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Theories of adhesion are based on adsorption and wetting, on diffusion, on donor/acceptor or elec- 
trostatic interactions and on simple mechanical interlocking of the adhesive into irregularities of its 
substrate. The principal contributions of recent work to these theories are outlined. Joint strength 
is also a matter of stress distribution and knowledge of this has been advanced both by formal mathe- 
matical methods and by the use of finite element analysis. The tack of adhesives is now better under- 
stood as involving the interaction of both bulk and surface properties with the rate of separation. 
Fracture mechanics has been applied to the investigation of the failure of structural adhesives in hu- 
mid environments. The properties determining adhesive behaviour comprise Tg, solubility parameter, 
surface free energy, viscosity and the microstructure of the polymer. The latter, more recently ex- 
plored, is examined in detail. The structure of the adhesives for use at high temperature and the 
changes in technology demanded by impending legislation conclude the review. 

INTRODUCTION 

The dichotomy between theory and practice deplored by 
so many writers on adhesion and adhesives arises because 
the former embraces a far wider range of phenomena than 
the latter, concemed as it is mainly with the strength of 
joints between different materials. Both depend in the last 
resort on molecular attraction or, more frequently than 
was at one time believed, on the formation of chemical 
bonds across the interface. These bonds may be those aris- 
ing from the sharing of electrons or from charge transfer 
and are then electrostatic in nature. Hydrogen bonding, 
which may be regarded as intermediate in nature between 
these two extremes, is probably an important form of inter- 
action across some interfaces. Diffusion of long chain 
molecules is counted in this introductory summary as a 
form of molecular attraction dependent on secondary or 
van der Waals's forces. 

Another reason for the gap between theory and practice 
is the large dependence of joint strength on the mechanical 
properties of the adhesive rather than on its behaviour at 
the interface. Good interfacial interaction is a necessary 
but not a sufficient condition for joint strength, hence the 
undoubted contribution which fracture mechanics and finite 
element analysis have made in the applications of adhesives. 
But the behaviour of flexible adhesives in peeling and the 
tacky nature of pressure-sensitive adhesion are also reflec- 
tions of bulk property. A measure of the extent to which a 
theoretical approach by way of surface energetics has mar- 
ried with practice is the recent explanation of joint failure 
in moist environments in which interfacial failures accom- 
panied by corrosion predominate over mechanical fracture 
occurring within the adhesive. 

These generalities are intended only as an introduction 
to a more detailed examination in subsequent sections of 
this review which will emphasize matters of interest to 
polymer science ignoring other aspects of adhesion such as 
the structure of glass I or carbon reinforced plastics, the 

pelletization of powders 2, cell adhesion 3, so important to 
the understanding of the functioning of multicellular orga- 
nisms and their malfunctioning to develop cancers, biologi- 
cal adhesives 4 and dental prostheses s. It will also ignore 
the preparative routes used in adhesives formulations as 
the intermediates, monomers and polymerization proce- 
dures are identical with those generally used in polymer 
science. 

THEORIES OF ADHESION 

To be successful, theories of adhesion and of adhesive ac- 
tion need to explain in terms of molecular structure, thermo- 
dynamic or kinetic properties of large molecules and me- 
chanical stress distributions the behaviour of adhesive lay- 
ers and the properties of joints. There is a wide range of 
phenomena to subsume and an explanation which covered 
all would be of useless generality. It is therefore convenient 
to divide the subject matter into phenomena essentially 
associated with physical adsorption, with diffusion, electri- 
cal charge distribution or with chemisorption by which is 
understood the formation of a primary valency linkage be- 
tween adhesive and substrate as the result of some chemical 
reaction. Stress distributions are discussed under the head- 
ing Theories of Joint Strength. 

Adsorption theories 
The physical adsorption of gas molecules to solid sur- 

faces may be regarded as well understood and dependent 
on the secondary or van der Waals's forces. These forces 
have themselves been ascribed to attractions arising from a 
quantum mechanical effect due to the valency electrons of 
organic materials or those existing in a metallic body as a 
free gas. Two main types of explanation have been proposed 
for the attraction between electrically neutral bodies 
whether of molecules for each other or of one array of 
molecules (a plane surface) for another. One explanatory 
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Figure 1 Contact angle and tensions for liquid drop on solid 
surface. 

process starts from elementary bodies such as two hydrogen 
molecules and builds from there to arrays of atoms or mole- 
cules. This is a microscopic process and is described in 
simplified mathematical detail by Grimley s. The other de- 
tails the Maxwell field in the space between two dielectric 
bodies and is called a macroscopic approach. This originated 
with Lifshitz 7 and has been developed by workers in the 
Low Countries. It also is outlined by Grimley 6. These 
quantitative theories have led to a number of attempts at 
the direct measurement of the attraction between electri- 
cally neutral surfaces, originally between a sphere and a flat 
plate but more recently between two hemicylinders with 
their axes at right angles, a conformation geometrically 
equivalent to the sphere and plate. This work has shown 
the expected dependence on the cube of the distance for 
separations above about 80 nm gliding smoothly down to a 
square law dependence at 8 nm and below a. The transition 
corresponds to that from retarded to non-retarded forces, 
an expression used to indicate the need for a relativistic 
correction for the finite speed of the interactive electro- 
magnetic radiation. 

The most recent work on the direct attraction (adhesion) 
between bodies with perfectly mating surfaces has involved 
one deformable surface in contact with a hard surface. 
Using optically flat rubber surfaces, Roberts and Thomas 9 
have shown that the area of contact expected from the 
Hertz law is exceeded, due to attraction between the sur- 
faces. Under conditions of dynamic loading, as the contact 
area increases, the force required to separate varies in a way 
predictable by the surface energies but if an overload has 
been applied, separation forces needed are enhanced and 
time effects associated with hysteresis in the bulk rubber 
appear. Direct measurement of minute distances and small 
forces pose experimental problems which are avoided by 
using a thermodynamic approach concerned solely with 
surface energetics rather than forces of separation. Unfor- 
tunately, turning to thermodynamics involves turning away 
from kinetic happenings to equilibrium situations in which 
models are formulated in terms of liquids adhering to solids 
rather than solids being placed into contact with and then 
separated from, other solids. 

Wetting: a form of  adsorption? 

The Dupr6 equation states: 

WA =') '1 + ' ) '2  --  "/12 (1) 

i.e. the thermodynamic work of adhesion of a liquid to a 
solid, WA, is equal to the sum of the surface free energies 
of liquid and solid less the interfacial free energy. The 
latter is not directly measureable except in the case of two 
liquids. Recourse is had therefore to the Young equation in 
which a vector diagram is obtained from a model of a drop 
of liquid on a solid (Figure 1). The subscripts refer sv, to 
the solid-vapour interface, lv to the liquid-vapour inter- 
face and sl to the solid-liquid interface. Horizontal resolu- 

tion of forces, obtainedby equating free energies and ten- 
sions, yields the Young equation: 

7so = 7st + 7to cos 0 (2) 

Equation (2) can only be substituted in equation (1) by 
further equating 7sv with 3't which is often done, although 
it is more instructive to introduce a spreading pressure, 7r = 
7s - 7sv, and hence to obtain the Young-Dupr~ equation: 

WA =Tb(l + cos 0) + 7r (3) 

So much is the common exposition of the thermodyna- 
mic basis of the adsorption theory of adhesion for several 
decades even though its assumptions are many and oppor- 
tunities for its application few. However, direct proof of the 
substantial correctness of the Young-Dupr6 equation is not 
lacking. Bailey ~° has experimented over many years with 
measurements of the attractive force between freshly 
cleaved mica sheets. If  sheets are either partly cleaved or 
cleaved and held together at one end and separated at the 
other, the shape of the sheets should be given by cantilever 
beam theory but deviations from it, which are deduced from 
interferometric measurements, can be used to determine the 
nature of the attraction law operating near to the closed 
end. If  sheets are cleaved beneath the surface or recombined 
after coating with a monolayer of, for example, a fatty acid 
by the Langmuir-Blodgett technique, the total work done 
in moving from one equilibrium position to another can be 
obtained. This is equivalent to the strain energy of the 
sheets, easily obtained from beam theory, plus the energy 
to generate the new surface. The contact angle of  the 
liquid (or fatty acid) against mica can be measured in a 
separate experiment and hence the situation if equation (2) 
is rewritten (equation 4): 

"rst = 3'sv - 3'/v cos 0 (4) 

where 7sl is measured by cleaving mica under liquid or with 
monolayer; 7sv is measured from mica freshly de aved in 
dry air, and 7/v and cos 0 are both known by direct mea- 
surement. 

It has been assumed that for solids of low surface free 
energy such as the polyolefins and fluorinated polymers, 
the spreading pressure zr is negligible. Good 11 has now estab- 
lished this reasonably firmly with both theoretical and ex- 
perimental demonstration. 

On surfaces of  high surface free energy most liquids will 
spread spontaneously and hence cos 0 = 1 and equation (3) 
becomes equation (5): 

IdA = 27/v + 7r (5) 

This expression has been used to justify the usual situa- 
tion in an adhesive joint in which failure is cohesive either 
in adhesive or adherend and that truly adhesive failure at 
the interface is rare in a properly made joint since WA = 
Wc + 7r and 7r is invariably large when spreading is sponta- 
neous. 

The use of the Young-Dupr~ equation is really limited 
to systems where the contact angle is finite and the spread- 
ing pressure negligible and such systems are those in which 
normal adhesives are ineffective. For example, it is pos- 
sible to calculate WA for an epoxy resin applied as a liquid 
to a polyolefin, subject to the fairly reasonable assumption 
that the surface energy of the epoxy does not change on 
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Table I Dispersion component of surface energy of SBR rubber 

3'1 Contact "7s d 
Liquid (mN/m) 3"/d angle, 8 (mJ/m 2 ) 

Tricresyl pho6phate 40.9 39.2 34 ° 34 
Glycerol 63.2 37.0 84 ° 35 
Formamide 58.2 30.1 75 ° 34 

hardening. The result is not useful because the adhesion 
is too small to support the shrinkage stresses which occur 
during the hardening process. Attempts have therefore 
been made to estimate the interfacial free energy which 
must, of course, be related to the energies of two separated 
surfaces. The earliest of these, the Antonov equation, "712 = 

3'1 - 3'2 has long since been superseded by expressions 
which derive from the concept of energy additivity of com- 
ponents of the surface energy derived from a separate con- 
sideration of non-polar forces arising from the London dis- 
persion and polar forces, including hydrogen bonding. 
Girifalco and Good t2 proposed a geometric mean term to 
allow for the interaction at the interface of dissimilar liquids 
such as mercury and hydrocarbons where interaction could 
depend only on the London dispersion forces: 

3'12 = 3'1 + 3'2 - 2(3'ld3'd) 1/2 (6) 

The superscripts in equation (6) show that only that 
part of the surface energy due to dispersion forces is in- 
volved in the geometric mean interaction term because 
there can be no interaction between mercury and hydro- 
carbon due to the behaviour of electrons specific to inter- 
metallic bonds. Similarly, a liquid such as water which can 
form internally and externally directed hydrogen bonds 
cannot do so with aliphatic hydrocarbons. Hence, although 
hydrogen bonding plays a major role in determining its own 
surface energy, the interaction at an interface 'with hydro- 
carbon can only occur through a field to which both com- 
ponents of the system can respond, namely, the London 
dispersion field. However, interaction between pairs of 
molecules are often quite specific and cannot necessarily 
be computed from knowledge of the contribution made by 
given components of the surface energies of the substances 
in question. Fowkes 13 points out that chloroform is acidic 
with respect to potycarbonate and that the interaction be- 
tween these two is enhanced by the formation of an acid- 
base complex but this cannot be inferred from the indivi- 
dual surface energies since no acid-base component exists 
for either chloroform or polycarbonate considered separa- 
tely. The work of adhesion of a polar/non-polar liquid- 
surface combination can be obtained by combining equa- 
tions (1) and (6): 

WA =3'1 + 3'2 - {3'1 + 3'2 -- 2(3'q3'd) 1/2 ) 

= 2(~17d) 1/2 (7) 

but it is not correct when both components are polar to 
write: 

d d 1/2 WA = 2(3'13'2) + 2(T~1T~2) 1/2 (8) 

even if their individual energies may be represented by 
3'i= ")(i + % .p. This is not to say that use cannot be made of 
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the many measurements of contact angles and surface ten- 
sions in practical adhesion studies nor that the difference 
(le A - WA d) cannot be used to assess the contribution 
made by polar interactions to the work of adhesion. 
Fowkes 14 has provided data on the dispersion components 
of the surface energy of a number of liquids and Table 1 
shows how three very different liquids can be used to esti- 
mate the component of the surface of a vulcanized styrene- 
butadiene rubber. If 3"st is eliminated by taking equations 
(2) and (6), equation (9) is obtained and it is this that has 
been used to calculate the last column of Table 11s. 

3"//(cos 0 + l) 2 
3's d= (9) 

Such a surface is difficult to stick with a polyurethane, 
a desirable adhesive for plasticized poly(vinyl chloride). 
If the rubber surface is chlorinated then the force needed 
to separate two 25 mm strips of the rubber joined by a 
polyurethane adhesive increases from 4.5 to 13 kgf. The 
contact angle of tricresyl phosphate is but slightly affected 
whereas those for glycerol and formamide are drastically 
reduced to 61 ° and 42 ° , respectively. The difference can 
be expressed as the increase in the work of adhesion W A or, 
using equation (3), as the spreading pressure. This is neg- 
ligible for tricresyl phosphate but amounts to 21.8 and 
28.4 mJ/m 2 for glycerol and formamide both of which are 
capable of participation in hydrogen bond formation and 
the latter a not unreasonable model for the urethane group- 
ing of the adhesive. Hence the conclusion that polyure- 
thane adhesives operate by forming hydrogen-halogen 
bonds on these surfaces. If, erroneously, an attempt is 
made to calculate a polar or hydrogen bonding term for 
the surface, 7s = 7 d + (T~s + T~/s) from the contact angles 
found, a different figure is obtained for each liquid (actual- 
ly 18.1 and 42.2) when, clearly, the surface has only one 
surface free energy. 

Another most useful equilibrium-based concept in con- 
nection with surface energies is that advanced by Zisman 
and his colleagues 16. The surface energy of solids being in 
general inaccessible to experiment, Zisman defined 3'c, the 
critical surface tension of the surface. This he carefully 
distinguished from the true surface energy of the surface 
but it is clearly closely associated with it and is easily deter- 
mined. It is the surface tension of the liquid which will 
just, and only just, wet the surface of the solid and is ob- 
tained as an extrapolated value of a series of contact angle 
experiments with a range of liquids of differing surface 
tension. This concept is most useful for characterizing sur- 
faces of moderate or low surface energy; in particular it is 
extensively used for characterizing polymers both highly 
polar and those of very low surface energy. A surface 
treatment of a polymer which did not appreciably change 
the value of 3'c of that polymer, is unlikely to have much 
influence on bond strengths obtained with adhesives. The 
well-known corona discharge treatment of polyethylene 
raises the critical surface tension of polyethylene t7 from 31 
to about 40 mN/m. 

The most recently published list of values is that of 
Shafrin is covering some 150 natural and synthetic poly- 
mers. The same volume contains an article by Zisman 19 
himself in which, inter alia the more refined use of the 
critical surface tension to explore the nature of polymer 
surfaces are reviewed. 

The relation between 3'c and the surface energy of the 
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Figure 2 Photometry traces of electron photomicrographs of 
interface between poly(vinyl chloride) and A, poly(methyl methacry- 
late) and B. poly(butyl methacrylate)• [Reproduced from Voyutskii, 
S. S. J. Adhes. 1971,3, 74 by permission of Gordon and Breach 
Publishers Ltd, London ©] 

solid has been explored by Good 2° in the course of work 
with others on calculation of the interfacial free energy 
from the free energies of the air surfaces of two compo- 
nents. He arrived at an expression: 

Tc = ~23's (10) 

where: 

4(V1V2) 1/3 2(Ili2) 1/2 
q~= x 

+ v 1/3) I1 + I2 

in which the subscripts refer to the wetting liquid and the 
solid surface, V is the molar volume and I the ionization 
potential of the molecule. Lee 21 has shown that 7c can be 
calculated from either the parachor, the solubility para- 
meter or the glass transition temperature. 

The importance of the adsorption theory of adhesion is 
that it describes the essential process of wetting the ad- 
herend by the adhesive and shows that this does have a very 
definite correlation with the possibility of making a good 
joint, though not with the load required to break a strong 
joint between rigid adherends. 

Diffusion theories 
The interdiffusion of high polymers across an interface 

is possible when the polymers are at temperatures above, 
preferably greatly above, their glass transition temperatures. 
It is an important adhesive process being the basis of the 
self-tack of rubbers for which the term autohesion was 
coined by the Russians 22 many years ago and they have 
been largely responsible for the development of the theory. 
It is important also because in many applications of solvent 
or aqueous adhesives, two adherends are separately coated 
and, on removal or substantial removal of the vehicle, the 
dried polymers are combined. Failure along the plane of 
combination is not normally expected because diffusion 
across it should make the two layers one without the 
possibility of regenerating the interface. The proponent 

of the theory was Voyutskii 23 who pointed out its exten- 
sive applications in the heat sealing of plastics and the gain- 
ing of coherence of emulsions of film-forming polymers on 
drying out. Its mathematical formulation by Vasenin has 
been more accessibly outlined (to Westem readers) by the 
present writer 24 and stands as the sole example of where 
completely fundamental principles and figures have been 
used to explain actual bond strengths though of flexible 
rubbery systems. Adsorption theory cannot be said to have 
had the same success in explaining the strengths of rigid 
joints with structural adhesives. 

A fundamental feature of the theoretical treatment of 
diffusion is that thermodynamic compatibility must exist 
between the materials. With autohesion there is no prob- 
lem but the theory could not automatically be applied to 
the adhesion of, for example, poly(methyl methacrylate) 
and poly(vinyl chloride) (unplasticized) for which solu- 
bility parameters are 1 8.6 and 19.4 MJ1/2/m3/2, respec- 
tively. However, adsorption of one polymer on the other, 
with perhaps some adlineation of dipoles might be thought 
a more probable explanation for their adherence. Voyut- 
skii 2s has published the results of studies based on lumine- 
scence analysis in u.v. light showing that an interfacial zone 
exists between these two polymers, about 0.4 pan wide in 
which interdiffusion has occurred, whereas poly(butyl 
methacrylate) shows, as can be seen in Figure 2 a far sharp- 
er boundary with a suggestion of some diffusion of poly 
(vinyl chloride) into the poly(n-butyl methacrylate) but 
none of poly(butyl methacrylate) into PVC. The solu- 
bility parameter of poly(n-butyl methacrylate) is about 
16.6 MJ1/2/m3/2. The question of when sufficient com- 
patibility exists for diffusion to be an important contribu- 
tion to adhesion is therefore open to argument, though 
data exist relating peel strength with thermodynamic com- 
patibility. At the time when Voyutskii's ideas first made 
an impact attempts were made actually to measure diffu- 
sion rates• As far as self-diffusion is concerned, Skewis 26 
showed that figures of the right order of magnitude could 
be obtained with tritium-labelled hydrocarbon polymers 
and that, using styrene-butadiene rubber variation with 
molecular weight was obtained. However, SBR, butyl, 
ethylene-propylene and natural rubbers gave diffusion 
coefficients lying on the same straight line when log (diffu- 
sion coefficient) was plotted against log (molecular weight) 
implying the same diffusion rate for all the rubbers• This 
is not in accord with Vasenin's treatment nor yet with the 
autohesive behaviour of these rubbers• No inter-diffusion 
of butyl and SBR could be found, but, as the author notes, 
this did not in his experiments preclude limited diffusion 
over a short range such as is evident in F~gure 2. Such 
limited diffusion is all that is needed to bring about ade- 
quate adhesion• Skewis attempted to relate his diffusion 
measurements to the observed 'tackiness' of the rubber as 
measured in a tackmeter but more recent work (vide infra), 
using the Williams-Landel-Ferry transform, indicates that 
tack is a complex property involving bulk as well as surface 
properties although diffusion must be the main determin- 
ing feature of  self-tack• Less fundamental in the physicist's 
sense but definitely relating autohesion to diffusion is 
Campion's 27 semi-empirical use of the Kauzmann-Eyring 
theory of diffusion in liquids. This is a kinetic theory in 
which segments of the polymer move into spaces or 'holes' 
when random fluctuations allow holes of requisite size to 
form at or diffuse to sites contiguous to the segment. The 
hole, formed by thermal fluctuation of the surrounding 
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Figure 3 Hole formation involving the participation of large 
accessible cavities; natural rubber type. Measurements indicated 
that the r.m.s.distance between chains has increased by only about 
15 per cent from the close-packed situation compared with an in- 
crease of 27 per cent required for ethylene-propylene rubber. 
[Reproduced from Wake, W. C. 'Adhesion and the formulation 
of adhesives', Applied Science, 1976, p 82 (after R. P. Campion) by 
permission of Applied Science Publishers Ltd, Barking ©] 

polymer molecules, precedes a jump by the segment and 
the sum of the process over many molecules constitutes the 
diffusion process. Vasenin, in his development of  the pro- 
cess, used the cross-section of the polymer repeat unit at 
its bulkiest point to quantify the space necessary for its 
movement. Campion considers the existing free volume in 
the bulk polymer and the way part of  this is associated 
with the shape of the repeating unit and its packing beha- 
viour with its fellows. Figure 3, from Campion's paper, 
shows how hole formation to allow the acceptance of a seg- 
ment of natural rubber is cooperatively easier because of its 
particular shape. Calculations based on the interchain free 
volume, packing numbers and hence of cross-sectional areas 
available for diffusion enabled Campion to produce figures 
which, for the first time, rated all known hydrocarbon rub- 
bers in order of their known autohesive behaviour. 

The above remarks treat the union of two polymeric 
surfaces both above their glass transition temperatures as if 
a single process only were involved. Vasenin's treatment 
specifically refers to the processes which occur after true 
molecular contact has been established and, if interpreted 
rigorously, can refer to only a short period of time after 
contact has been established. Anand 2a and others have 
concluded that the kinetics of bond strength are adequately 
accounted for by rheological processes involved in making 
intimate contact without diffusion being involved whilst 
Bister, Borchard and Rehage 29 have detected stages in the 
autohesive (i.e. diffusive) combination of rubbers during 
which different rate processes apply. Vasenin's expression 

1/4 h gives adhesive strength as proportional to (time) w ich 
certainly gives a good fit to data but root functions are in- 
sufficiently sensitive over the required range easily to dis- 
tinguish and Rehage and his colleagues fit square root func- 
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tions to each of the stages they claim for the process. Cer- 
tainly they are correct in drawing attention to a change in 
failure pattern which occurs as the time allowed before 
separation is attempted increases. 

Electrostatic theories 
When originally proposed by Russian scientists led by 

Deryaguin a°, the electrostatic theory of adhesion postulated 
that all adhesion phenomena could be largely explained in 
terms of charge transfer across the interface giving rise to 
electrical double layers. This universal explanation was 
hotly contested by Voyutskii 23 with respect to the adhesion 
of rubbery polymers to one another. If contact potentials 
gave rise to double layers of the strengths required to ex- 
plain adhesion why, he asked, were dissimilar polymers less 
adherend than similar polymers? Potential voltage differ- 
ences would be greater between dissimilar polymers and 
zero when autohesion was involved. This type of argument 
together with the difficulties of experimentation led to the 
neglect of explanation based on charge transfer except in 
specific areas detailed below. The evidence originally pre- 
sented depended on the rapid peeling of flexible polymers 
from rigid substrates. It is a well-known dark room demon- 
stration that electrical discharges are present when adhesive 
tapes are stripped very quickly from glass. The original 
experiments involved measurement of  discharge voltage 
and distance as a function of gas pressure. The key factor 
in this experiment was the calculation of the condenser 
discharge energy and its correlation with the measured work 
of adhesion 31. Unfortunately, no one else has attempted to 
confirm the change in peel strength with gas pressure and 
the rather unsatisfactory situation remains that the results 
then reported could equally well have occurred if electrical 
phenomena accounted for x% of the observed work of peel- 
ing. Since a large part of the work of peeling involves dissi- 
pative processes in the peeled member x must be small and 
it need be only a proportion of the non-dissipative part of 
the process. This is indeed likely for the adhesion of fine 
particles to surfaces has been shown to be due to a com- 
bination of dispersion and electrostatic forces and the 
ubiquitous xerography is a constant reminder of this 
fact a2-a4. 

Electrostatic adhesion, described in terms of the DVLO* 
theory may also be regarded as an accepted theory for cell 
adhesion. 

Adhesion in a simple form arising from direct contact 
electrification has been demonstrated for thin films of metal 
sputtered on to pleastic plastics surfaces 3s'36. Before dis- 
cussing this case it is necessary clearly to distinguish it from 
the so-called electroless processes for coating plastics with 
metals (vide infra). The latter involve several types of adhe- 
sive mechanism arising from the chemical etching which 
precedes a complex deposition process. To validate his 
observations, Weaver 3s showed that adhesion could be 
measured by a fine chrome-steel point drawn across the 
coated surface, the normal load applied being related to 
the shear strength of the adhesive bond. Applied to a range 
of metals on to cleaved halide surfaces, the shear strength 
was completely accounted for by van der Waals's forces 
and was not changed by the application of a glow dis- 
charge. Applied to plastics surfaces, adhesion was greater 

* The current theory of colloid stability based on the existence of 
an electrical double-layer is referred to by the initials of those asso- 
ciated with its development, viz Deryaguin, Vervey, Landau and 
Overbeek. 
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than could be attributed to dispersion forces, increased 
with time and was instantaneously reduced to a very low 
value by the application of a glow discharge after which 
it gradually climbed with time as before. The adhesion 
obtained with any given metal varied with the substrate 
being lowest with polytetrafluoroethylene and, of the 
materials he tried, highest with poly(methyl methacrylate). 
The original Russian theories would have explained these 
results by transfer of electrons to the plastics materials 
from the metals. Weaver a6 does not accept this explana- 
tion. To achieve such transfer the metal electron would 
need about 3 eV of excess energy to overcome the poten- 
tial energy barrier at the interface and as metals have work 
functions of 4 - 5  eV, this excess is unlikely. Weaver pos- 
tulates positive hole injection with the electron moving 
from polymer to metal, i.e. the Fermi level of the polymer 
before contact lies above that of the metal. The nature of 
the charge-carrying bodies in polymers is obscure but all 
polymers carry a wide range of additives arising from the 
polymerization process if not from the later stages of pre- 
paration. It would be interesting to have data on radiation 
polymerized material made from highly purified monomer. 
A slightly different approach to electrostatic adhesion has 
been realized by Fowkes t3 in the form of donor-÷acceptor 
relationships existing at interfaces but not within the bulk 
of either phase separately. Acrylic copolymers containing 
maleic acid or acrylic acid have greatly enhanced adhesion 
to metal (oxide or hydroxide) surfaces. The polymer inter- 
facial surface can be regarded as having an array of negative 
charges and the metal as positively charged. More generally, 
oxygen atoms, amides, double bonds, etc., can be regarded 
as donors and chlorine, acidic chlorinated polymers such as 
poly(vinyl chloride) or fluorinated bodies can be regarded 
as acceptors. Acid-base interactions are not the sole ones 
which can occur at an interface and add substantially to 
the van der Waals's dispersion forces which must, of course, 
always be present. Examples where ionic bonds have been 
postulated as acting across an interface are, of course, in 
reality examples of electrostatic adhesion and it is to be 
presumed that the adhesion of, for example, aluminium 
oxide for its substrate metal is essentially electrostatic in 
origin. Cases where oxide to metal failure have occurred 
with the oxide parting with the adhesive are known, though 
not with aluminium. They are, however, usually ascribed 
to cohesive failure within the oxide film. Fowkes ~ takes 
at their face value Russian experiments with the stripping 
of pressure-sensitive tapes and ascribes most of adhesive 
force to an electrostatic component but, as remarked pre- 
viously, the adhesive component of the stripping force is 
but a small one and Gent and Schultz 3a believe that they 
had isolated it in some of their experiments and that its 
magnitude is only that of the dispersion forces. 

Chemical bonds across the interface 
In a crude descriptive form the presence of chemical re- 

actions across interfaces has been invoked in specific cases 
for a great many years. Buchan and Rae 39 were able to ex- 
plain a number of phenomena connected with the adhesion 
of rubber to metal by the brass plating process whereby a 
mixed organo-cupric sulphide linkage was postulated. A 
more refined modern analysis might find a layer of cupric 
sulphide 4° of a few micron electrostatically adherent to the 
brass surface and adsorbed to this layer some evidence for 
some form of mixed compound possibly involving sulphur 
donation. Other reactions postulated to'occur across inter- 
faces are those of isocyanates with adventitiously introduced 

hydroxyl groups on rubbers and poly(Vinyl chloride) and 
those involved when siloxane coupling agents are used on 
glass or metal surfaces (presumably hydrated oxides) and 
provided with appropriately reactive groups terminal to one 
of the attachments to the silicon atom. These comprise pri- 
mary amines for reaction with epoxy resins, mercaptans for 
sulphur-vulcanizing rubbers and ethylenic unsaturation for 
unsaturated polyester resins dissolved in styrene. A more 
general approach has however been advanced whereby the 
nature of the attachment process is unspecified, indeed it 
could involve only secondary valencies except that instead 
of a field force it is necessary to consider attachment at 
localized sties. Electrostatic forces could equally well be 
regarded as localized with unspecified charge carriers or 
donor-acceptor groups at the interface. All that is needed 
for the development of the theory is specification of the 
number of bonds and their strength. The failure process is 
then considered as one direction of an activated kinetic 
balanced reaction of bond formation and breaking which is 
biased in the latter direction by the application of stress. 
The kinetic equations developed involve an energy of acti- 
vation which can be determined, in principle at least, by a 
reciprocal temperature plot if the process has been studied 
over a range of temperatures. Some validation of the 
theory has been supplied by Lewis and Forresta141 who 
used radiation grafting to establish a known surface con- 
centration of bis(2-chloroethyl) vinyl phosphonate onto 
polypropylene powder which was used as a hot melt adhe- 
sive for a metal sandwich. The mode of bond formation- 
bond breakage originated with Zhurkov 42 and has been 
used by a number of authors including Lewis and Saxon 43 
and with Forresta144 for whom it is a preferred explanation 
for joint strength and Allen and Shanahan 4s to explain the 
creep phenonema associated with adhesive joints under 
continuous load. It is claimed that most adhesive data, if 
properly presented, can be cast into a form appropriate to 
a bond attachment theory and it is reasonable that adsorp- 
tion and donor-acceptor reactions at interfaces should be 
so cast, but a theory which can cover all the phenomena 
is automatically suspect, the generalities hiding real differ- 
ences in mechanisms. And if it can be shown to be success- 
ful for structural adhesives it may be doing little more than 
rewriting the adsorption theory, which fundamentally must 
refer to equilibrium conditions in a form appropriate to 
kinetic processes of joint failure. The energies of activation 
which have been deduced are extraordinarily high and seem 
to refer to activation volumes which are not understood in 
terms of the physical volume of flow-units or polymer seg- 
ments. There are advantages in this type of explanation 
when dealing with joint properties because failure is more 
often cohesive than adhesive and bond breaking can occur 
within the bulk of the adhesive as well as at the interface 
although different bond energies would be involved. The 
conceptual disadvantage then focuses on the known dissi- 
pative processes than precede fracture, namely the plastic 
deformation around the tip of the growing crack, and ignor- 
ance of whether this is the primary volume in which bond 
breaking occurs. 

Less general matters deal with specific cases in which the 
strong probability or certainty of chemical reaction occurr- 
ing across the interface have led to the formation of strong- 
er joints. In the case already cited 4t the strong probability 
exists because one side, at least, of the interface was known 
to be chemically coupled. 

Acting on the assumption that chemisorption may be 
important in the establishment of a high degree of interac- 
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tion between substrate and adhesive, Brenman and Ler- 
chentha146 have sought to provide this by generating free 
radicals by mechanochemical means at the interface. The 
mechanochemistry of polymers although perhaps originat- 
ing with Staudinger was explored by Watson and his col- 
leagues 47 from 1952 onwards. Shortly afterwards Russian 
workers '~ coined the name 'mechanochemistry' and showed 
that minerals fractured under the surface of liquids or poly- 
mers possessed surfaces of enhanced adsorptive activity. 
Brenman and Lerchenthal proposed combining these fac- 
tors to increase adhesive interaction with the substrate 
by abrading the substrate whilst it is covered with liquid 
adhesivet. The technique is not new as  Detollis 49 men- 
tioned the mechanics of the process, ascribing the improve- 
ment in bond strength to the removal of contaminant 
material under conditions where the adhesive would re- 
place the contaminant. The results quoted by the authors 
show that abrasion in the presence of adhesive or priming 
material (e.g. the polyamide crosslinking reagent for an 
epoxide adhesive) gives superior bond strength to mere 
abrasion in air before application of the adhesive. 

Mechanical adhesion 
The earliest instinctive ideas of joint strength pictures 

the adhesive flowing into interstices of the surface, solidify- 
ing there and being inextractible as the result of re-entrant 
angles and tortuous flow passages. In failing, these exten- 
sions of the adhesive mass were broken off from the main 
mass and it was the work involved in doing this that gave 
rise to joint strength. This picture assumed the joint to be 
easily formed with materials for which true wetting, as 
shown by zero contact angle, was always achieved. It was 
the realization that in making the joint surface irregularity 
could only serve as an adverse influence that turned atten- 
tion to specific adhesion ideally characterized and mea- 
sured by using smooth surfaces. Specific versus mechanical 
adhesion was a conceptual battleground appropriate to the 
1940's and opinion alerted by de Bruyne to the use of syn- 
thetic adhesives and the importance of the non-polar/polar 
dichotomy of adhesives and adherends, veered towards a 
belief that specific adhesion, adsorption in fact, was the 
important factor and that mechanical factors were of no 
importance. Salomon referred in 1965 to the present writ- 
er's own work on textiles, to that of Bikerman on gluing 
paper and cardboard, and to some work of Marian on wood, 
as showing that interlocking on a microscopic scale is an 
essential factor but goes on to state s° 'but except for such 
specific cases the interlocking hypothesis has been aban- 
doned'. Opinion has since changed and a more balanced 
view of present opinion requires mechanical factors to be 
considered. There arc cases in which, although specific 
adhesion due to the London dispersion forces must always 
exist, it is fair to ascribe the bond strength to mechanical 
keying. The present writer does not agree however with 
the many plastics technologists who regard electroless plat- 
ing of plastics as a simple interlocking process; this too is 
an oversimplification based on a lack of background 
knowledge. 

As early as 1949 the important mechanical feature of 
the adhesio~l between rubber and spun-fibre textiles was 
seen to be the embedding of fibre ends in the rubber sl. If  

"~ Brenman and Lerchenthal of the Technion Institute, Israel, have 
coined the acronym SABRA from Surface Activation Beneath Reac- 
tive Adhesives, the word having another connotation in an Israeli 
context. 
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these were sufficiently long, the specific adhesion, even if 
quite small but acting over the area of the fibre, could in 
shear exceed the tensile strength of the fibre. In this way 
the bond strength became a function of the number of fibre 
ends projecting from the textile surface and of their mech- 
anical strength. Variations in specific adhesion, such as 
providing the normally polar fibre with a chemically react- 
ed waxy coating, made only a minor difference. A series 
of papers elaborated this. Where strong adhesives are used 
as for tyre-cords or in Vee belts there is good evidence that 
chemical bonding exists between adhesive and rubber on 
the one side and adhesive and textile on the other and al- 
though ultimate failure is a mechanical failure of the fila- 
ments of the cord, it is no longer reasonable to regard the 
bond as mechanical; it is a specific adhesion dependent on a 
chemical bond. 

The adhesion of polyethylene to metals is a subject of 
considerable importance for the packaging and electronic 
industries and has been studied in detail by a number of 
people. Initially, poor adhesion was identified with a weak 
boundary layer (WBL) caused by the presence of degraded 
material of low molecular weight s2. Support for this view 
was provided when Schonhorn s3,s4 showed that by cross- 
linking the surface of the polymer in a glow discharge atmos- 
phere stronger bonds could indeed be formed. This work 
drew attention to WBL as a frequent cause of failure of 
joints in service. Later work ss showed that instead of 
purifying polyethylene from components of low molecular 
weight or crosslinking it, perfectly satisfactory bonds could 
be formed either by deliberately oxidizing the polyethylene 
or applying it to the metal in an oxidizing atmosphere. If 
the metal is copper, the polyethylene must be oxidized be- 
fore application because during application the presence of 
copper seems to inhibit oxidation of the polymer ss whereas 
the adhesion obtained by sintering powdered polyethylene 
to steel is good because iron catalyses oxidation s6. To fur- 
ther the understanding of these phenomena, instead of using 
an aluminium surface prepared by the standard acid-dichro- 
mate treatment, Packham, Bright and Malpass s7 examined 
adhesion to aluminium anodized in a pore-producing elec- 
trolyte and said sa to give a surface oxide structure similar 
to that given by acid-dichromate. The idea was to use a 
similar surface but to eliminate possible oxidation catalysis 
by chromium. As a further point, adhesion tests were made 
with the anodized aluminium in both porous and sealed 
conditions. They found that oxidation of the polymer is 
necessary to obtain good adhesion to a surface with sealed 
pores but not for adhesion to a porous surface. In fact, the 
best recorded peel adhesion was with polymer containing 
0.5% antioxidant on an unsealed porous surface. Figure 4, 
taken from a second paper by the same authors 59, shows 
the effect of the porosity on the configuration of the inter- 
face by showing the polyethylene after the adherend has 
been chemically removed. The high adhesion figure clearly 
depends on the penetration of the polymer into the pores 
and this alters the stress distribution at a micro-level. It is 
therefore a mechanical factor although retention of the 
polymer within the pores must be associated with specific 
adhesion between polymer and wall, in this case due to the 
London dispersion forces. It is exactly analogous to the 
penetration of the fibre ends of staple yarn into the rubber 
or poly(vinyl chloride) of a polymeric coating on to cotton. 

The electroless plating of plastics provides an example 
of a situation complementary to that described above with 
the metal penetrating into the polymeric material instead 
of the polymer entering pores in the oxide. The procedure 
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Figure 4 Polyethylene from aluminium anodized in 4% 
phosphoric acid at 20 V for 60 min at 24°C. [Reproduced 
from Wake, W. C. 'Adhesion and the formulation of adhe- 
sives', Applied Science, 1976, p 70 by permission of Applied 
Science Publishers Ltd, Barking ©] 

Figure 5 Section showing electroless nickel plated on polypropy- 
lene. [Reproduced from Wake, W. C. 'Adhesion and the formula- 
tion of adhesives', Applied Science, 1976, p 67 by permission of 
Applied Science Publishers Ltd, Barking ©] 

adopted is complicated. In the case of high-impact poly- 
styrene or ABS plastics, the plastics surface is etched with 
an oxidizing acid which preferentially attacks tl~e unsatu- 
rated butadiene-styrene copolymer. The etched surface is 
then sensitized with stannous chloride solution followed 
by a silver or palladium salt and then a copper or nickel 
salt is reduced and produces a conductive surface which is 
electroplated. The nature of the highly reticulated surface 
produced by etching can be gauged from Figure 5. There 
has been much discussion about the nature of the bond but 
Perrins and Pettett 6° produced, in the course of a very 
thorough study, the figures from which Table 2 is derived. 

Table 2 shows that an interaction is involved between 
mechanical effects and surface activity. In fact, the results 
can be represented by the expression Peel force = Kbc, 
where b represents the contribution of a mechanical cam- 

ponent and c, that of a surface component. The contribu- 
tion of the latter is twice that of the former. In this case 
the specific surface component is most probably an acid-  
base, donor-acceptor bond. 

Lastly, in examining a wide range of surface treatments 
for the structural adhesive bonding of titanium alloys, the 
writer and his colleagues 6t found highest bond strengths to 
be given when the/3-phase of the alloy is attacked with 
removal and some undercutting of the a-phase. This leaves 
a very rough surface which is further roughened by the re- 
deposition of needle crystals of rutile vertically adherent to 
the etched floor of the/3-phase. 

It is evident that the banishment of a mechanical factor 
from the scientific description of adhesion was premature; 
it must take its place, albeit a secondary one, with adsorp- 
tive, diffusional and other theories each of which are to be 
accepted as operative in certain systems. 

JOINT STRENGTH 

The use of adhesives is to make joints. Their diversity 
arises from the varied nature of the materials to be joined; 
the nature and magnitude of the stress they are designed to 
withstand. Given correct preparation of the surfaces to be 
joined and suitable choice of adhesive, the force required to 
separate the joint components will be that necessary to 
break them. Only in exceptional circumstances will failure 
occur at the interfaces between the components when new- 
ly made joints are stressed. Two types of joint, illustrated 
in Figure 6, have attracted most theoretical study; the lap- 
shear joint used for testing structural adhesives for wood 
and metal and the peel-type joint for testing both flexible 
and structural adhesives. The aim of these studies is to 
predict the strength or other properties of the joint from 
the properties of the bulk adhesive. This very formulation 
of the aim is indicative of the fact that for properly design- 
ed joints failure is cohesive within the adhesive. 

Table 2 Partial separation of mechanical and specific effects in 
electroless adhesion 

Mechanical component 

Well etched Poorly etched 
Surface chemistry with good acid with bad acid 

Surface activity removed by HCI 0.66 
Reactive etch applied after 3.94 
removal of surface activity 

0.17 
1.37 

Figure 6 

I I--  
I Double lap shear 

1 Lap shear 
I - - - ' -  

I--peel ' / / / / ~ / / / / / / H / / H / / ~ / H ,  
6 °- peel 

Types of adhesive joint 
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lap-shear joint is to consider the stages in the development 
of analytical expressions for it. Analysis started with 
Volkersen ~ in 1938 who identified the major cause of the 
non-uniformity of shear along the joint as due to extension 
of the adherends linearly changing from its maximum value 
to zero at the end of the overlap as the stress is transferred 
to the other side of the joint. His original approximation 
showed an inf'mity at the extreme end when, of course, the 
free boundary must be free from shear and this was correct- 
ed in a much later paper. The original expression is, how- 
ever, a very good approximation to what is now considered 
as the actual distribution. The second major analytical 
approach was that of Goland and Reissner ~3 and a conve- 
nient and mathematically simplified summary of the state 
of the art at this stage has been given by Sneddon ~. Goland 
and Reissner allowed for the bending moment introduced 
by angular offsetting of the load from the joint axes which 
gives rise to the bending of the adherents so clear in Figure 
7 and the resultant cleavage stress. The most recent analy- 
tical work on the lap-shear joint has been done by the group 
at Bristol University ~s-67 led by R. D. Adams. Previous 
discussion of the lap-joint has referred to stresses in the 
centre-line of the joint but contraction in the width of the 
joint when stress is applied to the length is also important 
and has been studied at Bristol (Figure 8). This gives rise 
to transverse stresses which have their maximum at the 
comers of the joint. 

At one time it was thought that a good case had been 
made for ss the failure of a lap-shear joint under stress to be 
initiated from a shear failure in a plane of maximum shear 
stress lying within the joint. The evidence for this might 
now be regarded as circumstantial rather than compelling. 
It used the Goland and Reissner analysis to calculate a plane 
of maximum shear and showed how this varied with changes 
in the configuration of the joint made by bending the ex- 
tended pieces of the adherend thus altering the relative posi- 
tions of the axis of the load and the centre line of the joint 
as in Figure 9. The maximum shear stresses calculated from 
the load at failure were approximately equal to the shear 
strength of the: adhesive. However, the latest work of the 
Bristol school 69 identified the initiating point of failure 
either at the end of the joint if the adhesive has been 
squared off to give a boundary exactly in line with the end 
of the adhercnd or in the fillet formed as is usual in manu- 

Figure 7 Lap shear joint at moment preceding failure. [© Crown 
copyright reserved ] 

The description, lap-shear joint, correctly describes the 
intention to apply a shearing stress to a joint but, in fact, 
the highest stress acting when shear is applied to the joint 
shown in F~gure 7 is a cleavage or opening-mode stress at 
the ends of the overlap. Perhaps an instructive way of 
examining the complexity of the stress distribution in the 

Compressive / ~  J 
stress / / / /  

Figure 8 Transverse stress in a loaded lap-shear joint. [Repro- 
duced from Wake, W. C. 'Adhesion and the formulation of adhe- 
sives', Applied Science, 1976, p 113 by permission of Applied 
Science Publishers Ltd, Barking 0 ]  

4 I / I ---~ 

Figure 9 Distortion of lap--shear joint produced by non-congru- 
ence of centre line of joint and axis of loading 
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facture by excess adhesive exuding from the end of the 
joint. Moreover, failure is here truly a cleavage failure, the 
adhesive being under high tensile stress. These results were 
obtained with double lap-shear joints (sometimes referred 
to as a tuning-fork configuration) but are believed to be 
valid for the single lap-shear joint. They were obtained with 
finite element analysis, a powerful tool increasingly used in 
stress analysis studies involving adhesive joints. 

Of very great interest in this connection is the recent 
demonstration of the relation between the method of analy- 
sis used to obtain a prediction for the breaking strength of 
a lap-shear joint from the properties of the adhesive. Using 
maximum tensile stress as the criterion for failure, linear 
(elastic) analysis correctly predicted the breaking loads for 
a brittle epoxy adhesive 69. A plasticized epoxy adhesive, 
however, required non-linear analysis and failure depends 
on maximum strain. Of the two adhesives studied by 
Adams and Copplestone, the more brittle adhesive was al- 
most twice as strong as the plasticized, ductile adhesive in 
pure shear whilst this order of merit was almost exactly 
reversed in a double lap-shear joint, hence contradicting the 
earlier criterion of maximum shear strength of the resin be- 
ing the operative property. In fact, for a ductile adhesive 
non-linear analysis has demonstrated that a high tensile 
strain to failure can be more important in a structural ad- 
hesive than a high tensile or shear strength. This conclusion 
reinforces the attitude of technologists dealing with struc- 
tural adhesives who have always demanded high metal-to- 
metal peel strength, measured with thin gauge sheet metal 
in either T-peel or climbing-drum tests, as well as high 
figures from a lap-shear test. 

Separation by peeling 
What may be called the 'statics' of  peeling were estab- 

lished about 20 years ago by Kaelble ~ and by Inoue and 
Kobatake 71. The simplest case to consider is the flexible 
adherend being peeled from adhesive on a rigid adherend. 
The peeled length of the flexible material is then regarded 
as a lever arm with a fulcrum lying back either within itself 
or within the adhesive so that, immedately behind the ful- 
crum there exists a compressive force on the adhesive which 
moves down the sandwich as the line of peel moves. The 
cleavage stress is thus represented as a damped oscillatory 
wave moving backwards into the adhesive from the line of 
peel. If  the angle of peel is shallow there is a substantially 
shearing force also present and if the cleavage stress within 
the bond is given by o and the shear stress by r with the 
subscripted zeros representing the stresses at the line of 
separation, the ratio o0/r0 is a function of peel angle which 
rises to a maximum as the angle approaches 90 °. Unlike 
the butt or lap-shear joint, the work of peeling is easily 
measured as the product of the force and the distance peel- 
ed. This work of separation contains a number of  terms 
which are not necessarily additive and of which, the work 
expended in deforming the flexible adherend can be a major 
component. The materials used as flexible adhesives are 
usually highly viscous materials such as bitumen or are 
viscoelastic polymers. As such, the force of separation is 
highly dependent on their viscoelastic properties, is there- 
fore rate and temperature dependent and data can be ex- 
pressed in the form of master curves obtained by the 
Williams-Landel-Ferry transform ~. A number of studies 
in the field of adhesive behaviour have been made with a 
sufficient range covered by temperature and rate for a spec- 
trum of mechanical behaviour to be constructed via the 

WLF transform. One of the earliest of these 7a being asso- 
ciated with earlier studies of the mechanics (or statics) of 
peeling. Later studies ~ have identified peaks in the extend- 
ed spectrum of mechanical behaviour with the transition 
from cohesive to adhesive failure and with the glass transi- 
tion of the adhesive layer. The behaviour of a pressure- 
sensitive tape on being peeled from a substrate is indeed 
instructive of  the varied response of polymers to mechanical 
stress and of the more fundamental physical properties call- 
ed upon by current attempts at explanation. At low rates 
of peeling deformation of the adhesive by flow processes 
occur and the force required is strongly rate-dependent, 
hence the peak in the mechanical spectrum. At high rates, 
rate-dependence disappears because the adhesive is no long- 
er deformed but at intermediate rates of  pulling the mode 
of failure is unstable 74,7s and becomes jerky and alternates 
between what is effectively a zero rate with energy being 
stored by extension of the backing material and a fast rate 
in which this stored is dissipated. Vibration of  the tautly 
stretched tape then gives rise to the characteristic noise 
experienced when unwinding rolls of tape. At the very 
lowest rates of peeling Gent and Schultz aa have shown that 
the work of peeling has a low, limiting value and they have 
deduced that the work of adhesion is given by the product 
of this limiting value and the various energy dissipative 
factors in which the transformed rate factor is important. 
This implies that additive functions involving specific adhe- 
sion, work done by bending the adherend and that done 
on the adhesive are too erode as complex interactions are 
involved. This possibility of  choosing test procedures re- 
mote from technological practice but from which more 
fundamental parameters can be extracted has also been ex- 
ploited by Andrews and Kinloch ~ and among the sex~ral 
independent methods they used was a simple peeling test 
at low velocity in which the line of  separation was treated 
as a crack propagating at the interface. The analysis em- 
ployed by them involves a loss factor such that as the 
hysteretic losses approach zero, the peeling energy app- 
roaches a limiting figure to be identified with the thermo- 
dynamic energy of adsorption. 

Tack 
Tack is that property of an adhesive whereby light con- 

tact with the surface of another body brings about a con- 
dition requiring force to restore the original separated state. 
To make this definition rigorous would require a number of 
qualifying clauses which are necessary in research studies 
but not to a comprehension of what is being discussed. In 
some cases separation after contact is only achieved by co- 
hesive failure of the tacky material but generally, the pro- 
perty considered is that which retards but does not prevent 
the removal of  a smooth contacting metal probe or the 
human finger, the most commonly used tack-tester. The 
measurement of tack involves a two-fold process. In the 
first place contact is made between the probe and the tacky 
surface. If  subsequent separation is to be resisted then the 
tacky material must wet the probe surface; i.e. be adsorbed 
to it. The second stage is that of debonding the probe from 
the surface. The wetting stage is both thermodynamically 
and kinetically controlled. The thermodynamic control 
will become apparent by the use of probes made with 
materials of different critical surface tension ~/c (vide supra), 
the kinetic control from the dependence of tack on the 
time of contact and the load applied during contact. Tem- 
perature also has an influence but this is exerted as well on 
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Figure 10 Tack and E*A o of rubber--resin blends. ( ), Tack 
in newtons; ( . . . .  ), product E*A 0 in newtons where E*  = G' + 
iG" and A o = area of probe. [Reproduced from Dahlquist, C. A. 
'Adhesion: fundamentals and practice', MacLaren, 1969, p 150 by 
permission of MacLaren Publishers Ltd ©] 

the removal as on the bond-formation stage. Removal of 
the probe is rate and temperature sensitive and involves 
viscoelastic deformation of the bulk of the tacky adhesive 
before separation occurs and it is the work expended in 
removal rather than the force used that is the appropriate 
measuring parameter. It follows from this that the maximum 
tack will be experienced when the conditions of measure- 
ment and the properties of the tacky material combine to 
give a high energy loss within the material. Dahlquist 77 
showed indeed that maxima in the tack/composition relation 
coincided with maxima in the complex mechanical modulus 
of the bulk material. Figure 10 shows the complex tension 
modulus times the area of probe contact plotted on the 
same scale as the force measured in the Wetzel tack test 7s 
and both as a function of the proportion of tackifying resin 
blended with rubber. This raises the question of the relation 
of composition of pressure-sensitive adhesives to their tack. 
Pressure-sensitive adhesives must easily wet the substrates 
to which they are to be applied as also the probe of the 
machine testing their tack. They have therefore many of 
the properties of liquids although, unlike true liquids, they 
are formulated to withstand some shear. Incidentally, the 
expression 'pressure-sensitive' arises from the fact that the 
thickness of a viscous layer between two adherends in the 
form of discs depends on the pressure exerted when they 
are brought together. The force then required to separate 
them is inversely proportional to the cube of their separa- 
tion and directly proportional to the rate of separation, if 
the liquid behaves as a simple Newtonian liquid. This de- 
rives from Stefan's studies in the last century 79. The more 
complex non-Newtonian materials which are, in fact, used 
will necessarily have more complex dependence on separa- 
tion distance, but the phenomenon is often referred to as 
'Stefan-like' behaviour. 

The use of tackifying resins in formulation of pressure- 
sensitive adhesives undoubtedly leads to two-phase systems 
for the polymer and resin are not wholly compatible and 
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in the composition range for maximum tack there usually 
exists resin-rich and polymer-rich phases. The resins used 
have the special property of a high glass transition tempera- 
ture, Tg, coupled with a low molecular weight and serve 
to bring the Tg of the composition to a temperature such 
that the temperature maximum hysteretic loss is at room 
temperature 8°. Where compatibility is only partial and two 
phases exist, the dynamic mechanical spectrum will reflect 
this complexity and it is herein that the apparent differ- 
ences between the two-phase and the mechanical loss theo- 
ries of tack may be resolved. Kamagata and his colleagues 81 
correlated the two-phase morphology of pressure-sensitive 
adhesives of natural rubber and a tackifying resin (the 
pentaerythritol ester of hydrogenated rosin) showing the 
way the temperature peak for mechanical loss of natural 
rubber was only slightly raised by the addition of the resin 
but that when two phases were present, two peaks developed 
giving the effect of a very broad dispersion. The peak at 
the lower temperature corresponding to a rubber-phase 
gradually decreasing as more resin was added until a single 
peak, characteristic of the resin, remained. The resin-rich 
phase, probably containing some rubber of low molecular 
weight showed a higher mechanical loss than the rubber 
phase. The two-phase structure, therefore, brings about for 
rubber-resin mixtures, the conditions necessary for maxi- 
mum mechanical loss at room temperature and at a fre- 
quency corresponding to that of the withdrawal of the con- 
tacting probe. If  substantial mechanical loss can occur in a 
single-phase system such as an acrylate copolymer due to its 
internal architecture, the tackifying resin and the two-phase 
structure are superfluous. 

Tack does vary with the solvent used for depositing the 
mixed rubber-resin film and this has been convincingly 
demonstrated 82 to be associated with different surface ex- 
cesses of resin. In the process of manufacture a nominally 
homogeneous solution of rubber and resin is deposited, 
solvent evaporates and a rubber-rich phase precipitates from 
solution. The relatively mobile solvent/resin mixture moves 
to the surface and once there loss of solvent is fast enough 
to prevent rediffusion of resin back into the interior al- 
though Whitehouse and his colleagues found that this does 
occur over a period measured in years rather than in hours. 
The tack then falls. Thus the two-phase system acts also 
to assist wetting of the substrate; i.e. making the tack-mea- 
sured bond, and is more important here than in determining 
the energy to break the bond, this latter being a bulk-con- 
trolled property. 

ENVIRONMENTAL DETERIORATION 

Undoubtedly, the greatest research effort at the present 
time is being devoted to an understanding of the mecha- 
nisms operative when structural adhesive joints are exposed 
to variable climatic conditions whilst under sustained or 
cyclical loading. The major interested party is, of  course, 
the aircraft industry and hence the joints studied have been 
metal-to-metal joints of aluminium though more recently 
titanium and stainless steel are coming into the picture. 
There is no problem with cyclical stressing of an adhesive 
joint under dry conditions and at normal temperatures. In 
general, under such conditions, adhesive joints perform in 
a manner superior to rivetted joints a3 if the correct adhe- 
sive has been chosen and the metal surface property pre- 
pared. The choice of adhesive must be made on the basis 
of its dynamic behaviour and not solely on its high strength 
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Change in joint strength on outdoors exposure. Figure 11 
A, Epoxy-polyamide, unstressed, Southern England; B, Epoxy- 
phenolic, unstressed, Southern England; C, As B; unstressed in 
tropical hot-wet climate; D, As C but stressed at 10% of original 
ultimate strength (after M. G. D. Hockney) 

in 'static' lap-shear testing. A very detailed study of the 
dynamic performance of a poly(vinyl formal)/phenolic ad- 
hesive is available ~. Under cyclical weather changes or 
continuing high humidity, particularly if combined with 
continuous loading, joints have been known to fail unex- 
pectedly and controlled studies have shown that fall in 
joint strength can be catastrophic. Figure 11 is based on 
data taken from Hockney's preliminary report s5 on one of 
the most comprehensive climatic trials of adhesives ever 
undertaken under fully rigorous control of manufacture, 
exposure and testing. From a design viewpoint there is the 
dual problem of deciding safe stress levels for those adhe- 
sives which show some loss of bond strength but do not 
deteriorate catastrophically and that of understanding the 
mechanism of the loss in order to prevent or minimize it. 

Pioneer work by Kerr, Macdonald and Orman 86 estab- 
lished that loss of strength by the adhesive was not a pri- 
mary cause of decline in joint strength on exposure to 
water vapour. Ethanol was absorbed in far greater quan- 
tity than water by an amine-cured epoxy resin leading to 
very much greater loss in resin strength but small loss in 
joint strength. Water showed the opposite behaviour but 
with both liquids, joint strength was substantially regained 
on drying. The latter finding was not confirmed for water 
by Butt and Cotter a7 who found an irreversible loss of joint 
strength even though the dynamic modulus of the adhesive, 
reduced to less than 20% of its dry value, was fully regained 
by drying in high vacuum. Both experiments involved ex- 
posure to vapour rather than immersion in water, both em- 
ployed sulphuric-chromic treatment of the aluminium clad 
alloy but there were differences in formulation, in particular 
different amine curing agents were used and this may have 
been important. The mode of failure of joints reported by 
the latter authors changed from purely cohesive to apparent 
adhesive failure at the interface as exposure to water con- 
tinued emphasizing that interfacial changes are responsible 

for the effect. There have been two principal lines of 
attack on this problem. They comprise the fracture me- 
chanical approach pioneered by Patrick, Ripling, Mosto- 
voy ss-9° and their colleagues and, secondly, an extension 
of the thermodynamics of interaction across interfaces to 
explain the displacement by water of resin from metal 
oxide surfaces. It is convenient firstly to deal with the 
findings obtained by fracture mechanics. 

Familiarity is assumed with the concepts of fracture 
mechanics as it has been developed from Gfiffith's crack 
theory by Irwin 91. The test piece used by Patrick, Ripling 
and Mostovoy is shown in Figure 12. This type of test 
allows a crack to be opened by a force which is indepen- 
dent of the position of the crack along the beam. Under 
dry conditions the crack once started in the centre of the 
glueline continues to run until the energy stored elastically 
in the cantilever is used by the propagating crack. The 
crack extension energy G can thus be obtained. With only 
a fraction of the load necessary to continue propagation 
of the crack when dry, Patrick and his colleagues found 
that, in the presence of water, cracks developed sponta- 
neously at the interface with the metal and they refer to 
this phenomenon as stress-solvolytic failure of the adhe- 
sive bond reverting to stress-corrosion in later papers. It 
has become customary to use the force required to propa- 
gate the crack at a limiting low velocity as a measure of the 
fracture tougEness of the adhesive; this is the critical crack 
extension force GIC, the subscripted I referring to the mode 
of crack opening in cleavage. In studying stress corrosion 
of adhesive joints an opening force was applied to the joint  
and maintained during exposure to water and the rate of 
slow crack-growth noted. By adjustment of the load a 
second critical crack extension force was determined, be- 
low which no crack growth occurs under water. This has 
been designated Gisccwhere the additional symbols stand 
for stress corrosion. The catastrophic drop in fracture 
toughness in the presence of water can be appreciated by 
considering the figures for an epoxy resin based on the 
glycidyl ether of bisphenol A and cured with 10 pphr of 
tetraethylene pentamine at 82°C for 5 h between glass ad- 
herends through which crack growth could be easily fol- 
lowed. GIC in the dry condition was about 54 N/m, was 
halved by exposure to an atmosphere of 55% r.h. and re- 
duced to 14 N/m by immersion in water. Post curing does, 
however, improve water resistance at least with some hard- 
eners as Table 3 indicates. The figures in Table 3 have been 
deduced from one of the diagrams given by Ripling and his 
colleagues sg, and refer to an anhydride-cured epoxy. 

As already mentioned, accompanying this drastic reduc- 
tion in fracture toughness is a change in the locus of failure 
from the centreline of the adhesive to the interface. The 
interesting point to be emphasized is that the crack which 

/ 
Centre crGck-..~_~ I o 

Figure 12 Tapered double-cantilever beam test for measuring 
fracture energy. [Reproduced from Wake, W. C. 'Adhesion and the 
formulation of adhesives', Applied Science, 1976, p 295 (after 
R. L. Patrick et al.) by permission of Applied Science Publishers Ltd, 
Barking ©] 
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Table 3 Effect of post-curing on stress corrision fracture toughness 

Post curing temperature GIC (N/m) GISCC (N/m) 
(°C) (Dry) (Immersed in water) 

100 103 5.3 
155 121 12.3 
185 102 36.8 

starts propagating at the interface under humid conditions 
is not a continuation of the centreline crack but a new dis- 
continuity initiated at the interface. The morphology of 
these cracks has been studied by Patrick with the aid of a 
scanning electron microscope 92. When fracture toughness 
is measured in terms of energy rather than force, as is clear- 
ly desirable, the figures are such that even GISCC is far 
higher than the surface or interfacial energies of adhesive 
with adherends. When fracture is occurring in the centre- 
line of the joint this is easily and conventionally explained 
as caused by the dissipation of energy in a plastically de- 
formed or even cavitated zone around and ahead of the tip 
of the propagating crack. At the interface too, extensive 
damage occurs on failure both to the resin and the oxide 
layer on the metal. 

The second line of work aimed at clarifying the inter- 
facial aspects of the deteriorating effect of the environment 
concerns the thermodynamic conditions necessary to dis- 
place a resin adsorbed to a substrate by van der Waals's 
forces. A recent paper 93 is of interest even though it refers 
to mild steel adherends less likely to be used with structural 
adhesives than aluminium. The adhesive was an epoxy 
based on bis-phenol A cured with a tertiary amine and the 
joints tested were formed by combining two cubes with 
edges of 2.54 cm. Based on the ideas discussed in an early 
part of this review, Gledhill and Kinloch satisfied them- 
selves that they could deduce from contact angle measure- 
ments and published data for the partition of surface ener- 
gies into dispersion and polar components that the work 
of adhesion of an epoxy adhesive to ferric oxide was 
291 mJ/m 2 and in the presence of water was -255  mJ/m 2, 
i.e. the water would be preferentially adsorbed to the ferric 
oxide surface and would displace the resin. Insofar as their 
calculations violate the principle expounded in equation (8), 
the magnitude of their figures is likely to be wrong but it is 
very unlikely that the sign change involved is wrong. Ex- 
perimentally, they studied both joint strength and the na- 
ture of the surfaces seen after breaking the joint. The inter- 
facial nature of the break after exposure to water was con- 
firmed by electron probe microanalysis seeking iron from 
the adhesive surface and titanium, used as a marker in the 
adhesive, from the oxide surface. Behaviour at the inter- 
face was not simple as is seen from Figure 13 and corrosion 
of the substrate as shown by the change from ferric oxide 
to magnetite was convincingly shown to occur after dis- 
placement of the resin from the surface and not to be a 
cause of this displacement. Other studies have also suggest- 
ed that the corrosion of aluminium substrates from joints 
immersed in water which have either failed or shown re- 
duced strength is, in fact, post hoc corrosion. 

This somewhat gloomy picture of environmental attack 
on adhesive joints concentrates on the mechanisms rather 
than on the steps taken by technologists to minimize its 
effects. The surface preparation of aluminium alloys, after 
being fixed by specification for many years, is now being 
modified to produce surfaces with greater inherent resis- 
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tance to adverse environments; primers are being increas- 
ingly used that, most probably, chemisorb to the oxide 
surface and siloxanes reactive towards epoxy resins and 
other adhesives have provided greater stability though at in- 
creased cost both in material and processing time. 

MATERIALS 

The very wide range of materials used commercially as 
adhesives may be judged from the latest edition of Skeist's 
Handbook of Adhesives 94 which contains 35 chapters each 
devoted to a different class or type of adhesive. Inorganic 
materials are the least important in the present context al- 
though large tonnages of soluble silicates are used, mainly 
in packaging. The adhesion of Portland cement to steel is 
essential to the performance of reinforced concrete but it 
would be a misuse of words to regard concrete as an adhe- 
sive. The epitome of the adhesive is that it is a high poly- 
mer. The earliest adhesives were the naturally occurring 
polymers of carbohydrate or proteinaceous nature followed 
in the 19th century by natural rubber. The proliferation 
of adhesives and their sphere of application has followed 
the man-made polymer industry. The earlier, naturally- 
occurring adhesives depended on their ability to dissolve 
in water and, on drying, to form hydrogen bonds across 
the interface to the substrates with which they were used. 
Carpenters' glue forms a strong bond with leather under 
dry conditions and static loads. It is no use to the shoe 
industry because shoes are flexed in use and are worn in 
wet conditions. Traditionally, therefore, shoes were con- 
structed by sewing, not sticking. The advent ofsynthetic 
polymers has rendered this method of construction obsole- 
scent and illustrates the changes in traditional technology 
that adhesives can cause, quite apart from new technologies 
which they have made possible, such as the used of bonded 
honeycomb metal in highly stressed but light-weight struc- 
tures. Carpenters' glue is itself obsolescent as an adhesive 
although it has other uses in sizing in paper and textile 
industries. Starch-based adhesives have a continuing market 
in the form of dextrin and borated dextrin for use in paper- 
based products such as bags and multiwall paper sacks, tube 
winding, packaging and labelling, in which fields these 
materials have maintained their hold by reason of price, 
non-toxicity and continuous if minor innovation by the 
producers. Attempts at more radical modification, for 
example to remove water sensitivity, have been made by 
grafting various monomers to the starch molecule but such 
modification has not yet achieved commercial exploitation 
partly because of cost but mainly because the properties 

Interfacial failure 
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Cohesive failure in epoxy adhesive 

Figure 13 Sketch of locus of failure after immersion of butt 
joint in v~ter. [© Crown copyright reserved (after R. A. Gledhill 
and A. J. Kinloch)] 
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conferred can be matched or surpassed by the existing 
range of synthetic polymers with much less trouble. How- 
ever, this is not to be taken as an opinion that natural pro- 
ducts may not again become important, not in their simple 
state nor even upgraded by ordinary chemical processing 
but as a result of regarding them as building blocks from 
which more complex, microstructural copolymers may be 
formed. Starch, casein, cellulose and lignin are, unlike 
petroleum, renewable materials. 

It is perhaps natural to ask why such a wide range of sub- 
stances as the man-made polymers and of such differing 
chemical nature is capable of  being used in adhesives formu- 
lation. There are two answers to this question. The first is 
that the properties are very fundamental ones possessed by 
all high polymers; the second answer is that additives can be 
used to modify these properties to bring certain parametric 
ones into any desired range. Adhesion depends, as has been 
detailed above, mainly on the dispersion forces possessed by 
all molecules, then on means of bringing these into effect by 
close proximity and lastly on the cohesive behaviour of the 
adhesive, that is its strength, flexibility and response to 
temperature. Some polymers will be better adhesives than 
others due to the enhancement of van der Waals's forces by 
hydrogen bonding or other donor-acceptor interactions at 
the interface but these will become special adhesives for 
stated substrates. The fundamental parametric properties 
that determine in what way the universally existing adhesive 
properties can be used are the glass transition temperature, 
the solubility parameter, the surface free energy and the 
viscosity. Added to these are the non-parametric qualities 
of microstructure or organization. Some of these proper- 
ties are mainly involved in the mode of application of the 
adhesive to the substrate and play little direct part once 
intimate contact on a molecular scale has been achieved. 
The parametric properties are interlinked as several authors 
have demonstrated 9s'96 and the secondary properties of 
strength and flexibility dependent on them. 

Microstructure 
Block copolymers are well known to possess micro- 

structure in which phase separation has led to the formation 
of a hard and sometimes crystalline phase in a rubbery mat- 
rix or the reverse situation where a rubbery phase is dis- 
crete in a glassy matrix. This type of composite structure 
can be advantageous in reinforcing a soft, extensible rubber 
or improving the fracture toughness of an otherwise brittle 
resin. The scale of the two-phase structure is such as to be 
resolvable only in the electron microscope. These proper- 
ties are exploited in adhesives formulation as also is the 
possibility of adsorbing preferentially one of the polymeric 
blocks to a substrate either by using high temperatures or 
by solution in a suitable solvent. An example of this is the 
use of Heveaplus, a grafted block copolymer of  methyl 
methacrylate (MMA) to natural rubber, as a primer in 
securing adhesion between poly(vinyl chloride) (PVC) and 
natural rubber. Applied from a polar solvent to a PVC sur- 
face, the extended PMMA chains are adsorbed to the sur- 
face. When hot rubber is applied to the dried surface of the 
primer, molecular rearrangement releases and extends the 
rubber moiety allowing a diffusion of rubber chains to 
establish a link which is then strengthened by vulcanization. 

Styrene-butadiene-styrene block copolymers are used 
in both hot melt adhesives (HMA) and in solvents. In both 
cases the appropriate additives can associate with the sty- 
rene or the butadiene phase and hence modify the stress- 

strain curve of the material. Tackifying resins which are 
usually added in preparing contact adhesives which form 
good bonds immediately on contacting the coated surfaces 
of the two adherends, preferentially associate with the sty- 
rene phase and hence modify its Tg. Suitable choice of 
resin can result in a higher or lower Tg as is required. A 
second Tg is present associated with the butadiene compo- 
nent and this too can be shifted. 

Polyurethane adhesives also have the reinforcing effect 
of the polar groups forming a pseudo-crystalline, hard 
domain in a softer continuous phase. The ratio of hard to 
soft material as well as their actual properties is determined 
by the length of the polyol chain which, in adhesives tech- 
nology, is either a simple glycol or an hydroxy-terminated 
polyester. There are several chemically alternative routes 
and the polymer supplied as a single solution in a mixed 
hydrocarbon-ester mixture has been fully reacted so that 
no free isocyanate groups remain and is of moderately high 
molecular weight. Urethanes of high molecular weight are 
used in the coating industry where solvents such as dimethyl- 
formamide can be handled. Two part adhesive mixtures 
usually contain an hydroxyl-terminated prepolymer and are 
reacted immediately before use with either a polyisocyanate 
or an isocyanate-terminated prepolymer usually of low 
molecular weight. The technology when isocyanates are 
used for bonding textiles to rubber is different. The poly- 
urethane adhesives, and this refers to fully reacted types, 
have in the urethane linkage the dual possibility of form- 
ing hydrogen bonds of either the donor or acceptor type 
and it is in this chemical property that their wide versatility 
as flexible adhesives most probably resides. Their strength 
properties are enhanced by the domain structure in much 
the same way as crystallization strengthens bonds made 
with grades of polychloroprene which have not been sul- 
phur-modified, except that the process of crystal growth 
takes time and the maximum bond strength consequently 
takes a few days to develop. 

Two-phase microstructures are not confined to flexible 
rubbery adhesives. One of the earliest and most successful 
of structural adhesives is a composite of poly(vinyl formal) 
with a phenol-formaldehyde (P/F) resin and here too a 
two-phase system exists though the present writer seems 
to be in a minority in regarding the P/F resin as the dis- 
perse phase. Early disappointments with epoxy resins as 
structural adhesives have led to material of improved duc- 
tility and it is customary to specify given peel adhesion 
behaviour as well as lap-shear tensile strength. The most 
recent epoxy materials appear to contain carboxyl-termi- 
nated rubbers which may be polybutadiene or acrylonitrile- 
butadiene copolymers. The latter would be more compat- 
ible with the epoxy resin and would be expected to give 
rubbery inclusions in a resinous matrix. They could there- 
fore be described as toughened rather than flexible epoxide 
resins. Recent patents 97 cover the reaction product of a 
polyepoxide with a minor amount of a polymer containing 
a reactive carboxyl group and 1,5-dihydroxynaphthalene 
or 2,2-bis (4-hydroxy-phenyl) sulphone. The claimed 
modulus of the amine-cured material is almost twice that 
obtained with a bis-phenol A resin with triethylene tetra- 
mine so that it can scarcely be called a flexible material 
even though its peel performance is superior. Another 
patentee 98 claims a polymeric composition in which a 
second polymeric phase is added, finely divided and is a 
vinyl polymer or copolymer but this is likely to be a phy- 
sical blend without, as in the previous case, chemical link- 
age of the two components. 
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Structural adhesives for high temperatures 
Of course, the microstructures described above, depen- 

dent as they are on dual ductile/brittle phases, are no use in 
adhesives designed to operate at high temperatures although 
nitrile-phenolic adhesives are most probably two phases 
and would seem to belie this statement. Unsaturated rub- 
bers such as acrylonitrile-butadiene copolymers can be 
crosslinked by reaction with a resole stage phenol-formal- 
dehyde resin, the phenol group, methylol group and the 
double-bond of the butadiene coming together to form a 
6-membered chroman ring. Nitfile-phenolics can be used 
over a wide range of conditions as they are toughened with 
the butadiene inclusion and hence show high peel as well 
as impact strength. They will endure extended service up 
to about 130°C and in the very short term appreciable 
joint strength is retained to about 200°C. The straight 
epoxy adhesives show a steep drop in joint strength with 
increasing temperature and even with immediate rise of 
temperature lose all strength by 120°C but if crosslinked 
with phenol-formaldehyde instead of with amine, appre- 
ciable bond strength is retained up to about 280°C on a 
short term basis. However, with aircraft speeds greater than 
Mach 3 contemplated, skin heating brings the integrity of 
honeycomb panels into question. The problem is com- 
pounded by the loss in strength of aluminium at higher 
temperatures and honeycomb construction of titanium 
alloy or stainless steel becomes necessary. Although there 
is clearly an upper limit to the temperature any polymer 
depending on carbon-carbon linkages can stand this has 
not yet proved to be the practical limitation and polycyclic, 
nitrogen-containing polymers such as the polyimides and 
polybenzimidazoles have been used. The problem encoun- 
tered with these materials are those associated with prepar- 
ing polymers sufficiently irregular to exhibit some flow 
properties at elevated temperatures to enable the substrate 
to be properly wetted without introducing too much sen- 
sitivity to temperature; i.e. conflicting aims. Polyamides 
with symmetrical precursors such as p-phenylene diamine 
and pyromellitic dianhydfide are intractible. The problem 
of wetting the substrate is overcome by using a solution of 
the partly condensed poly(amic acid), removing the solvent 
after applying the solution to the two substrates, closing 
the joint under pressure and heating to complete ring clo- 
sure thus: 

O O 
II II ~ ~.. 

~C-P~/~COOH 
II o o 
O II II 

poly (amic acJd) ~ / C ~ C ~ N ~ O _ _ ~ .  

~ C A - ' ~ - . C  / ~ 1 ~  
II II 
O O 

Polyimide 

The practical difficulty is that of removing all the solvent 
without starting cyclization. Additionally, the present 
author believes chain branching or crosslinking appears at 
this stage by the carboxylic group of one chain reacting 
with the secondary amide of another. This together with 
hydrogen bonding accounts for the complete insolubility 
of the product and its lack of flowing under even high 
pressure. Attempts made to prepare a copolymer of imide 
and amide gave a very successful film-forming polymer but, 
unfortunately with greatly reduced temperature resistance, 

Theories of adhesion and uses of adhesives: W. C. Wake 

adhesion to steel falling catastrophically above 200°C. 
Polyquinoxalines are the most recent recruits to com- 

merically available high-temperature adhesives and a recent 
survey 99 quotes a tensile shear test with stainless steel as 
giving 23 MN/m 2 at room temperature, 15.7 MN/m 2 at 
315°C after remaining at this temperature for 200 hr and 
9 MN/m 2 after 10 min at 538°C. The repeat unit of the 
polymer is given as: 

\ L-....JL--o 
C6Hs C6Hs 

Structural features will be noticed connecting it to remarks 
made about the need for bulk and flexibility of polyimides. 

Environmental problems 
It is embarrassingly difficult to write any review article 

without considering the effect of the environment, hack- 
nied though the subject is. The adhesives industry has 
relied in the past on solvents to obtain good contact with 
substrates but the climate of opinion and impending legis- 
lation is likely to ban or at least severely to restrict their 
use in the near future. Solvent cements are easily com- 
pounded, by using two-part compositions the polymers 
can be crosslinked to give good temperature and creep 
resistance without the use of heat or pressure and liquids 
are easily dispensed and spread. The alternatives are pre- 
sent but do not necessarily afford complete or convenient 
replacements and it is not merely an economic problem 
though the newer materials are more expensive than the 
ones they will replace. The possibilities are given below. 

(i) Hot-melt adhesives: these require placement devices 
('guns') or if used as sheets then heated presses. No HMA 
available at the present time will crosslink on application. 
They cannot therefore replace two-part solvent adhesives. 
This does not imply that HMA are poor replacements; they 
are widely used for many purposes in many industries par- 
ticularly where high speed operations are involved, e.g. edge 
veneering at 100 m/sec. 

(~) Aqueous emulsions: as replacements for solvent 
adhesives they may show disadvantages in slower drying 
particularly with a lack of immediate bonding. There is a 
major problem in that it is difficult to adjust formulations 
to start from a polymer latex instead of from a polymer 
already mixed with necessary additives. The action of a 
tackifier in admixture with a polymer involves mutual solu- 
tion. Mixing a polymer latex with an aqueous suspension 
of the tackifying resin keeps the two components com- 
pletely separated until the film is dry. At this stage, al- 
though contact is made solution does not follow. Mixing 
polymer and tackifier before emulsification imposes extra 
stages apart from the difficulty of obtaining a good, stable 
emulsion under these conditions without the excessive use 
of soaps and other hydrophilic material. 

(iii) Monomeric adhesives: these have their specific and 
very important place in the industry but it is difficult to 
ban solvents on the grounds of toxicity and replace them 
with the bulk use of monomers which are but solvents under 
a different name even though the amount evaporated is kept 
low rather than encouraged. 

(iv) Solventless liquid adhesives: epoxy-polyamide for- 
mulations come into this category and operate very effi- 
ciently. Rubbery materials are available but would need 
to be used with chain extension and crosslinking chemicals 
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before they could replace existing rubbery solutions. This 
implies two-part formulations in which one part, most 
likely to be a polyisocyanate, has its own handling prob- 
lems even if it is relatively involatile. Additionally, although 
such materials are available or could become so, the setting 
process, a matter of chemical kinetics, would be slow at 
room temperatures and the necessity for jigging increased. 

All four alternatives to the release of solvents to the 
environment thus pose considerable technical difficulties. 

concentrations could imply imperfect coverage of the sub- 
strate or perhaps fissiparous films but it is difficult to 
understand what is happening with films thicker than a 
minimum particularly as, in technological practice such 
finess is not observed but the coupling agent provides 
protection. Other coupling agents have been recommen- 
ded and include chromium complexes, titanes, alkyl phos- 
phates, alkyl and aryl phosphonates and phosphites 1°°. 

Additives 

It is difficult to think of the use of polymeric materials 
without additives. Apart from the antidegradative agents 
and fillers familiar to all polymer technologists, there is a 
wide range of chemical additives which are of special con- 
cern when formulating adhesives. The most important of 
these now being investigated are tackifying resins and 
coupling agents. Additionally, though not to be discussed, 
are film forming agents and freeze-thaw stabilizers for 
emulsions, anti-skinning and anti-slump agents for sealants, 
chemicals to modify rheological properties before setting, 
catalysts for crosslinking reactions of epoxies and polyure- 
thanes besides the usual vast armoury of chemicals for 
vulcanizing rubbers. 

Tackifying resins. Those used in conjunction with pres- 
sure-sensitive adhesives were originally ct and/3 pinene resins 
of natural origin. They are still regarded as among the best 
but are now expensive. Synthetic replacements supplied by 
the petroleum industry tend to be highly branclaed linear 
polymers, somewhat removed from the very bulky short 
chains of bicyclic terpenes made by polymerizing the 
pinenes. Other naturally occurring materials extensively 
used are the various ester derivatives of abietic acid in 
which there are three fused benzene rings and a number of 
small branched alkyl substituents round the boundary of 
the molecule. Polymerization is through the conjugated 
double-bond spanning two of the benzene rings. Their re- 
placement involves pentaerythritol or glycerol esters. 

For more polar materials such as polychloroprene con- 
tact adhesives, novolak resins ofp-tert-butyl phenol are 
universally used and for heat resistance are reacted with 
magnesium oxide before incorporation into the elastomer. 

Coupling agents. The most commonly used coupling 
agents are trialkoxy siloxanes with the fourth valency of 
the silicon attached through a short alkyl chain to some 
functional group reactive with the adhesive polymer. There 
have been claims for the addition of the siloxane to an 
epoxide resin whence it is supposed to migrate to the inter- 
face but most have been made with the siloxane applied as 
a priming coat. There is then no doubt that it is at the 
interface. The condensed siloxane resin must, of course, 
be present as a layer of finite thickness and forms, as might 
be expected a rather brittle layer if cast as a film. It un- 
doubtedly protects the interface from attack by water and, 
although it does hydrolyse the process is very slow at ordi- 
nary temperature. There are however a number of puzzling 
features to which Patrick has drawn attention 92. When 3,- 
aminopropyltrimethoxysilane was applied in a series of con- 
centrations in solvent to an aluminium substrate in the 
form of a tapered cantelevered beam to enable crack- 
growth measurements to be made in the manner already 
described, in the presence of water interfacial failure was 
only prevented when the silane had been applied over a 
very narrow range of concentration. Above or below this 
concentration stress-corrosion occurred. Clearly, lower 

CONCLUSION 

Adhesion science is multidisciplined but is strongly influ- 
enced by polymer science as its materials basis and its 
growth points coincide with certain growth aspects of 
polymers. These are the growing realization that super- 
molecular structure is important with precipitated harden- 
ing phases and that these are best achieved by block co- 
polymers either by spedfic preparation or by grafting on 
to existing polymers. The most fundamental parameters 
governing adhesion are those which can be manipulated 
by polymerization technique. Adhesives are used to make 
joints and joints are stressed and sometimes fail; hence the 
need to turn to-the research engineer with his Finite ele- 
ment analysis and the physicist with fracture mechanics. 
Industry, in general, lacks these specialists as it has concen- 
trated on chemists to produce the materials. This is now 
being rectified. 
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