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List of symbolsused

E., — coefficient of elongation elasticity of bonded material
E\ — coefficient of elongation elasticity of adhesive when cured
Gy — coefficient of shape elasticity of adhesive

v, — Poisson coefficient of adhesive

Vi — Poisson coefficient of bonded material

@ - wetting angle

R; — tensile strength of bonded materials

v — free surface energy of adhesive
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Chapter 1

Theoretical foundations of adhesion

1.1. Basicterms

Etymologically, the term ,,adhesion” is derived from the Latin word ,,adhaesio”
i.e. tacking or joining. In this context adhesion should be treated as a surface
phenomenon that leads to the formation of a new system — an adhesive bond with a
complex of specific characteristics determined by the properties of the adhesive and
of the materials bonded, and by the occurrence of a division between them [1.6,
1.20].

Cohesion means the inner coherence that a material, the adhesive in the case
under consideration, achieves as a result of a variety of physicochemical processes
taking place in the course of curing.

Adhesive is an organic or inorganic substance that is capable of permanent
joining of materials as a result of various physical or physicochemical phenomena
occurring at the adhesive-bonded material phase boundary (adhesion) or within the
adhesive mass (cohesion). Adhesives can be single- or multi-component
preparations. The composition of the adhesive mass, apart from the basic
component, may include curing agents or hardeners (for chemically cured
adhesives), solvents and thinners, thixotroping agents, dyes, antioxidants, fillers,
antistatic agents, softeners, stabilising agents, and others.

Curing agents or hardeners are substances which, added to a polymer, enter in
a chemical reaction with it to ultimately impart to the substance the state of a solid.

Solvents are fluids capable of dissolving other substances, i.e. of forming with
those substances a homogeneous system or mixture.

Thinners are fluids thinning down the concentration of a substance solution,
without having capacity to dissolve.

Stabilising agents are compounds that slow down reactions taking place in the
processes of ageing of materials, especially of polymers. This concerns primarily
the processes of degradation or destruction occurring under the effect of heating,
shearing, radiation, or influenced by moisture, fungi [1.16] etc.

Plastifiers or softening agents are liquid or solid chemically inert organic
substances that interact physically with polymers to reduce intermolecular forces,
which leads in consequence to lowering of the brittle point and glass temperature of
polymers, of the softening point, hardness and tensile strength, with simultaneous
increase of elasticity [31].

Fillers and carriers are auxiliary agents whose function is to modify the
properties of the polymer. They are materials of natural or synthetic origin,
introduced into the polymer as a matrix and forming with it a suitable composite
material with properties altered in the desired direction.
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Antistatic agents are good electrical conductors that are used to reduce or
eliminate electrostatic charges on the products. Their action consists in reducing the
number of electrostatic charges on material surfaces.

Thixotroping agents are substances introduced to polymers in order to impart
to them thixotropic properties. Their effect consists in that adhesives in repose are
characterised by greater viscosity than during mixing or shaking. [1.16]

Separators (anti-adhesive agents) are substances that, introduced into the
mass of a polymer or onto its surface, prevent the adhesion of the material to
moulds and other equipment; in many cases they also prevent corrosion processes.

Antipyrenes are substances reducing combustibility; they are capable of
effecting spontaneous extinguishing through the emission of large amounts of non-
flammable gases.

Adhesion is usually considered in two fundamental systems: solid-liquid, i.e. a

system leading in consequence to the formation of an adhesive joint, that is an area
of joining of two materials, and solid-liquid-solid, i.e. a system leading to the
formation of an adhesive bond, i.e. a connection made up of two joints, where the
layer of adhesive material acts as the link.
Classic adhesive joints are formed between solid substrates and paints, enamels,
printing inks, metallic plastic coatings, plastic coats on metal surfaces, etc. Typical
adhesive bonds are connections based on glues, putties, laminated composite
materials, sandwich structures, layered composites, etc.

1.2. Adhesion in engineering

Adhesion is a phenomenon whose importance in numerous processes is
dominant or significant. Special importance characterizes such adhesive bonds in
which adhesion plays a dominant role in the constitution of their properties [1.3,
1.22]. This concerns especially such technologies as structural bonding, sealing, and
cementing. Such bonds are used more and more frequently as substitute for
welding, spot welding, soldering, or forced-in joints [1.10, 1.18, 1.27].

Adhesive bonding as a method of joining has a very long history and dates
back to ancient times. Glues of animal origin, especially bone, hide and casein
glues, were used to bond papyrus, among other things. Also common were masonry
mortars which in essence were glues.

Adhesion concerns also numerous technologies related to surface engineering,
such as paint and enamel coating, or application of coats with special properties.
Moreover, adhesion as a phenomenon plays an important role in such technologies
as bimetal production, powder metallurgy, flotation processes, production of
laminated composites, and many others. Adhesion is also highly important in the
interpretation of numerous processes in engineering. This concerns in particular the
techniques and processes of diagnostics as well as the processes of friction and wear
[1.1,1.7,1.14,1.25].
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The technological processes under analysis mostly require ,,high” adhesion,
while in the design of kinematic sets of drive units we are interested in such a
selection of materials and such a constitution of their properties as to obtain as low
levels of adhesive bond forces as possible. What is required, therefore, is adequate
knowledge on the possibility of control of adhesive properties of surface layers of
structural materials. This problem will be presented in greater detail in subsequent
chapters.

1.3. Major theories of adhesion

The literature of the subject, often even highly specialized, contains frequent
inconsistency in the terminology used. The term “adhesion” is sometimes taken to
mean energy and sometimes strength, and “force of adhesion” can also be
encountered.

At present adhesive forces and bonds are classified as shown in Fig. 1.1 below.

C Physical adsorption ) (Chemical adsorption )( Hydrogen bonds )
|
I I I ]
(Dispersive) ( Induction ) (Orientation) (Conformational)

Fig. 1.1. Classification of adhesive forces and bonds [1.20]

Historically speaking, the first theoretical works on adhesion appeared in the
nineteen twenties. One of the first hypotheses [1.6] assumes that the condition for
the formation of an adhesive bond is the penetration of the adhesive into the micro-
pores of the bonded elements and creation of mechanical links capable of
transmitting loads. The idea of mechanical adhesion is presented schematically in
Fig. 1.2.
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Fig. 1.2. Mechanical adhesion — schematic presentation: 1 — adhesive, 2 — entrapped air,
3 — bonded material

Views on the importance of mechanical adhesion changed [1.6, 1.33, 1.36], as
new theories were developed. For a period of time its importance was assumed to
be negligible, but now it is accepted that in certain operations mechanical adhesion
plays a significant role. The value of mechanical adhesion is constituted primarily
by the topography of surface. The stereometric parameters of the surface layer play
a significant role in the process of adhesive joining of elements. This follows not
only from the fact of increase of the actual surface area through its mechanical
»development”, but also results from changes in the degree of imbalance of
intermolecular forces in the outer nanolayer of atoms and molecules, as shown
schematically in Fig. 1.3.

Fig. 1.3. Schematic illustration of the relation between the value of free surface energy and
the stereometric features of the bonded elements [1.12 ]
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Parameter R,, commonly used in engineering for the estimation of surface
roughness, does not, however, describe well the stereometric features of the surface
from the viewpoint of adhesive properties. At present there are possibilities of more
objective estimation of the stereometric features of the surface, employing spatial
parameters for its description.

It is, however, necessary to point out that excessive ,,development” of the
surface may lead to a weakening of the joint as a whole. Fig. 1.4 presents
schematically the surface layer of an aluminium alloy after the operation of etching.

Fig. 1.4. Schematic presentation of the surface layer of an aluminium alloy after the
operation of etching

A surface layer formed as shown in Fig. 1.4 results from incomplete wetting
and the formation of a “weakening” transition zone in an adhesive bond. Therefore,
in such cases correct pressure in the course of bonding is important. The energy
properties of thus prepared surface layer depend on the process parameters, not only
of the etching operation but also of auxiliary operations, such as rinsing or drying.
Rinsing may lead to closing of pores, and to the formation of hydrates (bayerite,
boehmite) significantly changing the spatial parameters of the surface layer, and
thus its energy properties. From among the spatial parameters especially important
are the longitudinal and lateral spacing of irregularities and the apex angle of
irregularities.

The concept of free surface energy refers to the surface, but in reality its
summary value is constituted by several atom layers, as illustrated schematically in
Fig. 1.5.
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Fig.1.5. Share of surface zone energy in total surface energy [1.12]

In view of the fact that the value of free surface energy relates to several layers of
atoms, in the engineering sense we may therefore speak of the energy of the surface
layer. A schematic presentation of the zones of effect of free surface energy and
inner energy is given in Fig. 1.6.

Conventional phase
boundary

Fig.1.6. Schematic presentation of zones of effect of free surface energy (E,) and inner
energy (Ew) [1.12]

Parameters defining the stereometric features of surface determine the area of
the wetting surface, i.e. of the active surface [1.28, 1.29]. If we assume that the
nominal surface area S, is defined macroscopically by the geometric dimensions of
the bond, the true surface area S, includes the stereometric ,,development” of the
nominal surface, and the active surface is the wetting surface S,,, their mutual
relative ranking in terms of size can be presented as follows:

Sy <Suw <Sp
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From the practical point of view it is important to determine the active surface. This
can be done from the relation:

S,, = [ F(x, y)dxdy (L.1)

S

where F(x,y) is a function describing the active surface, S=1{(x, y)e R? : ¢(x, y)}

is the nominal surface area. The value of the active surface area, apart from the
stereometric features of the surface, is also affected by the rheological properties of
the adhesive, pressure, and by the set of physicochemical properties of the materials
bonded.

Penetration of the adhesive into the micro-pores of the surfaces joined depends on a
number of factors, and mainly on viscosity, pressure, temperature, time of contact,
and also on the stereometric features of cavities. This is described, among others, by
the Washburn equation [1.28] in the form:

0,5
h= (MJ (1.2)
21

where: h — depth of adhesive penetration into micro-irregularities of surface treated
as capillaries with radius r, t — time of penetration, y_ — free surface energy of the
adhesive, n- viscosity of the adhesive, 0 - wetting angle.

This relation can be used directly to derive the relation between the wetting

angle and the time of contact of the liquid with the surface of the material. This is
important, considering that the wetting angle is treated as a practical measure of the
adhesive properties of materials.
These features affect the energy of spread, i.e. the difference between work of
adhesion and work of cohesion. Leaving out from the considerations the possibility
of constituting the work of cohesion at the moment of wetting (e.g. through the use
of thinners), the energy of spread depends directly on the value of free surface
energy. Including in the considerations the possibility of constituting its value the
relation for the value of the active surface area can be presented in the following
form [1.20]:

SM:Ser(E,p,R,O'W,H,t,Er,mj (1.3)
n

where: - viscosity of the binding agent, p — pressure during the process of curing,
R; — tensile strength of bonded materials, o, — natural stresses, H — hardness,
t — time, E, — coefficient of longitudinal elasticity of bonded materials, m; — vector
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of dimensionless coefficients defining the relation of stereometric features of
surface layer to factors affecting the active surface.
Analysis of the function (1.3) indicates the following major determinations:

- the most favourable is the topography of a surface with developed structure,
and thus possibly large true surface area; there is, however, a certain limit —
too long and narrow irregularities may lead to considerable weakening of
the surface layer and, consequently, to a lowering of the strength of the
bond as a whole;

- active surface area increases with decreasing viscosity of the binding agent,
and the viscosity of the adhesive is strongly dependent on temperature and
time;

- pressure is an important technological factor; generally, increase in pressure
facilitates wetting, but excessive pressure causes numerous punctures of the
binding medium, plastic deformations of surface irregularities, and - as a
consequence — a decrease of adhesive strength;

- increase of natural stresses in the surface layer causes an increase in free
surface energy, and thus is favourable from the viewpoint of the wetting
process, provided that the operations as a result of which the increase in
natural stresses occurred do not cause significant deterioration in other
physical or stereological properties of the surface layer that would affect its
adhesive properties;

- increase in surface layer stiffness and hardness of the bonded materials is
favourable for the wetting process; this results both from the effect of those
factors on the value on free surface energy and from the increase in the
compressive strength of surface micro-irregularities.

In the physicochemical aspect, the wetting process is very complex and
depends also on chemical changes in the surface layer, constituted in treatment
processes, related to the environment in which the bond is effected, and other
factors in the system, not necessarily observable; the effect may be momentary as
well long-lasting.

Adhesion proper, also referred to as specific, incorporates the forces of
physical adsorption, chemisorption, as well as hydrogen bonds. The theory of
mechanical adhesion has been complemented successively with other theories as
successive experiments and analyses showed that the forces of adhesion are not
determined solely by forces originating from mechanical anchorage points. An
adsorption theory of adhesion was presented, based on the assumption that
adsorption and adhesion are based on the difference between the energy status of
molecules on the surface or liquids or solids and of molecules in deeper layers of
those phases. It has also been repeatedly shown that chemisorption plays an
important role in the theory of adhesion. It assumes the occurrence of chemical
adsorption between the adhesive and the substrate, thanks to function groups
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capable of creating chemical bonds. We know also that hydrogen bonds are
important in processes of adhesion.

In Poland the subject-matter of adhesion, and especially that of adhesive
bonding in its theoretical and applied aspects, was taken up in the nineteen fifties,
but particularly notable advances in that interdisciplinary field of knowledge have
been recorded during the last three decades. Notable monographs on the subject
include such works as those by J. Godzimirski, B. Jurkowski, R. Sikora, Z. Zaczek,
M. Zenkiewicz, and their collaborators [1.2, 1.8, 1.11, 1.13, 1.28, 1.34, 1.35].

Adsorption on the solid-liquid boundary occurs with relation to the number of
components of liquids that are considered to be solutions and to their character
(electrolytic or non-electrolytic). Adsorption from solutions is affected by the
structure of adsorbents which depends on the degree of their porosity and on the
possibility of adsorbate penetration into the porous structure of the adsorbents.
Adsorbents with narrow pores have stronger adsorptive properties. During
adsorption of simple organic substances at room temperature both physical and
chemical adsorption is possible. The rate of the process of adsorption from solutions
depends primarily on the size and structure of adsorbed molecules, on the type of
solvent, and on the porosity of the adsorbent. Every process of adsorption depends
at the initial stage on the transport of adsorbate to the surface of the adsorbent; in
the second stage the process of adsorption takes place on the surface of the
adsorbent. In the initial stage the laws of diffusion are decisive. In that stage we
should distinguish diffusion of adsorbate to the ,,outer” surface of the adsorbent and
diffusion of adsorbate into the adsorbent capillaries. The process of adsorption is so
rapid that it is difficult to determine its course. Experimental data indicate that in
processes from gaseous phase and from solutions most of the adsorbed substance is
transferred to the surface layer of the adsorbent in a relatively short time, but it
takes very long for adsorption balance to be achieved.

The character of adsorption forces is different in physical than in chemical
adsorption. In the case of chemical adsorption the adsorbed molecules and the
adsorbent form a uniform system, as opposed to physical adsorption where
adsorbate molecules and the adsorbent can be considered as two independent
systems [1.9].

Chemical adsorption is usually activated adsorption. The occurrence of
activation energy is not a principal criterion of chemical adsorption, but on the other
hand the lack of activation energy is not an absolute feature of physical absorption.
Activated adsorption differs from non-activated adsorption in the character of the
kinematics of the process. Non-activated adsorption is a rapid process, while the
rate of activated adsorption can be measured and increases with increasing
temperature. In the case of chemical adsorption, molecules get dissociated on the
surface and their component atoms get bonded individually, through chemical bond
forces, with the surface.
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The mutual interaction between such a molecule and the surface is presented in Fig.
1.7. The origin of the axis of ordinates corresponds to a state of equilibrium
between the forces of attraction and repulsion of particles.

Fig.1.7. Potential energy u;;of adsorbed molecule and of an atom (surface molecule) versus
distance d: 1 — curve of physical adsorption, 2 — curve of chemical adsorption [1.9]

Summing up the adhesive forces of all the bonds cannot be used as a basis for
calculating strength, as on the surface there occur differences of chemical and
structural nature, as well as micro-deficiencies. This is an important conclusion; the
molecular-kinetic theories developed are primarily of a theoretical significance.
Under actual conditions, an adhesive bond is a heterogeneous and complex system;
the structure of such a system is presented schematically in Fig. 1.8.

The surface layers of solids are in a state of stress. This is caused by the shift of
ions from the potential trough and leads to the occurrence of excess potential energy
compared to the energy of an atom inside a body. The potential energy of a body is
made up of the network energy and additionally of the excess energy of the surface
layers [1.15, 1.17].

That excess of energy referenced to a unit of surface area is the surface energy. The
excess energy of surface layers is described by the relation:

E, = [[G.(x, y)dA (L4)
D
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where:
E, — excess energy of surface layer, G5 — surface energy (per unit of surface area),
A - surface, D — area of integration.

adsorbed gases

oxides, sulphides

bonded material

bounded H,O and OH
4 groups

dissolved organic and
4 inorganic compounds

adsorbed H,O

adhesive

oriented macro-molecules of
the adhesive

b348498509444850544048%
45599593539958353855%
455395935533593553359
£05995935539593555359
b 55500 5555555555555555%
L44845804884880488458
154480588048058864865¢

$455088804805884480588

$455088804805884480588

¢
)
4

Fig. 1.8. Schematic model of adhesive bond: a — transitory zone, b- surface layer of plastic
material, ¢ — core of plastic material, d — surface layer of metal, e — core of metal [1.20]

Surface energy can be treated as non-saturation of bonds of atoms located on
the surface. Such an approach to energy suggests at the same time that it belongs to
the structure of metal and determines the value of energy that can be attributed to
the individual crystallographic planes. A characteristic feature of crystalline bodies
is anisotropy of their properties, including anisotropy of surface energy.

Dense-packed plane is characterized by the lowest relative surface energy. This
can be explained by the distribution of electron density on metal surface. For a
densely packed surface no sharp periodic changes are observed in the distribution of
positive and negative charges. From the electron point of view, a dense-packed
surface is a relatively smooth surface. In the case of a plane in periodically
alternating electron distribution, metal surface has the configuration of alternating
hills and valleys. Positively charged electron cores are located slightly above the
surface, with negatively charged electrons being located slightly below [1.9, 1.35].

Therefore, a dense-packed surface is characterized by low surface energy, and
a more ,,open” plane has a higher surface energy and is more reactive when in
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contact with a different phase. A change in electron density on the surface of a
metallic body is conducive to changes in reactivity.

In the inter-phase area there occurs a sudden change in the physical or
chemical properties of each of mutually adherent bodies. It is estimated that the
inter-phase area has the dimensions of approximately 1 nm (10”° m). The size of the
area is significantly related to — among other things — miscibility.

An extremely important role in the mechanism of adhesive joining is that of
van der Waals forces, i.e. forces included in physical adsorption. Van der Waals
formulated the equation of the state of actual gas [1.9]:

( D, + V—az)(v _b)=RT (15)

where: p, — external pressure, a — constant characterizing forces of attraction,
V — volume, b — constant characterizing forces of repulsion, R — universal gas
constant, T — temperature.

The theory explaining the complex of phenomena taking place on the solid-
liquid (metal-polymer) boundary is based on analysis of intermolecular effects. The
most important inter-planar interactions are the following:

1. Interactions of mechanical character,

2. Van der Waals forces:

- dispersive forces,
- orientation forces,
- inductive forces,
- conformational forces,
- multi-polar forces,
3. Hydrogen bonds,
4. Chemical bonds.

The essence of interactions of mechanical character is presented in Fig.1.2.
Generally speaking, it consists in mechanical “anchoring” of unhardened adhesive
in micro-irregularities of bonded material surfaces.

Dispersive interactions

Analysing dispersive (London) interactions we treat atoms or molecules as
oscillators. Oscillators have a natural frequency v. It is a measure of energy required
to excite an oscillator from its ground state. Every atom, due to the movement of
electrons around the nucleus, is a dipole with a constantly changing dipole moment.

The energy of dispersive forces effect can be described by means of the
relation [1.9]
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u(r) = _3hf vy, a.a,

2ré\v, +v
r 172 (1.6)

where: v;, v, — natural frequencies of oscillators 1 and 2, o,,0, — polarizability of
oscillators 1 and 2, h — Planck constant.

Dispersive forces — are the result of the formation of elementary dipoles
through the movement of electrons around the nucleus. They occur even when the
molecule has no polar groups. The idea of their formation is presented in Fig.1.9.

Fig. 1.9. Principle of generation of dispersive forces: A — of attraction, B — of repulsion [6]

Dispersive forces are additive and do not depend on temperature; their value
increases with increasing number of outer electrons, atomic number, length of
molecular chains, and number of function groups. They are also very strongly
dependent on the proximity to the surface of bodies and decrease in proportion to
the sixth power of the distance. Dispersion forces play a major role in processes of
adhesive bonding.

Orientation interactions

These are interactions between permanent dipoles. If atoms in a molecule have
different electro-negativity, then electrons concentrate around the atom with greater
electro-negativity. As a result, in such a molecule there occurs a shift of charge and
energy eccentricity and dipolar moment are created. These interactions are
electrostatic in character and are referred to as Keesom interactions or Keesom
forces [1.9]. The interactions are inversely proportional to temperature; with
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increasing temperature the interactions weaken as a result of disturbed dipolar
orientation. Also, like dispersive interactions, they decrease proportionally to the
sixth power of distance.

Having considered the mean dipolar orientation, the energy of the interactions can
be presented in the form [1.9]

u(r)=—2 Ha Ky

3 (4H80l€)2 r°kT (1.7)

where: o, M — dipolar moments of interacting molecules, ¢€,, €— electric
permittivity of free space and a medium, r — distance between molecules,
k — Boltzman constant, T — absolute temperature.

The dipolar moment is the product of charge and the distance between charges
- -
u=ql (18)
where: q =e = 1,6021917 x 10" C, the distance is of the order of molecule size,
i.e. | =107°m, hence the mean dipolar moment is z =10 Cm.

The range of forces of this type is approx. 40-50 nm.
Inductive interactions

These interactions are known as Debye forces [1.9]. They occur between non-
polar molecules and permanent dipoles. A non-polar molecule located close enough
to a molecule with permanent dipolar moment is subjected to the effect of a
permanent dipole. As a result of that effect its electrons shift, charge eccentricity is
formed, and dipolar moment is induced as a consequence. The importance of such
interactions in adhesive processes is not excessively high, being estimated at
approximately 10% of the sum of all intermolecular interactions.

The easiest to polarize are molecules with unsaturated bonds. The averaged
value of energy of inductive interactions can be described by the relation

T

W)= arte, e

(1.9)
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were: oo — polarizability, u — induced dipolar moment, €, — permittivity of free
space equal to 8.85416 x 10 C m.", e — relative permittivity of the medium,
r — distance between charges

Conformational interactions

These are the result of changes in the positioning of atoms or groups of atoms.
Rotation around the bond or a change in spatial orientation of atoms or groups of
atoms cause differences in the energy status of molecules. These forces are additive
with dispersive forces.

The idea of conformation is presented schematically in Fig. 1.10, on the example of
rotation of a hydrocarbon chain

Fig. 1.10. Schematic presentation of conformation on the example of rotation of a
carbohydrate chain [1.12]

The contribution of conformational interactions to the strength of adhesive
bonds is insignificant.

Multi-polar interactions

Multi-polar interactions are usually left out from considerations due to their low
value. They occur commonly and are related to the problem of internal
compensation of various components of dipoles in a molecule.

Total value of Van der Waalsforces

The total energy of interaction between two dipolar molecules can be expressed
with the relation [1.9]
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2,2
ur)= 2L g g 1 3 Y2 g,
r* KT 2 v,+v, (1.10)

The components in parentheses denote the interactions: dipole-dipole, dipole-
induced dipole, and dispersive interactions.
In an abbreviated form the relation can be presented as follows:

r (1.11)
It can also be frequently encountered in the form of the 6-12 potential of Leonard-
Jones [1.9]

r (1.12)

The curve of potential energy, illustrating the above relationship, is presented in
Fig. 1.11.

Fig. 1.11. Leonard-Jones curve of potential energy of potential [1.9]

The Upin value corresponds to the most permanent status between the
interacting molecules. The Leonard-Jones potential defines the relationship
between the potential energy of molecules (atoms) and the distance between their
nuclei.
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Differentiating the above equation with relation to the distance between atom
nuclei r we obtain the value of force of intermolecular interactions F [1.35]

_du(r)_12b 6c

F=
dr re  r’

(1.13)

where: b — constant of repulsion, ¢ — constant of attraction (characteristic for a given
kind of molecules or atoms).
The following cases follow from the above relation

2b\e
- for I’)(— - forces of attraction act between the atoms,
c
1

B
- forr= (—] - there is a balance between the forces of attraction and
(o

repulsion,

2b\e
- for I’((— - forces of repulsion act between the atoms.
c

In the technology of adhesive bonding we deal with the first of those cases, due
to the fact that the range of effect of forces of attraction is much greater than of
those of repulsion.

Without denying the importance of Van der Waals forces in the theory of
adhesion, we should take note of the chemical bonds, as the forces of chemical
bonds are greater than those of intermolecular forces by a factor of about 100. It is
the chemical bonds that ensure great strength and are less sensitive to the desorptive
effect of diffusive elements on the phase boundary. Reliability of adhesive bonds in
long-term operation is determined, among other things, by the occurrence of
chemical bonds.

Hydrogen bonds

This is a specific type of interactions with the participation of a hydrogen atom
and two electro-negative atoms X and Y. Schematically, this can be presented as
follows: X-H---Y. The X-H bond (e.g. O-H) is a covalent bond. Its length is approx.
0.1 nm. The distance of H-Y is approx. 0.176 nm and is less than the sum of van der
Waals radii of oxygen and hydrogen, which is about 0.26 nm. The length of the
hydrogen bond is therefore intermediate between the length of a covalent bond and
the sum of van der Waals radii. The energy of hydrogen bonds falls within the
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range of 15-50 kJ/mol and is greater than that of van der Waals interactions, but at
the same time lower than the energy of covalent bonds.

Chemical bonds

These forces are a result of reorganisation of the atomic structure of the bonded
surfaces due to their geometric proximity. The result of such a proximity may be the
formation of covalent, ionic, hydrogen, and donor-acceptor types of bonds.
Specially high energy characterizes covalent bonds (400-600) kJ/mol and ionic
bonds (200-400) kJ/mol. The forces of adsorption and chemisorption are presented
schematically in Fig. 1.12.

Fig. 1.12. Schematic presentation of the forces of adsorption
(a) and chemisorption (b) [1.12]

Also other theories of adhesion are formulated, though their importance is
lower. First of all we should mention here the electrical and diffusive theories of
adhesion.

In the electrical theory of adhesion the forces of interaction result from
interaction between the adhesive joints and the surface of the bonded bodies. They
are generated through different values of the work of electron affinity, the result of
which is the transfer of electrons from one material to the other. As a consequence,
one of the layers becomes relatively poorer in electrons, which leads to the
formation of a double electric layer causing the effect of attraction (like with the
plates of a capacitor). The theory, however, is closely related with the adsorption
theory, as the transfer of electrons causes oriented adsorption of polar groups of the
adhesive on the surface of the bonded material, which is strictly related with the
presence and number of polar groups.

The diffusive theory may be used solely for the interpretation of phenomena in
adhesive bonds where the adhesive at least partially dissolves the material of the
substrate.

Adhesive bonds of this type occur in the bonding of certain plastics.
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1.4. Adhesion in molecular-kinetic approach

In the molecular description we employ models of atoms and molecules that
take into account the molecular structure of the adhesive, the behaviour of macro-
molecules in the boundary layer, and their mutual interaction. Molecular models are
always burdened with certain simplifications. Molecular-kinetic analysis assumes
that the strength of an adhesive bond as a whole is the sum of mutual interactions of
the adhesive and the surface on which is has been applied [1.33]:

Rad :iuini (1'14)

where: k, — number of types of interactions, U; — energy of bonding of i-th type,
n = 0,1,2,3 .... This relation, after including the effect of deformation rate and
temperature and assuming that the adhesive strength will be determined by
destructive stress, assumes the form:

U
R, = K&we™ (1.15)
where: K — function of entropy of elementary decohesion, S — true contact area,
n — number of elementary decohesions per unit of true contact area, v — bond
breaking speed, U — energy barrier of elementary decohesion (energy of destruction
process activation), R — gas constant, T — temperature. Molecular-kinetic analysis
permits better understanding of many phenomena related to adhesion, but its
applicability for the prediction of adhesive bond strength is limited. Phase boundary
is a specific system whose properties are a function of many factors, and especially
of intermolecular interactions.
The effect on adhesion may be considered on the atomic, molecular, and super-
molecular level. Table 1 presents the relation of selected parameters of atomic
structure to the adhesion properties of the surface layer.

Table 1. Relations of selected parameters of the atomic structure to the adhesion properties
of the surface layer [1.21]

Parameter of atomic structure Ener gy of surfacelayer E,
- work of electron affinity 4 A
- atomic radius T i
- network constant T l l
- number of free electrons T T
- ionizing potential (electro-negativity) A T
- polarizability T T
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Direction of the arrows indicates direct or inverse proportion of the relation of
E,, to the particular parameters of atomic structure [1.4, 1.36]. Two arrows indicate
a strong relation.
Adhesive properties can be constituted at various levels of structure. Synthetic
presentation of major factors affecting the adhesive properties of the surface layer,
with reference to different levels of structure, is given in Table 2.

Table 2. Major factors affecting the adhesive properties of the surface layer, in relation to
different levels of structure

Leve of effect Atomic molecular and macr oscopic
super-molecular
atom radius angles between bonds | fillers and carriers
network constant | conformance structure
number of free configuration admixtures
Major factors |electrons texturing modifying
hardness,
coefficient of
elasticity,
(stabilizers etc.)
work of electron | secondary structures | engineering of
affinity surface layer

From the practical point of view, especially in relation to polymers, the most
important is the effect on the macroscopic level, and the surface layer engineering
in particular. More detailed information on the possibility of constituting the
adhesive properties of the surface layer can be found in Chapter 3.

1.5. Adhesion in thermodynamic approach

The surface of a solid is heterogeneous due to surface roughness and chemical
composition. This is closely related to the processes of adsorption and adhesion.
The surface can be characterized in terms of crystallography, topography, or
chemistry. Each of those factors is closely related to the constitution of the adhesive
properties. Crystallographic characterization refers to the positioning of the atoms
and molecules of the solid — on the surface areas of varied crystallographic
orientation are most often exposed, so we encounter polycrystallinity. This, in
consequence, leads to energetic heterogeneity.

Chemically pure surfaces do not occur in practice. Even under vacuum the
obtaining of a chemically pure surface is not an easy process, as it is not possible to
totally remove contaminants adsorbed on the surface. The chemical composition of
the transition phase differs from that of the inner (volumetric) phase. The relation of
chemical composition understood in this way with the energetic properties of the
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surface is obvious. Important works concerned with those complex problems have
been presented by E.T. Dutkiewicz [1.9] and M. Zenkiewicz [1.36]

Topographic characterization is concerned primarily with so-called
»development” of surface. More information on the problem and on its relation with
adhesion properties is given in Chapter 3.

As a result of the processes of adsorption, molecules of the adhesive on the
surface of a solid lose their freedom of movement, which means that their entropy
decreases, as does Gibbs free energy. The process of adsorption involves
participation of physical and chemical forces, hence the distinction of physical and
chemical absorption. Physical adsorption is a reversible process as a result of van
der Waals interactions, and adsorbed molecules can move on the surface by means
of translation motions.

Chemisorption is a result of the formation of chemical bonds between
molecules of the adhesive and surface molecules of the bonded material. Depending
on the type of adhesive used, the bonds can be ionic or coordination bonds.
Chemical adsorption is preceded by physical adsorption.

As has been mentioned before, molecular-kinetic analysis of the problems of
adhesion, and therefore ,,force” analysis, is not convenient in practice. Nowadays it
is commonly accepted that energy analysis is the most practical. The fundamental
concepts related to the analysis of the problem are surface tension and free surface
energy. Very often, even in specialist literature, these concepts are treated as
synonymous. Without going deep into the essence of the problem, we should state
that surface tension o is equal to the surface energy only in the case of single-
component liquids. In the general sense we can write [1.33]

dF
=Y. +9 — 1.16
oord ) o

where: ¥, — free surface energy, S — surface area, T — temperature.

For liquids S(dF/dS)+ = 0, while for solids F and S(dF/dS) are values of similar
order, hence treating those values as identical is inconsistent, especially as the unit
expressing surface tension (N/m) is a vector and the unit of surface energy a scalar.

With a considerable simplification we can assume that the free surface energy
defines the force of electron bonds in the atoms of the surface of a material, i.e., in
other words, the ability of those electrons to interact with neighbouring atoms of the
surface.

The inner energy of a body is the sum of energy of translational and rotational
motions of molecules, intra-molecular vibrations of atoms, atom nuclei, and others.
The measure of surface energy is the work that has to be performed to transfer
atoms or molecules from inside a body onto its surface.
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Experiments show that the relation between the wetting angle and the surface
tension is approximately linear. Adhesion and wetting are characterized by such
thermodynamic values as surface tension on the liquid-gas boundary o), on the
solid-liquid boundary o, free surface energy o, and the limit wetting angle Q. The
value of the limit wetting angle cannot be adopted as a clear-cut indicator as it
depends on the properties of the contacting phases, presence of contaminants and
admixtures, surface roughness, and other factors. The interaction of a liquid with
the surface of a solid (Fig. 1.13) is characterized by the work of adhesion.

Fig. 1.13. Drawing facilitating the analysis of the process of solids wetting by a liquid

From analysis of solids wetting by a liquid there follows the well known Young
equation [1.33]

o,—O

-9 —cos@ (1.17)

O-Ia

where: o5, = (dF/dSs)ry,, oy = (dF/ASg)ry, Ol = (dF/dS,)r, represent the
corresponding partial derivatives of Helmholtz energy, T - temperature,
u — chemical potential. The Young equation provides an approximated description
of the state of thermodynamic balance, as it does not take into account the macro-
and micro-angle of wetting. The angles are presented schematically in Fig. 1.14.
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Fig. 1.14. Simplified model of a solid wetting by a liquid, including the macro- and micro-
angle of wetting; Q, — micro-angle of wetting, Q, — macro-angle of wetting

The inclusion of the micro- and macro-angle of wetting in the energy analysis
complicates somewhat the thermodynamic analysis of the process of wetting, so it
is frequent for that aspect to be left out. Between the wetting angle and the surface
tension there is, as shown by research, an approximately linear relation, though a
strict relation is basically observed only when a given material is wetted with
liquids belonging to a single homological series.

The Young equation has been modified by A. Dupre [1.33] who introduced the
highly important concept of the work of adhesion Wy

Wad = Oga +0ja - O (118)

It should be noted that the commonly used Young equation does not include

changes in surface energy, mutual dissolution of components at the phase boundary,

and changes in their chemical potentials. In the practical approach the Dupre-Young
equation is presented in the form

W4 = Gj5(1+Cc0s0) (1.19)

The unit work of adhesion can be determined by means of the relation

_06A
ITH ?

ad —

(1.20)

where: A — van der Waals constant, H — distance between the contacting materials.
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This relation is rather problematic in practical application due to the difficulties
involved in the determination of the value of H. In principle the best would be to
adopt the mean inter-atom distance of the materials bonded and of the adhesive, but
this is not easy if we consider the chemical structure of both the adhesive and the
bonded materials, frequently highly complex.

The ratio of the work of adhesion W, (phase separation on the solid-liquid
phase boundary) to the work of cohesion W, (phase separation on the liquid-liquid
phase boundary) is the relative work of liquid adhesion W,,:

Wy = —2 121
W (1.21)

k

The value of adhesion is described by means of the work required to separate
bodies adhering to each other, per unit of surface area. For a homogeneous system,
the work of adhesion depends primarily on the density of molecules, the constant of
attraction, and on the equivalent distance. It should be noted that the work of
adhesion is only a part of the work of interaction in real systems.

The work of cohesion is a measure of energy required to separate 1 mol of a
given material into individual atoms or molecules and to bring them to the distance
of decay of measurable effects

W, =AH, - RT (1.22)

where: H, — enthalpy of evaporation of a given component, R — universal gas
constant, T — absolute temperature.

There are many other relations defining the free surface energy and the work of
adhesion, as functions of atom radius, dipolar moment, network constant, tensile
strength, ionization potential, and other values, but it appears that — in spite of
certain simplifications involved — the Dupre-Young equation is the most convenient
in practical applications. This follows primarily from its energy- and force-related
character. In the analysis of adhesive bonds the important thing is the relation
between the work of adhesion and the work of cohesion. The work of cohesion is
the energy that has to be supplied to the system to overcome the mutual interaction
between molecules and to bring about their separation. Then two new surfaces are
formed, so it is necessary to perform work equal to double the value of the surface
energy

Wk = ZGIa (123)
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This condition also follows directly from the Dupre-Young equation for 6 = 0,
i.e. for perfect spread. On real surfaces the phenomenon of perfect spread does not
occur, hence the work of adhesion is always less than the work of cohesion. The
difference between the work of adhesion and the work of cohesion is the work or
energy of spread.
Also, the concept of the wetting coefficient has been introduced

c=W, -2y, (L.24)

If c>0 then we can speak about good wetting.

The work of adhesion, however, cannot be used for the assessment of the
adhesive properties of the surface layer of structural materials as it relates solely to
the energy required for separating from the surface of the material only that liquid
that has been applied. Therefore, it can only be used for comparative purposes. The
indicator that is used for the assessment of adhesive properties is the free surface
energy and the methods for its determination are presented in Chapter 8.

Free surface energy is a value dependent on many factors. From the practical
point of view especially significant is its dependence on temperature and pressure.
The relation of surface tension to temperature has been given by Eotvos [1.33]

oV =k(T, -T) (1.25)
where: V,, — molar volume of liquid, V,,.2® — surface area of the sphere of 1 mol of
the liquid, T, — critical temperature, k — coefficient of proportionality. With
increasing temperature the surface tension decreases.

The relation of surface tension to pressure is presented by the formula

(%] = (%j (1.26)

Change in surface tension caused by pressure leads to a change in volume
through the transition of molecules from the volumetric phase to the surface phase.
At the critical state the surface energy equals zero, since the difference between
phases disappears and therefore the surface disappears as well.

Surface energy is defined as the energy of atoms or molecules in the surface layer,
but this is not an accurate formulation as the energy of atoms in the surface layer

increases with increasing temperature, the surface energy o, decreases, and at the
critical temperature its value equals zero [1.33].
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do
Or =0, +—I\T, —293 1.27
T = O OIT( \ ) (1.27)

where:
G903 — SUrface tension at reference temperature, T, — temperature under analysis.

The surface of crystalline solids differs from the surface of liquids in that its
atoms or molecules have more restricted freedom of movement as they are
»irapped” in the crystalline network. Increase in temperature causes an increase in
the mobility of surface atoms or molecules. When a solid is heated to its melting
temperature, there is a sudden increase in the mobility of the surface atoms,
followed by their increased diffusion towards the core of the solid. At a temperature
at which certain mobility of surface atoms occurs, there is a tendency towards
energy equalization in areas in which it reaches high values, e.g. in pores, micro-
slots, protrusions, and in areas with strong curvature.

An example of the mobility of atoms can be provided by the phenomenon of
metal powder sintering at a temperature close to the melting point and under the
effect of increased pressure.

The surface layer of a solid remains in a state of stress resulting from uneven
distribution of forces acting on the surface atoms, usually causing a shift in their
positions in the crystalline network. The various methods of surface treatment or
effect of external factors on the surface may cause an increase or a decrease in that
state of stress. Increase in the stress results in an increase in the surface energy.

The energy status of a physical surface is affected by the chemical
composition, structure, and the course and conditions of the technological process
of its obtainment. These factors constitute the subsurface zone. The status is not
homogeneous, as due to the varied situation of macro-molecules, molecules and
atoms, and to the various structural defects, some of them will be more and other
less saturated with energy. Therefore, on the surface of a solid there are areas of
varied energy activity, elements with weaker bonds being more surface-active.

The adhesion between a liquid and a solid is constituted in a variety of ways that
can be classified in the following groups:

- preparation of the surface layer of the material,

- chemical and physical modification of the liquid,

- change in the conditions of the liquid contact with the solid.

Preparation of the surface layer of the material consists in: removal of external
absorption coatings of the subsurface zone, application of coating with suitable
substances on the actual surface of the material or generation required coatings on
the surface, or suitable combination of the two treatments [1.5, 1.24, 1.26].

Adsorption coatings are removed through machining, which usually involves
also the removal of a part of the surface layer of the material and the generation of a
new surface layer, characterized primarily by very low roughness. Therefore,
machining treatments used include finishing grinding, buffing, electro-polishing,
etc. Substances used to apply surface coatings are referred to as separators (anti-
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adhesion agents). They also can have the character of adhesion promoters. Common
anti-adhesion agents include various kinds of waxes and silica-based oils.

Therefore, the separation of the liquid from the solid takes place within the
separating medium or agent.

If adhesion occurs as a desirable factor, the zone in which the separation takes
place (liquid and solid) depends in fact on the same factors as before, the difference
being in the use of other methods for the removal of external adsorption coatings on
the subsurface zone and of generation of desired coatings on the true surface.

The adsorption coatings are removed through machining or other treatments,
but the newly generated surface layer should be characterized first of all by a much
greater roughness of surface. Types of machining used include abrasive blasting,
especially dust-free sand blasting, abrasive blasting in containers, coarse grinding,
and a variety of bench work techniques such as sandpaper, file, scraper, etc.
However, machining does not fully remove certain adsorption coatings, e.g.
greases. Therefore, in order to remove such coatings as much as possible, organic
solvents are applied, such as acetone, extraction naphtha, methyl-ethyl-ketone, etc.
In some cases chemical treatments are applied, e.g. etching with sulphuric,
hydrochloric or nitric acid at different temperatures, ratios and concentrations, or
electrochemical methods. A characteristic feature of crystalline bodies is the
anisotropy of their properties, including the anisotropy of surface energy. This is the
source of significant difficulties in the prediction of strength of adhesive bonds of
metals. Due to the complexity of the problem, more and more frequently neuron
networks are utilized for the prediction of such strength [1.32]. This is especially
important in aerospace [1.19, 1.30] where adhesive bonding is the most commonly
used method of joining.
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Chapter 2

Adhesives

2.1. General characteristics

Adhesive bonding as a method of joining was known already in ancient times.
Around 3000 BC, in Egypt, papyrus reeds were used to make writing material.
Stem sections were cut open to remove the core that was then placed crosswise in
two layers and hammered with a mallet until natural glue bonded the cores into a
homogeneous sheet. In the same period lime mortar, in its essence a glue, was used
to join bricks. Around 1500 BC, in Egypt, a gelatine glue was used, prepared from
animal hide. The ancients used also casein glues, as well as glues prepared from
birch bark. A major breakthrough in the production and application of adhesives
occurred with the appearance of synthesis of epoxy resins in the nineteen thirties.
Up till now adhesives based on epoxy resins are the most commonly used and find
the broadest range of applications [2.1].

The more important features of a good adhesive for metal bonding can be
presented synthetically as follows:

- strength when cured meeting the requirements,

- possibly low viscosity, facilitating wetting,

- relatively low free surface energy,

- presence of various functional groups in the chemical structure of the
adhesive, expanding the applicability of the adhesive and permitting the
formation of chemical bonds,

- low chemical curing shrinkage rate, in the case of thermal-setting adhesives
also low thermal cure shrinkage rate; this permits bonding under contact
pressure,

- possibility of curing at ambient temperature,

- short curing time,

- resistance to cracking of brittle character.

A good adhesive for metal bonding should contain as many various functional
groups as possible, capable of the processes of chemisorption with the material of
the substrate. Its chemical structure should impart to it high cohesive strength as
well as elasticity to guarantee good damping properties and ability to “absorb”
stresses.

Functional groups play a highly significant role in the chemical structure of
adhesives. They permit the formation of chemical bonds between the adhesive and
the substrate and determine high strength of the joint. The most important
functional groups, significant in the theory of adhesion, are the following [1, 10]:
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ester groups —OCO-, OCOR, -COOR,
hydroxyl groups —OH,

amino or imino groups — NH,, =NH,
carboxyl groups —COOH,

acetal groups —CH(OR),,

epoxy groups —C\H\_CHZ

o)
isocyanate groups —NCO,
urethane groups -NHCOO-,
urea groups —-NHCONH-,
amide groups (in the primary chain or as substituents) -NHCO-, -CONH,,
nitrile groups —CN,
chloride, bromide —ClI, -Br,
hydrosulphide group —SH,
vinyl group —-CH=CH..

The groups occur in the following more important materials:

polyvinyl acetate and its copolymers; these adhesives occur in the form of
solids or as solutions with solvents, or else as water dispersions,
polyacrylates and polymethacrylates and their copolymers; these, as a
rule, are typical thermoplastic adhesives, popular in various branches,
polyvinyl acetals, thermoplastics used primarily as modifiers of structural
adhesives, due mainly to their good adhesive properties in contact with
metals,

polyamides, thermoplastics with good strength characteristics, frequently
used as modifiers for structural adhesives; as solutions in certain organic
acids they are used for bonding elements of polyamide,

polyvinyl chloride; in adhesives it occurs in the form solutions (for
bonding tubes of PVC) or in the form of plastisols, i.e. special mixtures
with fillers and plasticizers that provide a good combination of the
functions of bonding and sealing — used in the automotive industry,
among others,

rubbers, especially styrene-butadiene, nitrile and chloroprene rubbers, are
used in the production of adhesives commonly known as latex adhesives;
admixture of wvulcanising agents results in crosslinking of rubbers,
producing non-soluble and flexible adhesive bonds; also used as modifiers
in other structural adhesives,

polyesters, used in hot-melt adhesives as saturated thermoplastic
polyesters; unsaturated polyester resins, in the form of solutions in
styrene, are used in the production of glass fibre-polyester composites;
also used as fillers or surfacers,

polyurethanes; a large group of materials based on pre-polymers and
urethane rubbers, used both as solvent and as non-solvent adhesives, and
also as hot-melt adhesives,
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phenolic resins are excellent material for structural adhesives, but their
share in the production of adhesives is rapidly declining due to their toxic
effect on human organism; for this reason there is an ongoing search for
new solutions, e.g. through the modification of epoxy resin with phenolic
resin, which leads to the creation of highly interesting adhesives — epoxy
novolacs,

epoxy resins provide the base for highly versatile all-purpose adhesives,
occur in various forms, are characterized by good strength properties
when cured and by good chemical resistance, which makes them inert in
contact with various media; that last property makes them suitable for use
in the food processing industry,

acrylic and methacrylic monomers, and also certain resins ending with
acrylic and methacrylic groups, constitute an interesting modern group of
adhesives cured with UV radiation and groups of anaerobic adhesives.

Adhesive bonding is characterized by numerous well-known advantages. In the

case of metal bonding the major advantages of adhesive bonds are as follows [2.4,

2.9]:

possibility of bonding metals with materials of specific properties, e.g.
foils, paper, fabrics; it is frequent in such cases that adhesive bonding is
the only applicable technology,

possibility of bonding very small elements,

easy and fast joining of large surfaces,

possibility of simultaneous joining and sealing of structures,
electrochemical insulation of elements joined, protection against the
formation of electrochemical corrosive cells,

elimination of negative effect of heat on the properties and structure of
elements joined as is the case with welding, spot welding, or soldering,
ease of modification of adhesives, both physical and chemical, which
permits the obtainment of desired physicochemical properties of the bond
formed,

possibility of creating bonds under highly specific conditions, e.qg. in field
conditions, under water, etc.,

possibility of creating bonds using simple equipment, which provides
significant reductions in costs.

Among the factors that restrict the application of the technology we should

enumerate the high sensitivity of the physical properties of adhesive bonds to
deviations from the recommended technology, non-linear relation of the strength of
adhesive bonds with the size of the surface area of bonding, limited resistance to
high temperatures. These, however, do not significantly reduce the applicability of
adhesive bonding.
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2.2. Classification of adhesives

With a certain simplification, polymer plastics can be classified into structural,
adhesive, and coating. Adhesive plastics are materials in which use is made of their
exceptional adherence to various materials. Fig. 2.1 presents a simplified
classification of those plastics.

( Adhesive plastlcs

( Renovation ) ( Structural ) ( Seallng )

Fig. 2.1. Classification of adhesive plastics

Adhesives are materials that possess the capability of permanent joining
elements of structures. An important feature of adhesives is their high strength
when cured. Among other things, the strength is a function of the thickness of the
layer of adhesive. It is conventionally assumed that the thickness, in structural
adhesive bonding, does not exceed 0.5 mm.

Putties are adhesive materials whose significant feature is their considerable
viscosity. This permits putties to perform a variety of functions.

Structural putties are adhesive plastics that permit the constitution of bonds
that have the capability of permanent bonding combined with sealing of structures.
Typical representatives of structural putties are epoxy putties in which metal
powders act as fillers. The putties ensure high strength of bonding at layer thickness
above 0.5 mm, so there is a possibility of filling with them gaps of notable
dimensions while ensuring high strength of bonding.

Sealing putties, as a rule, do not transmit mechanical loads — their function is to
seal structures against environmental effects. These materials usually have to meet
stringent requirements concerning the rate of water vapour diffusion and resistance
to ageing in the environment in which they are to be operated, including resistance
to UV radiation, cyclic changes of temperature, etc.

Renovation putties are modified adhesive plastics. The modification, most
frequently physical, consists in the addition of powder fillers to resins, the function
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of the fillers being to constitute putty properties similar to those of the parent
material. What is especially important here is similar coefficients of thermal
expansion, good machining properties, stability of dimensions in contact with
various media, frequently also similarity of colour and other features that may be
important is a specific design and technological situation.

Adhesives can also be classified taking into consideration such criteria as the
origin of the base substance, type of solvent, form, manner of bonding, etc. Basing
on such criteria we can distinguish the following types of adhesives:

aqueous adhesives — water is the solvent,

solvent adhesives — most frequently the solvent is an organic solvent,
dispersion adhesives — also known as emulsion adhesives, are colloidal
suspensions of pulverized adhesive in a liquid,

hot-melt adhesives — at ambient temperatures they occur as solids,
attaining their adhesive properties when heated up to the melting point,
chemically setting adhesives — the process of their setting or curing takes
place as a result of a chemical reaction,

thermosetting adhesives — the process of their setting or curing occurs
under the effect of high temperature,

anaerobic adhesives — adhesives whose setting begins when isolated from
the effect of air,

single component adhesives — adhesives available in a ready-to-use form,
multi-component adhesives — most frequently two-component adhesives;
the base component can be made up of many components and the second
component is the hardener or curing agent.

With relation to the character of the curing process we can distinguish:

solvent adhesives — the process of their curing is physical in character and
takes place through the evaporation of the solvent,

cold or warm setting adhesives — the process of their curing takes place
through suitable chemical reactions occurring spontaneously at higher
temperature and when cold, with the addition of a proper hardener or
curing agent,

anaerobic and cyanoacrylic adhesives, cold setting; their setting reactions
are catalysed after cutting off the access of air (anaerobic) or under the
effect of residual moisture remaining on the surfaces of the bonded
elements,

other adhesives, in which the reaction of setting can be catalysed by light,
radiation, etc.

With respect to their form and texture, adhesives can be classified as:

solid adhesives (granules, sticks, block, films),
liquid adhesives,

powder adhesives,

aerosol or spray adhesives,

adhesive foams,
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adhesive tapes.

With relation to the origin of the base component, adhesives can he divided
into the following groups:

vegetable glues (dextrin adhesive or British gum, starch glue),

animal glues (bone glues, hide glues, casein adhesives),

adhesives based on cellulose derivatives (nitrocellulose, on the base of
cellulose ethers),

adhesives based on synthetic resins (phenolic, amino, on the base of vinyl
derivatives, epoxy, polyester, polyurethane, on the base of derivatives of
poly-acrylic and polymethacrylic acids),

adhesives based on natural rubber and synthetic rubbers (on the base of
butadiene copolymers, polychloroprene rubber, thiocol rubbers, etc.),

gypsum adhesives,
ceramic adhesives.

Classification of adhesives with relation to their raw material origin, and their
more important applications, are presented in Table 2.1.

Table 2.1. Classification of adhesives with relation to raw material origin and their more
important applications [2.5, 2.6, 2.8, 2.9, 2.10]

Item | Raw material base More important applications

1 | Dextrin adhesives For bonding paper, cardboard, wood,
leather

2 | Starch adhesives For bonding paper and cardboard

3 | Adhesives based on rosin Used as admixture to paper pulp to
give liquid-resistance properties to
paper products

4 | Bone glues For bonding paper, textiles and wood

5 | Hide glues For bonding wood, textiles, paper,
cork, for water-resistant
impregnation

6 | Casein adhesives For bonding wood, cardboard,
leather

7 | Nitrocellulose adhesives For bonding leather, textiles, felt,
cork, cardboard

8 | Adhesives based on cellulose For bonding wallpaper, paper, leather

ethers

9 | Phenolic adhesives For bonding wood, metals, ceramics,
glass, thermosetting plastics

10 | Amino adhesives For bonding wood, paper, cardboard,
tar board, textiles, felt, laminates,
rubber

11 | Adhesives based on polyvinyl For bonding PVC, for wire insulation

chloride
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12

Adhesives based on polyvinyl
acetate

For bonding wood, paper, cardboard,
textiles, cork, leather, felt, floor
lining materials

13

Adhesives based on polyvinyl
acetal

For bonding metals, glass,
thermosetting plastics

14

Adhesives based on copolymers of
vinyl and terpolymers

For bonding paper, tiles and floor
lining materials, fibreboards, and for
furniture veneering

15

Adhesives based on polyacrylic
acid and its derivatives

For bonding metals, polymer
plastics, rubber, glass, ceramics,
cork, paper

16

Adhesives based on
polymethacrylic acid and its
derivatives

For bonding leather, polymer plastics
(PMMA, ABS, etc.), for sealing of
metal elements, laminated
composites

17

Epoxy adhesives

For bonding metals, ceramics, glass,
concrete, wood, rubber, polymer
plastics, also for renovation, casting

18

Polyurethane adhesives

For bonding metals, wood, glass,
rubber, leather, polyamides, PVC,
foamed polystyrene, mineral wool

19

Adhesives based on natural rubber

For bonding rubber, leather, felt,
textiles

20

Adhesives based on butadiene
rubber

For forming plates of sintered
carbides

21

Adhesives based on butadiene
copolymers

For bonding PVC to concrete base

22

Adhesives based on
polychloroprene rubber

For bonding rubber, leather, textiles,
felt, also rubber to metal

23

Adhesives based on thiocol rubbers

For bonding and renovation of
conveyor belts

24

Silicon adhesives

For bonding lamps, transformers,
equipment operated at high
temperatures (even above 300°C)

25

Gypsum adhesives

For fixing plates, for other joints,
especially in building construction

25

Ceramic adhesives

For joining elements of casting
moulds, tooling plates; operating
temperatures even up to 1500°C

It should be mentioned that competition on the market of adhesive materials
causes the offer to be extremely diversified, and moreover in most groups of
products there is a possibility of modifications of chemical or physical character.
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One can safely venture a statement that the world market offers on a permanent
basis several thousand brands and types of adhesives for metal bonding.

2.3. Applications of adhesives

In machine building adhesive bonds perform a variety of functions, depending
only on what types of functions are the most required. Table 2.1 presents certain
applications of adhesives in the context of their raw material origin. With regard to
their application, adhesives can be classified in the following major groups:

adhesives for high-strength structures, replacing welding, riveted joints,
spot-welded joints, pressed-in joints, bolted joints, etc,

adhesives cured under specific conditions, e.g. under water,

adhesives with enhanced thermal resistance,

adhesives for aircraft and spacecraft, the primary requirements with
relation to which include durability and reliability over long periods of
time under highly specific environmental conditions,

adhesives conducting electricity, most frequently with metallic fillers
(flakes of silver, copper); adhesives based on electro-conducting polymers
are at the stage of laboratory testing,

adhesives with good thermal conductivity, for the assembly of heat
generating parts,

adhesives with low dielectric constant, for high impedance circuits, highly
important in telecommunications applications,

adhesives with enhanced elasticity, for the electronic industry, permitting
replacement of damaged elements without destroying printed circuits, and
thus allowing for the design of “partially-temporary fastenings”,
high-temperature creep resisting adhesives, produced on the base of
inorganic materials,

adhesives with specific properties, e.g. conducting electricity or heat
fluxes or magnetic fluxes,

adhesives for nano-devices, a new generation of light-cured adhesives,
adhesives for operation in very high temperatures,

fast-setting adhesives,

so-called adhesive ,,drops”. Produced with various levels of gluing power
and confectioned as tapes with individual drops of glue. Used for mass-
scale bonding of promotional kits to high-volume papers and magazines,
for enveloping, labelling, attachment of additional elements in large-scale
or mass production, etc. One tape (roll) can contain several thousand
drops of adhesive.

Modern assembly adhesives are usually characterized by short curing times
and harden at room temperature and under contact pressure.
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Among major examples of the application of adhesives in machine building we
can mention the following [2.3, 2.4, 2.13]:

- securing nuts and bolts from coming loose,

- joining and sealing of tube and flange connections and joints,

- application of bonded trunnion-sleeve joints to replace forced-in joints,

- mounting gears and pulleys on shafts using adhesive bonding,

- production of special structures, e.g. ,,honeycomb”,

- production of sandwich-type layered structures, such as paper, glass-

epoxy, polyester, phenolic composites, etc.,

- joining of structural elements of very small dimensions,

- joining of structural elements with different physical features, e.g. thin

foils of polymer plastics with metals,

- connection of electronic elements on printed circuit boards,

- installation of decorative, protective and soundproofing linings in cabins

of vehicles; also in other equipment,

- sealing of structures,

- other.

The presented examples of the application of adhesive bonding in machine
building industry do not exhaust the extensive and constantly expanding list of
adhesive bonding application in building machinery and equipment. Observation of
the rapid and intensive development of the chemistry of adhesives shows that the
prospects for their new applications are highly promising.

2.4. Sealants and renovation putties

Sealing of structures often plays an important role in the machine building
industry. Requirements relating to sealants are very varied. Sometimes it is a
specific level of adhesion that is required, like in sealing electric devices,
sometimes high surface energy value (like in applying paint coats on sealed
structures), and sometimes ensuring fluid- or air-tightness at high pressures or at
elevated temperatures. Examples of sealing adhesives, with remarks on the
application, are presented in Table 2.2.

Adhesive sealing materials are used primarily in static technical seals, though
there are numerous cases of applying such materials in dynamic sealing and in
static-dynamic seals.

Among sealants we can distinguish the following:

- sealants for sealing and bonding various elements (e.g. threads),

- seal-lock adhesives for protecting metal elements, forming various
connections (e.g. bolt-nut joint, trunnion-sleeve joint), from coming loose
or dropping out,

- sealants for valves, pipes, tanks, etc,

- filler compositions for electro-technical equipment,

- sealants for aircraft, cold storage equipment, etc.
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Table 2.2. Examples of sealants and their more important applications [2.1, 2.2, 2.8]

Item | Raw material base

Moreimportant applications

1. | Silicon putties, produced on
the base of polysiloxanes

For sealing of glass, natural stones, with
lasting and high elasticity. Used for
sealing of structures operated under
atmospheric conditions. High resistance
to UV radiation, technological
difficulties in application of paint
coating.

2. | Acrylic putties, produced on
the base of acrylic dispersion

Limited thermal resistance, high rate of
shrink during hardening

3. | Butylene putties, produced on
the base of polybutylene

Putties with permanent plasticity, used
primarily in building construction

4. | Polyurethane putties

Used mainly as assembly foams.
Application — joining and sealing of
structures (containers, cold storage
equipment)

5. | Polysulfide putties

Good adhesion, also to smooth surfaces

6. | Silicate putties

High thermal resistance; used for
reworking of casting moulds, dies

7. | Hybrid putties

MS Polimer can be an example of a
hybrid putty; combines well the
functions of bonding and sealing

8 | Anaerobic putties

Anaerobic sealants are recommended,
among other things, for mounting rings
on shafts or bearing bushings (sleeves)
in casings

The typical classification of putties into structural, sealing and renovation or
reworking putties is a very general division; a significant group is made up of
special putties, frequently prepared according to recipes developed by process
engineers on the basis of specific company experience. With respect to form,
sealing materials can be divided into the following major groups:

- sealing tapes,

- sealing ropes,

- foams,

- gaskets,

- sealants (mixtures or compositions).

Several examples of special putties are given below [2.1, 2.8]:

A. Aquarium putty
- chalk (2 parts by weight),
- red lead (1 part by weight),
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- linseed oil varnish, until reaching the consistence of a paste.
B. Filler putty for wood
- gypsum (3 parts by weight),
- very fine wood shavings (1 part by weight),
- joiner’s glue, preferably heated to the right consistence.
C. Fireproof putty
- zinc oxide (1 part by weight),
- manganese dioxide (10 parts by weight)
- water, until reaching the right consistence.
D. Filler putty for metals
- Epidian 5 or Epidian 57 commercial epoxy resin,
- curing agent at correct ratio,
- powdered aluminium, till reaching the right consistence, possibly toluene
as a solvent.
E. Filler/surfacer putty for epoxy or polyester composites (e.g. boats,
surfboar ds)
- Epidian 5 or Epidian 57 commercial epoxy resin,
- curing agent at correct ratio,
- silica gel.

Renovation or repair/rework putties are materials commonly used in machine
overhaul and repair [2.13]. Among the various applications of such putties we can
mention, among others, reworking of shaft trunnions, key grooves, pump casings,
fans, piping fixtures, fuel tanks, hydraulic pistons and cylinders, pipelines, heat
exchangers, belt and worm conveyors, repair of casting defects, etc. The putties are
most frequently materials based on modified epoxy resins, where the fillers —as a
rule — are powdered metals. The essence of modification of such putties is to obtain
putty properties as similar as possible to those of the material repaired/reworked.

Through proper combinations of chemical and physical modifications we can
achieve interesting properties of the renovation/repair material.

2.5. Adhesive components and modification

Solvents are used to reduce the viscosity of adhesives. Most frequently, esters,
ketones or alcohols are used for the purpose. To reduce the viscosity of epoxy
resins, one of the basic materials for structural adhesives, an admixture is added
(approx. 10 — 20)% of active solvents, e.g. n-butylglycide ether or mono-epoxy
compounds of low viscosity.

The more important solvents include the following [2.1, 2.10]:

- toluene (washing metal parts of greases and oils, cleaning tools),

- xylene (solvent for oil, phthal, acrylic, chlorinated rubber paints),

- acetone (for surface degreasing, tool washing, removes greases, waxes),
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- painter’s naphtha (paints, varnishes, phthal products, bituminous
products),

- extraction naphtha (greases, oils, waxes, tool washing)

- gum turpentine (lowers the surface energy of varnishes),

- terpen (lower grade substitute for gum turpentine),

- other solvents, like methyl-ethyl-ketone, methyl-isobutyl-ketone,
methylen chloride, ethyl acetate, extraction naphtha, benzene, isopropyl
alcohol, chlorobenzene, cyclohexanone, dibutyl phthalate, styrene, amyl
alcohol, phenol-glycidyl ether.

To improve the flexibility of the bond, plasticizers are used. In the case of
adhesives, the application of plasticizers should be preceded with an analysis of
results. Improvement of bond flexibility is usually advantageous, but plasticizers
may also cause a deterioration in some other properties of the bond, e.g. tensile
strength.

The more important plasticizing agents are the following: dibutyl esters of
phthalic acid, hydrocarbon resins, copolymers of maleic anhydrite with styrene,
rosin and its esters.

Fillers are introduced to polymers for the purpose of oriented modification of
their properties, or else to reduce their price. With regard to their form, fillers can
be divided into powdered, fibrous, sectioned or fragmented, ribbon-shaped, sheets,
flakes, balls, and others.

The chemical composition of fillers may be various. Most frequently they are
silicates, aluminosilicates, oxides, carbonates, powdered metals, etc. [2.10].

The effects obtained through the introduction of fillers to a polymer matrix may be
highly varied, and most often concern the following properties:

- change in tensile and compressive strength,

- change in impact strength,

- change of coefficient of elasticity of elongation,

- change of coefficient of thermal expansion,

- cost reduction,

- reduction of processing shrinkage,

- improvement of thermal stability,

- improvement of chemical resistance,

- increase of thermal conductivity,

- change in electrical conductivity,

- improvement of abrasive resistance.

The more important fillers are the following: wood flour, cellulose fibre, mica,
glass fibre, carbon fibre, graphite fibre, glass marbles, whiskers, organic synthetic
fibre, chalk, talcum, quartz flour, graphite flour, powdered aluminium, carbon black
(soot).
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In the case of modification of adhesives, fillers are most frequently used in the form
of powders, flakes, more rarely marbles (ballotini) or short fibres; the amount of
filler to be used is determined experimentally.

Powdered fillers play a special role in physical modification of adhesives. As a
rule, fillers with average grain size above 50 um are treated as coarse-grained, those
with grain size within the range of 10-50 um as medium-grained, and when the
average grain size is less than 10 um such fillers are considered to be fine-grained.
Powder fillers may be spherical, platelet or needle-like in shapes. Among the
numerous group of powder fillers, powdered aluminium is of special importance. It
can be used for significant modification of the rheological properties of adhesives,
their stiffness, thermal conductivity, mechanical strength. Also important are chalk
fillers, especially for the modification of lutes and putties. Quartz flours, in turn,
improve abrasive resistance, dielectric properties, as well as acid resistance.
Manganese and titanium oxides improve stiffness, hardness, and creep resistance
under load. Fillers of heavy metals improve resistance to radiation. Powdered zinc
oxide increases the resistance to atmospheric influences.

In certain cases also other modifiers are employed. These can be thixotroping
agents, altering the rheological characteristics of liquid adhesives, biostabilizers,
providing protection against biodegradation, agents reducing flammability, and
others.

Promoters of adhesion

In many cases, to obtain an effective bond it is necessary to apply special
intermediate layers or coats, or else special compounds or agents activating the
bonded surfaces. More important compounds used for such purposes include the
following [2.7]:

- resorcinol-formaldehyde resins,

- phenol-formaldehyde resins,

- chlorinated rubber resins,

- solutions of silanes,

- melamine and its derivatives,

- cobalt naphthenates, cobalt salts, mixtures of cobalt chloride and borate,

- polar modified polymers (epoxy resins, chlorinated rubber resins, natural

rubber, carboxyl rubbers).

2.6. Special adhesives

Adhesive bonding of metals is sometimes used in special structures or operated
under specific conditions. This concerns, among other things, bonded joints in
spacecraft structures, underwater repair work, bonding in electronics. In spacecraft
building, adhesive bonding is highly important due to the constant need for weight
reduction. As a rule, the materials used are thin-walled, and it is also frequent to
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join materials with different properties. In this type of situations adhesive bonding
is the only joining technology possible. Also very often in such situations the
adhesives used act also as sealants, insulation materials, shock absorbing elements.
Spacecraft spend periods of several to close to twenty years under conditions of
cyclic temperature changes, with lower extremes attaining values down to — 200°C,
and also are exposed to the effect of ultraviolet and ionizing radiation. Most
frequently used is the ,space” industry are modified epoxy adhesives, epoxy-
phenol, epoxy-polyester, also adhesives containing polyurethanes, silicones,
cyanoacrylates, and others [2.1]. Among other applications, they are used for
thermal coatings, detectors, bands, insulations, antennae, plate structures for solar
photocells, and others. What is especially important here is that under the effect of
high vacuum there is no evaporation of low-molecular or volatile substances, as
they might weaken the structure, cause a deterioration in the status of tightness,
impair the optical properties of instrumentation.

Adhesives for repairs in water environment are used in emergency situations,
e.g. for the repair of various types of vessels or watercraft. As a rule, those are
adhesives of high stickiness or putties. In operations of underwater bonding it is
important for water not to dissolve the adhesive, but also important is the opposite
mechanism — it is desirable that the adhesive should desorb water from the bonding
zone [2.14].

A specific group of adhesives is that of adhesives for the power industry and
for electronics [2.11]. The power industry takes advantage of their good dielectric
properties. For this reason adhesives are used not only as conventional glues but
also as filling compositions and coatings with good dielectric properties.
Thermoplastic adhesives have additionally the advantage that bonds made with
their use may be treated as temporary, which is extremely important in the
technology of replacement of worn out or blown electronic elements. For assembly
or installation both conducting and non-conducting adhesives can be used. The idea
of multi-layer assembly with the use of non-conducting adhesive is presented in
Fig. 2.4 [2.12].
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Fig. 2.4. Principle of multi-layer assembly using non-conducting adhesive: 1 — skeleton
plates, 2 — non-conducting adhesive (film), 3 — contacts of conducting material

A film of adhesive is placed on a formed base plate with elevated contacts.
Next, after careful positioning, pressure is exerted, causing the adhesive film to be
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punctured by the terminal contacts. Correct wetting of the terminals is achieved by
heating the bond area. The pressure is relieved only after the bond has cooled down
and the bond produced is sufficiently secure. In the figure, for illustrative purposes,
the size of the contacts is exaggerated.

For the purposes of electronics also adhesives with electric conductivity are
used. These are usually cold setting epoxy adhesives with a high content of
powdered silver as the filler. The more precious the material with electric
conductivity used as the filler the longer the adhesive will have good conducting
properties. An example of the application of such adhesives can be the repair of
damaged heating system of a car rear screen. The cost element rather precludes the
use of gold or platinum, hence the use of powdered silver which, additionally, has
the advantage that its oxides are also good electric conductors. Thanks to this, they
retain their conductivity for a long time. Adhesives with powdered aluminium as
the filler tend to lose their conductivity too fast. In electronics the advantage of
adhesive bonding over soldering is that the process is cold and that the mass and
dimensions of the devices concerned are less of a limiting factor. Fig. 2.5 presents
the principle of the creation of a conducting bond by means of electro-conducting
adhesives based on fillers with electric conductivity [2.12].

Fig. 2.5. Principle of the creation of a conducting adhesive bond using an adhesive with
electric conductivity: 1 — skeleton plates, 2 — electro-conducting contacts, 3 — adhesive with
electro-conducting filler, 4 — electro-conducting monolayer

In this case the feature of electric conductivity is achieved through
compressing the electro-conducting monolayer between the bonded terminals
(contacts). The problem in this case may be short circuits in the horizontal direction.

Recently a polymer has been discovered, with electric conductivity. It may be
that there will also appear adhesives based on such materials, though it is a known
fact that the possibility of using a polymer material as an adhesive is determined by
many factors.
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There are numerous situations where it is necessary to apply adhesives with
untypical properties. At present there are companies that manufacture adhesives to
order, with the properties of the products constituted so as to meet customer
requirements. This concerns the resistance of the adhesives to specific
environmental features, thermal conductivity, magnetic flux conductivity,
colouring, possibility of machining, features such as plasticity, combustibility, and
many others.

2.7. Conclusions

The technology of adhesive bonding and sealing finds more and more
acceptance in the machine building industry. The very important feature of
adhesives — combining the functions of bonding and sealing — causes that more and
more frequently adhesives are employed in modern designs, and there is increasing
confidence in adhesive bonding among design and process engineers. There are
numerous examples of this situation, the most characteristic being the following:

- adhesive mounting of rolling bearings,

- adhesive mounting of gears and pulleys on shaft trunnions,

- sealing of threaded and flange-type joints,

- sealing of structures,

- adhesive bonding of frames and wall panels in containers and refrigeration

structures,

- adhesive bonding of soundproofing lining materials,

- adhesive bonding of brake pads and linings,

- adhesive bonding of heating system elements,

- adhesive mounting of cowlings and mirrors,

- adhesive bonding of glass panes,

- adhesive bonding of machine control elements.

The presented brief analysis of applications and properties of some adhesive
materials provides the basis for the formulation of the following general remarks
and conclusions:

- the achievements of recent years in the field of chemical technology of

adhesive materials create new perspectives in machine building,

- the broad possibilities of modification of physicochemical properties of
adhesive materials permit the application of the technology of adhesive
bonding, sealing and renovation/repair in various branches of the machine
building industry,

- cold setting (during very short time) single-component adhesives permit
the application of simple technology, hence adhesive bonding can be
economically competitive with relation to other joining technologies,

- the use of modern renovation/rework materials permits effective repair
and overhaul of many elements of machines,
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- new generation of sealing materials permits a reduction in the weight of
structures with simultaneous improvement of their reliability.

The presented general conclusions are only indicators of the enormous
progress that has been observed in recent years in the production and application of
adhesive materials. Special possibilities of further applications of such materials can
be found in the machine building industry.
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Chapter 3

Bonding operations

3.1. Typical bonding operations

Bonding operations include typical procedures that are performed in strict
order and frequently have the character of autonomous operations. These are the
following:

- preparation of surfaces of the elements to be bonded,

- preparation of the adhesive,

- application of the adhesive on the surfaces,

- setting or alignment (and fixing) of the elements to be bonded,

- curing (hardening) of the adhesive,

- finishing treatment of the bonds,

- inspection of the bonds effected.

Depending on the type of materials bonded, conditions of the bonding process,
type and form of the adhesive, shape of the elements bonded, workshop capabilities,
work involved in the individual procedures (stages) may be performed in one or
several operations.

The more important principles and determinations concerning adhesive
bonding can be formulated as follows [3.5, 3.10]:

there are no all-purpose adhesives, but adhesives do differ in the degree of
versatility,

solvent adhesives are not used for bonding non-porous minerals; in some
exceptional cases (e.g. rubber bonding using adhesives based on natural
rubber or synthetic rubbers) the bonding proper is preceded with pre-
drying of the adhesive applied on the bonded surfaces,

it is recommended for the cured bond to have physicochemical properties
similar to those of the bonded elements; this concerns especially the
stiffness and the coefficient of thermal expansion,

the strength of a bond as a whole is a function of both adhesive and
cohesive strength; high strength can be attained only by bonds in which
there is good adhesion between the adhesive and the surfaces, and the
cohesive strength of the adhesive applied is high,

the condition for lasting and reliable operation of an adhesive bond is the
occurrence of chemical bonds between the adhesive and the substrate,
therefore the key issue is the selection of the proper adhesive; Van der
Waals bonds may be released as a result of water diffusion on the phase
boundary,
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- correct preparation of surfaces of bonded elements (apart from proper
selection of adhesive) determines the effectiveness of bonding in the
highest extent,

- the setting temperature of a thermosetting adhesive should be considerably
lower than the softening point of the bonded materials; this is especially
important when bonding polymer materials,

- the adhesive used should not be characterized by excessive chemical and
thermal shrink rate,

- correct stickiness of adhesive is the condition of good wetting and,
consequently, of good adhesive bond.

The technology of adhesive bonding should take into account the greatest

possible number of factors characterizing the features of the structure and the
operating conditions of the bond.

3.1.1. Preparation of bonded surfaces

The properties of surfaces of solid bodies depend largely on the manner of
their formation (e.g. crystallization, grinding, polishing) and on the effect of the
environment. Surface atoms of metals are additionally characterized by high
chemical activity which influences the effect of the solids on gases, liquids or other
solids remaining in phase contact with the metals. This leads to the adsorption of
foreign substances, which causes a decrease of the free energy of the system.
Therefore, under normal conditions surfaces are usually covered with a layer of
oxides, adsorbed organic compounds and gases, and in the surface layer there occur
effects resulting from the manner of its formation. The condition of the surface
layer is also strongly correlated with the features of the environment in which the
analysed object is located. The surface layer of metals is heterogeneous in
geometrical and physicochemical sense.

Surfaces of all metals are characterized by a specific state of roughness.
Even the most carefully machined surfaces have irregularities with heights of 0.01-
0.1 wm, and those with rough machining — with heights of up to 200 um. The
geometric condition of the surface is related to the type of machining. Surfaces
machined in the process of lathing, grinding or polishing have noticeable traces of
the machining in the form of repeated irregularities.

Irrespective of those geometric effects of the work of the machine tool, in the
machined material there may occur permanent changes in the surface layer, caused
by physicochemical phenomena, such as e.g. friction or pitting, as a result of which
the surface layer has a different structure. The condition of the surface layer is
determined by the machining conditions, chemical composition of the metal, and its
physicochemical properties [3.1, 3.6].

A zonal model of the structure of the surface layer, corresponding the most
closely to the true structure, can be presented graphically as shown in Fig. 3.1. The
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process of constitution of the interphase layer are also presented by R. Sikora in
[3.18].

Fig. 3.1. Zonal model of the structure of the surface layer from the viewpoint of adhesive
properties: Zone 1 — zone of physical adsorption, the outermost, formed as a result of
adsorption of polar molecules of organic origin on metal surfaces. Zone 2 — zone of
chemical adsorption, is a result of adsorption of gas molecules, reactive functional groups.
These zones penetrate each other and result from adsorption of molecules with dipolar
structure on the surface of a solid. Zone 3 — a layer of metal oxides. It is formed through
chemical reactions of the metal. The oxide zone has a significant effect on the energy
properties of the surface layer. Zone 4 — formed through damage to metal grains on the
surface, caused by the action of tools on the material during machining. It is characterized
by disturbed crystalline structure of the metal, the metal is deformed and textured. Zone 5 —
intermediate; the texturing disappears, the there is still metal with plastic deformation. Zone
6 — covers the area of elastic stress. In this zone there are the natural stresses which are
caused by dislocations resulting from plastic strain. Zone 7 — represents the core material.

The difference between the structure of the surface layer, formed under
specific technological conditions, and the theoretical model consists also in the fact
that certain zones of the layer do not exist in a real situation, or interpenetrate each
other. The thickness of the surface layer formed in the course of machining of
metals may even reach 1mm.

Correct preparation of the surface of bonded elements is a necessary condition
of obtaining a bond of satisfactory quality. Bond quality will be taken here to cover
a set of properties of the bond, characterizing its ability to fulfil specific functions
within a specific period of time.
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Surface preparation should be specific to a given material and a given
adhesive. The necessary condition is fulfilment of the condition E, > E., where E,
is the free surface energy of the bonded elements, and E. in the surface energy of
liquid. The surface energy of solids is a function of the following major factors
[3.10]:

Ep: f(SI’Z y GW y Rr' H)

where: S,, — actual surface and its topographic and chemical features, c,, — natural
stresses in the surface layer, R, — tensile strength, H - hardness.

Therefore, the surface energy can be constituted through altering the
stereometric features of the surface layer, as well as its physical properties.

The manner of surface preparation for adhesive bonding is different for various
materials. For carbon steels there is, as rule, surface cleaning, mechanical
“development” of surface (e.g. through sand blasting or roughing up with abrasive
paper, etc.) and degreasing. For alloy steels, aluminium alloys or titanium alloys
appropriate chemical treatments, rinsing and drying are required to obtain good
quality bonds.

The primary objectives of the preparation of surface layer of bonded elements
are as follows:

- removal of inorganic contaminants from the surface,

- thorough degreasing of the surface,

- possible activation, i.e. special treatment aimed at increasing the value of

free surface energy.

The more important methods of constituting the adhesive properties of the
surface layer are as follows:

- mechanical methods (machining),

- chemical methods,

- activation by means of corona discharges,

- oxidation with ozone,

- activation by means of partial discharges,

- flame activation,

- activation by means of high-energy plasma, high-energy electron beam,

- activation by means of UV radiation,

- others, e.g. combinations of mechanical and chemical methods.

Machining is applied mainly in the process of preparation for joining elements
of carbon structural steels. Its objective is to remove iron oxides, since they are
weakly bound with the substrate, and also to partially “develop” the surface.
Typical methods of machining used in processes of surface preparation for adhesive
bonding include grinding, sand blasting, etc.
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Additionally it should be mentioned that the adhesive properties of polymer
materials can be constituted at the stage of processing, synthesis, or through the
various operations to which the surface layer of materials is subjected [3.4, 3.11,
3.18,3.19,].

The main factors affecting the adhesive properties of the surface layer of
polymer materials are the temperature of the moulding composition, temperature of
the mould, rate of mould filling, composition of the material, anti-adhesive
admixtures, clamping pressure, conditions of product cooling, and others.

The main technologies of surface layer preparation applied for polymer
materials include chemical technologies (etching, washing, etc.), energy
technologies (corona discharge, flame treatment, laser treatment, etc.), mechanical
technologies.

Granular tools, thanks to their common availability, ease of application without
the need for additional equipment, and low costs, are convenient tools for the
treatment of materials to be bonded. The application of such tools provides a
directionless structure of treatment traces, which is favourable under the conditions
of structural bonding.

As has been mentioned, granular tools are the most convenient tools for
machining materials to be bonded or sealed. The is determined first of all by their
low cost, availability, ease of application in manual operations, possibility of
application under field conditions. An alternative for this type of treatment is only
sand blasting, but this is a treatment which requires the application of suitable
equipment, which is not easy to apply in the case of treatment of very large
elements, generates noise and dust which are harmful factors.

When choosing granular tools for surface treatment, we are interested
primarily in the grain size. The choice is not obvious, is we take into consideration
the various physical features of structural materials, and especially their hardness or
elasticity. A tool with larger grain size will be more effective in removing a layer of
the material, including the physical absorption layer, but the degree of surface
development will be less. Smaller grain size will provide greater degree of surface
development, but from a certain limit the effectiveness of removing the physical
adsorption layer will decrease.

Treatment with such tools constitutes the adhesive properties of the surface
layer mainly through:

- surface development, i.e. increase in the actual surface area,

- removal of organic and inorganic contaminants from the surface,

- forming a specific topography of the surface that increases the value of free

surface energy.

Some results of an experiment concerned with the effect of granular tool
treatment on the energy properties of surfaces are presented in Fig. 3.2.
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Fig. 3.2. Effects of machining with granular tools on energy properties of the surface layer
of steel grade St3S (E235A acc. to 1SO 630:1995): 1 — P120, 2 — P320, 3 — P500

Degreasing is a technological operation aimed at removing organic and
inorganic contaminants from the surfaces on which the process of adhesive bonding
is to take place. Degreasing can be performed both on raw and on treated or
machines surfaces.

Chemical treatment is an effective method of constituting the adhesive
properties of surface layer of structural materials. It is, however, a source of
problems relating to health and safety as well as to ecological considerations. Used
baths contain many chemical compounds that are dangerous for the environment,
and the necessity of their treatment is frequently a major problem to manufacturing
companies. Hence, wherever possible, alternatives are sought to the so-called “wet”
chemical treatments.

More important treatment baths and etching process conditions [3.2, 3.16]

Aluminium and its alloys

a) 1. Sulphuric acid, concentrated, H,SO4 148 cm?®
2. Sodium dichromate, Na,Cr,0O- 7549
3. Water, H,0 652 cm®
b) 1. Nitric acid, concentrated, HNO3 178 cm?®
2. Sodium fluoride, NaF 49
3. Water, H,0 710 cm®

In cases a and b bath temperature should be 15 — 25° C, and the duration of etching
approximately 2 min.
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¢) 1. Sulphuric acid, concentrated, H,SO4 17 cm?®
2. Potassium dichromate, K,Cr,04 8¢
3. Water, H,0 62 cm®
Bath temperature 55 — 60)° C, duration of etching approx. 2 — 3 min.
d) 1. Butyl alcohol 30cm®
2. Isopropyl alcohol 30cm®
3. Phosphoric acid, concentrated, HsPO, 10 cm?®
4. Water, H,0 20 cm®
Bath temperature 15 — 25°C, duration of etching approx. 3 — 5 min.
Copper alloys
a) 1. Sulphuric acid, concentrated, H,SO4 20 cm®
2. Potassium dichromate, K,Cr,O; 8¢
3. Water, H,0 75 cm®
Bath temperature 15 — 25°C, duration of etching approx. 2 — 3 min.
b) 1. Nitric acid, concentrated, HNO; 30 cm?
2. Ferric chloride, FeCl, 15¢g
3. Water, H,O 200 cm®
Bath temperature 16 — 20°C, duration of etching approx. 2 min.
¢) 1. Hydrochloric acid, concentrated, HCI 50 cm®
2. Ferric chloride, FeCl, 20 ¢
3. Water, H,0 30 cm®

Bath temperature 16 — 20)° C, duration of etching approx. 1 — 2 min.
Magnesium and its alloys

Usually, for magnesium and its alloys two-stage etching is recommended.

I. 1. Liquid glass, Na,0.nSiO, 25 cm®
2. Sodium pyrophosphate, Na,P,0O; 11g
3. Sodium hydroxide, NaOH 119
4. Detergent, e.g. dish washing fluid 1cm?
5. Water, H,0, to the volume of 1000 cm®

Bath temperature 70 — 90°C, duration of etching 10 min.
After thorough rinsing with water one of the following baths can be applied:
Il a. 1. Chromium trioxide, CrO; 20 g
2. Water, H,0, to the volume of 100 cm®
Bath temperature 65 — 70°C, duration of etching 10 min;
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[1b. 1. Sulphuric acid, 20%, H,SO, 100 cm?®

2. Potassium dichromate, K,Cr,05 to saturation
Bath temperature 15 — 25°C, duration of etching approx. 2 — 5 min.
Chromium and chromium-plated metals

Hydrochloric acid, concentrated, HCI 50 cm®
Bath temperature 80 — 90° C, duration of etching 2 — 5 min.

Zinc and its alloys

1. Hydrochloric acid, HCI 10 cm?

2. Water, H,0 85 cm’

Bath temperature 16 — 20° C, duration of etching approx. 1 — 2 min.
Nickel, nickel alloys and nickel-plated metals

a) Nitric acid, HNOs, concentrated
Bath temperature 16 — 20°C, duration of etching 4 — 6 s.

b) 1. Chromium trioxide, CrO; 15¢
2. Hydrochloric acid, HCI, concentrated 25 cm®
Bath temperature 16 — 20°C, duration of etching 1 min.

Titanium and its alloys

Two-stage etching is recommended.

la) 1. Hydrochloric acid, HCI, concentrated 48 cm?®
2. 30% formaldehyde (formalin) 9 cm®
3. 30% hydrogen peroxide 3cm?
4, Water, H,0 50 cm®
Bath temperature 60 — 70°C, duration of etching 10 min.
Ib)1. Liquid glass, Na,0.nSiO, 20 cm®
2. Sodium pyrophosphate, Na,P,0O; 10¢g
3. Sodium hydroxide, NaOH 12g
4. Water, H,0, to the volume of 1000 cm?®

Bath temperature 70 — 80°C, duration of etching 10 min.

After thorough rinsing with water the second stage of etching is applied:
I1a) 1. Chromium trioxide, CrO; 59
2. Water, H,0 95 cm®
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Bath temperature 60 — 70°C, duration of etching 5 min.

11b) 1. Sulphuric acid, concentrated, H,SO4 90 cm?®
2. Sodium dichromate, Na,Cr,0O; (saturated water
solution) 8 cm®

Bath temperature 45 — 50°C, duration of etching 10 min.
Carbon steels and cast-iron
As a rule, it is sufficient to apply mechanical treatment, aimed at removing the

physical adsorption layer and corrosion products, and degreasing. In special
applications a bath treatment is applied:

1. Sulphuric acid, concentrated, H,SO, 25 cm®
2. Potassium dichromate, Na,Cr,O; 79
3. Water, H,O 60 cm®
Bath temperature 55 — 65°C, duration of etching 15 — 25 min.
Stainless steels
a) 1. Hydrochloric acid, HCI, concentrated 46 cm®
2. 30% formaldehyde (formalin) 8 cm®
3. 30% hydrogen peroxide 2cm®
4. Water, H,0 425 cm®
Bath temperature 55 — 65°C, duration of etching 5 — 10 min.
b) 1. Sulphuric acid, concentrated, H,SO, 80 cm®
2. Oxalic acid, C,04H, 100 g
3. Water, H,O 840 cm®
Bath temperature 55 — 65°C, duration of etching approx. 25 — 30 min.
¢) 1. Sulphuric acid, concentrated, H,SO, 250 cm®
2. Hydrochloric acid, HCI 250 cm®
3. Water, H,0 500 cm®

Bath temperature 35 — 45°C, duration of etching 1 — 2 min.

It is a rule that after etching objects should be carefully rinsed, then dried,
preferably at approximately 60°C. After that the surfaces should either be coated
with special preparations protecting against oxidation or additionally activating the
surfaces in terms of energy, or proceed immediately with the bonding.

A relatively new method of constituting the properties of the surface layer is
ozone treatment. Ozone is a strongly reactive gas, and causes rapid oxidation of the
material. The result of that is the formation of radicals of peroxides reacting with
the material, which causes the appearance of numerous new polar groups.
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A similar effect is produced by the promoters of adhesion. They act in a
“coupling” manner, diffuse into the material, and create chemical bonds.

Basing on experience acquired so far, the most appropriate is energy analysis
of these complex inter-phase phenomena.

It has been known for a long time that the effectiveness of bonding and sealing
depends to the greatest extent on the method of preparation of the surface layer of
the material, assuming, of course, that the adhesive has been chosen correctly. The
essence of correct preparation of the surface layer can be reduced to suitable
constitution of its adhesive properties. It is no accident that we refer the preparation
of materials for bonding and sealing to the surface layer and not to the surface, as
the value of free surface energy is determined also by physical phenomena and
properties of material located close to the actual surface in its geometric sense. To
constitute the adhesive properties is primarily to constitute the energy properties of
the surface layer. We say ,primarily”, as we cannot totally leave out the
phenomenon of mechanical anchorage of the adhesive, varnish, paint or sealant in
the micro-pores of the bonded elements, i.e. mechanical adhesion.

As a rule, in operations of adhesive bonding and sealing we aim at obtaining
the highest possible strength of the bond produced. An important indicator of the
correctness of surface preparation for bonding is free surface energy. Free surface
energy of structural materials depends on a number of factors, including the
stereometric structure of the surface, certain physical properties of materials, and
also the properties of the physical adsorption zone on the surface of the solid. Under
natural conditions, the physical absorption layer occurs at all times. The studies
performed were concerned primarily with the conditions of bonding and sealing.
Those, therefore, are typical conditions that can be found in a production plant,
even with the assumption that bonding is performed at a dedicated workstation with
strictly observed technological discipline. Bonding and sealing can also be
performed under field conditions, as well as proving ground or marine conditions.

In recent years, in works of cognitive character and concerned with the
phenomenon of adhesions, considerable attention is devoted to the dispersion and
polar components of free surface energy. These are most frequently determined
according to the Fowkes method [3.3, 3.7, 3.8, 3.18, 3.19]. The division of effects
of adhesive character into dispersive and polar is fairly convenient and permits a
fuller estimation of the adhesive properties of solids, and thus facilitates the
prediction of the effectiveness of bonding and sealing. In the studies performed,
apart from the work of adhesion in the system of studied material-distilled water ,
also determined was the work adhesion in the system of studied material-
diiodomethane (CH,J,), which, as a result, permitted the determination of the
relation between the dispersion and polar components for the tested structural
materials after various technologies of their surface layer preparation.

For the realization of the studies, a special measurement station was designed
and made, as schematically presented in Fig. 3.3.
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Fig. 3.3. Schematic of the measurement station

The measurement station permits the analysis of objects, phenomena and
processes recorded in the form of images. In the experiment described further on,
the station was used for wetting angle measurements.

Every treatment constitutes a certain state of the surface layer [3.1, 3.9, 3.13,
3.14]. The important thing is for the features of the constituted surface layer to be
conducive to the attainment of the most favourable features of adhesive bonds,
especially in the technologies of bonding and sealing. As follows from the
definition of free surface energy, from the viewpoint of requirements posed for
adhesive bonds the most favourable is that technology of surface layer preparation
which ensures the highest value of that energy. There is, however, one important
problem. The problem is the strength of the surface layer itself. It turns out that the
surface layer may be characterized by good energy properties, but after bonding the
strength of the adhesive bond may be low due to low strength of the surface layers
of the materials bonded. Therefore, not always there is a directly proportional
relation between the value of free surface energy of a solid and a liquid and the
strength of adhesive bonds, in a situation when the same liquid is in cured or
hardened state.

From the research point of view the problem of constituting the dispersion and
polar components of free surface energy is also interesting. This is especially
important in the prediction of the physical properties (long-term strength properties
in particular) of polar and non-polar materials.
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From the viewpoint of assessment of the adhesive properties of the surface
layer it is convenient to use free surface energy as a measure for the estimation of
technologies aimed at the constitution of such properties.

Adhesive properties of structural materials can be analysed at various levels of
structure: atomic, molecular, super-molecular, and macroscopic. The major
parameters of structure considered at the atomic, molecular and super-molecular
levels, as well as factors affecting the adhesive properties of the surface layer on the
macroscopic level, have been presented in Chapter 1.

Especially interesting is the possibility of constituting adhesive properties at
the macroscopic level, i.e. at the stage of particular technological processes applied
to ready products, as this has the greatest practical significance. The processes of
treatment or machining permit the obtainment of the following major effects related
to the adhesive properties of the surface layer:

- surface development,

- creation of functional groups,

- intensification of the processes of wetting,

- increase of polarity,

- generation of energy-active micro-defects,

- removal of gas and water molecules,

- super-molecular ordering of the structure (in the case of polymer materials),
- catalytic effect on the processes of adsorption,

- appearance of free radicals,

The effects of the processes of treatment or machining, i.e. of processes taking
place on the macroscopic level, may generate effects taking place on various levels.
This is related, among other things, with other phenomena of mechanical-chemical
character that occur in the course of the processes of treatment and machining.

Adhesive properties of the surface layer are, therefore, a derivative of
numerous phenomena and factors, not just those that take place during the processes
of synthesis, processing, or machining. Other factors related with the adhesive
properties of the surface layer of structural materials are presented in Fig. 3.4.
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Fig. 3.4. Other factors affecting the adhesive properties of the surface layer
of polymer materials

The specific nature of studying the free surface energy requires very careful
statistical processing of collected data. For this purpose parametric tests of
significance were employed, used for comparison of mean values of a tested feature
in two general populations. The tests take into account error of the first kind,
consisting in the rejection of the tested hypothesis in the case when it is true. Error
of the first kind, called the level of significance, was adopted at the level of o =
0.05. In view of the fact that the samples for which the tests were performed were
composed of 10 — 30 elements, they should be considered to be small samples.

With the adopted level of significance o the following hypothesis was
subjected to verification: H, : m; = m, (mean values of feature X in both
populations are identical), as opposed to the hypothesis: H, : m; = m, (mean values
of feature X in both populations are not identical). Also verified was the hypothesis
of the equality of variance. Depending on the effects of the verification, a suitable
model was selected for the comparison of the mean values.

Fig. 3.5 presents selected results of the experiment concerned with the
determination of the value of free surface energy of an aluminium alloy after the
application of various methods of surface preparation.
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Fig. 3.5. Value of free surface energy for PA7 alloy (EN AW 2024 acc. to PN-EN 573-
3:1998): 1 — after treatment with abrasive granular tool P320, 2 — after anode oxidation,
3 — after anode oxidation and degreasing, 4 — after treatment with abrasive granular tool
P320 and degreasing, 5 — after treatment with abrasive granular tool P320 and rinsing with
mains water [3.12]

It should be noted that the total value of free surface energy v, is a sum of the
dispersion and polar components. More information of this is given in Chapter 8.
Depending on the applied method of surface preparation, there are changes not only
in the total value of free surface energy, but the components of the energy tend to
change to different extents. This is of significant importance for the constitution of
the adhesive properties.

Table 3.1 presents the results of determinations of free surface energy for the
PA1 alloy after the application of various methods of surface preparation.



Fundamentals of metal-metal adhesive joint design

71

Table 3.1. Free surface energy of PA1 aluminium alloy (EN-AW-3103 acc. to PN-EN573-

3:1998)
Method of surface |Wetting Free surface energy
Item | preparation angle vs [mJ/mZ]
0[]
H,O |CHaJy|ys e ’s
1 Treatment with 73,2 [31,0 |38,6 6,7 45,3
P320
2 Treatment with 75,8 28,5 40,7 4,7 45,4
P320 + degreasing
3 Treatment with 80,8 [29,8 (41,5 2,9 44,4
P320 + water
4 Anodising 19,9 (28,0 |30,2 39,6 69,8

The manner of surface preparation has a significant effect on the strength of the
effected adhesive bonds. The results of comparative studies are presented figures
3.6-3.14[12].

Fig. 3.6. Ratio of destructive stress t,; of a lap joint after i-th method of surface preparation
to destructive stress T, after treatment with granular tool P320 for adhesive joints of PA7

(EN AW 2024 acc. to PN-EN 573-3:1998) bonded with the adhesive E57/PAC/10:8:

1 — after treatment with the abrasive granular tool P320, 2 — after anode oxidation, 3 — after
anode oxidation and degreasing, 4 — after treatment with abrasive granular tool P320 and

degreasing, 5 — after treatment with abrasive granular tool P320 and rinsing with mains

water; curing at ambient temperature [3.12]
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Table 3.2. presents the values of free surface energy and its components for zinc
coated sheets after about a year of seasoning under laboratory conditions (no
additional treatment). It is worth noting the differences in the values of the polar
component for sheets zinc coated with the electrolytic and immersion methods.

Table 3.2. Values of wetting angle and free surface energy and its components for zinc
coated sheets [3.15, 3.16]

Item | Type of zinc coated sheets Wetting angle 6[°] | Free surface energy and its
components [mJ/m?]
Ow B4 Ys ¥s" o
1 |Zinc coated sheets
(electrolytic method) 40,0 28,1 60,4 21,7 32,7
2 |Zinc coated sheets
(immersion method) 73,8 35,7 43,2 6,6 36,6

In the case of aluminium alloys there is a very distinct positive effect of the
technology of anode oxidation on their adhesive properties. Application of that
technology causes observable increase both in the value of free surface energy and
in strength. Also notable is the negative effect of rinsing with mains water on the
strength of the bonds formed, with a relatively slight effect of that operation on the
value of free surface energy. More important results are presented in figures 3.7 and
3.8. After anode oxidation an increase of about 40% was observed in the strength of
the bonds, as compared to the strength obtained after the application of treatment
with the abrasive granular tool P320.

Fig. 3.7. Value of free surface energy for PA1 aluminium alloy (EN-AW-3103 acc. to PN-
EN573-3:1998): 1 — after treatment with the abrasive granular tool P320, 2 — after anode
oxidation, 3 — after treatment with the abrasive granular tool P320 and degreasing, 4 — after
treatment with abrasive granular tool P320 and rinsing with mains water [3.12]



Fundamentals of metal-metal adhesive joint design 73

Fig. 3.8. Ratio of destructive stress t,; of a lap joint after i-th method of surface preparation
to destructive stress T, after treatment with the abrasive granular tool P320 for adhesive
joints of PA1 (EN-AW-3103 acc. to PN-EN573-3:1998) bonded with the adhesive
E57/PAC/10:8: 1 — after treatment with the abrasive granular tool P320, 2 — after anode
oxidation, 3 — after treatment with the abrasive granular tool P320 and degreasing, 4 — after
treatment with the abrasive granular tool P320 and rinsing with mains water; curing at
ambient temperature [3.12]

It is interesting to compare the relation between the value of free surface
energy and the shearing stress of adhesive bonds for steel grade St3S (E235A acc.
to ISO 630:1995) (Fig. 3.9, Fig. 3.10). After rinsing with mains water the value of
free surface energy increase, while the strength of the bonds strongly decreases. The
environment of mains water accelerates the process of surface oxidation, and iron
oxides are weakly bound with the surface, hence the rapid decrease in strength.
Also, a positive effect of degreasing can be observed. Although it has no greater
effect on the value of free surface energy, but it does cause a notable increase in the
strength of the bonds.
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Fig. 3.9. Value of free surface energy for steel grade St3S (E235A acc. to 1SO 630:1995):
1 — after treatment with the abrasive granular tool P320, 2 — after treatment with the abrasive
granular tool P320 and degreasing with the Loctite7061 preparation, 3 — after treatment with

the abrasive granular tool P320 and rinsing with mains water [3.12]

Fig. 3.10. Ratio of destructive stress t,; of lap joint after i-th method of surface preparation
to destructive stress T, after treatment with the abrasive granular tool P320 for adhesive
joints of St3S steel (E235A acc. to 1ISO 630:1995) bonded with adhesive E57/PAC:10:8:

1 — after treatment with the abrasive granular tool P320, 2 — after treatment with the abrasive
granular tool P320 and degreasing with the Loctite7061 preparation, 3 — after treatment
with the abrasive granular tool P320 and rinsing with mains water; curing at ambient
temperature [3.12]

Rinsing with mains water does not display such a negative effect on the
strength of adhesive joints in the case of stainless steels (Fig. 3.11, Fig. 3.12). In
this case that operation has no greater effect on the value of free surface energy nor
on the strength of the bonds.
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Fig. 3.11. Value of free surface energy for stainless steel grade ITH18N9TA
(X6CrNiTi18-10-2 acc. to PN-EN 100881): 1 — after treatment with the abrasive granular
tool P320, 2 — after treatment with the abrasive granular tool P320 and degreasing with the
Loctite7061 preparation, 3 — after treatment with the abrasive granular tool P320 and rinsing
with mains water [3.12]

Fig. 3.12. Ratio of destructive stress t,; of a lap joint after i-th method of surface preparation
to destructive stress T, after treatment with the abrasive granular tool P320 for adhesive
joints of stainless steel grade 1H18N9TA (X6CrNiTi18-10-2 acc. to PN-EN 100881)
bonded with adhesive E57/PAC:10:8: 1 — after treatment with the abrasive granular tool
P320, 2 — after treatment with the abrasive granular tool P320 and degreasing with the
Loctite7061 preparation, 3 — after treatment with the abrasive granular tool P320 and rinsing
with mains water; curing at ambient temperature [3.12]
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In the case of the WT10 titanium alloy (Fig. 3.13, Fig. 3.14) there is a distinct
positive effect of degreasing on the strength of bonds. It is interesting to note that
the WT10 alloy in untreated state displays a fairly high value of free surface energy,
while its adhesive joints have very low strength characteristics. This indicates the
existence of a physical adsorption layer that has a strong weakening effect on
adhesive bonds.

Fig. 3.13. Value of free surface energy for titanium alloy grade WT10: 1 — after treatment
with the abrasive granular tool P320, 2 — after treatment with the abrasive granular tool
P320 and degreasing with the Loctite7061 preparation, 3 — in untreated state

It is generally accepted that dominant technologies in the preparation of
surfaces of structural materials for adhesive bonding and sealing are chemical
technologies (including also conventional washing with classic agents emulsifying
fats and greases). The experiments carried out support the thesis of significant effect
of treatment with granular tools on the value of free surface energy. The
experiments show that treatment with granular tools increases the value of free
surface energy. For most structural materials there is also an increase in the value of
the bond breaking force. Fig. 3.15 presents the results of a relevant experiment.
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Fig. 3.14. Ratio of destructive stress t,; of lap joint after i-th method of surface preparation
to destructive stress T, after treatment with the abrasive granular tool P320 for adhesive
joints of WT10 titanium alloy bonded with adhesive E57/PAC/10:8, with curing at ambient
temperature: 1 — after treatment with the abrasive granular tool P320, 2 — after treatment
with the abrasive granular tool P320 and degreasing with the Loctite7061 preparation,

3 —in untreated state [3.12]

Fig. 3.15. Relative value of free surface energy for PA1 aluminium alloy (EN-AW-3103
acc. to PN-EN573-3:1998) after treatment with abrasive granular tool: 1 — P320, 2 — P120,
3 - P500.
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Degreasing is a technological operation aimed at removing greases and other
organic contaminants from surfaces to be bonded or sealed. Fig. 3.16 presents
certain results of an experiment concerned with the effect of degreasing on the
strength of adhesive joints of metals.

Fig. 3.16. Value of force breaking a lap adhesive joint: 1 — PA7 alloy (EN AW 2024 acc.
to PN-EN 573-3:1998) after treatment with abrasive granular tool P320, 2 — PA7 alloy
(EN AW 2024 acc. to PN-EN 573-3:1998) after treatment with abrasive granular tool P320
and degreasing with the Loctite 7061 preparation, 3- St3S steel (E235A acc. to ISO
630:1995) after treatment with abrasive granular tool P320, 4 - St3S steel (E235A acc. to
ISO 630:1995) after treatment with abrasive granular tool P320 and degreasing with Loctite
7061; adhesive E57/PAC/10:8, curing at ambient temperature, joint dimensions acc. To
PN-69/C - 89300

The obtained results of experiments permit the formulation of the statement
that an appropriate process of surface preparation and its correct performance may
significantly facilitate increase in the strength of adhesive joint as well as the
constitution of specific energy properties of the surface layer. The ability of
controlling the energy status of the surface layer is important not only in the
processes of adhesive bonding or sealing, but also in all situations where there
occurs a flow of a medium (pipes, hoses), or tribological phenomena (plain
bearings, sleeves) and other.

The performed analysis and studies on the effect of selected technologies of
surface layer preparation, apart from the cognitive effects, permit the formulation of
some important conclusions of detail character, as follows:

1. Treatment by means of granular tools has a favourable effect on the adhesive
properties of all materials.
2. The most versatile granular tool is that with grain size within P300.
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3. Etching is a process that increases the free surface energy of the surface layer,
but the scope of application of the process or surface layer preparation is
limited to selected metals only.

4. Degreasing permits the removal of contaminants adsorbed on the surface layer.
The studies performed indicate the necessity of correct selection of degreasing
preparation.

5. In the case of aluminium alloys very good effects are obtained through the
application of anode oxidation of the surface layer. The operation “develops the
surface” and the oxides formed are strongly bound with the substrate.

6. For aluminium alloys rinsing with water is not recommended as an element of
the technology of surface preparation for adhesive bonding. After rinsing with
mains water a notable decrease is observed in the strength of adhesive joints. A
similar effect is observed in the case of structural steels of regular grades.

7. Stainless steels are less susceptible to oxidation, hence rinsing with mains water
has no significant effect on the energy properties of the surface nor on the
strength of adhesive bonds.

8. Worthy of emphasis is the highly important conclusion that free surface energy
cannot be a measure of the correctness of surface preparation of all materials
for adhesive bonding. In the case of materials whose oxides are weakly bound
with the substrate (e.g. steels), even though the process of oxidation increases
their value of free surface energy the strength of adhesive bonds of such
materials decreases.

3.1.2. Choice of adhesive

There is an extensive array of commercial adhesives for metal bonding on the
market. In spite of that, we do sometimes decide to prepare our own modification of
an adhesive. A good choice of adhesive for a specific structure and defined
conditions of its operation is the condition of effective adhesive bonding.

Major factors affecting the choice of adhesive are as follows:

- type of materials to be joined,

- mechanical loads in the process of operation,

- thermal loads in the process of operation,

- environment in which the bond will be operated,

- planned duration of operation (service life),

- type of protection of the bond area against environmental effects.

At present there many possibilities of modifying the properties of adhesives
and one can assume that there is a possibility of preparing a special adhesive for
every individual and specific case. Adhesive bonding is a process of too great a
complexity to permit the formulation of simple and universal principles. However,
we can provide several hints and indications, important from the viewpoint of the
effects of metal bonding.

1. Nonporous materials (e.g. metals) are not bonded with solvent adhesives.
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Materials containing non-polar molecules are bonded with the help of
adhesives with non-polar molecules, while materials containing polar
molecules are bonded with adhesives containing primarily polar molecules.
When cured (hardened), the adhesive should have properties similar to
those of the materials bonded. This concerns mainly such features as the
thermal expansion coefficient, also stiffness or rigidity, though in practice it
is not easy to achieve, especially when bonding metals.

The most universal are adhesives containing in their structures various
functional groups; chemical bonds between the adhesive and the material
bonded are the condition of high strength of the bond.

For metal bonding it is best to choose adhesives characterized by the lowest
possible hygroscopicity.

For bonding metal structures that are important from the viewpoint of
safety it is best to choose adhesives with the lowest possible rates of
chemical and thermal shrink of curing.

In structures that are subject to machining after adhesive bonding, care
must be taken that the adhesive used just be suitable for machining after
curing; the workability of adhesives can be improved through, among other
things, the addition of suitable fillers.

Structures that are to be subjected to variable loads in operation should be
joined by means of adhesives with suitable flexibility when cured.
Adhesives used to effect bonds that are to be operated in environments with
oils and greases should be characterized with resistance to the effect of such
agents.

It should also be mentioned that sometimes adhesives are used in special

structures and for special applications, e.g. adhesives for spacecraft structures,
adhesives conducting electric currents, adhesives conducting magnetic fluxes, etc.
In such cases adhesives are composed specially for a given application.

3.1.3. Preparation of adhesives

Preparation of adhesives is an important element of the technology of adhesive

bonding. It frequently requires from the workers a high level of skills and strict
observance of technological discipline. This is true especially in the case of
modified chemically-cured adhesives. The more important steps in the process of
adhesive preparation (dependent on the form of the adhesive) are the following:

dosage of components,

mixing of components,

dissolving of adhesives in the form of solids,
cutting and activation of adhesive films,
de-aggregation of powdered adhesives,
preheating of solid adhesives.
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Most commonly used are single-component adhesives, commercially available
in ready-to-use form, and that is the direction adopted by the adhesive-producing
industry. Such adhesives are quick-setting anaerobic assembly adhesives. Also
available in ready-to-use form are many solvent adhesives, especially those for
building construction and for the leather industry. Frequently used in the machine
building industry are chemically-setting adhesives, where immediately before
application it is necessary to mix the main component (so-called “base” component)
with the curing agent. The main component is often supplied as ready-to-use, but
sometimes there is a need to add certain modifying components, such as fillers,
colouring additives, antipyrenes, etc. In such situations we encounter the need for
dosage of components. Adhesives confectioned in small containers are frequently
provided with dosage fittings (for the base and the curing agent), but in the case of
industrial applications, when larger amounts of adhesives have to be prepared, it is
necessary to correctly measure out appropriate quantities of components. In the case
of chemo-setting adhesives, as a rule the curing agent should be added in quantities
close to stoichiometric. Too large a quantity of the hardener will cause that some of
it may remain unbound in the structure of the base component (most frequently a
resin), while its deficiency will cause that in the structure of the cured adhesive
there may occur ,thin spots”, i.e. areas with insufficient hardness or excessive
flexibility. Stoichiometric quantity of the curing agent is usually given in mass
units, hence the components of an adhesive are usually weight out in appropriate
containers.

Once the components have been correctly prepared, the next step is their
mixing. This seemingly simple operation is a highly important and responsible
element of the operation of adhesive bonding. Especially important are the
following elements:

- thorough and homogeneous mixing of the components,

- care to prevent the formation of air bubbles in the structure of the adhesive

during the mixing,

- time elapsing from the moment of joining the base component with the
hardener; after a certain period of time the stickiness of the adhesive
increases, the process of wetting becomes more and more difficult, and the
adhesive loses its bonding properties.

Once the adhesive is cured, air bubbles left in its structure become focus points
for stresses. In some cases they are located in the zone adjacent to the surface of the
materials bonded and then they may join with air bubbles in micro-irregularities of
the surfaces, creating bond-defect areas that may constitute a hazard to the load
capacity of the structure.

Adhesives in the form of a solid need to be dissolved with a suitable solvent or
melted down at elevated temperature. Hot-melt adhesives have to be used quickly,
as they are characterized by short “life-time”, i.e. time during which they can be
applied. The stickiness of such adhesives increases fast with decreasing
temperature. Therefore, such adhesives are used either in individual production or
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else require the application of specialized equipment for continuous maintaining of
high temperature. This latter solution is economically justified only in large-scale
production programmes.

For ecological reasons, the situation is the most favourable when the solvent
used in adhesive bonding is water, and such is the current trend in the production of
adhesives and solvent paints. The amount of solvent to be used is determined by the
required level of stickiness, and that is related to the conditions of bonding.
Adhesive bonding on vertical and steeply inclined walls requires the application of
adhesives with increased stickiness.

Adhesives in the form of films need to be cut into suitable strips, moreover, in
its surface layer the adhesive needs to be ,activated” in the process of so-called
»freshening-up” i.e. rubbing with a solvent. Such adhesives are applied in special
operations, and their curing requires the application of heating equipment and
special tooling for exerting the required clamping pressures.

Adhesives in the form of powder are mechanically or electrostatically sprayed
onto surfaces preheated to a temperature above the melting point of the adhesive
applied. Application of such adhesives should be preceded with a check for the
presence of aggregates - if aggregates are detected the adhesive powder should be
subjected to de-aggregation before application. Such adhesives are applied for
bonding complex structures, with atypical shapes, where application of adhesives
with other methods would be difficult.

In multi-component adhesives, most frequently chemo-setting, the dosage of
components and their proper mixing are highly important. In series production the
functions of dosage and mixing are realized in a continuous manner, most often by
means of mixing equipment provided with suitable metering units. Fig. 3.17
presents schematically the major operations involved in the preparation of
adhesives for application.

In the selection of a suitable type of equipment a significant role is played by
such factors as the physical parameters of the adhesive (especially stickiness), the
dimensions and location of the bonded surface, parameters of curing, and other
factors related to the specific design of the structure.
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| Preparation of adhesive |

| Dosage | | Mixing | | Others |
-Droppers | Manual | | Others | -Activation of film
-Metering tips

: i -De-aggregation of powder adhesives
-Metering npzzles . -Melting of high-melt adhesives
-Plunger units Mixers
-Gear-type metering units
-Paddle-type metering units
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I |

-Horseshoe mixers
-Propeller mixers
-Turbine mixers
-Frame mixers
-Helical mixers
-Belt mixers

-Helical mixers
-Paddle mixers
-Tube mixers

Fig. 3.17. Schematic presentation of equipment and major operations involved in the
preparation of adhesives for application

The properties of the adhesive applied in a specific case, next to the
mechanical and physical properties of the elements bonded, the shape and
dimensions of the bond and its manner of loading, and the manner of surface
preparation for the bonding, have a significant effect on the strength of the adhesive
joint.

3.1.4. Application of adhesive

Properly prepared adhesive should be evenly and rapidly applied on the
bonded surfaces. The amount of adhesive applied on the surfaces is very important.
Too thick a layer applied will cause seepage of the adhesive, but experiments have
shown that there is a range of adhesive layer thickness (approx. 0.05mm-0.15mm)
above which the strength of an adhesive bond decreases. Generally it can be stated
that the thickness of the layer of adhesive should be as low as possible, but
sufficient for full wetting of the surface in the macroscopic sense.

The major methods of adhesive application on surfaces are the following:

- manual (brush, spatula or putty knife, rollers),

- spraying (pneumatic, hydrodynamic, flame),

- immersion (single- and two-roller, curtain),

- high-temperature,

- fluidization,

- electrostatic.

Fig. 3.18 presents schematically typical methods of application of adhesives.
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Application of adhesives

Manual Mechanical
-brushes -Coat applicators:
-rollers single-roller
-putty knives twin-roller
-others curtain-type

-Spraying equipment:

air sprayers

electrostatic sprayers
electromechanical sprayers

Fig. 3.18. Schematic presentation of methods used in the operation of application of
adhesives

The issue of equipment for adhesive application onto surfaces bonded is
presented in greater detail in Chapter 6.

3.1.5. Curing of adhesive

Adhesives can be cold- or hot-setting. Adhesive bonding can also take place at
contact pressure or under increased pressure. Adhesives characterized by low
chemical and thermal shrink rates are cured at contact pressure. If the curing shrink
rate is high (up to several percent), then clamping pressure is applied that usually
does not exceed 2 MPa [3.2].

Typical equipment for the application of clamping pressure and required
process temperature is presented schematically in Fig. 3.19.
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Curing
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Pressure
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- drying at ambient temperature,
- resistance furnaces,

- convection heating,

- induction furnaces,

- IR or UV lamps,

- ultrasonics generators,

- radiation heating,

- mechanical clamps (screw-type,
spring-type, lever-type),

- mechanical, hydraulic, pneumatic
presses,

- autoclaves,

- pressure benches (negative pressure,
positive pressure)

- magnetic clamping units

- closed circuit flow heated medium

Fig. 3.19. Typical equipment used for application of pressure and increased temperature
in the process of adhesive curinging

Also, in the process of curing the choice of equipment to be used will be
determined, among other things, by the design of the elements bonded, the
dimensions and form of the structure, as well as by the physical properties of the
adhesive and the materials bonded.

3.1.6. Setting (fixing) of bonded elements

In the process of adhesive bonding the elements joined are divided by a thin
layer of adhesive in liquid form. Positive alignment of one element with relation to
the other must, therefore, be realized with the help of appropriate fixing elements. It
should also be kept in mind that as a rule the elements subjected to adhesive
bonding are thin-wall, i.e. characterized by low rigidity. For this reason the fixing
and mounting elements cannot be of point type. As a rule, the fixing or supporting
elements should be ,,negatives” of the bonded elements, and the pressure applied
should flexible and distributed as evenly as possible over the whole surface area. A
view of a bonding fixture for lap joints is presented in Fig. 3.20.
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Fig. 3.20. View of a bonding fixture for lap joints

More information on the major types of equipment for applying pressure to
elements joined through adhesive bonding is provided in Chapter 6.

3.1.7. Finishing and bond inspection

Preliminary inspection of established adhesive bonds usually consists in
visually inspecting the bond and may be followed by the finishing treatment of the
bond. Finishing treatment typically consists in the removal of adhesive flash at both
sides of the lap joint, or in chamfering the elements bonded if such an operation
could not have been made before. Part of the adhesive flash, located directly in the
corner of the joint should be left in place (if the structure permits it). This is
illustrated schematically in Fig. 3.21a.



Fundamentals of metal-metal adhesive joint design 87

Fig. 3.21. Formation of lap joints: a) flash of adhesive in a lap joint: 1 — part of the adhesive
flash to be removed, 2 — corner of the joint filled with adhesive, b) joint with chamfered
ends of the lap

Leaving the corner of the joint filled with adhesive significantly reduces the
concentration of stresses. The effect is similar, though somewhat lesser, to that
achieved through the application of chamfering of lap joints (Fig. 3.21b).

Other types of bond inspection are related to the testing the continuity of
bonding in the adhesive and cohesive zones. Such testing is most frequently made
with the help of X-ray or magnetic flaw detection. Also destructive tests are
performed, concerning the static and dynamic strength of bonds, most often on so-
called “companion samples”.

Additionally, bond areas are protected with paint coating. This significantly
reduces water diffusion into the adhesive zone and thus the decrease in the strength
of the bond in the function of time.

3.2. Principlesof selection of technological conditions of bonding

The most important technological conditionss of adhesive bonding are:
- curing temperature,

- curing time,

- clamping pressure per unit of bonded surface.

It is advantageous to conduct the process of adhesive bonding at ambient
temperature. This does not require the use of complex heating equipment that would
have to ensure uniform heating of the whole bonding zone. It turns out, however,
that bonds cured at higher temperature (this concerns many adhesives, especially
epoxy adhesives) are characterized by better thermal and chemical resistance.
Hence adhesive joints used in important structures are frequently cured in two
stages — after curing at ambient temperature a process of after-bake is applied. The
purpose of after-bake is to increase of degree of crosslinking. It should be noted,
however, that it frequently involves an increase in the rigidity of the cured adhesive.
Too high temperature of after-bake may also be the cause of initiation of the
process of destruction of the adhesive, especially when bonding certain materials
containing elements conducive to the degradation of adhesives (e.g. iron).
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In the case of curing adhesives at higher temperatures, the time of curing is
also important and manufacturers’ recommendations in this respect should be
observed. At present, leading manufacturers of adhesives have experimental data
that have been accumulated over years, so their recommendations are more and
more credible. The process of after-baking can last from several minutes to about
two hours.

Unit clamping pressure is also an important parameter and its value depends on
the following major factors:

- value of curing shrinkage (chemical and thermal),
- form of adhesive (liquid adhesive, film),

- viscosity of adhesive,

- topographic features of the elements bonded.

High rate of shrink during curing (e.g. of phenolic adhesives) requires a higher
value of clamping pressure. Most adhesives of new generation are characterized by
low curing shrink rates. Low rates of chemical shrinkage are also characteristic of
the still-popular epoxy adhesives.

Adhesives in the form of film require considerable clamping pressures during
bonding. This is understandable, as the pressure allows for good wetting of surface
when heating the bond area. Adhesive film should be pressed to the bonded
surfaces during their mutual alignment. It is deformed in an elastic-plastic manner
on the micro-irregularities of the bonded surfaces. Frequently, however, at that
stage of adhesive bonding air bubbles are sealed at the bottom of such surface
micro-irregularities. When the bonded area is heated, clamping pressure is
necessary to facilitate filling of the surface micro-irregularities with adhesive. In
such cases it is recommended to conduct the curing under negative pressure (in an
autoclave), in order to achieve de-aeration of the bond zone.

Viscosity of adhesive is close related with its wetting ability. Higher viscosity
means the necessity of applying increased clamping pressure.

The topographic features of the bonded surfaces characterize the surfaces as to
their wetting ability. Surfaces with high level of smoothness are easily coated with
adhesives if they are characterized by high values of free surface energy. Surfaces
that are strongly ,,developed” require the application of clamping pressure during
the bonding to facilitate filling surface micro-irregularities with adhesive.
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Chapter 4

Producibility of bonded structures

4.1. Factors deter mining producibility in bonding oper ations

The producibility of a structure [4.2, 4.5, 4.9] is a set of features determining
the ,,compatibility” of the structure with the technological process that is to be
applied, at the same time ensuring the possibility of applying a process that will
provide the lowest possible cost of producing the structure. Features of structures
that are important from the viewpoint of adhesive bonding are presented
schematically in Fig. 4.1.

Producibility of structures in adhesive bonding process

Kind of Surface of Geometric features Geometric features
material bonding of the structure of the joint
- _| |
size form size form type dimensions
|
set of features accessibility - strapped joint
of surface layer of bonded - lap joint
surfaces - heading joint

- trunnion-sleeve
- other types of joints

Fig. 4.1. Primary features determining the producibility of structures in the operations of
adhesive bonding

As follows from Fig. 4.1, the producibility of structures is determined by
numerous factors related both to the geometric and the physical features of the
elements joined.

The kind of material is a fundamental factor determining the producibility of a
structure in the process of adhesive bonding. The condition of effective bonding is,
first of all, good wetting of the bonded material by the adhesive. Hence the simple
conclusion, discussed in greater detail in Chapter 1, that the value of free surface
energy of the metal bonded must be higher than the value of free surface energy of
the adhesive used. Preferably, the difference between the values of free surface
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energy should exceed 10 mJ/m?. Correct relation between the free surface energy
values of the bonded material and the adhesive is not, however, a sufficient
condition for effecting a good bond. Also very important are the structure and
strength properties of the layer of oxides, sulphides, and other chemical compounds
forming the chemical and physical adsorption layers which, in the case of metals,
e.g. aluminium alloys, form rapidly after the completion of preparatory operations
for adhesive bonding. Certain oxides are very weakly bound with the substrate (e.g.
with the surface of structural carbon steels); in this case they should be carefully
removed from the bonded surface before the actual bonding, even though the value
of free surface energy of a ,corroded” surface is high. In other cases (e.g.
aluminium alloys) oxides are very strongly bound with the substrate, hence, in
relevant structures (e.g. in aerospace), the process of producing such oxides is
conducted on purpose (e.g. anode oxidation). Moreover, such a layer of oxides has a
high value of free surface energy.

If we assume that, from the viewpoint of the material, the fundamental
criterion of producibility of a structure in the process of adhesive bonding is the
cost of surface layer preparation, then we can accept that more favourable are those
materials for which surface layer preparation for bonding is limited to simple
machining and degreasing. The purpose of the machining is to remove the physical
adsorption layer and the layer of oxides, while degreasing is performed to remove
contaminants deposited in the course of machining and remaining particles of fats
and greases. With such an assumption we can state that carbon steels and cast-irons
are materials that improve producibility in operations of adhesive bonding, while
alloy steels, aluminium alloys, and copper, titanium and magnesium alloys require
special and costly methods of surface layer preparation, thus deteriorating the
producibility of structures. The subject of methods of surface layer preparation for
those materials is discussed in greater detail in section 3.1.

An important factor affecting the producibility of bonded structures is the size
and form of the bonded surface. The most producible are flat surfaces of small
dimensions. It is then possible to use simple devices for the application of adhesives
[4.4], and adhesive application by hand is also easy. Considerable problems are
involved where concave or convex surfaces are concerned — these usually require
the application of adhesive film or adhesives with increased viscosity. Increased
viscosity entails poorer wetting, so the operation of bonding requires the application
of effective clamping pressure over the whole bonding surface area, which or
course increases the costs. Bonding surfaces of considerable area require uniform
application of the layer of adhesive. The process of adhesive application should take
a relatively short period of time, which is especially important in the case of chemo-
setting adhesives. Modern chemo-setting adhesives have a relatively short setting
time, hence excessive ,stretching in time” of adhesive application may cause a
differentiation in the properties of the bond in its various zones, with a resultant
decrease in the strength of the bond effected. Also important is the set of features,
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especially stereometric, of the bonded surfaces, as they have a strong effect on the
wetting of the surfaces.

Another important group of factors is related to the geometric features of the
structure as a whole, if adhesive bonding is employed at the stage of its assembly.
This relates primarily to the accessibility of the bonded surfaces, and to their spatial
orientation. Difficult to bond are such elements whose bonded surfaces are oriented
in the vertical plane, and even more difficult those for which the adhesive is applied
on the “ceiling” surface. Such an orientation of surfaces, especially when the
surfaces are of considerable dimensions, makes a structure to be highly non-
producible in adhesive bonding operations [4.3, 4.7, 4.8].

The geometric features of a joint, and especially the type of the joint, have a
strong effect on the producibility of a structure in adhesive bonding operations.
Figures 4.2 — 4.15 present the more important types of adhesive joints with a
synthetic evaluation of their producibility [4.1, 4.4, 4.6].

Fig. 4.2. Lap joint - a producible type of joint, most frequently used; eccentricity of load
causes deterioration of the strength properties

Fig. 4.3. Strapped joint — easy to make, requires the application of a strap



94 J. Kuczmaszewski

Fig. 4.4. Double-strapped joint — more difficult to make than a simple strapped joint;
increases the weight of the structure, requires the fabrication of straps, eliminates the
eccentricity of loads, has good strength characteristics

Fig. 4.5. Lap joint with chamfered overlap edges; higher strength than that of simple lap
joint due to lower concentration of stresses at ends of overlap; requires troublesome
chamfering of edges
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Fig. 4.6. Simple heading joint — easy to make, however cohesive peel strength of cured
adhesive is limited

Fig. 4.7. Chamfered heading joint — higher strength than that of simple heading joint,
requires the additional operation of chamfering
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Fig. 4.8. Lap joint with offset overlap section; eliminates eccentricity of loads, easy to make,
but requires the additional operation of bending the overlap section

Fig. 4.9. Trunnion-sleeve joint — high strength, but difficulty in achieving concentricity of
bonded elements
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Fig. 4.10. Compound joint — an example of adhesive joint with enhanced rigidity with
simultaneous improvement in strength

Fig. 4.11. High-strength angle joint capable of transmitting loads in various directions;
requires the operation of machining the overlap sections
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Fig. 4.12. Feather joint - example of improving the strength of an adhesive heading joint

Fig. 4.13. Lap-heading joint - eample of adhesive bonding of tubes; this type of joint
improves the strength of the connection, but requires appropriate formation of the overlap
sections
























Chapter 5

Strength of bonded joints

5.1. Stressanalysisin bonded joints

Adhesive bond is a specific type of a sandwich structure. Cured adhesive is
usually a material strongly differing in its physical properties from the material or
materials bonded. The state of stress in a bond is primarily a function of the state of
loading. In bonded structures the dominant type is lap joints with shear loading. Fig.
5.1 presents schematically a simplified model of stress distribution along the length
of overlap.

Fig. 5.1. Simplified model of stress distribution on the length of overlap

The first analysis of shear stress distribution in lap joints was made by
Volkersen [5.1, 5.5, 5.9], according to whom shear stresses on the length of the
overlap can be described by the equation

T, = A;cosh ox + Azsinh X (5.1)

where: A;, A, — constants defined by boundary conditions, @* = (1+y)o,
W = Om1/Om2, Oma, Oz, - thickness of bonded elements when gm; = Omz, @=4+/2¢,
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Gl?

¢ =
Egmgk

, Where g is the thickness of the layer of adhesive. Assuming that

_ T . L
7 =—%, and X = x/I, the equation of stress distribution can be reduced to the non-
Tm

dimensional form

T =

@ cosh wX +(w—1}g sinh wX 52)

2sinhw/2 (y+1)2 coshw/?2

where: 1, — value of tangential stress in the analysed section, t,, — mean tangential
stress.
The highest tangential stresses occur at the ends of the overlap and equal

Toax = \/E coth \/E (5.3)
2 2

When the value of tangential stress exceeds the value of destructive stress T,
the bond breaks. Knowing the value of the stresses and the dimensions of the joint,
i.e. the length of overlap | and the width of overlap b, and assuming the same tensile
stiffness for both bonded elements, i.e. Eigmi, = E> Omp, We can formulate the
relation for the value of force breaking the bond

P=rb 20,9,E sinhml (5.4)
G, coshml+I

where: m= \/& OB+ Oma s (5.5)
9 9mEi9m.Es

We must be aware of the fact, however, that in a lap joint there are also normal
stresses which, under certain circumstances, may decide of the breaking of the
bond.

The presented analytical consideration and obtained solution results form the
adoption of boundary conditions necessary for the calculation of constants of
integration. The consequence of such a solution is the occurrence of the greatest
tangential stresses at the edge of the overlap. In reality, the tangential stress must be
zero at the edge. This edge effect can be well illustrated by means of finite elements
analysis. Fig. 5.2. presents examples of such analysis.
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Fig. 5.2. Tangential stress distribution along the length of overlap as determined with the
finite elements method for the following conditions: E = 2,1 x10°> MPa, g, = 0,15mm,
gm=2mm, 1 -F =900N, 2 - F =2700N, 3 — F =5400N, |, = 25 mm [5.22]

Analysing tangential stress distribution on the length of the overlap we
encounter the problem of determining the limit length of overlap, i.e. the length
above which change in the value of maximum tangential stress is negligible, which
means also that further increase in the length of overlap is pointless as it does not
lead to further increase in the load capacity of the bond. Knowledge of the limit
length of overlap has also an important application significance as it permits
indirect calculation of the limit thickness of bonded elements, i.e. the thickness
resulting from equality:

Ke.Om.b = Ticl.b (5.6)

Tl
K

r

hence: O z (5.7)

where: k; — permissible tensile stress of bonded materials, b — width of overlap,
Tk — permissible shear stress of cured adhesive, |, — length of overlap.
Skipping detailed analysis, the limit length of overlap can be calculated from the

relation [5.5, 5.9, 5.23]:
E
l, >5 [2InEn (5.8)
2G,
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If we assume that the thickness of the layer of adhesive is approximately
constant, and bonding concerns one material with a set thickness, we can see that
the limit length of overlap is, in such a case, a function of stiffness of the adhesive.
Hence, the strength of an adhesive joint can be predicted on the basis of the
physical properties of the adhesive when cured, among other things. The limit
length of overlap for steels and aluminium alloys, determined analytically, is
presented in Fig. 5.3 and 5.4.

5.00

4.00 | : /50’

v/

2.00 | /
/

1.00 / /

I T T T T

10.00 20.00 30.00 40.00 50.00 60.00
lgr, mm

Om MM

Fig. 5.3. Analytical relation Iy = f(gm) for steel at: 1 — G, = 500 MPa, 2 — G, = 1000 MPa,
3 - Gy =1500 MPa, 4 — G, = 2000 MPa, [5.22]

Volkersen’s theory does not consider the eccentricity of load force effect, i.e.
also of the bending moment and, consequently, normal stresses, while sometimes it
is normal stresses that decide about the de-cohesion of lap joints subjected to shear
loads.
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5.00 10.00 15.00 20.00 25.00 30.00 35.00
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Fig. 5.4. Analytical relation Iy, = f(gm) for aluminium alloys at: 1 — G, = 500 MPa,
2 — G, = 1000 MPa, 3 — G, = 1500 MPa, 4 — G = 2000 MPa, [5.22]

Om, Mm

Physical interpretation of the limit length of overlap is well illustrated by
analysis with the method of finite elements. Fig. 5.5 presents tangential stress
distribution along the length of overlap for overlaps shorter than the limit length,
approximately equal to the limit length, and longer than the limit length. As can be
seen, in the centre part of overlap, for I>ly joint, the adhesive transmits virtually no
load; such a joint, for the given load conditions and geometric features of the joint,
is clearly over-dimensioned.

3

NN

v

n
Fig. 5.5. Stress distribution 7, = f | anng overlap Iength a — shorter than the limit,

b — approx. equal to the limit, c — longer than the limit
Goland and Reissner [10] made an analysis of stress distribution in adhesive
lap joints, taking into consideration the occurrence of bending moment. Leaving out
the thickness of the layer of adhesive, bending moment in a lap joint can be
presented as follows:
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M, = koPg—zm (5.9)

where P is the load force, t is the thickness of the bonded elements (with the
assumption that the elements bonded are of the same thickness), and k, is a
coefficient dependent on the value of the load applied. The thickness of the
adhesive layer is not included in this case. For low loads the characteristic turn-in of
the ends of the overlap towards the centre plane of the bonded materials is not
observed, and in such a situation k = 1. Considering the Goland and Reissner
analysis, the highest normal stresses at the ends of the overlap are:

O = Toko 105Gy (5.10)
2 Et,

where: o, = P/bgn, b — width of the overlap.

In this context, it becomes interesting to formulate the criterion of the bond
effort. The problem is not an easy one. The adoption of effort hypotheses based on
rheological models, typical for structural elements of polymer materials, does not
always ensure correct modelling of the physical properties of the adhesive, due to
the specific dimensions and working conditions of the bond.

Our own studies in the range of destructive testing, as well as finite
elements analysis, permit also the adoption of the hypothesis of the highest normal
stress. The reduced stress for that hypothesis has the form:

o, 1/, 2 )05
=—+=-\o; +4

Mutual relations between the values of tangential stress, normal stress and
reduced stress depend to the greatest extent on the thickness of the layer of adhesive
and on the thickness of the bonded materials. The analysis performed assumes that
an adhesive bond responds to a load as an elastic body. For adhesives with high
elasticity we can use in the analysis the secant modulus of elasticity E — the idea of
that correction is presented in Fig. 5.6.
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Fig. 5.6. Determination of the secant modulus of elasticity [5.9]

Advances in chemical technology, in the field of structural adhesives, cause that
more and more often adhesive bonding is applied for mounting and securing of
gears and pulleys, bearings, and other axis-symmetrical elements of structures. Such
bonds are characterized by high strength; the adhesive is only shear-loaded, which
is the type of load that is best transmitted by adhesive bonds.

For the determination of tangential stresses one can employ the Grant model
[5.1], the idea of the method being presented in Fig. 5.7.

Fig. 5.7. Theoretical curve of deformation of a layer of adhesive

When vy < 7, then T = YG,, and if v > v, the stress is calculated as follows:

T,=T7T, +( (Z,B j (5.12)

a+ f

where o = YG¢ - Te, B = Tmax = Te
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Modern structural adhesives clearly display viscoelastic properties, hence the
inclusion - in strength analysis — of the course of adhesive deformation as in Fig.
5.7 is justified.

5.1.1. Effect of edgelinelength

It was expected that the existence of adhesive flash on the edges of the bond
and the concentration of stresses may, in the case of bonds with small bonding area,
significantly affect the strength of the bond. Therefore, a series of experiments was
performed [5.21] with the use of adhesives type K-153 and WK-3, i.e. adhesives
which — when cured — produce bonds with very low stiffness. Samples had a
bonding surface of S = 6 cm? and the following lengths of the bond edge line: Is =
113 mm, 130 mm, 165 mm, 177 mm, 195 mm, 205 mm. Change in the length of the
bond edge line was achieved by varying the shapes of the boding area while
retaining the length of overlap. An example of such a modification is presented in
Fig. 5.8.

A
\ 4

Length of overlap
Fig. 5.8. Example of lap joint with increased length of overlap, as used in the experiment

In the experiments changes were observed in the bond-breaking stress as a
function of the bond edge line length.

The results representing the ratio of the destructive stress Rt, breaking a bond
with increased length of bond edge line, to the destructive stress Rto, breaking a lap
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joint of 20 mm x 30 mm (Is = 100 mm) for steel and PA6 aluminium alloy and
WK-3 and K-153 adhesives are presented in Fig. 5.9.

Fig. 5.9. Effect of edge line length on the ratio of the strength of a bond with increased edge
line length (Rt) to the strength of a bond with a section of 20x30 mm (Rto ): 4 - PA6-PA6
aluminium alloy bond (AW-AICu4MgSi acc. to PN-EN 573-3:1998), K-153 adhesive,

3 - PA6-PAG6 bond (AW-AICu4MgSi acc. to PN-EN 573-3:1998), WK-3 adhesive,

5 - C45-C45 steel bond, K-153 adhesive, 2 - C45-C45 steel bond, WK-3 adhesive [5.22]

The reported experiment shows that increase in the edge line length of a bond
causes an increase in the destructive stress value. This effect should be related with
the existence of an adhesive flash on the edge of the bond, increasing the bonding
surface area. However, the effect is somewhat greater than could be expected from
simple geometric analysis concerning the increase in the bond surface area. It seems
that the effect of increase in the destructive stress with increasing length of bond
edge line is also influenced by a reduction in the concentration of stress at the ends
of the overlap. This is also supported by model analysis with the finite elements
method.

5.1.2. Effect of chamfering of overlap ends

Chamfering of overlap edges in adhesive bonds is one of the methods of

. . . . T
reducing the coefficient of stress concentration, defined as £ =—"2-. As follows
Sr
from theoretical analysis, model analysis with the method of finite elements, or —
ultimately — experimental studies, stress concentration at the ends of bond overlap
depends on the coefficient of elongation elasticity of adhesive, bending stiffness of
the bonded elements, load conditions, thickness of layer of adhesive, etc.
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Chamfering permits a reduction of the bending stiffness of the overlap, and thus a
reduction of the coefficient of stress concentration.

Variation of adhesive stiffness along the overlap is beyond consideration for
technological reasons, so what remains is the possibility of controlling the stiffness
of the bonded materials. This is possible through chamfering the overlap ends.
Significant reduction of the coefficient of stress concentration at the ends of bond
overlap through the chamfering of the bonded elements has been substantiated and
applied in practice wherever there are no serious technological counter-indications.
What is significant from the viewpoint of these considerations is only the
guantification of that effect as a function of the strength and elastic properties of the
adhesive used.

Fig. 5.10 presents schematically a lap joint with chamfered ends.

Fig. 5.10. Schematic illustration of chamfering of bond overlap ends

For purposes of verification of the above, a suitable experiment was
performed, whose major results are presented in Fig. 5.11.

It should be noted, however, that an epoxy adhesive cured with Z-1 tri-
ethylene-tetramine is a “stiff” adhesive. In this case the effect of chamfering is more
observable. For adhesives with greater flexibility the effect is not so pronounced.
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Fig. 5.11. Comparison of shearing strength of a PA6-PAG6 lap joint (AW-AICu4MgSi acc.
to PN-EN 573-3:1998) in destructive tests: t/t,— ratio of stress breaking the bond for a joint
without chamfering of overlap ends to corresponding stress value for a bond with chamfered

overlap ends, adhesive E5/Z-1/10:1, sheet thickness g, = 2 mm, o = 45°[5.22]

The phenomenon of the occurrence of considerable concentration of stresses at
the ends of bond overlap inseparably accompanies adhesive lap joints. As follows
from theoretical analysis, destructive tests and model analysis with finite elements
method, the coefficient of stress concentration depends primarily on the stiffness of
the binding medium, characterized by the modulus of rigidity Gy, or longitudinal
modulus of elasticity E,, bending stiffness EJ of bonded materials, thickness of the
layer of adhesive, and boundary conditions. Analysis of these factors shows that the
possibilities of controlling the coefficient of stress concentration should be sought
in changes of bending stiffness EJ. Increasing the thickness of the layer of adhesive
usually leads to a decrease in the strength of the bond, so it cannot be the right way
to go, and controlling the modulus of elasticity of the adhesive as a function of
overlap length is very difficult technologically. In view of this, chamfering of
overlap ends is the simplest solution. This is confirmed unquestionably by the
results of the experiment. It should be emphasized, however, that the effect of
chamfering is significant at small values of thickness of bonded materials, and for
steel sheets with thickness above 3 mm the strength increase resulting from the
application of overlap ends chamfering is already less than 5%.

It should also be noted that in chamfered bonds the positive effect of adhesive
flash virtually disappears, nevertheless the overall effects achieved with this method
are highly advantageous.
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5.1.3. Effect of adhesiveflash at overlap ends

Flash of adhesive at the edge of a lap joint is a typical technological
phenomenon in adhesive bonding operations. A schematic illustration of a lap joint
with adhesive flash is presented in Fig. 5.12.

adhesive flash
Fig. 5.12. Schematic illustration of adhesive flash at overlap ends

It is frequent for technological process to provide for the removal of adhesive
flashes. The effect of the presence of flashes on the stress condition at overlap ends
was subjected to finite elements analysis.

It was expected that the existence of the adhesive flash in the area of stress
concentration could significantly reduce that concentration. This is confirmed by
the results of a numerical experiment, presented in Fig. 5.13.

90
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Fig. 5.13. Tangential stress distribution along overlap length: E, = 3500 MPa,
E = 0.7x10° MPa, gm = 2 mm; P = 2700 N, 1, = 5.4 MPa, 2 — lap joint without adhesive
flash, 3 — lap joint with adhesive flash [5.22]
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As follows from Fig. 5.13, the highest shear stress occurs at a distance of about
0.2 mm from the edge of the joint and its value for the joint with adhesive flash is
less than a half of that in the joint without adhesive flash. The presence of the
adhesive flash significantly reduces stress concentration. This phenomenon is
favourable for the load capacity of adhesive joints of metals. As adhesive flashes
are an inseparable element of adhesive bonding operations, the practical conclusion
following from the reported experiments is that the flashes should not be treated as
technological flaws and should not be removed unless necessary.

The above considerations, and the physical and numerical experiments permit

the formulation of the following major conclusions:

1. The analysed edge effects significantly affect the strength of adhesive joints
of metals, therefore they may have to be taken into consideration, especially
in joints with small dimensions of bonding surface.

2. Favourable effect of chamfering is observed for a variety of materials
bonded and of adhesives - from the practical point of view the best effects
are obtained by applying chamfering at the angle of o = 45°.

3. Adhesive flashes at overlap ends have a positive effect on the distribution
of stresses and should not be removed unless it is necessary.

4. The performed experiment involving variation in the edge line length at
constant surface area of bond and length of owverlap confirmed the
significance of the effect of the edge phenomena on the strength of
adhesive bonds.

5.2. Strength of face-face (heading) bonds

It is an infrequent occurrence to employ a face-face (heading) adhesive joint
subjected to tensile loads. An example of such a joint is presented in Fig. 5.14.

Fig. 5.14. Heading joint with characteristic deformation of the layer of adhesive

Characteristic deformation of the layer of adhesive is the result of large
difference in the values of longitudinal modulus of elasticity. This effect causes that
in the layer of adhesive immediately adjacent to the bonded material the adhesive
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displays an apparently higher value of the longitudinal modulus of elasticity than in
the central zone of the layer of adhesive. Adams and Coppendale [5.1] present the
following relation

1-v

B = B2

(5.13)

where v is Poisson coefficient, E, — longitudinal modulus of elasticity in the
boundary zone of the layer of adhesive, Ex — longitudinal modulus of elasticity in
the inner zone of adhesive

Fig. 5.15 presents a heading joint of two sleeves. It is not a recommended type
of joint. Unless there are specific design counter-indications, joint types presented

in Chapter 4 should rather be used.
z
T_i

bonded elements

adhesive

>l »
<« L | »

Fig. 5.15. Heading joint of two sleeves

The value of tangential stress on radius r in the case of a heading joint of
sleeves is determined as follows [5.1, 5.5, 5.9]:

2Tr

7, = (5.14)

where: T is a tangential force applied on radius r

Circumferential and radial stresses in a heading joint of sleeves loaded with an
axial force can be calculated from the relation

o, =0, = [v - EEV: ](l‘ivj (5.15)
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Heading joints subjected to axial tensile loads are calculated by dividing the
value of load force F by the value of the bond surface area S.

o= (5.16)

where K is the safety coefficient, ¢ — permissible tensile breaking stress, also
dependent on the adhesive layer thickness

As a rule, adhesive bonds should not be designed for tensile loads, especially
when the bond surface area is not large. Also significant are characteristic boundary
conditions. Considerable differences in the values of longitudinal modulus of
elasticity E for the adhesive and the bonded material cause that under tensile
loading of such a bond the boundary zone of the layer of adhesive, bound with
forces of adhesion to the bonded material, behaves differently than the central zone
of the layer of adhesive. This is illustrated in Fig. 5.14 in the form of characteristic
concavities in the layer of adhesive.

The strength of heading joints, as opposed to lap joints, is proportional to the
surface area of the bond. However, we should keep in mind that the edge
phenomena related to stress concentration cause that, in the range of small bond
surface areas, there is a distinct effect of the bond surface area on the strength of the
bond. An example of the results of studies is presented in Fig. 5.16.

Fig. 5.16. Effect of the size of bond surface area on ultimate tensile strength R,
1-9xk=015mm,2-gx=03mm,3-g¢=05mm,4-g,=1mm,5-g=3mm,
adhesive - E57/PAC/10:8 [5.22]
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This effect [R, = f(s)] is clearly visible for adhesive layer thickness values of gy
= 0.3 mm and 0.5 mm, that is for typical thickness values used in this type of joints.
This supports the influence of the edge effect, including that of stress concentration
— for small bond surface areas the influence is distinctly observable.

5.3. Strength of trunnion-sleeve bonds

A typical trunnion-sleeve joint is presented in Fig. 5.17.

A
\ 4

I
Fig. 5.17. Trunnion-sleeve joint; d. — sleeve diameter, d,, — trunnion diameter,
| — length of joint

Equation describing tangential stress in a trunnion-sleeve joint loaded with
force P can be presented as follows [5.11]:

7(x) = 2C[coshax + y cosha(l — X)|P (5.17)
ol
where: C = G, 2e , W= DG, . X= R,
ang1F1 e -1 ngk Eze

E;F; — longitudinal rigidity of internal element, E,F, — longitudinal rigidity of
external element

C. - equivalent rigidity defined by the relation ¢ — i
z Fl

1+ ——+
E2 FZ

Tdop

K

For x=0—> 7, = 2C(1+ ycoshal)< , Where K is the safety coefficient
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The coefficient of stress concentration can be calculated from the relation

ol
ak:L /i e(d 1 (5.18)
gRVG e -1

In a situation where a trunnion-sleeve joint is loaded with a moment

R (X (1-x)
7:(x)=Ggk € 11(; ! (5.19)
k
where w:i {%
Ja.RVG
ea)x + ea)(l x)
(X)=W¢o, ¢, = 9(0) (5.20)
Toax = 7Tp.dlax=0
7, =gBGk¢o < ;’2" (5.21)
k

The presented analysis from the viewpoint of strength permits the formulation
of the following general conclusions:
- recommended thickness of adhesive bond (0,13 — 0,15)mm,
- trunnion length I = (11 — 13)mm,
- increase in trunnion length causes increased stress concentration,
- variable loads are better transmitted by adhesive bonds with greater
thickness, which is related to better shock absorbing properties.
Presumably, trunnion-sleeve adhesive joints will be more and more commonly
used in machine building. This is related to the good shock-absorbing properties of
the layer of adhesive and permits the forecast of increasing interest in the
application of such bonds in gear or chain drive units, etc.

5.4. Tear-off strength
Tearing-off or peeling is a characteristic type of loading of an adhesive bond,

characterized by considerable stress concentration along the peel line. An example
of such a load is presented schematically in Fig. 5.18.
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Fig. 5.18. Example of adhesive bond with peel load

For the case presented in Fig. 5.18 the maximum peel stress can be calculated from
the relation [5.9]

M
o= 125‘ + P\/E4 125‘ (5.22)
b \Eg, 9. b VEg, o,

where b — width of bond, M — bending moment.

Assuming that the component related to force P is of a lower order compared to the
moment, a reduced relation can be adopted

(5.23)

As follows from the above relation, the thickness of bonded elements has a
considerable effect on the value of the bending moment. It should also be kept in

mindo. = f(J,).
The value of force P that causes de-cohesion of the bond depends also on the width
b of the bond. A simplified indicator defining the ability of a bond to transmit peel

loads can be the unit value of the peel force which can be determined from the
relation

t =— (5.24)

In the case of adhesive joints subjected to peel loads, adhesives characterized by
high flexibility are used.
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5.5. Compound cases of bonded joint loading

5.5.1. Resistanceto cracking

The resistance to cracking, rarely analysed in the assessment of adhesive
bonds, in certain situation may have a significant effect on the safety of structures
[5.13, 5.18, 5.22]. This concerns primarily adhesives with relatively higher values
of the longitudinal modulus of elasticity. Even adhesives with considerable
elasticity as a result of the processes of ageing may gradually lose their resistance to
cracking. The assumption of continuity and homogeneity of bonds within the
adhesive and cohesive areas is risky, mainly for the following reasons:

- surfaces prepared for adhesive bonding are not uniform in terms of
energy; local changes in sorptive properties may cause changes in the
properties of cured adhesive,

- during adhesive preparation, especially chemically cured, it is very
difficult to obtain thorough mixing of the curing agent with the other
components of the adhesive, which causes a non-uniform degree of
crosslinking, and in an extreme case may lead to the appearance of a “thin
spot”, i.e. an irregularity where the adhesive is semi-liquid,

- during adhesive preparation frequently air bubbles are inadvertently
introduced into the composition and not fully removed during the curing
process; they remain then in the cohesive zone or migrate to the phase
boundary and, joining with gas molecules at the bottom on micropores of
the bonded surfaces, may form unbonded spots, frequently of
considerable dimensions.

Observations of the process of adhesive bond breaking under static load show
that usually the process of de-cohesion has a violent character, irrespective of the
elastic properties of the adhesive. Cured adhesive, in the form of a thin coat and
supported on both sides by the joined surfaces of bonded elements, has higher
stiffness than the same adhesive cast in the form of a classic dumbbell. The problem
of catastrophic character of cracking of adhesive bonds of metals can, in some
cases, be an important determinant in the assessment of safety margin of bonded
structures. Fig. 5.19 presents typical cases of non-homogeneity in the adhesive and
cohesive zones of an adhesive bond.
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Fig. 5.19. Typical examples of non-homogeneity in adhesive and cohesive zones of an
adhesive bond

Unbonded spots and gas bubbles in the cohesive zone may act as stress
concentrators and significantly affect the operational characteristics of adhesive
bonds.

Gas bubblein the cohesive zone

The analysis of adhesive bonds resistance to cracking is presented on the basis
of a monograph [5.22]. Let us assume that in the neighbourhood of a gas buddle
with radius R, under the effect of load o, there formed a crack in the form of a
circular ring with radii R and R + a. The front of the crack is surrounded with a
toroidal plastic area with radius ry, as presented schematically in Fig. 5.20.
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Fig. 5.20. Schematic presentation of the zone around a gas bubble

Thus, around the gas bubble there forms an area of stress relief, in the form of
a sphere with radius R+a+r. If we treat it as an isolated area, we can represent the
balance of energy processes occurring in the course of cracking. In the
homogeneous medium subjected to load o potential elastic energy U, is
accumulated. When the crack is formed, a part of that energy is released in the form
of relief energy Uyq. This energy partially remains in the form of surface energy U,
and another part is used for the work of plastic deformation U, in the toroidal
surroundings of the crack edge. The balance of energy processes, therefore, has the
form [5.25]

U=Uy— U+ U, + Uy (5.25)

The specific elastic energy (energy per unit of volume) s
® = 6°/2E,. Assuming that, for the gas bubble, E = 0 (E — longitudinal modulus of
elasticity, o — stress, as in Fig. 5.21), we obtain the relief area in the form of a
sphere with radius R + a + ry with a hollowed out sphere of radius R inside. The
relief energy is, therefore

od

24 4
U =CI).V0d=%[§7I(R+a+l’pl)g—§ﬂR3] (5.26)
k

where: V4 — volume of the relief area.
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The surface energy is calculated from the relation

Uy=2Fo (5.27)

where: F — surface area of the crack, o — specific surface area.
In the case under consideration, the surface area of the crack is a circular ring with
the outer radius R + a and inner radius R. Surface energy, therefore, has the value

Up=2F a=2[n(R +a)* - tR°] o= 2n[(R + a)° = R’] o (5.28)

The most important element in the calculation of energy of plastic deformations is
the determination of the plastic area. In linear mechanics of cracking [5.43] the
cracking intensity coefficient K is used for this purpose. If the plastic deformation
area attains a size of the order of the crack dimensions (which may happen in the
case of adhesives), coefficient K, ceases to have physical sense. For the
determination of the radius of the plastic area around the apex of the crack the
relation formulated by M.P. Wnuk was employed [5.43]

(R+a@€1 ( ]DY —1§:(R+a{%_j (5.29)
H \RJg ¢ (Ri-0’)

The energy of plastic deformations U, was calculated from the relation
=R, ..V, (5.30)

where: Re.€ — specific plastic energy, Rex — limit of plasticity of the adhesive, €, —
relative plastic elongation, V; = 2n* (R + a)rp|2 — volume of the toroidal plastic area
as in Fig. 5.21. Therefore, the energy of plastic deformation assumes the form

2

=R,.e,.27°(R+ a) (R;:%)O‘S -1 (5.31)

Ultimately, the sought energy equation, after the inclusion of the argument (5.29) in
the relation (5.26), assumes the form:
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0, O Bl 0
=u,-2Z EﬁzE(R+a) LOS O —ﬂzRS%+
2Ek%3 g (R -o?)° ) 3 0
275[(R+ a)’ -R’ ]a+ (5.32)
2
+R,.£.27°(R+a)’ Los—l
(Ri-o*)

In a situation where the size of the crack exceeds the critical value, cracking

(brittle) takes place spontaneously, without any energy input from outside, and then

the critical value (R+a) corresponds to the extreme (maximum) of the function of
energy (5.32):

N _ —2"-3{%) (R+a) +6(R+a) R, .c.1’

SR+a) B AR -0 (5.33)
((R;:%)OS —1} +4ra(R+a)

Equating to zero the value of the first derivative from the relation (5.33) we can
calculate the critical value of R+a

R+a= 2a (5.34)

o R ) _, __[&_JZ
Ek[(R:k—az)”] Re“ge”(R;—az)“

We should take note of the conclusions from the relation obtained. Assuming that a
= 0 we can determine the critical dimensions of the gas bubble at which crack
initiaion occurs. The value of Ry is:
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2a
Rkryt = - > (5.35)

Ol R | areqd R4
Re-o')") I R o)

It is also worth noting that for a value of ¢ that is low with relation to Re the
argument

LOS tends to one. As a consequence, the relation (5.35) tends with the
(R, -o?)
accuracy of the multiplicative constant to the form of the Griffith formula [5.20],
the basic formula in the liner mechanics of cracking. There is one more important
conclusion that follows from the relation (5.35). In a situation when the
denominator in the relation (5.35) tends to zero, Ry tends to infinity. This means
that it is possible to calculate, from the relation, the critical value of relative plastic
elongation beyond which brittle cracking will not take place irrespective of the
dimensions of the gas bubble. In accordance with the essence of considerations, we
are considering such a range of values of the function defined by the formula (5.35)
for which it assumes positive values and is a decreasing function of the variable c.
With such boundary conditions, the critical values of the gas bubble dimensions
should only by sought in a case when

e min(g,&,) (5.36)

o’ R
3.7 (R, —0* 'R, - (R.

where: &=

7" Jz (5.37)

1 2R:’k +0'2Rek
&= 05
6E.7 (R - o*f*[R, - (R ~o*)*]

Assuming for a specific adhesive the value of o and €, we can determine the
critical values of the gas bubble radius in the function of /R Such calculations
were performed, and an experiment was undertaken, the objective of which was the
comparison of the calculated values of Ry, with the true values, simulated in the
experiment. Selected results of the experiment are presented in Fig. 5.21. For the
determination of the critical values of radius the following relation was applied:

(5.38)
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JE

eryt =— (5.39)
T

The critical value of integral J was determined in the experiment in accordance to
the relevant standard [5.28]

Fig. 5.21. Relation = f(7) for Ex = 3000 MPa, 1 —J =5.65 N/mm,
yt
2-J=3.65N/mm [5.22]

The experiment carried out indicates a considerable divergence between the
critical values of gas bubble radius determined from the classical and modified
Griffith analysis and those determined in the experimental study through the
determination of the critical value of integral J. The comparison, however, concerns
the average values of stress adopted for the analysis, while stresses at overlap ends
are sometimes several times higher and it is those stresses that should be subjected
to analysis. Figure 5.21 can be useful for the estimation of critical dimensions of
instances of non-homogeneity in the adhesive.

Unbonded spot

The occurrence of unbonded spots is a typical technological flaw. Unbonded
spots are a frequent occurrence despite the observance of strict technological
discipline, even in fully automated systems. This may be related with air bubbles,
enclosed in micropores, which can join one another under specific conditions. Such
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a situation can take place irrespective of what type of clamping pressure is applied —
negative or positive pressure.

Let us assume that in an unloaded adhesive bond there is an unbonded spot as
shown in Fig. 5.22.

Fig. 5.22. Circular unbonded spot with indicated relief area and toroidal zone of
plasticization

Under the effect of applied load othe radius of the non-homogeneity
(unbonded spot) R increases to R+a. For simplification, it was accepted that the
thickness of the bond is sufficient to cover the whole relief area for the adhesive,
i.e. gk = R+a+ry,. Adopting, for simplicity, the principle of identical deformations
at the phase boundary, the radius of the plastic zone was determined after M.P.
Whnuk [5.43]. The value of R was adopted for the adhesive, assuming that the
processes of de-cohesion in adhesive joints of metals occur as a rule within the
adhesive layer or at the phase boundary. The relief energy, after going though the
line of consideration like that in the case of gas bubble, will now take the following

form (index ,,m” related to the metal, index ,,k” to the adhesive):


























































































Chapter 6

Special tooling for bonding oper ations

6.1. Typical proceduresin bonding operations

Technological tooling is used in all the phases of the process of adhesive
bonding, from the preparation of the adhesive composition to the inspection of
effected joints. Major functions of technological tooling in adhesive bonding
operations are the following:

- dosage and mixing of components of the adhesive,

- application of adhesive on the surface,

- application of suitable clamping pressure on bonded surfaces,

- maintaining correct temperature of bonding process,

- fixing of bonded elements,

- to facilitate or permit the processes of inspection,

- sealing of the bonding area,

- fulfilment of auxiliary functions in operations of inspection of joints,

- other functions resulting from the specific character of the operation.

6.2. Dosage and mixing equipment

Preparation of adhesives depends on their form, type, and manner of curing,
the most important factor being the form or consistence. Adhesives can be solid
(lumps, sticks, films, powders), semi-liquid (pastes) and liquid. In the case of multi-
component adhesives, especially those chemically cured, the dosage of components
and their mixing together is very important.

The term mixing equipment (mixers) covers devices in which various
substances are mixed together in a forced manner, irrespective of the
physicochemical processes that take place inside.

Dosage equipment means devices that, in a forces and repeatable manner,
meter out predetermined amounts of substances. Dosage of components can be
effected by means of droppers, special metering tips or nozzles, and other devices.

A variety of mixers are used, depending on the form of substances mixed and
on the purpose of the mixing operation. Effectiveness of mixing largely depends on
the type of mixer. More important types of mixers are presented in Fig.6.1.
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Types of mixers

mechanical flow-type

- horseshoe mixers - helical mixers
- propeller mixers - paddle mixers
- turbine mixers - tube mixers

- paddle mixers
- frame mixers
- helical mixers
- belt mixers

Fig. 6.1. Major types of mixers [6.3, 6.6]

The choice of mixer is strongly related with the rheological properties of the
adhesive, and especially with its viscosity. Fig.6.2. presents relevant
recommendations.

——  DElt Mixers

seeessss—s helical mixers

e frame mixers
— padd|e mixers

—
propeller mixers
e hOrseshoe mixers

T 1 1 1 1 1
1 10 10* 10® 10* 10° 10° 10" m[mPas]

»
»

Fig. 6.2. Recommended types of mixers with relation to viscosity of mixture of liquids [6.6]

High-melt adhesives are applied in liquid state, using special pouring heads,
pistol-type applicators with heating elements, or special sets composed of a pot for
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melting the adhesive, a pump, and an applicator. In the case of large surfaces,
adhesive can be applied by means of special electrically- or steam-heated rollers.

Adhesives in the form of paste are applied by means of putty knives or spray-
guns.

Adhesives in the form of powders can be sprayed by means of mechanical,
electrostatic or electromechanical spray-guns; curtain-type spreaders can also be
used.

The following should be taken into consideration when designing mixing
equipment:

- the substance mixed is an adhesive material and easily adsorbs on elements
of the mixer, hence the recommendation to use such materials for stirrers
and mixing chambers that have the lowest possible value of surface energy,

- mixers should be easy to disassemble and the mixing chamber readily
accessible, to facilitate the process of cleaning after use, provided the
equipment is not disposable,

- the process of mixing of the components of an adhesive should protect the
substance against aeration - gas molecules introduced into the adhesive
composition may cause decohesion of cured adhesive.

Dosage or metering equipment plays a very important role, especially in the
case of chemically cured adhesives. The curing agent should be added to the resin
(resin is often mixed with modifying admixtures) in amounts close to
stoichiometric. Available on the market are simple and disposable metering devices,
plunger- or flow-type. Those are used primarily by individual users who buy
adhesives confectioned in special containers. On the outlet nozzle of such a
metering container one has to place a static flow-type mixer attachment which splits
the outflow in an exponential manner:

n=2~ (6.1)

where: k - number of cascades.

Every cascade divides a single outflow jet in two. As a rule, such a mixer
attachment has about 10 cascades, and sometimes even more, so the result is good
mixing of the base (resin and modifying admixtures) with the curing agent.

6.3. Adhesive applicators
Application of adhesives can be manual or mechanized in character. More

important types of applicators or spreading equipment are classified as shown in
Fig. 6.3.
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Application of

adhesives
A
A\ 4 A\ 4
manual mechanized
- rollers, l

- brushes,

e - coat applicators (spreaders):
- putty knives,

single-roller, twin roller, curtain-type,
- others - sprayers: air, electrostatic,
electromechanical sprayers

Fig. 6.3 Typical equipment for the application of adhesives

When bonding small elements under conditions of piece production or small
batch production the adhesive can be applied by hand, using a brush or a putty
knife. In a situation when the adhesive is applied onto large surfaces, specialized
equipment for adhesive application is required (Fig. 6.4, 6.5). These can be
mechanical spreaders using the forces of gravity, friction or inertia in the process of
adhesive application, or coating equipment, such as e.g. equipment for electrostatic
application of adhesives.
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Fig. 6.4. Principle of operation: a — of single-roller spreader, b — twin-roller spreader:
1 — container with adhesive, 2 — roller, 3 scraper edge, 4 — material coated with adhesive
[6.3]

More economical in operation and at the same providing a more uniform coat of
adhesive are curtain-type spreaders, a schematic of operation of which is presented

in Fig. 6.5.
g 1
! % 0 ,ﬂ‘/_- I
> — 0 " =

Fig. 6.5. Schematic of a curtain-type adhesive spreader: 1 — belt conveyor, 2 — element
bonded, 3 — adhesive, 4 — head, 5 — drip trough [6.3]



168 J. KuczmaszewskKi

A curtain-type adhesive spreader is equipped with a head, from which the adhesive
flows through a controlled-width slot, and a conveyor moving the coated elements
at controlled speed.
The best uniformity of adhesive coat application on a surface can be achieved
through spraying. The method can be used to apply adhesives in liquid and
powdered form, using air, mechanical, electrostatic and other types of sprayers. Air
spray-guns are relatively simple in design, but burdened with the following
shortcomings:

- considerable loss of adhesive in the form of atomized mist,

- high energy consumption of the process,

- contamination of the working environment,

- high consumption of solvents, etc.

Fig. 6.6. Schematic of operation of a mechanical sprayer for adhesives; 1 — inlet,
2 — sprayed adhesive

Stream of adhesive gets into the sprayer through an inlet located on a tangent to the
surface of the canal, slides on its cylindrical surface under the effect of centripetal
force. At the same time, under the effect of pressure, the adhesive moves axially
towards the outlet. It is estimated that, in comparison with air spraying, the
consumption of adhesive is reduced by approximately 20%. Figure 6.7. presents an
example of a device for the application of adhesive in electrostatic field.
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Fig. 6.7. Schematic of device for adhesive application with electrostatic method: 1 — high
voltage lead, 2 — adhesive supply by means of compressed air, 3 — reciprocating spraying
nozzle, 4 — metal element coated with powdered adhesive, 5 — dust collector removing
excess adhesive

The equipment shown in figures 6.4 — 6.7 is used is large lot production and
for the application of adhesives onto large surfaces. It permits a reduction in the
time of adhesive application and in its consumption, and ensures uniform thickness
of the coat of adhesive applied.

6.4. Fixtures and alignment tools

Alignment of bonded surfaces in the process of adhesive bonding is difficult.
This results both from the presence of liquid adhesive between the bonded
elements, which causes that the elements move easily with relation toe ach other,
and from the frequently large dimensions of the bonded elements, these — as a rule —
being thin-walled structures. Correct alignment of bonded elements should ensure
not only correct mutual positioning of the elements, but also uniform thickness of
the bond. Fixing of mutual alignment of flat elements can be achieved with
conventional clamping and thrust elements. When bonding metal sheets, uniform
thickness of the bond is usually secondary issue; under the effect of properly
chosen pressure element and force there occurs a process of self-alignment of the
elements, with the bond thickness being related to the viscosity of the adhesive. In
certain situations is it possible to use spacing elements, such as e.g. lengths of wire
of specific diameter.
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The problem of alignment is more significant in adhesive-mounting of rolling
bearings, gears and pulleys, and other elements mounted on shaft trunnions or
journals in the form of trunnion-sleeve joints. Such situations require good
coaxiality of the elements joined. More and more frequently, trunnion-sleeve
adhesive bonds replace conventional key joints. This results from economic reasons
— in the case of bonding technology there is no need for high accuracy machining of
the hole and trunnion (it is sufficient to apply a fitting gap of about 0.1 mm),
moreover, adhesive bonds has good shock absorbing properties, which is also
highly desirable. Gears, pulleys and other elements often have considerable mass,
so they can get displaced relative to each other during rotary motion in spite of the
phenomenon of self-alignment. In this situation the joint may have notable flaws,
especially face or radial run-out. Therefore, bonding in such situations should be
effected in special fixtures. An example of the design of such a fixture is
schematically presented in Fig. 6.8.

Fig. 6.8. Principle of operation of fixture for trunnion-sleeve concentricity alignment

Let us assume that the element that is moved, e.g. by means of a micrometric
screw in a special fixture, is a trunnion which, initially, is random located with
relation to a sleeve. By rotating the screw for lateral adjustment we bring the
trunnion and sleeve into contact at point 1. The fact of contact may be signalled by
the illumination of a control light. Taking a readout of the position, we then turn the



Fundamentals of metal-metal adhesive joint design 171

screw until achieving contact with the sleeve at point 2. Knowing the length of
section 1-2 we can retract the trunnion by a half of that section, obtaining correct
positioning of the trunnion relative to the vertical axis. The same procedure is
followed in the other plane, moving the trunnion to point 3 and then to point 4, and
retracting the trunnion by one half of section 3-4. In this way we obtain
concentricity of the trunnion and the sleeve. For better clarity of the drawing, the
difference in the diameters is greatly exaggerated. In reality the difference is
approximately 0.3 mm, hence the necessity of using accurte instruments for correct
alignment of the trunnion and sleeve.

6.5. Equipment for application of clamping pressure

Technological discipline of adhesive bonding process, and especially
observance of technological parameters concerning pressure and temperature, is one
of fundamental conditions of achieving high indexes of bonding quality [6.2, 6.7].
In adhesive bonding operations appropriate clamping pressure is achieved in the
following major ways:

- clamping pressure applied in spring or pneumatic equipment,

- negative pressure clamping,

- pressure applied in by means of hydraulic, screw and pneumatic presses,

- pressure applied by means of mechanical clamps,

- pressure applied by means of magnetic equipment,

- pressure applied by means of hybrid equipment.

It is frequent to combine the functions of applying clamping pressure and
maintaining correct process temperature in a single device. These are, most often:

- autoclaves,

- chamber driers with mechanical or pneumatic systems,
- fixtures and devices with spot heating system,

- clamping tables with electric or steam heating,

- presses with heating plates,

- radiation lamps,

- ultrasonic generators,

- special devices with liquid heating medium.

In the case of high-responsibility structures, e.g. aircraft, adhesive bonding
operations are frequently performed in complex and expensive devices such as
autoclaves. Fig. 6.9 presents schematically the major functional groups or systems
of an autoclave.
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Fig. 6.9. Functional elements of autoclave: 1 — pressure system, 2 — negative pressure
system, 3 — heating system, 4 — cooling system, 5 — control and monitoring system,
6 — loading-unloading system

Autoclaves are usually large enough to hold elements of considerable
dimensions, like for example helicopter rotor blades. Bonded elements are placed in
special bags from which air is then “sucked out”. In this way pressure is applied
uniformly over the whole surface area. The curing cycle is controlled automatically.
The idea of the pressure-vacuum method is presented in Fig. 6.13.

Adhesive bonding is frequently performed on compound surfaces, where
uniformity of pressure over the whole bonding area is important. This can be
achieved through the application of alignment and clamping equipment
corresponding to a “negative” of the bonded surface, or by using diaphragm
pressure devices. Flexible diaphragms, coupled with a suitable pressure or vacuum
system, permit such effective clamping pressure. Modern systems ten to employ
negative pressure solutions. Moreover, the “sucking out” of air mentioned before
permits additionally the removal of air from the cohesive zone of the adhesive or
from the phase boundary area. Figures 6.10 — 6.12 present schematically several
designs of pressure devices used in bonding equipment.
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Fig. 6.10. Lever-type bonding fixture with mechanical clamping: 1 — base, 2 — clamping
arm, 3 — swivel pressure plate, 4 — elastic pad, 5 — element of lap joint

Fig. 6.11. Bonding fixture with pneumatic clamping system: 1 — upper plate, 2 — lower plate,
3 — air pressure bag, 4 — lap joint

Fig. 6.12. Bonding fixture with spring-type clamping system: 1 — pressure spring, 2 — plate
clamp, 3 — base, 4 — bonded lap joint
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Usually in bonding fixtures the element considered as the mechanical clamp is
a rigid element accurately reproducing the profile of the bonded elements. That
element is usually lined with an elastic material, for instance with rubber. The lining
permits uniform pressure to be applied over the whole surface area and eliminates
local concentration of pressure resulting from machining errors of clamping
elements and of particular elements of the bonded component. As a rule it is
inadmissible to use point pressure clamping, except when bonding very rigid
elements. Highly important in adhesive bonding operations are diaphragm-type
clamping devices, sued in autoclaves and in pressure-vacuum systems. The idea of
the pressure-vacuum method is presented schematically in Fig. 6.13.

3
2

N

4 S

Fig. 6.13. Principle of operation of pressure-vacuum systems: 1 — spring clamp,
2 — atmospheric pressure, 3 — vacuum pump connection, 4 — bonded elements, 5 — negative-
pressure bag

Placing the bonded elements in the negative-pressure bag (from which air is
removed by the vacuum pump) ensures uniformity of pressure applied to the
bonded surfaces.

6.6. Heating equipment

The following methods of heating are most frequently used in adhesive
bonding operations:

- electric (resistance) heating in heating chambers,

- induction heating,

- ultrasonic heating,

- heating with infrared lamps,

- heating with a circulating heating medium.
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Temperatures at which the process of curing is conducted usually do not
exceed 180°C. For high-melt adhesives (usually derivatives of thermoplastics)
curing temperatures are lower; the reason for applying elevated temperature in such
cases is melting the adhesive down and obtaining the lowest viscosity possible. In
the case of chemo-setting adhesives the objective is increase in the degree of
crosslinking of cured adhesive and improvement in its operation properties,
especially increase in its resistance to loads under conditions of elevated
temperature. Curing at elevated temperatures must proceed at correct rates of
heating and cooling. It is necessary to be aware of the various thermal
characteristics of the adhesive and the materials bonded. One should also keep in
mind that elevated temperature may initiate various chemical processes in the
cohesive zone of the adhesive and at phase boundary, as well as cause considerable
thermal stress.

6.7. Important tipsfor engineers designing bonding fixtures

Bonding fixtures equipment are designed for specific technological situations
[6.3, 6.4], nevertheless some issues of universal character should be taken into
considerations, such as:

- pressure should be applied uniformly on the whole surface of bonding, and

for this reason point pressure clamping is not used in bonding fixtures,

- bonding fixture should be designed so as not to cause deformation of
bonded elements,

- bonding fixture should permit free thermal expansion of bonded elements,

- heating elements should be designed so as to ensure uniform temperature
distribution over the whole bonding area,

- bonding fixture should permit control of clamping pressure value,

- aligning and fixing elements should basically have the form of a negative of
the bonded elements,

- heating elements should be designed so that the area of adhesive bond is
uniformly heated throughout. Also important is automatic temperature
control with effective protection against exceeding a preset limit value,

- in many cases the fixture should ensure sealing of the bond zone.

More and more frequently bonding fixtures are equipped with control and
monitoring systems that ensure fully automatic operation. This concerns not only
large-lot production, but also small batch production or even piece production. In
aircraft or space industry the objective is total elimination of the human element
from the process. Effects of adhesive bonding largely depend on the observance of
strict technological discipline, and contact of bonding surface - after the completion
of the process of its preparation for the bonding operation — with tools or human
hand is totally inadmissible.
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Chapter 7

Design of bonded joint structures

7.1. Input data for bonded joint design

The strength of adhesive bonds should be analysed both in the context of
adhesive and of cohesive strength, the strength of the joint as a whole being
determined by the strength of the weakest link or element. Analysing cohesive
strength one should take into account the fact of active influence of surface, or
rather of the surface layer of metal, on the structure and strength of the bond.
Attempts of simple transformation of results of cohesive strength tests of samples
cast from the adhesive onto the same material in an adhesive bond is burdened with
an unacceptable risk of error, and cannot be applied for all groups of adhesives.
Moreover, it is necessary to take into consideration the effect of structural non-
homogeneity on cohesive strength is we accept the postulate of unavoidability of
occurrence of such non-homogeneities in the structure of adhesives. No less
difficult to predict is the adhesive strength, the difficulty basically resulting from
the very essence of adhesion as a complex of phenomena that are still little known
till now. In design work on adhesive bonds it is necessary to take into account the
effect a various technological, structural and operational factors on their strength.

The major technological and structural factors include [7.5]:

- kinds of adhesive applied and of materials bonded,

- method and care applied in the preparation of surfaces for bonding,

- technological parameters of bonding (temperature, surface pressure),

- time elapsing from the moment of preparation of adhesive to its application

on bonded surfaces,

- thickness of adhesive bond,

- manner of loading applied to the bond,

- shape and dimensions of the bond,

- technological discipline during the bonding process, and especially during

the metering out and mixing of components.

Choice of the type of adhesive used is one of the first steps in the process of
designing a bond. There is no single adhesive that would ensure good bonding
effects with respect to all materials. There are many adhesives for metal bonding
available on the market, differing significantly in their chemical structure and
physicochemical properties. The choice of proper adhesive requires consideration
of numerous factors, and primarily:

- environmental conditions under which the bond will be operated,

- rigidity of bonded elements,

- coefficients of thermal expansion of cured adhesive and bonded materials,
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- load value and manner of loading of bond and duration of projected

operation,

- kind of materials bonded,

- location of the bonds in the structure.

The choice of suitable adhesive is a key problem and the ultimate determining
factor for the success of long-lasting and reliable operation of the bond, but it is not
a sufficient condition. Another important factor is the adopted method of surface
preparation. The ability to predict the effects of mechanical and chemical
preparation of surfaces with respect to the application of specific materials is a very
important element in the design of bonding process, and especially in the
determination of conditions of technological discipline.

The geometric features of the bond are an extremely important factor. More
information on that is given in [7.4].

A problem of bonding technology that is usually underestimated is the time
that elapses from the moment of adhesive application on bonded surfaces to the
moment of actual joining together of the bonded elements. This is especially
important for chemical setting adhesives.

The factors enumerated are important, but they do not exhaust the problem. It
is also necessary to take into consideration the manner of loading, operating
conditions, method of protection of the bond against environmental effects, diurnal
cycle of temperature and humidity, and other that the design and process engineers
will assume to be important.

Designing adhesive joints requires analysis of the following major types of
input data:

- scale of production,

- kind of materials bonded,

- dimensions of elements joined,

- functions and importance of the joint in the structure,

- features of the environment in which the joint is to be operated,

- character of load that will be applied to the joint,

- rigidity of the structure,

- importance, level of responsibility of the joint in the structure,

- other types of data as required.

The scale of production determines primarily the degree of automation of the
bonding operations, the type and number of technological equipment, logistic
solutions, and the required size of the bonding workstation.

The type of bonded materials determines the kind of auxiliary operations, such
as the method of surface preparation, choice of adhesive, technological parameters
of adhesive curing.

The dimensions of joined elements have a fundamental effect on the method of
adhesive application, choice tooling for mutual alignment of the joined elements,
and have a bearing on the choice of adhesive.
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Correct process engineering of the operation of adhesive bonding requires
knowledge of the functions and importance of the joint in the structure.
Requirements relating to adhesive joints may be various and include, among other
things, high strength, good sealing properties, suitable plastic properties, resistance
to elevated temperature, resistance to the destructive effect of the environment,
physiological inertness, suitable electric, magnetic characteristics, etc.

Knowledge of the features of the environment in which the joint will be
operated is important for the choice of a suitable adhesive, hardening parameters,
method of surface preparation, and also appropriate protection of the bond, e.g.
through the application of suitable paint coats on the bond.

The load character determines the shape of the bond, the size of the bonding
surface area, and in the case of lap joints also the application (or not) of overlap end
chamfering. Operation at elevated temperatures or under conditions of high
humidity has a significant effect on the choice of adhesive and auxiliary materials.

Rigidity of the structure has a significant effect on the choice of clamping
pressure application method. Elements with low rigidity require uniform pressure
over the whole bonding area.

The importance and degree of responsibility of the joint in the structure
determine primarily the value of the factor of safety of the strength of the structure.

7.2. Analysis of stress status

Prediction of the strength of adhesive bonds is difficult, and the result is always
burdened with a degree of uncertainty. Such bonds are employed in highly
responsible structures, and their “over-engineering” resulting from the adoption of
too high a factor of safety is not always permissible due to the necessity of
miniaturization of certain structures.

Analysing the stress status of a joint special attention should be paid to the
following elements:

- load variability, i.e. whether the joint will operate under typical work

conditions or dynamic loads will occur,

- thermal conditions under which the joint will be operated,

- environmental features, especially humidity and corrosive aggressiveness.
Adhesive joints perform well under dynamic loads, which follows primarily from
the very good shock-absorbing properties of the layer of adhesive. Research works
on the subject shows that the fatigue strength of adhesive joints may be estimated,
on average, at the level of 30 — 40% of the immediate strength value.

Extremely important, sometimes of key significance, is the analysis of thermal
conditions under which the joint will be operated. As a rule, adhesive bonds made
with typical thermoplastic adhesives cannot be operated at temperatures higher than
60°C, as above that level their strength parameters drop rapidly. Adhesives based on
certain synthetic resins, such as phenolic or silicone resins, suitably modified, can
be operated at temperatures reaching the level of up to 300°C. Above that
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temperature level ceramic adhesives are usually used, as bonds established with the
help of such adhesives can be operated even at the temperature of 1500°C.

Adhesives joints of metals, not protected by means of suitable paint coating
against the effect of moisture, are exposed to the desorptive effect of water
molecules. In a hot and humid climate, the long-term strength of such bonds is
considerably lower compared to the strength of bonds operated under the conditions
of a dry climate.

7.3. Heuristic model for strength estimation of bonded metal-metal
joints

The problems presented in preceding chapters, involved in the estimation of
strength of adhesive bonds of metals demand that care must be taken in attempts at
algorithmization of the process. The first and most important condition for
undertaking such an attempt is the identification of factors affecting that strength.
Identification of factors, understood not only formally as their cause-effect relation
with strength, but also as a function of strength, permits duality of the structure of
the estimation.
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Fig. 7.1. Estimation of strength of adhesive joints of metals — general model [7.4, 7.5]

The problem can be approached in a comprehensive way and formulation of
strength estimation can be attempted on the basis of the poly-optimisation
procedure, or which sees safer, on the basis of fragmentary assessments resulting
from process optimisation at several stages, especially at the stage of design and



182 J. Kuczmaszewski

process engineering with defined conditions of operation. A general model of the
structure of the estimation process, modular in character and taking into account
duality of the process of estimation, is presented in Fig. 7.1.

The model contains three basic modules: | - definition module, Il — analytical-
predictive module, Il — testing module. The definition module comprises four
blocks: definition of loads and environmental conditions, definition of geometric
features of the joint, definition of the properties of materials, and definition of
technology. Detailed structure of the particular blocks is presented in figures 7.2 —
7.5. Analysis of the joint on the basis of the structure of the definition block
facilitates the estimation of strength and determination of factor of safety.

Definition of load and of
environmental conditions

Static loads

Dynamic loads

Temperature and humidity

—»  Effect of natural stress

\4

Corrosive activitv

}—V Effect on long-term strength

Cycle of temperature and
humidity changes

+—»  Effect on thermal-mechanical fatigue

A4

Projected time of operation of the joint

A 4

environmental effects

Method of protection of the joint against

Fig. 7.2. Structure of the block covering the definition of loads and environmental
conditions [7.4, 7.5]
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y stress distribution on
Limit length of overlap overlap length

A 4
Limitations concerning overlap width

—® Conclusion as to the
necessity of
change in the design

Fig. 7.3. Structure of the block covering the definition of the geometric features of the joint:
Om — thickness of bonded materials, gy — thickness of layer of adhesive [7.4, 7.5]
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Fig. 7. 4. Structure of the block covering the definition of properties of materials: G — shear
modulus, v- Poisson coefficient, K — coefficients of stress intensity, Jic — critical value of
integral J, u - coefficient of thermal expansion; index ,,m” refers to the materials bonded,

index ,,k” to the adhesive [7.4, 7.5]
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Fig. 7.5. Structure of the block covering the definition of bonding technology [7.4, 7.5]

After working through the module of definitions, there are two possible
approaches to further prognostic work. The first is to skip the testing module and to
proceed with the prognostic work on the analytical basis, and the second is to
perform tests for the particular batches of adhesive. Especially important in such
tests is the determination of the scatter of results (in the sense of mathematical
statistics). Scatter of results is a measure of repeatability of material properties,
technological discipline of the process of bonding, and the testing conditions.
Important information, especially on the technology of surface preparation, can be
obtained from fracture analysis. The best situation is when cohesive or adhesive-
cohesive fractures are obtained — such fractures are usually accompanied by the
least scatter of results. Application of adhesives with high values of E entails also
the possibility of occurrence of violent cracks resulting from the existence of non-
homogeneities of structure within the adhesive or cohesive zone. Studies of the
cracking resistance of cured adhesives provide significant information on the
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behaviour of adhesive coats, with the non-homogeneities existing in their structure,
under the effect of external loads.

In prognostic work concerned with the long-term strength properties of
adhesive bonds it is important to determine the creep characteristics of the bonds,
which facilitates the prediction of permissible loads for the projected time of
operation of the structure.

In practice it would be important to skip this stage and, making use of suitable
mathematical models or correction coefficients resulting from analytical research,
to conduct prognostic work on the basis on the definition module and the analytical-
predictive module. Such work, however, is rendered difficult due to the fact that
only some manufacturers provide the values of Ry, Ex for adhesives in hardened
state. Availability of such data would permit, on the basis of results of studies
presented in [7.3, 7.4], to conduct design work and to predict the strength
parameters for specific joints and specific conditions of operation.

In a situation when the values of Ry, Ex are not known (e.g. for an adhesive
prepared according to proprietary recipe) it is necessary to include the testing
module. Estimation of those values on the basis of the chemical structure of the
adhesive, though possible, may be burdened with considerable error. Very often the
testing module can be limited to destructive tests only, to determine the values of
breaking stress and the character of deformations. Fracture analysis plays in this
case an auxiliary role, permitting for the formulation of conclusions on whether the
bonding technology adopted, and especially the technology of surface preparation
for bonding were appropriate.

7.4. Safety assessment of bonded structures

An adhesive joint, especially in structural bonding of metals, constitutes a
system in which the strength of the structure is affected by many factors. In most
general terms, those factors can be related to the technology, to design, and to
operation. Frequently they interact mutually in a complex manner, which makes it
convenient for the optimisation of the factor of safety to be conducted on the basis
of statistical estimation. Such an analysis should be conducted every time on the
basis of analysis of the scatter of strength parameters. This concerns both immediate
strength and the prediction of changes in the factor of safety under conditions of
long-term operation under load [7.1, 7.2, 7.3].

The adoption of correct factor of safety is an important moment in the work of
a design engineer. Adoption of too high a factor of safety leads to ,over-
engineering” of structure, with all the negative consequences involved. Basing on
the general assumptions one can accept that the function determining the factor of
safety in lap-type adhesive joints can have the form:

n=1f(Xs, Xce » Xt+ Xwp » Xp» Xg» Xn » Xob » Xsr» Xw > Xst» Xsz» Xuk ) (7-1)
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where: x( ) — non-dimensional correction factors, including: x5 — correction factor
for variability of micro-stereometric features of bonded surfaces, Xge — correction

factor for variability of chemical composition of surface layer and of energy
properties of bonded surfaces, x¢ — correction factor for variability of particular

procedures in operations of adhesive bonding, Xwp ~ correction factor for
variability of bonding coefficient, Xp — correction factor for variability of bonding
surface area, Xg — correction factor for changes in the thickness of adhesive layer,
Xp — correction factor for non-homogeneity of physical properties and structure of
the adhesive, xgp — correction coefficient for variability of loading conditions, Xgy —
correction factor for environmental conditions and their variability, x,,, — correction
factor for the importance (level of responsibility) of the joint in the product, Xgt —
correction factor for non-homogeneity of materials constituting the joint, Xg; —
correction factor for bending stiffness of elements joined, xyk — correction factor

for chamfering of overlap ends.

Determination of the detailed form of a function that would include the effect
of all the factors enumerated above is extremely difficult. Prediction of the value of
the factor of safety should have sub-optimal character. Let us consider that the
factors included in the relation (7.1) can be categorized in two groups as follows:

- factors of random character,
- factors whose effects can be predicted and suitably quantified.

The effect of factors of random character is determined by the lowest
permissible value of the factor of safety that can be determined statistically on the
basis of analysis of scatter of strength. The probability of breaking the bond [7.6]
can be expressed in the following way:

0
i =P(R<0) = P[(tq-T0)<01= [p(x)dx (7.2)

where: Ty, — stress breaking the bond, tq — stress applied, ¢(x) — probability density

function.
For normal distribution (average strength of adhesive bonds is subject to
distribution close to the normal) function ¢(x) has the form:

!
#(x) = me (7.3)
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where: ﬁ, D2(R), D(R) are the expected value, variance, and standard deviation,
respectively, of the random variable R.

After standardization of the random variable R we obtain:
R
1 o@® X

1 -
Oli = P(R<0):E_(27Z'_O'5) '!.. e 2 dX (74)

Assuming that tq = const, as a result 7, = 14 and D2 (tg)=0
The upper limit of integration in the equation (4) ca be written as:

R _(n-1),
D(R)  D(z,)
_ T, T,
where: n= ,u[—] =—
z.O z.O

T , T
and : ,u(—”j means the expected value of the variable —
T T

(o] (o]

Assessment of probability of bond breaking can be presented as follows:

(n_l)To 2
1 1 D(r,) =X
a =P(R0)==- e 2 dx
' (R(0) 2 (27°° £

(7.5)

Adopting the coefficient of significance o = 0,05 after reading from the table
the distribution function of normal distribution N(0,1) we obtain

(N1,

D(z,)

7, =164

D(z
hence ﬁ:1,64M+1 (7.6)
TO
This is the sought expected value of the lowest value of factor of safety n
defined as the ration of tp, /7 .
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The bonding coefficient calculated in the way has a base value that should be
corrected through the inclusion of the correction factors, enumerated in the relation
(7.1), that do not have random character. With this assumption, the function
determining the value of the factor of safety could be defined by the formula:

To uk

n= {1,64M+1}ixpxstxszxgxW (7.7

where: Xy, Xp, Xst, Xsz, Xg, Xw — COefficients of correlation as in equation (7.1)

In the relation defining the factor of safety, the breaking stress is defined as the
shear stress t,. In reality those are compound stresses in which the contribution of
breaking stress is often significant. In real situations, even though a lap joint is
subjected to shear loading, the breaking of the joint is largely dependent on
breaking stresses.

The values of the correction factors have been determined on the basis of own
studies.

Values of correction factors determined experimentally for samples of steel
and aluminium alloy are given in tables 7.1 — 7.5 [7.4]

Table 7.1. Values of correction factors x

material

Steel 1,25 11 1,05
Aluminiumalloy |14 1,2 1,15
Table 7.2. Values of correction factor x,

Lap joints Heading joints
S[em)’ X S[em)’ X
1 1,3 1 1,4
2 1,15 2 1,2
2,5 1,1 2,5 11
3 1 3 1




190 J. Kuczmaszewski

Table 7.3. Values of correction factor Xy

Size of non- Steel Aluminium alloy
homogeneity | E,<2500MPa | E,>2500MPa | E,<2500MPa | E,>2500MPa
<10% of 1,2 15 1 1,2

bonding area

10 - 15% of 15 2 1,3 1,5

bonding area

Table 7.4. Values of correction factor X,

E<2500Mpa E,>2500MPa For all adhesives

Om | <15 |<2 <15 |[<2 15-21|2-22 |>2 >2.5
material
Steel 1,2 1,15 1,1 1
Al alloy 1,2 1,15 11 1

Table 7.5. Values of correction factor X,

gk, MM Lap joints Heading joints

Ex<2500MPa E>2500MPa Ex<2500MPa | E>2500MPa
<0,15 1 1 1 1
<1 2 15 15 1,3
<3 3 2 2 15

The tables do not provide values of the correction factor X,y , as it should be

determined every time for a specific structure and for specific conditions of
operation. We can only indicate that for most structures 1 < X, < 2.

The value of the factor of safety determined in accordance with the relation (7.7)
can be used for the estimation of immediate strength. For the estimation of the long-
term strength, the relation should also include change in the scatter of strength

parameters, as well as the decrease of strength in time, i.e. the term (D(TH)J: F(t)"

o
It should also be emphasized that in design work the relation (7.7) can be used with
the adoption of manufacturer’s data on the values of breaking stress for particular
adhesives. In such a case it is necessary to adopt a suitable value of standard
deviation. The following recommendations should be followed when adopting the
value of scatter:
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- scatter of results tends to increase with increasing value of Ej,

- scatter of results tends to increase with increasing value of gy,

- scatter of results tends to decrease with increasing value of Rk ,
- scatter of results tends to decrease with increasing value of gy, .

This permits the estimation of all the values necessary at the stage of designing an
adhesive joint.

The presented analysis, based primarily on the author’s own experience and
research, permits the formulation of the following main conclusions of general
character:

1. The presented model of the structure of the process of designing and
adhesive joints and predicting their strength properties includes all the most
important design and technological factors whose identification is the
condition for the design and predictive work to proceed correctly. It can
also constitute a basis for the algorithmization of such work in the
computer-aided approach.

2. Especially important is the estimation of the dynamics and character of
changes in the strength of joints in time, i.e. their long-term strength
characteristics. The main area of interest here is the method of protection of
the joints against environmental effects, which determines the ageing-
related changes in adhesives and the mechanisms of bond release at phase
boundary.

3. Estimation of the factor of safety requires the assessment of the scatter of
strength properties, i.e. factors whose effect on strength is random in
character and dependent on a variety of influences. It is important for the
factor of safety not to be adopted on an irrationally high level, leading to
so-called *“over-engineering” of the structure. In the process of estimation
of the factor, irrespective of the factors presented in the analysed model, the
importance of the joint in the structure and its degree of responsibility
should also be considered.

7.5. Deter mination of bond dimensions

The result of the above analysis should the determination of the dimensions of
the bond. In the case of lap joints the significant element is the length of overlap.
Knowing the value of the factor of safety, we can determine the permissible stress

T .. . .
=" Predicting the value of structure loading F we can determine the bond
n

surface area S.

28

s=F_F . p=F (7.8)

T, T, Tl,
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If it turns out that for design reasons the width of overlap should be smaller,
the following solutions are possible:
- application of a double-strapped joint (greater bond area),
- increase of thickness g, (greater value of I),
- application of a “stronger” adhesive (greater value of t,),
- increase of the dimensions of the structure (possibility of increasing overlap
width).

In the case of the double-strapped joint it is also necessary to test the condition
g, bk =Sz (7.9)

as it might happen that the bond will be broken in the cohesive zone of the boded
materials.

In the case of heading joints the problem is simpler, as we are not restricted by
the length of the overlap and have greater freedom of modifying the dimensions of
the bond area. It should be kept in mind, however, that in heading joints of small
dimensions of bonding area the strength of the joint is strongly affected by
boundary effects, which is manifest in greater scatter of results and thus also entails
the necessity of applying a higher factor of safety.
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Chapter 8

Quality inspection and testing of bonded joints
8.1. Testing of adhesives

Pre-operation tests of adhesives can concern their mechanical, electric, thermal
and processing properties, as well as viscosity, wetting ability, content of solids,
density, pH, content of functional groups, content of free monomers, and other
features, depending on the purpose for which a given adhesive is to be applied.

Viscodity is an important feature of liquid adhesives. It can be used as a basis
for the determination of the technological usability of a given adhesive under
specific conditions of bonding. There also exists a relation between viscosity and
other physical properties of adhesives, which permits the prediction of such
properties as uniformity of density, uniformity and stability of physical properties,
characteristics of ageing processes, etc. There are many ways of determining
viscosity. The Brookfield and Hoppler viscometers are relatively frequently used.
Also used are the Ostwald, Ostwald-Pinkiewicz, Engler, Saybolt, and Redwood
viscometers [7.13]. All the methods of measurement employ the Hagen-Poiseuille
law (capillary flow of liquids), or else the Stokes law (settlement of spherical bodies
in a liquid). Sometimes also other equipment is employed, such as flow-through
vessels, and other indirect and comparative methods.

Usable life of adhesive composition is the time elapsing from the moment
when the adhesive is ready for application to the moment when the adhesive ceases
to wet bonded surfaces. Basically the value is adopted conventionally, with a
certain tolerance or margin. Experimental tests for the determination of the usable
time of adhesives are based on measurement of viscosity or on shear tests.

Loss in weight is determined experimentally as the ratio of sample weight
before curing to the sample weight after curing, usually expressed as a percentage
value. In practice it consists in accurate weighing of a small amount of adhesive,
followed by its thorough curing and repeated weighing when cured; then the index
of loss in weight is calculated as follows:

a= A; B 100% (8.1)

where: a — index of loss of weight, A — initial weight of sample, B — weight of
sample after curing.

Wetting ability is a very important property of adhesives that — to a large
extent — determines the value of adhesion. It is relatively difficult to determine and,
as a rule, is used only for purposes of comparing the wetting ability of various
adhesives. Most often used in comparative tests is the measurement of the wetting
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angle. It is not an accurate method, as the wetting angle depends not only on the
wetting ability of the adhesive, but also on the adhesive properties of the surface.
The mutual interactions may interfere with the interpretation of the adhesive
properties of the adhesive.

Rate of curing (setting) — testing of this characteristic of adhesives usually
consists in determination of changes in strength with relation to conditions of
curing. Samples are prepared from the same adhesive, then the changes in the
physical state of the adhesive are monitored in time, for example through
measurements of strength or hardness.

Apart from the above tests for qualification of adhesives prior to bonding
operations many other technological tests are used as recommended by industry
standards or by standards imposed by licence agreements.

8.2. Testing of adhesive properties of surfacelayer of bonded elements

Adhesive properties of surface layer comprise all the properties that define the
applicability of a given material for various operations in which adhesion plays the
leading role.

In recent years in studies on adhesive properties a tendency is observed to
adopt the energy approach as the most relevant to the essence of such processes. For
exhaustive determination of the adhesive properties of the surface layer of a
material it is necessary to determine its free surface energy. The value of free
surface energy can be used as a measure for the estimation of the preparation of the
surface layer for processes of e.g. adhesive bonding, sealing, printing.

In view of the lack of direct methods for the determination of free surface
energy of materials in solid state, indirect methods are employed. Examples of
indirect methods for the determination of free surface energy include the methods
of van Oss—-Good, Owens-Wendt, and others [8.8, 8.9, 8.14, 8.20, 8.33]. Those
methods are most frequently based on measurement of wetting angle of measuring
liquids.

The wetting angle can be determined through direct measurement or indirectly,
through measurement of certain geometric dimensions of a drop. An auxiliary
drawing for such calculations is presented in Fig. 8.1.
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Fig. 8.1. Schematic drawing for the calculation of wetting angle from the geometric
dimensions of a drop

The wetting angle ©, on the basis of fig. 8.1, can be calculated from the relation:

CosS® = o (8.2)

r—h

It should be noted, however, that the indirect method, the idea of which is
presented in Fig. 8.1, adopts the postulate that the shape of the drop corresponds to
that of a segment of a sphere. That postulate is true only for a certain volume of the
drop.

For comparative studies it is also possible to use the work of adhesion W.. It is
the value of free energy required to separate two phases at constant pressure and
temperature. Although this does not provide full determination of adhesive
properties, but can be used as a comparative measure due to its relatively simple
and easy method of determination. Most frequently the measuring fluid used is
distilled water, with known value of free surface energy [8.9, 8.14, 8.33].

Knowledge of the stereometric structure of surface [8.1, 8.3, 8.10] plays a
significant role, especially in the theory of mechanical adhesion. It is also a source
of information used in preliminary energy analysis of the surface under
examination. It is possible to make a preliminary assessment of the ratio of active
surface area (wetting) to the actual surface area. Increase in the actual surface area
within the geometric surface multiplies the effect of intermolecular forces, among
other effects. However, excessive content of narrow micro-pores is usually
unfavourable, as an adhesive with high viscosity and a high value of free surface
energy cannot fill such pores. In such a case there may appear a layer weakening
the adhesive bond, formed of gas bubbles trapped in the pores.

Surface roughness is also a highly significant element [8.25, 8.26, 8.29, 8.30,
8.31, 8.32] in the aspect of the theory of mechanical adhesion. Considerable
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increase in the share of mechanical adhesion in total adhesion can be achieved
through suitable machining of the surface.

The literature of the subject provides the recommended values of various
parameters of surface roughness of materials from the viewpoint of the technology
of adhesive bonding [8.4, 8.24, 8.31, 8.32]. On the basis of knowledge of certain
parameters of surface roughness it is possible to formulate conclusions concerning
the suitability of surfaces for adhesive bonding. It is also possible to formulate
certain recommendations concerning the method of preparation of the surface layer
of materials.

There are many methods for the determination of free surface energy s [8.8,
8.9, 8.14, 8.20, 8.31, 8.33]. The Owens—Wendt method gained the greatest
importance due to its numerous advantages, though it also raises certain
reservations, for a variety of reasons. In the method it is assumed that free surface
energy is sum of two components: dispersive (%) and polar ().

In the determination of free surface energy two measuring liquids are used.
Often these are distilled water and diiodomethane. Distilled water is a strongly polar
liquid, as its polar component is 51 mJ/m? with a total free surface energy value of
72.8 mJ/m?. Diiodomethane - CH.J, — is an almost totally apolar liquid. The polar
component of diiodomethane is 2.3 mJ/m?, with total free surface energy value of
50.8 mJ/m?. For the measurement of the wetting angle the method employed is that
of direct of measurement of the wetting angle formed by a drop of the measuring
liquid with the surface tested.

In the Owens-Wendt method [8.14], after suitable transformations the
following relations are obtained:

7,(cos®, +1)- ﬁ;fw(cos@W +1)

() = 4l d 8.3
2r -7 ;Wp

( Sp)o,s _ 7,,(cos®,, J:/l);quysdywd o
27,

where: 1. — dispersive component of free surface energy of tested materials,
v — polar component of free surface energy of tested materials, v, — free
surface energy of diiodomethane, v, — dispersive component of free surface
energy of diiodomethane, y° — polar component of free surface energy of
diiodomethane, v, — free surface energy of water, v, — dispersive component
of free surface energy of water, v,,” — polar component of free surface energy,
04 — angle of wetting with diiodomethane, 6,, — angle of wetting with water
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Performing the measurement of the angle of wetting with water and diiodomethane
one can calculate the dispersive and polar components and then sum them up — the
components are additive.

8.3. Non-destructive testing of bonded joints

Non-destructive tests [8.15] of bonded joints are, by assumption, to provide
information on the condition of the joint, with the process of testing itself not
causing any changes in the properties tested.

In non-destructive testing of adhesive bonds the methods used the most frequently
include the following:

- acoustic methods,

- radiological methods,

- electromagnetic methods,

- thermal methods,

- optical methods,

- penetration methods.

A typical method of non-destructive testing is the ultrasonic method. For lap
joints straight or fixed ultrasonic probe heads can be used, for heading joints —
angled or indexing heads (Fig. 8.2).

Fig. 8.2. Lap-type adhesive joint testing with straight probe head (a), and testing of heading
joints with angled (or indexing) probe heads (b); 1 — bond area, 2 — probe head

At present, available on the market are small, portable defectoscopes with
digital displays, for adhesive bond testing often equipped with automatic scanning
systems.

The X-ray technique has been used in radiographic testing for a long time.
Modern version of X-ray defectoscopes operate automatically and permit 3D
visualisation of discontinuity of structure. They are also available in portable
versions.

Flaw detection [8.15] testing can also be realized by means of portable
magnetic detectors, but the greatest testing potential is still provided by stationary
defectoscopes of high power.
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Aerosol dye penetrants are used primarily for the detection of surface flaws
and defects, but they can also be used for testing adhesive bonds, especially in the
aspect of leak tightness.

Optical methods are primarily endoscopic methods which currently are going
through a period of violent development.

For the detection of discontinuity of bonding also thermographic methods can
be used. The application of thermal detection and imaging is especially interesting
with relation to the detection of unbonded spots and gas bubbles.

A schematic diagram of an ultrasonic defectoscope is presented in Fig. 8.3

Fig. 8.3. Schematic of the operation of ultrasonic defectoscope (reflectoscope): a) in the case
of adhesive bonding of materials strongly absorbing ultrasonic waves the reflected signal
returns greatly weakened, b) in the case of unbonded spots the signal gets reflected by the
material-gap boundary, 1 — initial signal, 2 — emitter-receiver probe, 3 — bonded material,

4 — layer of adhesive, 5 — signal reflected from unbonded spot, 6 — unbonded spot

All of the enumerated methods have the objective of localizing and
determining the area of unbonded spots and other flaws, especially intrusions and
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gas bubbles. The ultra-acoustic flaw detector [8.15] permits the detection of
unbonded spots in sandwich structures, unbonded spots at the boundary between
adhesive and bonded material, increased porosity (thin spots), delaminated areas in
plastics.

The X-ray technique permits rapid assessment of the quality of bonding, but it
requires more experienced personnel as it is more difficult in terms of interpretation
of results, especially with relation to sandwich structures. A schematic of the
principle of operation of X-ray flaw detection is presented in Fig. 8.4.

Fig. 8.4. Principle of operation of X-ray flaw detector: 1 — upper and lower layers
of bonded materials, 2 — X-ray unit, 3 — unbonded spot, 4 — photographic plate (film),
5 — image of the gap

More and more often thermography is employed for flaw detection. An
adhesive joint is illuminated from one side with an IR lamp and the image is
recorded by a thermal imaging camera. The presence of a flaw (unbonded spot, gas
bubble) changes the heat transfer image. Such a system is presented schematically
in Fig. 8.5.
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Fig. 8.5. Schematic diagram of thermographic flaw detector

A relatively new method for the detection of unbonded spots is based on the
use of liquid crystals. The method makes use of properties of cholesterol
compounds, consisting in colour change under the effect temperature change.
Within the area of an unbonded spot there is a change in the thermal conductivity of
the bonded elements, which makes unbonded spots to become visible during
heating of the bonded assembly.

Moreover, stress analysis is employed in testing adhesive joints. The more
important methods are the following:

Stress testing:

- extensometric method,

- brittle coats method,

- photo-elasticity method,

- holographic interferometry,
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- spot method (interference of waves scattered by an actual surface;
illumination with a light beam gives the effect of spotting)

Non-destructive testing:

- visual methods,

- penetration methods,

- magnetic methods,

- eddy current methods,

- ultrasonic methods,

- radiation methods.
It should be added that more and more advanced methods of model analysis with
the use of finite elements method and extensive databases of results from material
testing cause that stress analysis with the method of finite elements is more and
more commonly used and it becomes more and more credible.

8.4. Destructive testing of bonded joints

Destructive testing is necessary to verify even highly advanced methods of
strength prediction [8.2, 8.4, 8.12, 8.19, 8.24, 8.32]. Very often, especially with new
batches of adhesives, so-called “companion samples” are made. Such tests most
frequently consist in the determination of immediate shear, break, peel, or bending
strength.

Increasingly common use of adhesive bonding in machine assembly causes
that new standards are developed to cover the new areas of application. A list of the
more important standards is given in table 8.1.

Table. 8.1. More important standard applicable to adhesive bonding of metals

Item |Standard No. Title of standard
1 2 3

1 PN-69/C-89300 Adhesives for metal bonding. Determination of
shear strength

2 PN-59/C-89301 Adhesives for metal bonding. Determination of
breaking strength

3 PN-69/C-89302 Adhesives for metal bonding. Determination of
peel strength

4 PN-69/C-89304 Adhesives for metal bonding. Determination of

bending strength

5 PN-EN 2243-1:1999 Aircraft and spacecraft. Structural adhesives.
Testing methods. Determination of shear
strength of metal-metal adhesive bond.

6 PN-EN 2243-2:1999 Aircraft and spacecraft. Structural adhesives.
Testing methods. Determination of peel
strength of metal-metal adhesive bond.
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7 PN-EN 2243-3:1999 Aircraft and spacecraft. Structural adhesives.
Testing methods. Determination of peel
strength of metal-cellular core adhesive bond.

8 PN-EN 1464:2000 Adhesives. Determination of peel strength of
high-strength adhesive bonds. Floating roller
method.

9 PN-EN 14173:2004 Adhesives for structural joints. Determination
of peel strength, with T-method, of adhesive
bond of two flexible materials.

10 PN-EN 26922:2000 Adhesives. Determination of tensile strength of
heading joints.

11 PN-EN 26922:2000 Adhesives. Determination of peel strength of
joint of flexible and rigid elements. Peel at 90
degrees.

12 PN-EN 26922:2000 Adhesives. Determination of peel strength of
joint of flexible and rigid elements. Peel at 180
degrees.

13 PN-EN ISO 9664:2000 | Adhesives. Methods for testing fatigue
properties of adhesives for structural joints
under shearing tension.

14 PN-EN ISO | High-melt adhesives. Determination of thermal

10363:1999 stability.
15 PN-EN ISO | Adhesives. Determination of primary standards
10365:1998 of breaking of adhesive bonds.
16 PN-EN ISO | Adhesives. Determination of unscrewing
10964:2000 strength of threaded joints protected with
anaerobic adhesives

17 PN-ISO 4588:1999 Adhesives. Guidelines for surface preparation —
metals

18 PN-ISO 9653:2000 Adhesives. Method for testing the impact shear
strength of adhesive bonds

19 PN-ISO 10354:2001 Adhesives. Strength characteristics of
assemblies joined with structural adhesives.
Wedge test.

20 PN-1SO 10364:1999 Adhesives. Determination of usable life of
multi-component adhesives.

21 PN-ISO 15108:2002 Adhesives. Determination of bending-shear
strength of adhesive bonds.

22 PN-ISO 15109:2002 Adhesives. Determination of time to breaking
of adhesive bonds under static load.

23 PN-68/C-02004 Adhesives. Principles of classification.

24 PN-EN 1066:1999 Adhesives. Sampling.
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25

PN-EN 1067:1999

Adhesives. Initial assessment and preparation
of samples for testing.

26

PN-EN 12092:2004

Adhesives. Determination of viscosity.

27

PN-EN 1238:2001

Adhesives. Determination of softening point of
thermoplastic adhesives (ring and sphere
method).

28

PN-EN 1239:2000

Adhesives. Determination of frost resistance.

29

PN-EN 1240:2001

Adhesives. Determination of hydroxyl number
and/or content of hydroxyl groups.

30

PN-EN 1241:2001

Adhesives. Determination of acid number.

31

PN-EN 1242:2001

Adhesives. Determination of content of
isocyanate groups.

32

PN-EN 1244:2000

Adhesives. Determination of colour and/or
colour change of adhesive coats under the
effect of light.

33

PN-EN 1245:2001

Adhesives. Determination of pH. Method of
testing.

34

PN-EN 12963:2002

Adhesives. Determination of content of free
monomers in adhesives based on synthetic
polymers.

35

PN-EN 14022:2005

Adhesives for structural joints. Determination
of usable life of multi-component adhesives.

36

PN-EN 14258:2005

Adhesives for structural joints. Mechanical
properties of adhesive bonds subjected to short-
and long-term effect of specific temperature
conditions.

37

PN-EN 14493:2004

Adhesives for structural joints. Determination
of dynamic splitting strength of high-strength
adhesive bonds under the effect of impact
conditions. Wedge impact method.

38

PN-EN 1465:2003

Adhesives. Determination of shear strength in
tensile test of lap joints of two rigid materials.

39

PN-EN 14869-1:2005

Adhesives for structural joints. Determination
of shear strength of structural adhesive joints.
Part 1: Torsion test with two hollow cylinders
in heading joint.

40

PN-EN 14869-2:2005

Adhesives for structural joints. Determination
of shear strength of structural adhesive joints.
Part 2: Shear test with thick bonded elements.
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41

PN-EN 1966:2004

Adhesives for structural joints. Determination
of surface characteristics through adhesion
measurement with the three-points bending
method.

42

PN-EN 1967:2004

Adhesives for structural joints. Estimation of
effectiveness of aluminium surface machining
techniques through wet peel testing in
combination with the floating roller method.

43

PN-EN 29142:1999

Adhesives. Guidelines for the selection of
standardized conditions of laboratory ageing
for adhesive bond testing.

44

PN-EN 828:2000

Adhesives. Determination of wetting ability
through measurement of wetting angle and
critical surface tension of solids.

45

PN-EN 924:2005

Adhesives. Solvent and non-solvent adhesives.
Determination of ignition temperature (flash-
point).

46

PN-1SO 15109:2002

Adhesives. Determination of time to breaking
of adhesive bonds under static loading.

Testing of fatigue strength of adhesive joints is becoming more and more
important, and so do problems related to the ageing of adhesive bonds. Application
of standards developed for metals in fatigue tests of polymer materials (in a great
majority of cases adhesives are polymer materials) may sometimes lead to
erroneous conclusions. In some cases, at frequencies of the order of 50Hz, typical
for fatigue testing of metals, in fatigue testing of polymers there appears the
phenomenon of self-induced temperature. Experiments have shown that it is the
best to conduct fatigue testing of adhesive bonds of metals at frequencies of 10-30
Hz. For purposes of comparisons the parameters adopted in standards DIN 54452
and ASTMD 3166-73 are used. Currently fatigue testing of adhesive joints can be
conducted in accordance with the standard PN-EN 1SO 9664:2000.
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