tack of the polybutadiene 
is not much more than 1% of that of the polyethyl- 
hexylacrylat, between HB and PEHA, again, a differ- 
ence of about one order of magnitude can be recog- 
nized. From figure 13 showing the corresponding 
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Fig. 11. Reciprocal compliance D-1 of PIB II and PEHA II vs. tern- Fig. 12. Tack w of polyisobutylene I, polyethylhexylacrylate I, and 
perature at a fixed time of 1.6 �9 10 -2 s polybutadiene in dependence on temperature 
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figure 12 in dependence on temperature, t = 1.6 �9 10 -2 s 

temperature curves of reciprocal compliance it can be 
concluded that the tack maxima are again found about 
60 to 75 ~ above the respective glass transition tem- 
peratures and that the tack is apparently influenced by 
the compliance just above the glass transition range 
which, as already pointed out, is interrelated with the 
entanglement network of the polymers. The lowest 
value for Me is found for polybutadien with 2.5-103 g 
mole% Viscous flow is of no essential influence in the 
temperature range regarded here and during the low 
contact time of 1.6.10 -= s. In all cases adhesive separa- 
tion was observed, as already stated. 

In figure 14 the tack w and the corresponding reci- 
procal compliance is shown for three polymers of very 
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Fig. 14. Tack w (full curves) and corresponding reciprocal compli- 
ance D-1 (dashed curves) for polyisobutylene I, polyethylacrylate, 
and polystyrene 

different Tg and nearly equal molecular weights: poly- 
isobutylene I, polyethylacrylat and polystyrene. Here, 
too, a rather strong correlation between the tack and 
the glass transition range of the polymers is observed. 
In all three cases w has a pronounced maximum about 
40 to 60 ~ above the glass transition temperatures 
which are - 4 0  ~ for PIB, - 4  ~ for PEA and 
+ 107 ~ for PS for t = 1.6 �9 10 -2 s. 

It has been stated in the introduction that bond for- 
marion comprises the achievement of intimate mole- 
cular contact in isolated regions of the total contact 
area by deformation, flow and wetting. The first and 
second processes are determined by the compliance 
which, as is defined in this paper, includes both elastic 
and viscous deformations. A high compliance means a 
high ability to deform and flow under the influence of 
external forces. 

A second assumption is that the increase in the tack 
w with rising temperatures until the tack maximum is 
reached is primarily influenced by the increasing abil- 
ity to deform and to flow. Consequently, at least a qua- 
litative relation between w and the corresponding 
value of D, i. e. determined at the same temperature 
and a time equal to the dwell rime of 1.6.10 -2 s, should 
be expected. In figure 15 the tack w is plotted versus the 
corresponding values of D for all samples investigated 
in this work. There is of course no strong and exact 
relationship between w and D, this cannot be expected 
for these very different polymers. But there exists, 
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Fig. 15. Tack w at temperatures below the maximum plotted vs. the 
corresponding values of the creep compliance D. (11 PIB I; [] PIB II; 
�9 PEHA I; O PEHA II; x PEA; A PS; + PBu) 
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nevertheless, a very pronounced influence of D on the 
tack w which seems to be more or less independent of 
the particular polymer. 

Several efforts are known from literature to correl- 
ate the tack and the mechanical behaviour of adhe- 
sives. Dahlquist seems to be the first to stress the asso- 
ciation between tack and elasticity as well as viscosity 
[16,17]. He found "excellent correlation between the 
tensile modulus of pressure-sensitive adhesives and the 
force generated when the probe was separated from 
the adhesive" [16] and that a serious loss of tack results 
when the one-second creep compliance for the adhe- 
sive falls below 10 o mm 2 N-~ _ sometimes called the 
Dahlquist criterion. If the second statement of Dahl- 
quist is not understood in the sense that zero-tack is 
found below 10 ~  2 N -1 and measurable tack at 
compliances above this value figure 15 can be regarded 
as an extension and an exacter version of the Dahlquist 
criterion establishing a strong correlation between tack 
and the viscoelastic behaviour during bond formation. 

Various authors [18-21] have found that one effect 
of a tackifier in pressure-sensitive adhesives of natural 
rubber, polyacrylates and styrene-diene blockcopoly- 
mers is the reduction of the modulus in the plateau 
zone. This is achieved by an increase in the entangle- 
ment spacing in full agreement with the results pres- 
ented here. Before discussing the influence of viscoe- 
lasticity on tack and maximum adhesive strength in 
more detail some interrelations between both quanti- 
ties and the surface energetics of adhesive and adherent 
will be regarded. 

5. Adhesion and surface and interracial tension 

5.1 Evaluat ion o f  surface tensions 

Measurements of the surface tension of solids are 
normally based on interactions with other media, 
especially liquids carrying out contact angle measure- 
ments and calculating the so-called wetting tension ysv 
- ysz. by means of Young's equation 

YSV -- YSL = YLV" COS 0 , "  (3) 

where Ysv and YLv are the surface tensions of the solid 
and the test liquid in equilibrium with the saturated 
vapour of the liquid, ysL is the solid-liquid interfacial 
tension and 0 the measured contact angle. Neither YsL 
nor Ysv can be determined independently, however. 
This is one reason for the difficulties in determining the 
surface tension of solids. The discussion of these prob- 
lems which have caused very interesting and fruitful 

investigations is by far beyond the scope of this paper 
[22-24]. 

If the influence of the vapour on the solid surface 
tension is neglected or the so-called film pressure ~c = 
Ys - Ysv is assumed to be zero, Ysv can be set equal to 
Ys, the surface tension of the solid against its own satu- 
rated vapour, and if yLv is written as yL one obtains 

Ys - YSL = YL" cosO. (4) 

An unambigious determination ofys and Ysr requires a 
second equation, an equation-of-state of the system 
solid-liquid-saturated vapour which does not exist in 
general form. This fact resulted in numerous theoreti- 
cal efforts during the last decades. 

Here the work of Good [25] and Fowkes [26] who 
correlated the surface and interfacial tensions with the 
intermolecular interactions turned out to be most 
powerful, leading to a splitting up of the surface ten- 
sion in components according to the various molecu- 
lar forces: 

y s  = + a n d  yL = + (5 )  

ys a and yac are the contributions of the nonpolar (Lon- 
don) forces to Ys and yL respectively. All other forces, 
i.e. the "polar" forces based on permanent and 
induced dipols, hydrogen bonds etc. are comprised in 
ys p and yr. A relatively simple relation for the interracial 
tension can be deduced for the case of nonpolar liquids 
on nonpolar solids, 

YSL = YS + YL - 2 @s" Yc) 1/2 , (6) 

which is indeed a second equation-of-state for this spe- 
cial case [24]. 

Tamai [27], Dann [28], Owens and Wendt [29] and 
Kaelble [30] tried to transfer this procedure to the gen- 
eral case including polar interactions: 

YSL = YS + YL - -  2 (.Vs a .  yaL)a/2 - -  2 ( V [ - y ~ 1 / 2 .  (7) 

A similar approach using the harmonic instead of the 
geometric means was developped by Wu [31]. It has, 
however, to be emphasized that these methods found 
in numerous studies in literature may possibly lead to 
satisfactory results for "weakly polar" polymers but 
give rather unsatisfactory results with broad scatter for 
the case of strong polar interactions and forces such as 
H-bonds. Here the novel concept of acid-base inter- 
actions applied to surface tensions by Fowkes is 
expected to give better results [32]. 
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Fig. 16. Cosine of the contact angle, cos 0, plotted against (y~)i/2/yL 
according to equation (8) for polyethylene (�9 and 6.6-poly- 
amide (O) 

The surface tensions of the polymers used as adhe- 
sives and adherents in this paper were determined via 
contact angle measurements by the well-known Wil- 
helmy balance method [33] and the sessile drop 
method [34] using a series of test liquids. For nonpolar 
polymers cos O is plotted against (ydL)lf2/y L which 
according to equation (6) and Young's equation (4) 
gives a straight line going through cos 0 = - 1 for 
(y{)lt21y L = 0: 

cosO= - 1 + 2 Cvsd) 1/2, (l~'d~v'L,1/2 (8) 
YL 

It follows from figure 16 that equation (8) is very well 
fulfilled by the results for polyethylene showing that 
this polymer is predominantly nonpolar. From the 
slope of the straight line or from its intercept with the 
line cos 0 = 1 the quantity 7s a can be calculated which, 
in this case, is equal to Ys. For a polar material, 6.6- 
polyamide with strong contributions of H-bonds to Ys, 
the origin of the straight line in figure 16 is not at cos 0 = 
- 1. For polar polymers 7s a is also calculated from the 
extrapolation to cos 0 = 1. As the test liquids which 
give values of cos 0 near 1 have only small polar com- 
ponents it is assumed that the interactions between the 
polymer and these liquids are predominatly nonpolar 
[35]. The polar component is calculated with equation 
(7) and equation (4) using the value for ys a determined 
in this way. It is obvious from the fore-going remarks 
that this procedure is only an approximation, espe- 
cially for samples with strong polar interactions. 

In order to investigate the influence of surface and 
interfacial tensions on the adhesive failure energy w 

one of the model adhesives, polyisobutylene I, was 
bonded to various other polymers and adhesion meas- 
urements were carried out. For these experiments 
polymers were chosen as adherents which have com- 
pliances considerably lower than that of the adhesive, 
i. e. which are much stiffer than PIB. In this case, the 
deformation of the adherent can be neglected, and dif- 
ferences in the adhesive failure energy can be attributed 
to the surface and interfacial tensions. 

The polymers used as adherents are listed in table 2, 
together with the surface tension Ys and the nonpolar 
and polar components. The running index in the last 
column of table 2 refers to figure 17 where it is used to 
identify the various adherents. 

Table 2. Surface tension of polymers 

Polymer Ys 7s a y~ Index 
[mNm -i] 

Adherents 
polytetrafluoroethylene 19.5 19.5 0 1 
polysiloxane 22 22 0 2 
polyvinylidene fluoride 25 25 0 3 
polypropylene 29 29 0 4 
polyethylene 34.5 34.5 0 5 
polyvinyl chloride 41 39.5 1.5 6 
polymethyl methacrylate 41 40 1 7 
polystyrene 42 42 0 8 
polyethylene terephthalate 42.5 40.5 2 9 
6-polyamide 43 38 5 10 
6.6-polyamide 44 39 5 11 
Adhesive 
polyisobutylene 33 33 0 
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Fig. 17. Adhesive failure energy w for two different contact periods, 
plotted against the surface tension of the polymers used as adhe- 
rents. T = 23 ~ �9 t = 1.5.10 -2 s; O t = 1-102 s. The numbers con- 
form to the running index in the last column of table 2. They iden- 
tify the various adherents 
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From Ys and yL the thermodynamic work of adhe- 
sion, WA, can be calculated for the corresponding solid 
and liquid using the well-known Young-Dupr&equa- 
lion 

WA = Ys + YL-- YSL. (9) 

5.2 Influence of  su~Cace tensions on adhesion and tack 

The experimental results discussed in this section 
were obtained under slightly different conditions. In- 
stead of the cylindrical probe a probe ending in a 
hemisphere with a radius of 5 mm was used. Thus, the 
absolute values of w are not comparable with that of 
section 4. The hemispheres of the various polymers 
listed in the foregoing table were made either by com- 
pression molding at higher temperatures or by draw- 
ing a thin polymer film over a hemisphere of stainless 
steel. In all cases it was tried to obtain probe surface as 
smooth as possible. Probes prepared in this way were 
forced against the HB surface for two different contact 
times of 1.6.10 -2 and 1-102 s, and the adhesive failure 
energy was determined. All measurements were car- 
ried out at 23 ~ 

In figure 17 w is plotted logarithmically against the 
surface tension Ys of the adherents for the two contact 
times. The surface tension of the model adhesive PIB, 
YviB, is shown as a dotted line. Furthermore, the adhe- 
sive failure energy against a steel surface is also shown, 
however outside the ys-scale. 

It follows from figure 17 that for ys < ypIB the appar- 
ent energy of adhesion decreases with decreasing sur- 
face tension of the adherent. This decrease is much 
more pronounced for the short contact time than for 
the longer time of 10 2 S. For Ys > YeiB no clear influence 
of Ys on w is observed, w seems to be approximately 
independent of ys. The  mean value of w for all poly- 
mers in this ys-range is also found for stainless steel. 
The behaviour illustrated in figure 17 can be rather eas- 
ily understood. The adhesive, polyisobutylene, is the 
liquid which has to wet the various adherents. Com- 
plete wetting can occur only if the solid surface tension 
Ys is higher than that of the liquid, yv~B. At lower Ys 
incomplete wetting occurs and w decreases with 
decreasing Ys. Apparently there are other effects su- 
perimposing the irifluence of surface tensions, e.g. 
polyethylene has a considerably lower value for w 
compared with polypropylene which is in contradic- 
tion to the surface tensions of both polymers. A pos- 
sible explanation is a weak boundary layer which is 
supposed to be one reason for the poor adhesion on 
polyethylene [36]. 

In the literature only very few and fairly contradic- 
tory results are found concerning the relation between 
surface tension and tack. In contradiction to the results 
in this work Toyama [37, 38] found a tack maximum 
for ys-values which are equal to the surface tension of 
the adhesive. Sherriff [18] and Counsell [39] found an 
increase of the tack with increasing Ys. Their findings, 
however, are based on measurements with rather few, 
only 4 to 5 adherents. 

A proportionality between w and the thermody- 
namic work of adhesion WA as will be shown for the 
maximum adhesive failure energy W m can neither be 
proved nor excluded for Ys > YPm due to the large scat- 
ter of the results. For low Ys the adhesive failure 
energy, however, is much more strongly dependent 
on Ys. Here the contact time which is the time for wet- 
ting the adherent has pronounced influence. 

The influence of the surface tensions on the maxi- 
mum adhesive failure energy wm can be studied by a 
procedure reported for the first time by Gent and 
Schultz [9, 35] and which is illustrated in figure 18. The 
separation of two materials in air requires the thermo- 
dynamic work of adhesion 

WA = y l  + Y2-Y12 (10) 

the same separation carried out in a liquid, however, 
requires 

WS, = YlL + Y2L - Y12 (11) 

where YlL and Y2L are the interfacial tension between 
both materials, respectively and the liquid. From equa- 
tions (10) and (11) and Young's equation it can easily be 
deduced that 

W ~  = W A - yL(COS 01 + COS 02) . (12) 

I 1 

-- v , ,  �9  r v,2 

Fig. 18. Separation of the surfaces of two materials in a surrounding 
liquid, y12 = interfacial tension between both materials; Ylv Y2L = 
imerfacial tension between the liquid.and material I respectively 2; 
Wh = thermodynamic work of adhesion 
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01 and 02 are the contact angles of the liquid on both 
materials, respectively. If WA is, at least, approxima- 
tely calculated by equation (7) and (9) and if cos 01 and 
cos 02 are determined experimentally W~ is known. 

Adhesive joints of polyisobutylene and hemispheri- 
cal probes of some of the polymer adherents already 
known were formed in air with sufficiently long con- 
tact times in order to obtain the maximum energy of 
separation. These joints were separated in air and in 
various liquids (methanol, butandiol and water) under 
the same conditions as in air. The adhesive failure 
energy in air is w~, in the liquid Win. The three liquids 
used had no influence on the bulk properties of adhe- 
sive and adherents, e. g. by swelling. If the friction in 
the surrounding liquid during separation can be 
neglected the deformation energy associated with the 
unbonding process should be independent of the sur- 
rounding medium (air or liquid) and differences in the 
adhesive failure energies, w m and w~, should exclu- 
sively originate from the surface and interfacial ten- 
sions. In figure 19 the ratio w'/wm is plotted versus the 
ratio of the corresponding thermodynamic energies of 
adhesion Wh/WA. The median drawn in figure 19 
means that W m is proportional to WA: 

Wm = C" (13) 

In spite of some experimental scatter which has to be 
expected for measurements of this kind it can never- 
theless be concluded that the experimental results, at 
least approximately, obey this proportionality. Thus, 
the adhesive failure energy which can be some orders 
of magnitude larger than WA is proportional to the 
thermodynamic work of adhesion. This result which 
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Fig. 19. Ratio of the adhesive failure energies for separation in a 
liquid and in air versus the corresponding ratio of the thermody- 
namic works of adhesion 

is in agreement with the literature will be discussed 
in more detail in the final section. 

6 Conclusion 

Investigations of the maximum adhesive strength 
and the tack of polymers, both characterized by the 
adhesive failure energy, are the subject of this paper. 
The maximum value of this energy, win, which is relat- 
ed with optimum or fully developed interfacial contact 
between adhesive and adherent is a viscoelastic quan- 
tity of the adhesive insofar as it fulfils the temperature- 
rate superposition principle like a linear viscoelastic 
function such as a modulus. Moreover, it is proporti- 
onal to the thermodynamic work of adhesion WA as 
has been shown in the foregoing section. These results 
are in full agreement with peeling experiments carried 
out by Gent and Schultz [9], adhesion measurements 
of Andrews and Kinloch [2, 3] and the thermodynam- 
ic approach of Maugis [40] which result in the follow- 
ing equation for Win: 

Wm = WA (1 + (a V, r ) ) .  (14) 

In the case of a relatively soft adhesive and a compara- 
tively hard adherent the function q~ (arv, T) characte- 
rizes the viscoelastic behaviour of the adhesive because 
deformations of the adherent can be neglected. WA on 
the other hand is determined by both components, the 
adhesive and the adherent. At low rates of separation 
the viscoelastic losses in the adhesives become smaller 
i. e. in the limit of v ~ 0 the quantity Wm is equal to the 
thermodynamic work of adhesion WA. In spite of the 
fact that the adhesive failure energy is orders of magni- 
tude larger than WA the latter thus plays an important 
role in determining adhesion. 

The reason formulated by Andrews and Kinloch 
[2] is that viscoelastic deformations can only arise if the 
interface itself is capable of withstanding stresses, w m is 
thus a characteristic parameter of the system adhesive 
- adherent which is, however, beyond that dependent 
on the type of experiment and on geometric parame- 
ters such as probe diameter and shape. 

For the second quantity regarded in this paper, the 
tack, this statement is not correct, however. The adhe- 
sive failure energy, determined after a short contact 
time with low contact pressure, to a great extent ref- 
lects the incomplete molecular contact in the interface 
between adhesive and adherent and is, therefore, 
strongly dependent on the bonding process. This is the 
reason why no effort was made to establish a T, v- 
superposition for the tack which is not a material 



Zosel, Adhesion and tack of polyrners: Influence of mechanical properties and surface tensions 553 

parameter or function as it is win. The tack of a poly- 
mer is, nevertheless, strongly influenced by the viscoe- 
lastic properties of the material and the surface and 
interfacial tensions of adhesive and adherent as it has 
been demonstrated in this paper. Tack is connected 
with the glass transition of the adhesive, it is related to 
the corresponding compliance just above the glass 
transition range which itself is determined by the 
entanglement network of the polymer. A second fac- 
tor influencing tack is the wetting of the adherent by 
the adhesive. Both viscoelasticity and wetting behav- 
iour are of particular importance during the bond for- 
mation as has been shown in the preceding sections. A 
third parameter which is important during the 
unbonding process is of course the maximum energy 
of adhesion Win. A polymer with a low Wm cannot be 
expected to have a high tack. Tack is not a fundamental 
material property with mathematical exact correla- 
tions to other quantities. By carrying out experiments 
of the type described here, however, the very pro- 
nounced influence of other properties such as viscoe- 
lasticity and surface energetics can clearly be realized. 
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