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Summary

Adhesive bonding of aluminium is widely used in the aerospace
industry. High initial bond strengths can be obtained, but bond failure
occurs after prolonged exposure to humid environments. The thesis contains
details of a test procedure which has been designed and develoved for the
assessment of different alloys, pretreatments, and adhesives which will
give adhesively bonded aluminium joints of high strength coupled with long
term durability. The test involves assembly of lap shear specimens in a
precision jig using 250umballotini spacers in the adhesive to control the
bond line thicimess. The test is modified by drilling three accurately
located holes through the bonded area after assembly of the joint and
curing of the adhesive. Further important features of the test, such as
fillet control, are detailed. The test was assessed, modified and
developed to give a reliable and reproducible method which would
discrininate amongst different bonding systems after expcsure to humid
test enviromments. This is the first test to have achieved the
discrimination necessary for short term assessment of bond systems where
long term durability is required. Even better discrimination has been
obtained by applying stress in a stress humidity test.

Having established accurate, reliable and discriminating test
methods they were used to study the durability of structural epoxy
adhesive bonds to aluminium as a function of alloy, pretreatment,

. adhesive and environment. It was established that the long term
durability of adhesively bonded aluminium was directly related to the
influence of water migrating within the adhesive. Pretreatments differed
in their ability to prevent hydration of the aluminium oxide by the water
absorbed within the adhesive.
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CHAPTER 1

INTRODUCTION

In 1944 a new twin engine fighter, the de Havilland Hornet,

came into service. It was the fastest combat aircraft that the
R.A.F. had then received. It was also the first to use structural
adhesive bonding of metals. The airframe was mainly constructed
of wood but the tension flanges in the spars were made of bonded
aluminium alloy and the joint between the wood and the aluminium
was bondéd with vinyl-phenolic adhesive. Some metal-to-metal
adﬁesive bonding was also used to build up sheet thickness at
points of attachment such as that of the tail wheel bracket.'
The success of adhesive bonding in the Hornet led to its adoption
in the stringer-skin joints in the all-metal Dove and then in

the Comet. (2

To-day, in 1983, after progressive development
and proven pefformance of adhesive bonding of aircraft in
service, the design of the latest British Aerospace jet aircraft,
the B.Ae. 146, is based on the use of metal-to-metal adhesive
bonded structures throughout and incorporates the largest bpnded:
wing panels in production. (3
Structural adhesive bonding is now widely used in the aircraft
and aerospace industries where the coét of production, though
always important is often not as important as weight-saving.

Only since the mid-1970's has weight-saving become important in

the motor industry.

t
In 1982, BL Technology Ltd. demonstrated an experimental vehicle

ECV3 designed to give exceptionally good fuel economy. (%) A

reduction in body weight was achieved by using aluminium instead

of steel for the basic structure of the car. The design of the

Q)



aluminium monocoque base was achieved with the help of finite
element computer modelling to optimize the stiffnesss-to-weight
ratio. The stiffness was enhanced by the use of adhesive bonding
to supplement the mechanical fixing of joints. Adhesive bonding
was also used to overcome the problem associated with the welding
of aluminium. However, no details of the surface preparation prior
to bonding, nor of the adhesive used were given.

B.L. stated that the ECV3 was not a production prototype but an

experimental car to test and evaluate ideas, components, materials
®
and processes.

The aim of the work described in this thesis was to develop
reproducible and discriminating techniques to assess the durability

of adhesively bonded aluminium joints and thereby enable a better
understanding of the scientific mechanisms involved. The thesis
contains results of experiments carried out as paft of an on-going
research programme developing the technology for the mass production
by the motor industry of adhesively bonded aluminium joints which have
long term durability in the range of environments encountered by

vehicles in service.

(2)



CHAPTER 2 LITERATURE SURVEY

2. Introduction

(5)

Kinloch defined an adhesive as a material which when applied
to substrate surfaces can join them together and resist separation.
As a means of joining materials, the use of adhesives offers many
advantages when compared with other more conventional methods
such as welding, riveting, bolting, etc. The advantages include:
(a) the ability to join dissimilar materials,
(b) the ability to join thin sheet materials efficiently
(¢) an improved stress distribution in the joint which

imparts, for example, an increase in fatigue

resistance to the bonded component,

(d) an increase in the design flexibility’
(e) it is often the most convenient and cost effective
technique.

These advantages have led to a continuing increase in the use of
adhesives. Howefer, a fundamental knowledge of the nature of the
forces of attraction bet;een bodies, determination of the magnitude _
of such intrinsic forces, and their relation to measured adhesive
joint strengths has lagged behind the applied technology. Indeed,
for many adhesive/substrate interfaces of considerable practical
importance there are still unresolved debates concerning the
detailed mechanisms of adhesion and the mechanics of joint rupture.
One of the main reasons why the theory has followed behind the
technology is that the science of adhesion is a truly multi-
disciplinary subject. Surface chemistry and physics, rheology,
polymer chemistry and physics, stress analysis and fracture analysis

have all to be considered in the interpretation of adhesion

experiments.

(3)



The maﬁy books and publications (5-18) on the topic of adhesion
and adhesives illustrate this point. FKinloch (5,6) has published
a critical assessment of recent published works on those aspects
of adhesion science which are relevant to the adhesive joining
of materials. lMuch of the literature survey in this thesis is

based on Kinloch's review,

2.1.1. Interfacial Contact

The establishment of intimate molecular contact at the interface

is a necessary, though sometimes insufficient, requirement for

developing strong adhesive joints. The adhesive needs to be able

to be spread over the solid substrate surface, and needs to

displace air and any other contaminants that may be present on

the surface. An adhesive which conforms ideally to these conditions

nudl (19)2_

(a) when liquid, exhibit a zero or near zero contact angle,

(b) at some time during the bonding operation have a
viscosity that should be relatively low, e.g. no more
than a few centipoises,

(¢) be brought together with the substrate with a rate
and manner that should assist the displacement of any
trapped air.

In order to assess the ability of a given adhesive/substrate

combination to meet these criteria it is necessary to consider

wetting equilibria, to ascertain values of the surface free

energies of the adhesive and substrate and the free energy

of the adhesive/substrate interface and to examine the kinetics

of the wetting process.

(4)



2.1.2. Wetting Equilibria

Surface tension is a direct measurement of intermolecular forces.
The tension in surface layers is the result of the attraction of

the bulk material for the surface layer and this attraction

tends to reduce the number of molecules in the surface region
resulting in an increase in the intermolecular distance. This
increase requires work to be done, and returns work to the system
upon a return to a normal configuration. This explains why tension
exists and why there is a surface free energy. The most common

type of physical surface attractive forces are the van der Waals
forces fesulting from (a) dispersion (or London) forces arising

from internal electron motions which are independent of dipole
moments and (b) polar (or Keesom) forces arising from the orientation
of permanent electric dipoles and the induction effect of permanent
dipoles or polarizable molecules. The dispersion forces are

usually weaker than the polar forces but they are universal and all
materials exhibit them. Another type of force that may operate is
the hydrogen bond, formed as a result of the attraction between a
hydrogen atom and a second, small and strongly electronegative

atom such as a fluorine, oxygen or nitrogen.

Wetting may be quantitatively defined by reference to a liquid

drop resting in equilibrium on a solid surface as shown in Fig 2.1.

'YLV

Yev

777777777 777777

Fig 2.1.

A liquid drop resting at equilibrium
on a solid surface.

(5)



The tensions at the three phase contact point are indicated such
that LV is the liquid/vapour point, SL is the solid/liquid point
and SV is the solid/vapour point. The Young equation relating

these tensions to the equilibrium contact angle © may be written

as 3 _

Yoy = Yot Yy COs© (1)
The term 'st represents the surface free energy of the

solid substrate resulting from adsorption of vapour from the
liquid and may be cons:‘r:derably lower in value than the surface
free energy of the solid in vacuo""Ys « This reduction in the
surface free energy of the solid when covered by a layer of vapour

has been defined by the concept of equilibrium spreading pressure,

ﬂs , wWhere,
g = %Y, = Vsv (2

Thus Equation 1 may be re-written as
Yo = Yso + 7, cos © +Ts (3
o -]
when 8 > 0 the liquid is nonspreading but when © = O
the liquid wets the solid completely and spontaneously and
spreads freely over the surface at a rate depending on the

liquid viscosity and solid surface roughness. Thus for spontaneous

wetting to occur "st > 'YSL + 'YLV (4)

Yo > Ysu. + Yw +Tig @
It is also possible for a liquid to spread and wet a solid

0
surface even when © >  but this requires the application of

a pressure or force to the liquid to forcibly spread it over

the so0lid surface.

(6)



2.2. Surface and interfacial free energies

A distinction may be made between low-energy and high-energy
solid surfaces. Organic compounds, such as polymers, belong to
the first pgroup and their surface free energies are usually less
than 100 mim. >  Metals, metal oxides, and ceramics belong

to the second group and their surface free energies are typically

greater than 500 mJm e

Sharpe and Schonhorn (20)

have emphasised the importance

of wetting and proposed that the single most important factor
influencing adhesive joint strength is the ability of the
adhesive to spread spontaneously on the substrate when the
joint is initially formed. They developed a criterion from
Equation (4) for the case when the adhesive will spontaneously
spread on the substrate and, by ignoring the interfacial free
energy, proposed that the ')’c of the adhesive must be less
than that of the substrate where 'Yc is the critical surface
tension of a liquid which will just spread on the surface
giving a zero contact angle. They showed, for example, that
high joint strength should not result, and has been observed
not to result, when polyethylene substrates are bonded using
an epoxy-amine adhesive but that polyethylene should, and
does, adhere strongly when melted against a cured epoxy-amine
solid substrate. This arises because , in the former case
'YLV (epoxy-amine adhesive) > 'YG (polyethylene substrate)

and hence wetting is limited, while in the latter case

'YLV (polyethylene adhesive) £ ‘YG (cured epoxy-amine substrate)

and so spontaneous wetting occurs. Indeed, the requirement

(7)



for the low surface free energy of polyethylene and similar
substrates to be increased is a major reason why surface
modification of such materials is often necessary prior to

bonding (21). Thus the Sharpe and Schonhorn (20)

criterion
essentially proposes that a mobile, liquid adhesive with small
or zero contact angle, which will spread readily, flow into

crevices, and achieve true contact with little opportunity for

the voids which may act as stress concentrators, is of prime
importance. Further work has since suggested that an
additional requirement is that the interfacial free energy,
Ys. should be as low as possible (22-25)
Schonhorn has since considerably modified his views

26)

(see Section 2.6.5.)and Huntsberger's ( analysis indicates
that good adhesives are not necessarily those which exhibit

low or zero contact angle with the substrate. Huntsberger's
analysis stresses the importance of wetting as a kinetic process
for, although the thermodynamics may indicate the establishment
of intimate molecular contact, the kinetics of wetting may be

the determining factor.

2.3. Kinetics of wetting
(27, 28)

Bascom et al have shown that if the contact angle is
zero, surface tension gradients may exist at the spreading front
which may assist or hinder spreading depending upon their
direction. These surface tension gradients arise from thermal

gradients or, in the case of liquids containing a more volatile

(8)



cotiponent of different surface free enerpy, such as a trace
irpurity, they may arise from a concentration gradient. This

effect is illustrated in Fig 2.2 and at the leading edge of the
spreading liquid there is a thin (either 1 or 2 monomolecular layers)
primary film which is followed by a transition region in which
thermal or concentration gradients create a surface tension

gradient and thereby a surface flow that drags the underlying

liquid forward.

il

Fig 2.2.‘ Schematic diagram of the surface and
‘bulk flow patterns at the leading edge
of a spontaneously spreading film,
after Bascom and Patrick (27)

(9)



The rate of flow in the transition region may exceed the

rate of gravity flow in the much thicker secondary film so
that a ridge of liquid develops. Spreading rates resulting
from this gradient effect are relatively low.

The topography of the substrate surface may also influence
the kineties of wetting.

Firstly, a liquid forming a contact angle of less than 90°
with a solid surface may spread along fine pores, scratches
and other inhomogeneities by capillary action, even though

it may be non-wetting on a planar surface. Bascom et al (28)
have reported that random surface scratches increased the
spreading rate of some liquids by as much as fifty per cent and
that open capillaries filled well ahead of the diffusional
advance of the primary film. Similar observations have been

(29) (30) han sbndiad

recorded by Cottington et al Cheever
zinc phosphate conversion coatings and treated the situation
theoretically as a capillary matrix in which the capillaries
assume the particular shape of slits. A mathematical and
physical model was derived from Poiseuille's equation which
adequately described the flow of liquid in zinc phosphated
steel substrates, and gave the capillary pressure which was
generated in the zinc phosphate coating to be about O.7MPa.
However, spreading rates from this effect and surface tension
gradients are not high and may be overshadowed when a liquid
adhesive is forcibly spread over such a surface. Nevertheless

(27)

Bascom and Patrick have suggested that such effects may

(10)



play a role in the redistribution of the adhesive after its

initial application. Secondly, Wengel 51

has shown that
another effect of surface roughness is to change the
apparent contact angle,gl, observed for the rough solid,
compared to the same angle,e, observed for the smooth surface.
This change in the apparent contact angle can be expressed by
cos 8' = rcosb (6)
where T is the roughness factor or the ratio of the actual area
to the projection area of the solid. On a smooth surface, if e
is less than 90° roughening the surface will result in g’
being even smaller, thus increasing the apparent surface free
energy of the solid surface and consequently also the extent
of wetting. However, if O is greater than 90° on a smooth surface
roughening the surface will increase the contact angle 0'stinl
further and qecrease the degree of wetting. Other, more
sophisticated models of substrate surface topography have since

been developed (32-37)

to take account of advancing and
receding contact angles and contact angle hysteresis (i.e. the
difference often observed in the value of these two angles).
Thirdly, de Bruyne 3O pas modelled various types of substrate
surface topography and obtained quantitative expressions for the
relationship between the extent of wetting and the driving
pressure. Fig. 2.3. shows the capillary penetration to be
expected, under atmospheric pressure and against the back

pressure of trapped air, as a function of the contact angle made

on the solid by the penetrating liquid. The limited penetration

(1)
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Fig 2.3. Comparison of the penetration of a
film into cylindrical and “ink—bottle"
pits, after De Bruyne (38)
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into the "ink-bottle" pits is expecially marked and this
effect will be heightened if the liquid has a viscosity greater
than a few tens of centipoises and is forced rapidly across
the substrate surface. Under such circumstances the liquid

near the surface cannot keep up with the advancing front

so that a higher dynamic contact angle develops (27’39’h0).

(41-43)

Various workers have examined the kinetics of wetting

of molten polymers on substrates by following the change in

the contact angle of molten polymers as a function of time

(41) Vi

at different temperatures. Schonhorn et al e

demonstrated that the ratios of the cosine of the contact angle‘eb X
at a time, € , to the cosine of the contact angle,gw at an
infinite time, could be superimposed, using a time-temperature

(b4

equivalence, to give a single master curve. Newman ) and

(42)

Cherry and Holmes have reported that this

time-temperature dependence may be expressed by
-ct
cosB, =cosB.[1 - ae

where o and € are constants and where L34 Cc = 'YLV/I‘IL

where | is the viscosity of the polymer and L.a.parameter with

(k2,45) and related to the adhesive/substrate

dimensions of length
interaction.

Cherry and Holmes also concluded that the spreading of a molten
polymer across a metal surface could be described in terms of

an activated rate process in which the activation energy barriers

were the same as those which oppose viscous flow, and the

(13)



driving force for this derives from the action of surface
forces during the replacement of a solid/vapour interface
by the solid/liquid interface. In subsequent work (45) the
parameter € was termed the "wetting constant" and joint
strengths were thought to correlate better with a high
wetting constant (except for very low values) than with a
low contact angle.

2.4. The bonding operation.

2.4.1. Air entrapment.

Bascom and Cottington (46)

have studied the mechanism and
effects of air entrapment during the preparation of joints
with structural film adhesives. Optical microscopy studies
on glass/adhesive joints revealed that initially a thin film
of air was trapped between the adhesive and glass substrate which
usually extended over about half of the interfacial area.

As the temperature was raised, to effect cure of the adhesive,
this air drew up into bubbles that were eventually displaced
into the adhesive layer. However, incomplete displacement
occurred if the adhesive had a contact angle greater than zero
on the substrate surface or did not become sufficiently fluid
during the heat cure. Such air voids may be eliminated if

the joint is bonded in any autoclave, where there is a
hydrostatic pressure high enough to compress entrapped air .
to a negligible volume, or by employing a "vacuum release"
technique (h6). This latter method simply involves starting

the cure in vacuum (about 650 Pa) and subsequently releasing

(%)



the vacuum at the temperature at which the resin's

viscosity is at a minimum. Air voids may obviously act

as stress raisers and, indeed, increases in the peel strength
of aluminium epoxy adhesive joints of up to thirty per

cent were reported upon complete void removal using the

vacuum release technique.

2.4k.2. The bonding environment

Other aspects of the bonding operation are the environmental
conditions employed and these are particularly important
when bonding metallic substrates. Metals and metal oxides are

usually classed as high-energy solids since in the ultra-clean

state they have surface free energies, 'YS ’ typically greater

than 500 mJm ~2. Thus, it would seem, at first, that such a

surface would be readily wetted by organic adhesives having

low surface free energies (typically less than about 70 mJm -2y

once any machine oil, protective greases or other contaminants
remaining from the materials production had been removed.
However, even in the absence of these obvious impurities a
high-energy surface adsorbs water vapour from the atmosphere (47 48)
and other contaminants such as nitrogen and organic adsorbates, such

(49)

as hydrocarbons vhich lower the surface free energy

of the substrate and may prevent spreading of the adhesive.

(50)

Indeed Bernett and Zisman determined the critical surface

tensions, %_, of various Mclean" hydrophilic, high-energy surfaces
at two extreme values of relative humidity, 0.6% r.h. and

95% r.h. and found that the surfaces were converted to

(15)



ones of low ‘YC (about 46 and 3% mJm e respectively) and,
further, that the 'Yc values were almost independent of the
actual underlying solid substrate.

Gledhill et al. (50) have recently extended this earlier

work by examining the effect of a range of relative humidities
on the wettability of the mild-steel surfaces of different
roughness and have considered the implications of such data
on the strength of joints prepared under different humidities,
From the contact angle measurements, the value of 'st

for a polished and grit blasted steel surface was deduced

as a function of relative humidity. For the polished surface
there was a linear correlation and the results were in good
agreements with values previously reported by Bernett and
Zisman (50 ). For the rougher, grit-blasted surfaces there
was a considerably greater variation in the value of 'st |
with humidity and, as might be expected from Section 2.3. the
value of 'YSV(rough) was greater than %v(poliahed).
Therefore it is important to ensure that the bonding
environment is such that adsorbed contaminmation is kept to

a minimum, the lower the extent of such contamination, the
more readily will it be displaced by the adhesive which may
then achieve intimate molecular contact with the solid
Bubstrate surface. If multilayer contamination is not
displaced by the adhesive it will act as a "weak i:oundary layer"
(see Section 2.6.5.) and low joint strengths will result.

Finally, it is of interest to note that the presence of

(16)



adsorbed hydrocarbons probably assists this displacerent
process since the common adhesives are usually relatively
polar in character and thus will have a thermodynamic
tendency to displace such non-polar contamination, especially
if only physisorbed, This is particularly significant when
considering the adhesive bonding of aluminium sheet in the
presence of forming lubricants.

2.5. Orientation at interfaces

(5?)

Schonhorn has shown that orientated monolayers of amphipathic
molecules, such as stearic acid, may be employed as extremely
qffective adhesives in the bonding.: of polyethylene to

aluminium; indeed, so effective are these adhesives, that

joint strengths may exceed the cohesive strength of the
polyethylene. Multi-layer adsorption lowered the joint
strengths not because of less intrinsic adhesion of the
amphipathic molecule to the substrate surface, but because the
relatively thick layer possessed low cohesive strength and thus
behaved as a weak boundary layer. While chemisorption was
thought to occur for the stearic acid on the aluminium oxide (53,5&)
Wake (55) has speculated that some diffusion occurs across the
interface between the alkane chains of the acid and the
polyethylene,

Recent elegant work by Baszkin, Nishino and Ter-Minassian-Saraga
(56,57,58) has also demonstrated the effect that orientation

at the interface may have upon measured joint strengths.

They have quantitatively determined the surface densities
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of the polar sites on a polyethylene substrate as tﬂe
surface is oxidised, They showed that as the temperature
is raised to between about 80°C and 8500 there is a decrease
in wettability, due to the increase of chain mobility,
leading to the redistribution of polar groups into the

bulk, and that the remaining surface density of polar groups
depended upon the nature of the liquid in contact with the
polyethylene. This loss of polar groups at elevated
temperatures was mirrored by a loss in joint strength.

2.6. Mechanisms of adhesion

liany theories of adhesion are to be found in the

current literature. Often, the proponents of each theory
offer their hypothesis as a comprehensive explanation of all
adhesion phenomena and exclude all the alternative explanations.
Much of this confusion undoubtedly arises because the test
‘methoda commonly employed to measure the strengths of

adhesive joints are not well suited to theoretical analysis.
They introduce geometrical factors and loading factors which
are difficult to analyse and the measured joint.strength includes
indeterminate contributions from rheoclogical energy losses

in the adhesive and substrate. Thus, although the intrinsic
adhesion forces acting across the adhesive/substrate interface
may affect joint strength they are usually completely obscured
by other contributions, and information concerning the

magnitude of such forces may only be indirectly obtained.
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This inability to measure the interfacial interactions
has been the main obstacle to the development of a
comprehensive theory of adhesion.
The four main mechanisms of adhesion which have been
proposed are:-

(a) mechanical interlocking

(b) diffusion theory

(c) electronic theory

(d) adsorption theory

2.6.1. Mechanical interlocking

This theory proposes that mechanical interlocking of the
adhesive into the irregularities of the substrate surface

is the major source of intrinsic adhesion. The attainment of
good adhesion between smooth surfaces exposgs this theory as
not being of general applicability and the results shown in
‘Fige. 2.3. must raise doubts as to whether any significant
penetration of adhesive into some configurations of irregular
cavities suitable for forming a mechanical key, for example

an "ink-pot" type cavity, would normally occur. However, there
are some instances where mechanical interlocking has been
demonstrated to contribute significantly to the intrinsic adhesion
forces. The most notable example of such a significant
contribution is the adhesion of polymers to textiles.

Borroff and Wake (59-61) convincingly demonstrated that the
most important single feature in the adhesion of a simple
rubber to an uncoated fabric is the penetration of the

protruding fibre ends of the spun yarn into the rubber.

(19) |



The degree of penetration necessary is such that, upon the rubber-
textile structure being stressed, the length of fibre embedded is
sufficient for the total shearing force on the fibre/rubber interface
to exceed the breaking strength of the fibre. The intrinsic adhesion
between fibre and rubber arises from primary or secondary forces,
either chemical or van der Waals bonds, but is only of indirect
importance since it will simply determine the length of fibre which
is needed to be embedded before the interfacial shear strength

exceeds the tensile strength of the fibre. If the fibre ends are
removed by employing a fabric woven from continuous filament yard then
this mechanical interlocking mechanism can no longer operate. Hence
when using rayon, nylon or other continuous filament textiles, pre-
treatments typically based upon isocyanates or resorcinol-formaldehyde
are necessary to increase the contribution from primary and secondary
interfacial forces to the intrinsic adhesion (42)

Another example of where mechanical interlocking may contribute
significantly to the intrinsic adhesion is the metal plating of
polymers where a chemical pre-treatment of the polymeric substrate is
employed prior to plating. Some workers'®>~®7) have argued that the
adhesion of metal plating to polymeric substrates is a function of the
surface topography. Others (67-70) have emphasised the role that
increased oxidation of the polymer surface, commonly induced by the
pre-treatments employed prior to plating, plays and thus the
importance of surface force interactions. A balanced view emerges
from the quantitative experiments of Perrins and Pettett (71 which

enabled the contributions to the intrinsic adhesion arising from

mechanical interlocking and surface force components to be separated
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out for the adhesion of electroplated copper to polypropylene.
Similarly Arrowsmith (72) compared quantitatively the contributions
of mechanical interlocking and chemical bonding to the adhesion of
electroformed copper and nickel to glass fibre reinforced epoxy
laminates.

Following the theories of Andrews and Kinloch (73, 7 and Gent and

Schultz (75), Wake (76)

has suggested that the effects of mechanical
interlocking and surface force components could be multiplied to give
a result for the measured joint strength:

Joint strength = k.M.S where k = constant
M = mechanical component
S = surface force component

This equation reveals that the substrate should possess,
simultaneously, the topography and surface chemistry necessary to
produce the highest extent of mechanical interlocking and surface
force contribution. Thus, this interaction results in the highest
joint strengths. Recent work by Packham and co-workers (77-82)
provides further evidence for the importance of substrate surface
topography when considering the strength of certain interfaces. In
their studies on the adhesion of polyethylene to metallic substrates
they found that high peel strengths were obtained when a very rough,
fibrous-type oxide surface was formed on the substrate. When the
fibres vwere damaged to reduce the surface roughness, without
detectably having changed the chemical nature of the substrate, the
joint strength dropped markedly. However, if the chemical nature of
the oxide was changed by electrolytic reduction, with a minimum

change in topography, the strength was still substantial,
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The enhancement of joint strength that may result from
increasing the rﬁgbsitjmof the substrate surface, as detailed
above by Packham and co-workers and previously by Jennings (83,8&)

Bascom et al (85)

and Mulville and Vaishnav (Be)need not necessarily
arise either from a mechanical interlocking ﬁechaniam or indeed from
an increase in surface area for bonding or from improved kinetics of
wetting (see Section 2.3.)

The measured adhesive joint strength almost always reflects the value
of two parameters: (a) the intrinsic adhesion and (b) the energy
dissipa{éd viscoelastically and plastically in the highly strained
volume around the tip of the propagating crack and in the bulk of
the joint. The latter term usually dominates the measured joint
strength, and also gives rise to the rate and temperature dependence
of joint strengths (see Section 2.6.4.) Several workers (82?8??88)
have suggested that the importance of high surface rugosity is to
increase the energy dissipated viscoelastically and plastically during
joint failure, and Evans and Packham (82) and Wang and Vazirani (88)
have applied the theory of the strength of fibre reinforced composite
material to the problem. Evans and Packham treated the polyethylene/
fibrous oxide interfaces as a composite with discontinuous fibres in
a resin matrix. When such a composite is stressed so that fibres-and
matrix are deformed elastically, stress is transferred from the
fibres to the matrix in the region of the fibre ends and this leads
to the build-up of high shear stresses at the fibre ends, Thus, by

analogy, it is to be expected that the presence of fibres on the

substrate would lead to high shear stresses around the fibre ends,
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giving failure by plastic deformation of the polymer,initially
around the fibre tips, ;nd then, as the stress concentration is
relieved, further into the bulk of the polymer.

Thus, a much larger volume of polymer will be plastically deformed
during fracture, compared to that volume deformed when bonding to a
chemically similar but smooth surface, and this large amount of plastic
deformation accounts for the high joint strength.

Therefore, although in certain instances mechanical interlocking may
contribute to the intrinsic adhesion forces, the frequently observed
increase in measured joint strength with increasing surface rugosity
may be attributable to other mechanisms.

2.6.2. Diffusion theory

Voyutskii (89) is the chief advocate of the diffusion theory of

adhesion which states that the intrinsic adhesion of high polymers
to themselves (autohesion) and to each other, is due to mutual
diffusion of polymer molecules across the interface. This requires
that the macromolecules or chain segments of the polymers (adhesive
and substrate) possess sufficient mobility and are mutually soluble.
Voyutskii's experimental evidence for his proposals are the effects
of contact time, temperature, polymer type, molecular weight and
viscosity on the measured joint strength. He argues that the
functional dependence of joint strength on some of these parameters
is similar to that expected for a diffusion process and therefore
that adhesion is a result of diffusion. However, the dependence of
measured joint strengths on parameters such as time-of-contact and

polymer molecular weight, may be readily explained either by their
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effect on the kinetics of the wetting process in which intimate
molecular contact is established between adhesive and substrate
(90=9%) or on the energy dissipative processes which may occur in
the adhesive and the substrate during joint fracture. Vasenin (95-97)
has adopted a more fundamental approach to the diffusion theory and
has derived an equation relating molecular characteristics of the
polymer chain to measured joint strengths. With the autohesion of
polyisobutylene, experimental and theoretical relations for the
measured joint strength as a function of the time-of-contact and
polymer molecular weight were compared. The agreement between the
experimental results and the theoretical predictions was good although
it should be nofed that since the values of two parameters in the
theory could not be calculated, they were obtained by fitting to the
experimental data. It is worthwhile to consider that, if the
coefficient of diffusion is taken to be 10~ ™ cns™",
Vasenin's theory predicts, for instance, that it takes one hundred
hours (3.6 x 105 secs) for the molecular segments of one
polyisobutylene sheet to penetrate 10}Uﬂ into the other. However,
Voyutskii and Vasenin point out that a much smaller penetration can
still result in high joint strengths and for example, that an
interpenetration of macromolecules between 10 and 20 R may result
in a five to nine-fold increase in joint strength. One criticism
of this work is that, since peel tests introduce various geometric
considerations and usually involve rheological properties of the

adhesive and substrate, the results from such tests may be ambiguous.
(98,99)

Campion has shown that the degree of autohesion of various

elastomers may be correctly ranked from a consideration of the
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polymer's microstructure since this controls the ease with which
cavities of space may form between chains, which directly affect the
diffusion rate across the interface.

Direct evidence for inter-diffusion in compatible polymers does

(100,101)

exist. Radiometric studies have demonstrated the presence

of macromolecule diffusion. The diffusion constants were found to be
in the order of 10" 1© to 10'14 cmos™ ! which Voyutskii argues is
completely adequate for the formation of an intrinsically strong
interface between the polymers after a contact time of only a few

(103 ,104)

seconds,.as discussed above. Further work using techniques

of optical microscopy, including some under ultraviolet light

employing luminescence analysis (105)

has indicated that in compatible
non-polar polymers the zone of interfacial boundary dissolution due to
diffusion may be about 1Qpnzdeep.

In summary, the inter-diffusion of polymer chains across an interface
requires the polymers (adhesive and substrate) to be mutually soluble
and the macromolecules or segments to have sufficient mobility.

These conditions are usually met in the autohesion of elastomers and
and in the solvent welding of compatible, amorphous plastics.

In both these examples inter-diffusion does significantly contribute
to the intrinsic adhesion, However, where the solubility parameters
of the materials are not similar, or where one polymer is highly
crosslinked, is crystalline or is above its glass tranéition

temperature, then inter-diffusion is an unlikely mechanism,

2.6.3. Electronic theory

If the adhesive and substrate have different electronic band
structures there is likely to be some electron transfer on contact to

balance Fermi levels which will result in the formation of a double
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layer of electrical charge at the interface. The electronic
theory of adhesion is due primarily to Deryaguin and co-workers
(106’107) and they have suggested that the electrostatic forces
arising from such contact or junction potentials may contribute
significantly to the intrinsic adhesion. The controversy this
theory has caused is due to this final statement that electrostatic

forces are an important cause, rather than merely a result, of high

joint strength.

Deryaguin's theory essentially treats the adhesive/substrate system
as a capacitor which is charged due to the contact of the two
different materials. Separation of the parts of the capacitor, as
during interface rupture, leads to a separation of charge and to a
potential difference which increases until a discharge occurs.
Adhesion is presumed to be due to the existence of these attractive
forces across the electrical double=layer.

(108)

Skinner, Savage and Rutzler have calculated the tensile

strength of a metal/polymer/metal joint due to the existence of
electrical double layers at the interfaces as a function of the

volume charge demsity. For boundary charge densities of 10"/, 10"~

and 102 electrons cm > corresponding values of joint strength of

0.4kPa, 4OkPa and 4 MPa were deduced, while the experimental

measurements indicated that the maximum charge density was of the

3

order of 1019 electrons cm -~ and the joint strength was of the order

of 7 MPa. Robertsmog) has concluded that the maximum contribution

to the thermodynamic work of adhesion for a natural rubber/glass

interface is about 10™2 mim,”2 which is negligible compared to the

-2

contribution from van de Waals forces of about 60 mJ m
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Several groups of workers (110,113)

have investigated the
improvement in the adhesion of thin metal films which is recorded
if the insulator substrate is subjected to a low-pressure glow

discharge prior to coating. Stoddart et al (1)

found no net
surface electric charge on the substrate but found that the electron
emission was altered, indicating that the surface electronic states
of the substrate had been changed. The mechanisms of adhesion, and
the relative importance of any electrostatic contribution, remain
therefore somewhat vague. Recognising this, Wake (199) s recently
suggested that, while the nature of the charge-carrying bodies in
polymers is obscure, it is known that additives and impurities may
drastically affect their ability to form electrical double layers and
thus it would be extremely worthwhile to generate data on radiation
polymerized material made from a highly purified monomer.

Finally, however, an interface where the influence of an electrostatic
double layer has been clearly demonstrated is Zr coated gold spheres

(115,116)

on CdS single crystal substrates The adhesive force was

measured by a centrifuge technique as the intensity of the illumination
" on the adhesive system was varied. This changed the electronic
properties of the photoconducting CdS substrates, and hence the
electrostatic double layer force at the interfaces could be varied
leaving the other forces, e.g. van der Waals forces, unaffected.
Qualitatively the experimental results were in agreem;nt with a

simple model of the metal-semiconductor contact.

It should be noted that most workers have described their results in

terms of the bulk electronic properties of the materials.
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However, since, for example, most metals are covered by an oxide
layer which has its own electronic states which may well influence
the electron transfer mechanisms, the possibly greater relevance
of the surface electronic states should not be overlooked.

2.6.4. Adsorption theory

The ad