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ABSTRACT

Nowadays, both commercial and military aircraft are equipped with fuel tanks that are

situated in the fuselage as well as in the wings. These fuel tanks contain large amounts

of kerosene. The most commonly used type of fuel tanks are integral fuel tanks, which

are formed in the actual aircraft wing structure and cannot generally be removed. Any

gaps in the aircraft structure should be sealed to produce a compartment which will

contain the fuel. The use of integral fuel tanks is preferable in the aerospace industry

since they utilise the primary structure which is already designed to sustain loads.

However, the design of an integral fuel tank presumes the use of suitable materials that

will provide and ensure a good seal throughout the service life. In general, a good fuel

tank sealant should be fuel, water and microbiological contamination resistant, it

should demonstrate good adhesion to various substrates and it should also retain its

strength and flexibility over the operational temperature and time. In order to assess

the adhesion of fuel tank sealants to various substrates, the aerospace industry has

made use of the 1800 peel test. This is a long established industry standard test method,

which is embodied in a number of aerospace material specifications. The test method

involves the de-bonding of a sealant layer bonded to a rigid substrate. A flexible

element such as a stainless steel mesh, embedded into the sealant, is used for the

application of the load.

Two aircraft fuel tank sealants were selected; a two-part epoxy cured polythioether

sealant and a two-part manganese dioxide cured, .liquid polysulphide sealant. The

mechanical properties of both sealants were evaluated, and their dependency on the

strain rate was quantified through quasi-static tensile and torsion tests. The behaviour

of the sealants in a single lap joint configuration was also analysed with various glue

line thicknesses, and adherends, using extensive finite element modelling. A

comprehensive review of the peel test method for sealants is also presented. Factors

that may have introduced unreliability in the testing procedure are identified and

proposals for improvements are made. As an example, the knife cut usually made by

the test machine operator during the test, in order to reinitiate the propagating crack

back at the sealant-substrate interface (when the crack had advanced inside the sealant



layer) was replaced with artificial defects. These defects are effectively areas where no

bond exists between the sealant layer and the rigid substrate. It was shown that these

defects can act as precise knife cuts when positioned along the length of the rigid

panel, and, drive the propagating crack back to the sealant-substrate interface.

Modifications to the geometric characteristics of the peel specimen resulted in an

increase in the reproducibility and reliability of the peel test. The modified peel

specimen geometry was then used to quantify the effect of several parameters involved

in the peel test aiming to understand the mechanisms of failure. The effect of the

peeling angle, the sealant layer thickness, the treatment of the aluminium substrate, the

type of the substrate and the rate of the applied peel load were also investigated in

numerous tests. It was shown that the peel energy is strongly affected by both the

peeling angle and the sealant layer thickness, in a coupled way. A way of estimating

the peel energy at any peeling angle in the range of 900 to 1800 with different sealant

layer thicknesses is presented based on the mechanical properties of the sealant. The

behaviour of the fuel tank sealants after exposure to water and/ or synthetic aircraft

fuel was also investigated. Weight gain measurements were made after exposure to

water and/ or fuel at various temperatures. The effect of the water and fuel immersion

on the sealant properties was quantified by monitoring the glass transition

temperature. It was shown that the glass transition temperature can be significantly

affected by the presence of water/fuel, depending on the chemical nature of the

sealant.
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ITHAKA

As you set out for Ithaka
hope your road is a long one,
full of adventure, full of discovery.
Laistrygonians, Cyclops,
angry Poseidon - don't be afraid of them:
you'll never find things like that one on your way
as long as you keep your thoughts raised high,
as long as a rare excitement
stirs your spirit and your body.
Laistrygonians, Cyclops,
wild Poseidon - you won't encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.

Hope your road is a long one.
May there be many summer mornings when,
with what pleasure, what joy,
you enter harbours you're seeing for the first time;
may you stop at Phoenician trading stations
to buy fine things,
mother of pearl and coral, amber and ebony,
sensual perfumes of every kind -
as many sensual perfumes as you can;
and may you visit many Egyptian cities
to learn and go on learning from their scholars.

Keep Ithaka always in your mind.
Arriving there is what you're destined for.
But don't hurry the journey at all.
Better if it lasts for years,
so you're old by the time you reach the island,
wealthy with all you've gained on the way,
not expecting Ithaka to make you rich.

Ithaka gave you the marvellous journey.
Without her you wouldn't have set out.
She has nothing left to give you now.
And if you find her poor, Ithaka won't have fooled you.
Wise as you will have become, so full of experience,
you'll have understood by then what these Ithakas mean.

Konstantinos Kavafis (1863 - 1933), Greek Poet
Translation in English: http://cavafis.compupress.gr/

http://cavafis.compupress.gr/
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1: Introduction

1 INTRODUCTION

The definition of a sealant was given by Petrie (1999) as a substance capable of
attaching to at least two surfaces, thereby, filling the space between them to provide a

barrier or protective coating. Sealants are often considered in the literature together

with adhesives since the fundamentals of how they work are very similar. The main

difference is that adhesives should be capable of holding two surfaces together in a

strong and permanent manner, while strength is not the main concern in the case of

sealants. However, they should usually demonstrate better flexibility than adhesives in

order to compensate for micro-movements of the attaching substrates.

Sealants are generally used as a barrier or a kind of protection. In this way, sealants are

used to exclude things like dust or dirt as well as moisture and chemicals or to contain

liquids or gases. They can also be used as coatings to protect a surface from a hostile

environment where it is exposed. They can be used to exclude noise and vibration, but

also to perform a joining function. The most important functions of a sealant material,

no matter what is its specific application, were summarised by Petrie (1999) as follows:

• It fills a gap between at least two substrates.

• It forms a barrier by its physical properties and by its adhesion to the substrate.

• It maintains its sealing property for the expected lifetime, service conditions, and

environments.

The performance of a specific sealant material is crucially determined by its adhesion

to various types of substrate. The adhesion of the sealant is strongly affected by the

physical and chemical interaction between the material and the surface to which it is

applied. The degree of adhesion of a sealant is influenced by factors such as water

exposure, temperature changes, relative movement of the substrates and, of course,

1



1: Introduction

cleanliness of the surface. In some cases, the use of primers is necessary before the

application of a sealant to a substrate. Primers add a new, usually organic, very thin

layer to the interface and bond very well to both the substrate and the sealant.

Mechanical properties such as elongation, compressibility, tensile strength, modulus of

elasticity, tear resistance, and fatigue resistance, also significantly affect the

performance of a sealant. Depending on the nature of the application, a sealant may

require very little strength or great strength, compressibility or incompressibility, and

high or low tear strength.

Sealants are used is a whole range of applications. In Table 1.1, some typical

applications are presented as they were summarized by Petrie (2005).

Table 1.1 Typical applications of sealants (Redrawn from Petrie (2005)).

Sealant Typical Application

Poly-isobutylene

Acrylics
Non-plasticized

Plasticized

Primary seal on insulating glass

Solvent-based

Water-based for interior use joints on wallboard

Exterior joints on low-rise housing, with good movement
capabilities, excellent weathering
Exterior joints on high-rise construction, around doors and
windows with low movement

Polysulphide
One-part

Two-part

High-rise building joints

High-rise building joints, aircraft fuel tanks, boating,
insulating glass sealant for remedial housing; with coal tar
for airport aprons

Urethane
One-part

Two-part

High-rise building joints

High-rise building joints, insulating glass sealant, with coal
tar and asphalt for membrane waterproofing compounds

Silicone
One-part

Two-part

Low and medium modulus for high-rise building joints; low
modulus for highways and difficult building joints; medium
and high modulus for insulating glass with poly-
isobutylene; structural glazing; home use as bathtub caulk
Mostly in-plant use of prefab units and insulating glass

Fire-resistant gaskets, lock-strip gaskets, foam gasketsNeoprene

The aerospace industry places special demands on sealants for high performance

applications such as fuel tanks. Nowadays, both commercial and military aircraft are
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equipped with fuel tanks that are situated in the fuselage as well as in the wings. These

fuel tanks contain large amounts of kerosene. The three basic types of fuel tanks used

on aircraft are (1) integral, (2) rigid removable and (3) bladder. Integral fuel tanks are

commonly located in the aircraft's wings or fuselage. These tanks are formed by the

actual structure of the aircraft and cannot generally be removed. Any gaps in the

aircraft structure should be sealed to produce an area which will contain the fuel.

Rigid, removable fuel tanks are often made of aluminium components that are welded

together. These structures are installed in compartments specifically made for the

tanks. They are usually slung under the fuselage. Bladder type fuel tanks are basically

reinforced rubberized bags. These tanks are installed in compartments which support

the weight of the fuel and they are held in place with push buttons on the bottom and

sides of the tank. Once full with fuel, the bags are shaped to fill all the available space

in the compartment.

The use of integral fuel tanks is preferable in the aerospace industry since they utilise

the primary structure which is already designed to sustain loads. They have a major

advantage over rigid removable and bladder fuel tanks since they do not add

significantly more weight to the aircraft. However, the design of an integral fuel tank

presumes the use of suitable materials that will provide and ensure a good seal

throughout the service life.

INTERFAY OVERCOAT FUEL

INNER

FASTE ER
OUTER AIR

Figure 1.1 Schematic representation of the lower aircraft wing skin and the use of

various types of aircraft fuel tank sealants.
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The main types of sealant used to seal an aircraft integral fuel tank are (1) fillet

sealants, (2) interfay sealants and (3) overcoat sealants. In Figure 1.1 a schematic

representation of a part of the lower aircraft wing skin and the use of various types of

aircraft fuel tank sealants can be seen. Fillet sealants are applied at the juncture of two

adjoining parts or surfaces and along the edges of surfaces as a continuous bead of

material. Interfay sealants are applied between a fastener and its hole or between faces

of assemblies. Finally, overcoat sealants are applied as coatings over the fasteners.

In general, a good fuel tank sealant should fulfil some main requirements. It should

therefore be (1) fuel, water and microbiological contamination resistant, (2) it should

have good adhesion to various types of substrate and retain its strength and flexibility

over the operational temperature (usually in the range from -60°C to +100 "C) and

time, (3) it should have useable working life and low shrinkage, (4) it should cure at

room temperature and be easy to apply to the aircraft structure and (5) it should be

safe to use.

1.1 INlTIAnvE FOR RESEARCH AND OBJECTIVES

In order to assess the adhesion of fuel tank sealants to various substrates, the aerospace

industry has made use of the 1800 peel test. This is a long established industry standard

test method, which is embodied in a number of aerospace material specifications (e.g.

AITM 2-0013). The test method involves the de-bonding of an even sealant layer

bonded to a rigid substrate. A flexible element, embedded into the sealant, is used for

the application of the load. The acceptance criteria for a candidate fuel tank sealant are

100% cohesive failure with a peel load in the order of 4 N per unit width (mm) of the

bond.

It was decided that the current test method and the associated acceptance criteria

should be comprehensively reviewed. Some of the specific technical concerns

associated with the current test method, as raised by the aerospace industry, are

summarised as follows:

The method yields

• False positive results.

• False negative results.
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There is

• A significant effect of test variables.

• A lack of repeatability of test results, even with established materials and

laboratories.

• A high degree of sensitivity to substrate variables such as processing with

abrasives and cleaning with solvents.

Based on this, a research programme was set up between AIRBUS UK and the

University of Bristol to explore the possibility of a revised test method to assess fuel

tank sealant adhesion and performance.

A review of the currently used test method for fuel tank sealant adhesion should first

include the identification of possible sources of problems during manufacturing of the

peel test pieces as well as during testing. Furthermore, several parameters are involved

in the peel test (for example the peeling angle, the type of substrate, the peel rate,

sample thickness, etc) and their effect should be quantified in order to make the

method more reproducible. Obviously, in order to investigate the behaviour of fuel

tank sealants in peel, knowledge of the basic mechanical behaviour of these materials is

essential. Additionally, fuel tank sealants are used in the hostile environment of an

aircraft fuel tank. That means that they are exposed in fuel and/ or water in a range of

temperatures throughout their service life.

The objectives of the present research work can be expressed through the following

questions:

• What are the probable sources of variation associated with the current test

method?

• Can these sources of variation be identified and what actions should be taken?

• How do the parameters involved in the test method influence the results?

• Can the effect of these testing parameters be quantified and how does this affect

the current acceptance criteria?

• Fuel tank sealants are elastomeric materials. Can the mechanical behaviour of

these materials be described through rubber-like material laws?
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• Is there any connection between the mechanical properties of these materials and

the outcome of the peel test method?

• Qualification tests can be conducted after exposure to an aggressive

environment. However, how does such an environment actually affect these

materials?

• Can the effect of the environment be quantified and in what way?

During the research work, an aerospace aluminium alloy was mainly used as a

substrate, uncoated or alternatively coated with aerospace primers. Two aircraft fuel

tank sealants were considered. Both fuel tank sealants are currently used in the

aerospace industry. Sealant A represents a relatively new chemical family, while Sealant

B represents the sealant family which has been the mainstay of the aerospace industry

for the last 40 years. They were chosen because of their significantly dissimilar

chemical nature and mechanical properties to give a more general character in the

outcome of this research work. It should be mentioned that the present work does not

aim to make a comparison between commercial products, although, issues that might

concern one or even both materials will be raised. A description of the two sealants

tested is given below.

1.2 DESCRIPTION OF THE FUEL TANK SEALANTS CONSIDERED

The aircraft fuel tank sealants considered in this investigation named Sealant A and

Sealant B, respectively. Both sealants are commercial products. Since the present study

is not, by any means, a comparative work between commercial products, the

commercial names of the two sealants have been omitted. Both sealants are used for

interfay as well as fillet sealing of integral fuel tanks and other aircraft fuselage sealing

applications. According to the manufacturer's instructions, the service temperature of

Sealant A is from -55°C to +160 °C, while that of Sealant B is from -55°C to +130 cc.
Sealant A is a two-part epoxy cured Permapol®[1]P3.1 polythioether polymer. One of

the main features of this system is that the cure reaction is relatively unaffected by the

temperature and the humidity of the environment. The structure of the Permapol®

P3.1 polythioether polymer is shown in Figure 1.2. Oark & Cosman (2003) discussed

the chemistry of the Permapol® P3.1 polymers. They reported that with proper

selection of the monomers, the chemical groups R1 and R2 present in the backbone

[1] Permapol® is a registered trademark of PRe-DeSoto International, Inc.
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chain of the polymer can be manipulated in order to yield a range of properties. In

general, Permapol® P3.1 polymers demonstrate good fuel and chemical resistance due

to the presence and efficient distribution of sulphur in the polythioether backbone

chain.

Careful selection of the epoxy resin to be used as the curing agent (Figure 1.3) can

result in an even greater range of backbone chemistry in the final cured sealant.

According to Clark & Cosman (2003), Permapol® P3.1 polymers can be cured using

Bisphenol A, Bisphenol F and Novolac epoxy resins.

Figure 1.2 Structure of Permapol® P3.1 polymer

Permapol® P3.1
Polymer Epoxy Resin

OH OH
{RI - S -CH,- rn-CH,- 0 - &, - 0 -CH,- CH}.

Figure 1.3 Reaction of Permapol® P3.1 polymer with an epoxy resin.

Sealant B is a two-part manganese dioxide (Mn02) cured, liquid polysulphide polymer

(LPTM)[21.Liquid polysulphide polymers, which have been the basis of the aerospace

sealant industry for over 40 years, are produced by the aqueous polymerisation of bis-

(2-chloro ethyl) formal with sodium polysulphide (Lowe (1997)). The result is a linear

polymer terminated with mercaptan groups (-SH), as shown in Figure 1.4. Most

products also contain a small amount of 1, 2, 3-trichloropropane as a crosslink

originator.

[2] tyrM is a trademark of Toray Fine Chemicals Co., Ltd.
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LPTMpolymers are produced in a wide variety of viscosities with molecular weights in

the range from 1000 to 8000. Cured LPTMsystems demonstrate high flexibility, low

glass transition temperature and have excellent resistance to a variety of oils and

solvents, e.g., hydrocarbons, as summarized by Usmani (1982). This makes LPTMideal

for use in the hostile environment of the aircraft fuel tank.

Figure 1.4 Structure of liquid polysulphide polymer (LPTM).

The mercaptan terminated LpTMare polymerized using oxidizing agents to formulate

the final elastomeric sealant product (Usmani (1982)). The most commonly used curing

agents are oxygen donating materials, such as inorganic oxides (PbO, MgO, CaO),

inorganic peroxides (Pb02, Mg02, Ca02, Mn02) and dichromates (Na2Cr207, CaCr207,

MgCr207). The selection of a proper curing agent is usually based on factors such as the

cure rate, the thermal stability of the final product, and the desired elastomeric

properties. Polysulphide based aircraft fuel tank sealant products use manganese

dioxide (Mn02) as the curing agent. The cure mechanism that leads to the formation of

the final elastomeric sealant product, as summarized by many workers (Usmani (1982),

Lowe (1997)), can be seen in Figure 1.5.

4 R - SH + Mn02 -+ R - 5 - Mn - 5 - R + R - 5 - 5 - R + H2O

R-S-Mn-S-R + Mn02-+R-S-S-R + 2MnO

Figure 1.5 Reaction of liquid poly sulphide polymer with manganese dioxide.

For both sealants the base and curing agent components were mixed in a ratio 10:1 by

weight. Commercial aircraft fuel tank sealants also contain a number of compounds

such as cure modifiers, fillers (e.g. calcium carbonate), plasticizers and adhesion

promoters. All these compounds playa significant role in the properties of the cured

elastomeric sealant. The exact chemical composition of the aircraft fuel tank sealants

tested in the present work was not known to the author.
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1.3 OUTUNE OF THETHESIS

The thesis consists of the following chapters:

Chapter 1 includes an introduction to the research work by providing the principal

definitions, describing the initiative for research and its objectives, and provides a

description of the chemical nature of the aircraft fuel tank sealants chosen for the

investigation.

Chapter 2 includes a comprehensive mechanical characterization of the aircraft fuel

tank sealants considered. The preparation of the specimens and the experimental

procedures adopted, are presented in detail. The tests involved are tensile testing for

the estimation of the modulus, the strength and the Poisson's ratio of the sealants,

torsion of butt joints for the evaluation of the shear properties, fracture mechanics tests

to measure the fracture energy of the bulk materials, and dynamic mechanical analysis

for the cure monitoring and the evaluation of the dynamic shear modulus. The

experimental results were analysed by using rubber-like behaviour theories.

Chapter 3 describes quasi-static experiments on single lap joints. It covers the results of

aluminium and mild steel single lap joints, for both sealants, unpainted or alternatively

painted using an epoxy primer. The influence of the glue line thickness on the

performance of the sealant single lap joints is quantified and a detailed investigation of

the failure modes is presented.

Chapter 4 contains a general literature survey on the peel testing of adhesives and

sealants and describes the current peel testing procedure followed during the

qualification process of aircraft fuel tank sealants. A modified peel specimen geometry

is proposed and an experimental parametric study of the factors that influence the peel

performance of the aircraft fuel tank sealants is presented. Various parameters such as

the peeling angle, the sealant layer thickness, the peel rate, and the adherend material

and surface treatment were examined in this chapter. The interpretation of the

experimentally obtained results is also presented by taking into account the mechanical

properties of the sealants which were evaluated in Chapter 2. Recommendations for
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improving the reliability of current specifications are made together with a

comprehensive explanation of the physical meaning of the outcome of the peel tests.

Chapter 5 describes the finite element modelling of the sealant joints. The methods

adopted and the considerations made for modelling butt joints, single lap joints and

peel joints are discussed. The finite element analysis revealed very useful information

for the elastic behaviour of the sealants and their performance in joint configurations.

Chapter 6 is a durability study of the aircraft fuel tank sealants. The behaviour of the

bulk fuel tank sealants in water and synthetic fuel is quantified in this chapter, together

with the effect of environmental exposure on the glass transition temperature. The

experimental results were explained based on the chemical nature of the materials and

the application of existing phenomenological theories.

Chapter 7 is a summary of the conclusions and recommendations from the research

work. Suggestions for further work are also proposed in this chapter.
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2: Mechanical Characterization of Sealants

2 MECHANICAL CHARACTERIZATION OF SEALANTS

2.1 TENSION AND PLANARTENSION TEmNG

Prior to the investigation of the performance of aircraft fuel tank sealants in a joint

configuration and the detailed analysis of the peel behaviour, the mechanical

behaviour of these materials should be examined in detail. It is a fact that the

mechanical behaviour (e.g. tensile testing) can reveal very useful information in order

to understand in depth the way sealants perform in a more complex state of stress. The

tensile test was used to quantify the behaviour of the rubber materials, used in this

investigation, under uniaxial loading and to evaluate the properties needed for

building a model to be used in finite element analysis. In general, sealants are

elastomeric materials that follow a rubber-like, non-linear behaviour and exhibit very

high strains to failure. Therefore, special care should be taken when they are tested in

tension in both the testing procedure and the interpretation of the results. They may

also show some strain rate dependence of their properties which should also be

quantified.

When dealing with elastomeric materials, in order to build a model representative for

the behaviour of the material, it is suggested (ABAQUS v6.4J Analysis Manual (2004)

and Miller (2000))that this has to be tested at various other deformation states, apart

from the uniaxial extension. A common test is the planar tension test, which is also

called pure shear test.

Prior to presenting the experimental procedure and results, the principles of the two

states of deformation (uniaxial and pure shear) will be discussed briefly.
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2: Mechanical Characterization of Sealants

The pure homogeneous deformation under any loading is often described by the

principal extension ratios, AI, 12. and Aa, defined as the ratio of stretched length to

initial length of the edges of a small cubical volume element (Figure 2.1), (Treloar

(1975)).The values of Ai are also given by:

Ai =1+ei' I = 1, 2, 3 Equation 2.1

where, ei are the corresponding principal strains. These extension ratios may be either

greater than 1, corresponding to a tension, or less than 1, corresponding to a

compression, provided that the condition of constancy of volume (incompressible

deformation) is satisfied.

Equation 2.2

Undeformed Deformed

10

)-1
3

Wo

2

1~=-,10
'Cv1 -_"'2 - ,
l°O

Figure 2.1 Definition of the principal extension ratios for pure homogeneous

deformation of a cubical volume element.

According to this, a uniaxial deformation is defined as the type of deformation where

one dimension of the specimen (cubical element) is increased by A while the other two

dimensions are correspondingly reduced in order to satisfy the incompressibility

condition (Equation 2.2). The nature of the deformation is schematically presented in
Figure2.2.
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Undeformed Deformed

2

}-l
3

Figure 2.2 Schematic representation of the uniaxial deformation for an incompressible

volume element.

The pure shear deformation is defined as the deformation where tension is applied

along one of the principal axis with the condition that there is no change in length

along one of the others (A,3 = 1 in Figure 2.3).This is the reason for the term shear, since

a shear deformation is defined as one in which a line parallel to one of the principal

axis undergoes no change in length. The term pure means that the principal axes do not

rotate during the deformation. Thus, the pure shear is equivalent to a simple shear

without a rotation. The nature of the deformation and the values of the principal

extension ratios are schematically presented in Figure 2.3.

Undeformed Deformed

2

}-l
3

••• T- ••••. . ..'.'"- ..

Figure 2.3 Schematic representation of the pure shear deformation for an

incompressible volume element.

For an incompressible material the state of pure shear could be simply achieved by

deforming a sheet of the material in one direction, while maintaining the transverse

direction unchanged. However, if an experimental arrangement is used that involves, a

specimen whose length is much smaller than the width (wo»lo), then, the direct

application of forces in the transverse direction, in order to maintain the specimen's

length unchanged, could be dispensed with those generated as a result of the restrains

of the clamps. There will always be some transverse straining at the edges of the
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specimen (Figure 2.4); however, such an arrangement will ensure that in the middle of

the specimen the condition for pure shear would be met.

Loading Direction

10

t t I I I t t t t t t
I
\ I

r -- --- -- .-_ .... ------- ---------_ .. -_ .._-_._--- ------- ------ _. --- ..
I·II·I 10I
I
I
I·II
I·I·· ._._.e. ------- -----_ ....- ._-------- ------ .. -- ._-- .. ._ .f,. -- _. ..- ._...

J \
r I

I Wo
Jr ...

Clamp

T
1

«Wo

Figure 2.4 Planar tension (pure shear) test.

A thorough description of the test is given by Treloar (1975) and more recently by Gent

(2001). Duncan et al. (2001) used it extensively for the characterisation of flexible

adhesives in order to create a reliable finite element model of the behaviour of the

materials.

2.1.1 Materials and specimens

Sealant materials

The materials tested in this investigation were Sealant A and Sealant B as described in

Chapter 1.

Manufacturing of tensile specimens
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2: Mechanical Characterization of Sealants

When manufacturing bulk specimens for mechanical characterization of adhesives, and

to use for modelling adhesive joints, there are some quite important issues that arise,

and they are well addressed in the literature (Duncan et al. (1994». These are mainly

voids that result from the inclusion of air, specially while mixing two part components.

Curing conditions can also introduce some problems since curing of most adhesives is

exothermic and, in thick layers such these used for bulk specimens, additional heat

may be present. This results in a different curing temperature compared to a joint

configuration where the adhesive is present in a very thin layer and the effect of the

additional heat is negligible. In the present study, for the manufacturing of bulk

specimens used for the mechanical characterization of the sealants, emphasis was

given to overcoming problems mainly associated with inclusion of air voids.

Techniques for manufacturing sheets of bulk material were well known to the research

group and will be discussed later in the chapter. However, for tensile specimens, an

adequate way of cutting them out of the sheets had to be found. The fully cured sealant

materials are very soft and machining to the right dimensions was not feasible.

Therefore, it was decided that it would be better to use a moulding technique to avoid

any problems associated with the cutting of the specimens and to produce the best

possible specimens for tensile testing.

Lees & Hutchinson (1992) used a centrifuging technique to manufacture bulk

specimens of viscous cold-cure adhesives. Although they addressed all the issues

associated with void formation during mixing of their adhesives and managed to

create a smooth paste, free of air bubbles, by putting the adhesive into syringes and

centrifuging at 3500rev/min for 10 min; they did not take into account void formation

while injecting the material into the moulds. The centrifuging technique, for producing

bulk tensile specimens, was used for both sealants tested in the present work.

However, instead of centrifuging the sealant material and then injecting it into the

moulds, centrifugation of the whole mould containing the appropriate amount of

uncured sealant was performed.

Sealants were individually packaged in special plastic cartridge assemblies, which

store, mix, and apply multiple component adhesives, sealants, and other materials

(Figure 2.5).The plastic cartridges assure accurate proportioning of the materials since

the pre-measured components are stored in separate compartments within the
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cartridges. Initially, the sealants were manually mixed within the cartridge, according

to the manufacturer's instructions. The packages were then fitted in an air gun and the

mixed sealant was injected into a sealed steel mould under pressure (2bar).

Base Material

Base = 10 :1by weight
CuringAgent

Plastic
Stopper

Figure 2.S Schematic representation of the injection kit used to store and mix the

sealants.

Sealant

3

Excess
sealant

1 Mould Base

2 Middle

3 Top

Figure 2.6 Schematic representation of the mould used to manufacture the tensile

specimens.

16



2: Mechanical Characterization of Sealants

The metallic mould used is shown in Figure 2.6. It consists of three individual parts: (1)

the base part, which is used as the support and is attached to the centrifuge, the middle

part (2) which determines the shape and the thickness of the specimen and the top part

(3) which seals the mould. To ensure that the sealant will not bond on the mould, three

layers of release agent (FREEKOTE 55NC) were applied to all the parts, prior to sealant

injection. For the application of the release agent, the metallic moulds were heated to

80°C. The three parts were fitted together with bolts, which were manually tightened.

The sealant was injected through a 02.5 mm hole, as shown in Figure 2.6, at one side of

the mould, while a 01.5 mm hole at the other side was used to ensure that the interior

was filled with material. When the mould was filled with sealant, both these holes

were closed with screws.

Figure 2.7 Schematic representation of the centrifuging configuration used to

manufacture tensile specimens of sealants.

Six moulds were then placed in a radial configuration (Figure 2.7) on a centrifuge and

they were centrifuged at 1500 rev jmin for approximately 30 min. The required time

and speed were found by trial and error, judging from the quality of the specimens, in

terms of the voids present, at the end of the process. This was done by eye observation

of the specimens. During the centrifuging, the uncured sealant, under the action of the
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centrifugal force, moves towards the outer end of the mould and the entrapped air

towards the inner end. Following the end of the centrifuging the moulds were placed

in a vertical position for the sealant to cure at room temperature (23 "C ± 1 "C). After 24

h the specimens were removed from the moulds and placed in an oven at 50 "C for 24

h more, to accelerate the curing process.

Since relative humidity significantly affects the cure, especially of the polysulphide

sealants, as mentioned by Clark & Cosman (2003), it was decided to monitor RH during

the 48 hours of the curing process, and to check it against the manufacturer's data sheet

instructions. Huang & Paul (1994) analysed the behaviour of two aircraft fuel tank

sealants in variable curing conditions and found that increases in temperature

accelerated the curing while higher humidity increased the curing rate of the

manganese dioxide cured sealant but marginally retarded that of the dichromate cured

sealant. In the present study, it was found that the RH level was 55±5 % during the first

24 hours of curing, and it was decreased to 35 % during the final 24 hours inside the

oven. At the end of the curing process, the edges of the specimens were cut using a

sharp knife. The resultant specimens, used for tensile testing are shown in Figure 2.8.

The nominal thickness of the specimens was 3.5 mm.

~-----------------97mml------------ ~

kr----------62mml--------__~,

F-31 mm----1

T
25mm

1
Figure 2.8 Geometry of the specimens for tensile testing of sealants.

Manufacturing of planar tension specimens

In order to perform a planar tension test, flat rectangular specimens with a very high

width to length ratio were needed. Thus, the objective was to manufacture flat sheets

of bulk sealant material having a uniform thickness. The technique, for producing
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sheet specimens without porosity, is described in the French standard NFT 76-142

(1988)referred to by Jeandrau (1991),and extensively used by L. F. M. da Silva (2004).

It consists of curing flat sheets of adhesive and/ or sealant in a mould, sealed with a

silicone rubber frame, under a hydrostatic pressure (20 bar). The technique, shown

schematically in Figure 2.9, consists of placing a quantity of sealant in the central part

of a mould. The sealant volume should be slightly greater (-5 %) than the volume

corresponding to the internal part of the silicone rubber frame. At the beginning of the

cure, there should be a gap, between the sealant and the silicone rubber frame. This

gap enables, at the moment of the application of the pressure, the sealant to flow (until

the mould is completely filled) and to avoid air entrapment in the middle. It should be

noted that there is an external metallic frame to keep the silicone rubber frame in place.

The result is that the sealant is under a high hydrostatic pressure that also provides a

good surface finish. Thus, the silicone rubber frame seals the mould and stops the

sealant flowing out and determines the final thickness of the sheet after cure.

Uniform Pressure 2 MPa

SteelMould

Silicone
Rubber
Frame

Sealant

Figure 2.9 Schematic representation of the technique used to manufacture flat sheets of

bulk sealants.

For the purpose of this work, an existing metallic mould, originally designed for

producing flat composite plates, was used with an additional silicone rubber frame.

The dimensions of the sealant material sheet after cure were approximately 210><210

mm, with a nominal thickness of 2.5 mm, which corresponds to the internal

dimensions and total thickness of the silicone rubber frame. The pressure was applied

via a hydraulic press.
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Rectangular specimens, having dimensions 100x50x2.5 mm, were cut from the sheets,

using a sharp knife, after removing a 5 mm wide strip of material around the edges of

the cured sheet. The geometry of the specimens is shown in Figure 2.10.

All dimensions in mm

Figure 2.10 Geometry of the specimens for planar tension testing of sealants.

2.1.2 Experimental details and procedures

Testing apparatus and measurements

All the tension and planar tension tests were carried out on a universal testing machine

(ZWICK 1478) with a 0.2 kN and 0.5 kN load cell, respectively. These load cells where

found to give sufficient accuracy (±0.1 N) for measuring the relatively low loads

resulting during both tests. The testing machine was controlled via a personal

computer, which also recorded both the load and the crosshead displacement. Since

the crosshead displacement is not the most accurate way of estimating the actual strain

induced in the specimen during testing, another technique had to be adopted for that.

Contacting strain measurement techniques, such as strain gauging and 'clip-on'

mechanical extensometry are not recommended in general when soft elastomeric

materials are to be tested. The reason is that their weight and/ or method of attachment

can influence the results and the point of failure. Additionally, most mechanical

extensometers have limited travel and require removing from the specimen before

fracture occurs. On the other hand many authors (Duncan & Tomlins (1994), and Miller

(2000)) recommend the use of non-contacting strain measurement techniques such as

laser and video extensometry. The non-contacting strain measurement techniques offer
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the great advantage of measuring the actual strain on the gauge length of the specimen,

when using flexible materials (modulus in the range 0.01 - 1 CPa), without any

interaction over a very large strain range. However, when laser extensometry is used

one should be aware of its limitations and accuracy issues at low strains.

o
CCD
Digital
Camera

Self Tightening Grips

Specimen

Reflective Tape

Laser
Extensometer

Laser Beam

Figure 2.11 Schematic representation of the experimental setup used to perform the

tensile tests.

In the present study, a Hounsfield Laser Extensometer 500L was used in order to

measure the axial strain during both tension and planar tension tests. This is a

measuring device that uses a Class II (He-Ne) laser to measure the relative distance

between two strips of reflective tape attached to the specimen surface. The laser device

was mounted on the fixed head of the tensile testing machine and the output (±1 Volt,
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corresponding to ±l000 % strain) was recorded at the same time intervals as the load.

To ensure accurate measurements of the strain, the initial distance (gauge length)

between the reflective tapes was always kept around 20 mm. A schematic

representation of the experimental setup used for the tensile tests is given in Figure

2.11.

Since the measurement of the Poisson's ratio was of major interest in our research, the

transverse strain also had to be measured during the tensile tests. For that reason, a

digital CCD camera was placed facing the back of the tensile specimen and was set to

take pictures of the gauge length every 5 sec. Pencil marks parallel to the free edges of

the specimen were used as indicators for the measurement of the transverse strain. The

digital images were analysed using an image processing and analysis software

(UTHSCSA Image Tool) and the transverse strain was extracted for each specimen.

Because tensile tests were performed at various strain rates, the crosshead speed was

set appropriately in order to produce the desired strain rate at the gauge length of

specimen. The actual strain rate was then evaluated by differentiating the strain-time

recorded curve.

Once the stress-strain curve to failure was established for both materials, a number of

tensile specimens were loaded nearly up to failure and, instead of allowing the

specimens to fail; they were unloaded back to zero at the same speed. Continuous

recording of the load and the strain, via the laser extensometry, enabled the

construction of the loading-unloading curves that can reveal useful information for the

performance of these materials.

A similar setup to the one used for the tensile tests was employed for the planar

tension tests (Figure 2.12). As already mentioned in the introduction of this chapter,

pure shear deformation in an elastomeric sample can be achieved if the width of the

sample is much larger than the length in the loading direction. Thus, straining could be

prevented in the transverse direction by the physical constrains imposed from the

clamps. Gent (2001) recommends that the width to length ratio of the test piece should

be at least 8 to ensure that there will be no straining along the width of the specimen.

Therefore, the flat sheet specimens were gripped in the testing machine, using special

100 mm wide grips, in such a way that the gauge length to width ratio was equal to 8.
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2: Mechanical Characterization of Sealants

As a result of this configuration, the reflective tape had to be bonded on the grips, since

there was not available space on the actual specimen to ensure accurate measurements.

Thus, the relative distance of the reflective tapes was measured throughout the test and

it was then converted to axial strain at the middle of sealant specimen by dividing by

the gauge length, and assuming that the grips do not deform at all during the test. Such

an assumption is valid due to the large difference in stiffness between the sealant and

the grip material. For the case of the planar tension tests, which where only used for

material modelling purposes, a nominal strain rate of 1 min-t was applied.

Reflective
Tape

Figure 2.12 Schematic representation of the experimental setup used to perform the

planar tension tests.

Derivation of the stress and strain values
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For a tension test, if the stress distribution in the cross sectional area is assumed to be

uniform, the axial engineering stress is given by:

Equation 2.3

where, F is the applied load and Ao is the cross sectional area of the gauge length in the

undeformed state. Considering the incompressible nature of deformation, it can be

seen that the true axial stress, SI, (applied load divided by the instantaneous cross

sectional area) is given by:

Equation 2.4

where, £1 is the engineering axial strain defined as:

ill£=-
1 Io

Equation 2.S

where, 10 is the initial length of the gauge length of the specimen.

The logarithmic axial strain, which is also referred to as true strain (Nadai (1937)), is

defined as:

e, = In ( :, ) = In (1 +£, ) Equation 2.6

Thus, the engineering and true stresses and strains can be easily found from the

monitored load and strain curves during the tensile test. In a similar manner, the

transverse strains can be calculated by making use of the data of the variation of the

width of the specimen, as extracted from the image processing software. Poisson's ratio

can be then computed either by dividing the engineering transverse and longitudinal

strains or the incremental ones.

For an incompressible deformation (volume remains unchanged), Adams (2002)

worked out that Poisson's ratio is related to the axial engineering strain by the

following equation:

24



2: Mechanical Characterization of Sealants

1
v------===
- (1+ £1) +~1+ £1

Equation 2.7

The above equation predicts that engineering Poisson's ratio has an initial value of 0.5

and it decreases as the engineering axial strain increases. In an independent work,

Duncan & Dean (2003) found that the values calculated from this relationship were

significantly greater than measured values for a flexible (2-part polyurethane)

adhesive. This suggested that the material was compressible.

2.1.3 Experimental results from tensile tests

All the tensile tests for both sealant materials were performed at room temperature

(23±3 "C) and a relative humidity of 55±5%, at approximately 36 hours after the end of

the curing cycle. Since crosslinking does not stop precisely at the time that the material

is taken out of the mould, it is standard practice (ASTM D3182) not to test crosslinked

elastomers and rubbers within 16 hours of the end of the curing cycle. In addition the

time between curing and testing should be less than 96 hours. Three to five specimens

were tested for each different case and the results are reported as mean values with the

upper and lower limit being the standard deviation of the data. Careful examination of

the manufactured specimens revealed that there were no defects present or obvious air

pockets that could lead to premature failure of the samples.

Sealant A tensile test results

A set of characteristic tensile stress-strain curves for Sealant A tested at four different

strain rates can be seen in Figure 2.13. In this figure, both engineering and true stress-

strain curves are plotted. As a result of the large strains that the material exhibits up to

failure, it can be seen that there is a considerable difference between true and

engineering stress which is pronounced as the strain increases. For relatively low

strains « 10%), the two curves coincide and, in that region, the initial Young's

modulus of the material was evaluated. The increase in strain rate does not influence

the general behaviour of the material significantly, although it affects both the tensile

strength and strain to failure, as shown in Table 2.1.
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Figure 2.13 Averaged engineering and true tensile stress-strain curves for Sealant A at

various strain rates.

Table 2.1 Mechanical properties of Sealant A measured from bulk tension tests.

Actual Strain Rate
[min-I]

Tensile Strength
Ub, [MPa] *

Strain to Failure
eb, [%]*

Initial Young's
Modulus
E, [MPa]**

0.1

0.5

2.6±O.1

2.6±O.2

292±9 2.4±O.1

299±30 2.6±O.1

2.7±O.3

3.3±O.1

1.0

4.4

2.7±O.1 249±15

331±153.1±O.1

* Engineering values

** Measured at 10% engineering strain

More precisely, from Table 2.1 it can be seen that for an increase in strain rate as much

as 45 times the increase in tensile strength and initial Young's modulus is 18% and

37%, respectively. The strain rate values reported in Table 2.1 are the actual values as

evaluated from the strain-time curve, via linear regression. It was also found that the

strain to failure increases with increasing the strain rate at approximately 13%. As

26
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summarized by Ward (1983)and thoroughly investigated by Smith & Stedry (1961),for

low and intermediate strain rates the strain up to failure of a rubber increases. Smith &

Stedry (1961)in fact plotted a series of stress-strain curves of a rubber tested at various

strain rates and temperatures and by connecting the points at failure they created an

envelope, which they claimed can also represent failure under more complex

conditions such as creep and stress relaxation.

As mentioned before, apart from the tensile tests to failure, a series of tensile tests was

performed where the specimens were loaded nearly up to failure followed by

unloading at the same rate. The purpose of these tests was to quantify the energy

dissipation, if any, during a simple pull test. It is a fact that for some elastomeric

material, when they are stretched, energy losses may occur in the bulk under the

applied loading. These are known as hysteresis losses and are often associated with

heat generation in rubber compounds (Kar & Bhowmick (1997a)).An estimate of the

energy dissipation in a cycle of loading and unloading can be found from the area of

the hysteresis loop on a stress-strain plot.
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Figure 2.14 Typical loading-unloading stress-strain curves for Sealant A at various

strain rates.

27



2: Mechanical Characterization of Sealants

A series of such loading and unloading curves is presented in Figure 2.14 for Sealant A,

tested at various strain rates. It should be mentioned that these curves do not coincide

with the curves presented in Figure 2.13. The reason is that the curves in Figure 2.14

correspond to individual specimens while those in Figure 2.13 are averaged from five

different specimens. The behaviour of the material was again plotted in both

engineering and true stress terms. The difference between the two representations is

obvious from the graph.

The material appears to dissipate irreversibly a large amount of the energy and, as

listed in Table 2.2, this was found to be more than 50 % for all cases. This is expressed

through the dissipation index, ne!, which is simply the ratio of the dissipation energy

density in one cycle over the total strain energy density. It can be seen from Table 2.2

that there is a slight increase in the energy dissipation with increasing the strain rate.

This is in agreement with the findings of Kar & Bhowmick (1997b) that high-strain

hysteresis losses under uniaxial deformation increase with an increase in strain rate,

crosslink density and strain level.

Table 2.2 Total strain energy density and dissipated energy as calculated for one cycle

of loading and unloading nearly up to fracture from both the engineering and the true

stress-strain curves for Sealant A.

Actual Strain Total Strain Energy Dissipated Energy Dissipation IndexRate
[min-I] w, [xt()6 J/m3] Wei,[xt{)6 J/m3] nd [%]

Engineering True Engineering True Engineering True

0.1 3.4±0.3 9.6±1.0 1.9±O.1 5.0±0.2 57±6 52±7

0.5 4.2±0.1 1l.S±O.3 2.4±O.1 6.2±0.2 58±3 54±3

1.0 6.0±0.3 15.3±1.1 3.4±0.1 8.4±0.2 56±S 55±6

4.4 6.5±0.3 20.0±0.1 4.1±O.1 1l.8±O.2 63±4 59±1

Sealant Btenslle test results

As for Sealant A, a set of tensile tests was performed at various strain rates, in order to

access the behaviour of Sealant B. The engineering stress-strain curves have shown that

Sealant B failed at slightly lower stress levels than Sealant A (Figure 2.15). However,

when the true stress is considered, it can be seen that the stress level at failure, at high
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2: Mechanical Characterization of Sealants

strain rates (1 min-I and 5 min-I), is slightly higher for Sealant B, which is a result of the

higher strains that this sealant exhibited up to failure. Additionally, Sealant B gave

lower values for the initial Young's modulus, as calculated at approximately 10%

strain.
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Figure 2.15 Averaged engineering and true tensile stress-strain curves for Sealant B at

various strain rates.

A summary of the mechanical properties of Sealant B can be found in Table 2.3. For an

increase of 45 times in the strain rate the tensile strength and strain to failure increased

by 55% and 33%, respectively, which is nearly 3 times more than the increase found for

Sealant A. On the other hand, the initial Young's modulus increased by 40%, which is

nearly the same as the 37% increase found for Sealant A.

The implication would be that for both sealant materials the tensile strength and strain

to failure are increasing with the strain rate except that the increase is much higher for

Sealant B. In contrast, the initial Young's modulus increases by the same amount for

both materials for a 45 times increase in the strain rate.
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2: Mechanical Characterization of Sealants

Table 2.3 Mechanical properties of Sealant Bmeasured from bulk tension tests.

Actual Strain Rate
[min-t]

Tensile Strength
Ub, [MPa] ""

Strain to Failure
Eb, [%]""

Initial Young's
Modulus
E, [MPa]* *

0.1
0.5

1.6±O.1

2.0±0.1

363±11 1.2±O.1

15±O.1452±15
1.1 2.4±O.1 512±30 1.4±O.1

4.6 25±O.1 481±20 1.7±O.1

* Engineeringvalues

** Measured at 10%engineeringstrain

The energy dissipated during one cycle of loading and unloading was evaluated for

Sealant B, using the stress strain curves presented in Figure 2.16. From the stress-strain

curves it is obvious that the hysteresis losses are larger for this particular sealant. All

the values are listed in Table 2.4. However, if the dissipation index is considered, the

differences between the two sealant materials are not significant. The dissipation index

for Sealant B indicates that more than 50% of the strain energy density is dissipated in

the bulk of the material during deformation, for all the cases studied.
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Figure 2.16 Typical loading-unloading stress-strain curves for Sealant B at various

strain rates.
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Table 2.4 Total strain energy density and dissipated energy as calculated for one cycle

of loading and unloading nearly up to fracture from both the nominal and the true

stress-strain curves for Sealant B.

Actual Strain
Rate
[min-t]

Total Strain Energy
Wb, [x1()6 J/m3]

Dissipated Energy
Wei, [x1()6 J/m3]

Dissipation Index
nd [%]

Engineering True Engineering True Engineering True

0.1 3.2±0.2 10.6±1.0 1.5±O.0 4.8±O.1 48±4 42±5

0.5 5.l±O.3 19.9±1.6 2.9±O.1 10.HO.l 56±4 5H5

1.1 7.l±O.7 30.0±4.S 4.3±O.O l6.8±O.O 60±6 56±8

4.6 7.0±0.6 28.3±3.0 4.4±D.2 l6.5±1.2 62±8 58±11

SUmmary of the tensile tests

The analysis of the tensile behaviour of rubber was attempted by many authors in the

past in order to discover a satisfactory criterion for failure. The work by Smith & Stedry

(1961) and Smith (1%3) resulted in the concept of a failure envelope, a unique curve for

each polymer relating the tensile strength to the strain at failure over a wide

temperature and strain rate range (Figure 2.17). They concluded that the ultimate

properties vary with the strain rate, because the viscous resistance to network

deformation increases with the rate.

c

Strain

Figure 2.17 Schematic representation of the dependence of stress-strain curves on

strain rate and temperature (Redrawn from Smith (1963)).
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A plot of the tensile strength as a function of the strain to failure was made, in order to

examine whether the behaviour of Sealant A and Sealant B follows this general

approach for rubbers. This can be seen in Figure 2.18. The true stress values up to

failure were considered. Although the experimental results are limited, the trend for

both materials follows the approach of Smith & Stedry (1961) and, the experimental

points lie along (AB),as this is designated in Figure 2.17.Therefore, it can be concluded

that the tensile behaviour to failure of both sealants examined in the present

investigation follows the principles of rubber-like materials as established by other

researchers.
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Figure 2.18 Plot of the true tensile strength vs. the engineering strain to failure for both

Sealant A and Sealant B,at different strain rates.

Figure 2.19 summarizes the experimental results of both the total strain energy and the

energy dissipated up to failure (hysteresis losses), as obtained at different strain rates.

Both sealants have shown a similar tendency, with the energy densities to increase

initially with increasing strain rate and soon after to reach a plateau value.
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Figure 2.19 Plot of the total strain energy and the energy dissipated up to failure vs.

the strain rate for both Sealant A and Sealant B.

2.1.4 Poisson'sratio evaluation

Poisson's ratio was obtained following the procedure already described. It was found

that the resolution of the CCD digital camera used for the evaluation of the transverse

strain of the tensile specimens was not high enough and, consequently, some errors

were introduced when measuring low strains.

In Figure 2.20 and Figure 2.21 Poisson's ratio is plotted as a function of the engineering

axial strain for Sealant A and Sealant B, respectively. In both graphs, Poisson's ratio

values, obtained from three different specimens, are plotted as calculated using the

engineering strains as well as the incremental strains. There is a noticeable scatter on

the experimental results at low strains because of the low resolution of the CCD digital

camera. However, at higher strains the measurements, and therefore Poisson's ratio

values of the three specimens, converge considerably.
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Figure 2.20 Variation of Poisson's ratio calculated from both engineering and true

strains with respect to the engineering strain for Sealant A.
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Figure 2.21 Variation of Poisson's ratio calculated from both engineering and true

strains with respect to the engineering strain for Sealant B.
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However, the most important finding is that Poisson's ratio values when calculated

using the true longitudinal and transverse strain values were found to be nearly

constant and equal to the 'theoretical' value of 0.5. On the other hand when the

engineering longitudinal and transverse strain values were used, Poisson's ratio was

found to decrease with increasing the engineering axial strain. Additionally, these

experimental results fit very well to the theoretical estimation provided by Equation

2.7.Deviation from the theoretical estimations was observed for strains lower than 25%

for both sealant materials, as can be seen from Figure 2.20 and Figure 2.21 due to the

limited resolution of the CCD digital camera.

2.1.5 Experimental results from planar tension tests

Sealant A
-- Specimens#1 #2 #3
Sealant B
-- Specimens#1 #2 #3
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Figure 2.22 Plot of the nominal stress with respect to the extension ratio for planar

tension tests of both Sealant A and Sealant B.

The results of the planar tension tests for both sealant materials are presented in Figure

2.22. The engineering stress is plotted with respect to the extension ratio, measured in

the middle of the specimen. The extension ratio was calculated by dividing the

instantaneous length, as measured via the laser extensometer, to the initial length of

the specimen along direction 1. Three specimens were tested for each sealant and the
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reproducibility of the curve is thought to be excellent. The behaviour is highly non

linear and both sealants exhibit very large deformations prior to failure. The overall

behaviour was found, surprisingly, to be very similar to the tensile behaviour of both

the sealants. However, curves resulted from the planar tension were slightly stiffer

than the simple tensile test curves. The combination of the two states of deformation is

believed to provide adequate data in order to evaluate the material model parameters

needed and set up a material model that characterizes the overall performance of the

sealants up to very high strains.

2.2 DETERMINAnON OF THE TEARING ENERGY

The earliest attempt to formulate a theory of crack propagation based on the global

energy balance of the cracked body was made by Griffith (1921). He suggested that a

crack in glass would grow if the elastic energy released by the growth was greater than

the surface free energy of the surfaces created. The Griffith criterion may be expressed

as:

Equation 2.8

where, dW is the elastic strain energy stored in the body, c is the crack length, dA is the

area of new surface formed by an increase in the crack length de and T is the surface

free energy per unit area of the material. Griffith also confirmed the above criterion

with experiments, and for glass the basic strength property appeared to be purely the

surface energy.

The crack growth in elastomers was first studied comprehensively by Rivlin & Thomas

(1952). In their work, they essentially extended Griffith's criterion to the case of

elastomers. Hence, Rivlin & Thomas (1952) stated that the reduction of the elastic strain

energy in elastomers is not only expended to increase the surface free energy of the

cracked body, but can also be transformed in other forms such as irreversible losses in

the vicinity of the moving crack tip. The magnitude of these losses is dependent on the

properties of the elastomeric material, the strain in the crack tip and the rate of growth

of the crack. For some materials, energy losses may occur in the bulk, and these should

also be taken into account. However, it is the energy losses in the crack tip that are of

greatest importance since these may be large even for a material with no energy losses
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in the bulk. Thus, they said, it is anticipated that the energy which must be expended,

at the expense of the elastically stored energy, in causing a given small increase in the

cut length, at constant overall deformation of the test piece, will be independent of the

shape of the test piece and of the manner the deforming forces are applied to it. This

energy will therefore be a characteristic energy for tearing.

For a sheet of rubber having thickness h, with a cut length c, an amount of energy equal

to T'h-dc must be expended for the crack to propagate by an amount dc and, during the

crack propagation, for the duration of which no work is done by the external forces, the

free energy of deformation of the sheet will be given by:

_!(dW) =T
h de I

Equation 2.9

This criterion was established by Rivlin & Thomas (1952) and is similar in form to

Griffith's criterion, but T no longer represents the surface free energy. In this case, T

represents the characteristic energy for tearing per unit area.

An analytical determination of the tearing energy in terms of the applied forces and

displacements is difficult due to the nonlinear behaviour and large deformations of

elastomers. In principle, the tearing energy can be determined experimentally by

measuring the force-displacement curves for various crack lengths. The elastic strain

energy should then be evaluated by simple integration of the force-displacement

curves up to a certain level of displacement. The slope of the elastic strain energy

versus the crack length will be the tearing energy. When the displacement corresponds

to the displacement for initiation of crack growth, then the critical tearing energy is

obtained. Rivlin & Thomas (1952) applied this procedure for two different rubber

compounds and various test pieces and found that the energy for catastrophic tearing

was independent of the test piece used. However, this process is not precise and many

errors may have been introduced by the numerical integrations. Another drawback is

that a whole set of specimens should be tested with various crack lengths.

In the same paper, Rivlin & Thomas, articulated that if the width of the specimen is

sufficiently large compared to its length (i.e. distance 10 between the clamps) and the

length of the crack is also sufficiently great compared with the latter, then the

following situation would occur on stretching. In the direction parallel to the
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deformation the regions A would be substantially undeformed, the region B would be

in the state of pure shear and the region C in a complicated state of strain (Figure 2.23).

A slight departure from the pure shear state takes place in region D. They also

assumed that the overall separation between the clamps is unchanged, so that the

extension ratio defining the amount of pure shear in region B is unchanged. Based on

that, an increase in the cut length by an amount de does not alter the state of strain in

region C, but shifts this region parallel to the direction of the cut. That causes region A

to increase at the expense of region B. Thus, an increase in the cut length by an amount

de transfers a volume of le-n-de of the material from the state of pure shear to the

undeformed state. Therefore, the change dW in the energy stored elastically in the test

piece due to a change in cut length de in given by-Wo·loh-dc, where Wo is the energy

stored elastically per unit volume of the material in the state of pure shear.
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Figure 2.23 Schematic drawing of the pure shear tear test specimen.

They then concluded that:

Equation 2.10

Comparing Equation 2.10 to the energy criterion (Equation 2.9), it can be seen that for a

test piece as the one described above the characteristic energy for tearing is

independent of the crack length, providing that this is sufficiently long, and it is given

by:

Equation 2.11
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The value of Wo can be obtained by graphical integration under the load-displacement

curve under conditions of pure shear, such as those existing in region B, for the

material considered.

Thus, for the evaluation of the tear energy of the bulk sealant materials, a cracked pure

shear test piece was considered here. This configuration was also used recently by

Gdoutos et al. (2003) for the evaluation of the tearing energy of a tire rubber under

Mode I loading.

2.2.1 Materials and specimens

Sealant materials

Both Sealant A and Sealant B, as described in Chapter 1, were tested.

Manufacturing of specimens

The procedure presented in § 2.1.1 was followed, in order to manufacture flat

rectangular sheets of bulk sealant. Specimens having the same geometry as those used

for the planar tension tests were cut from the flat sheets, but a 30 mm initial crack was

introduced, using a razor blade, along the width of the specimen and centrally

positioned relatively to the length of the specimen (Figure 2.24).

All dimensions in mm

Figure 2.24 Geometry of the specimens for the tear energy evaluation of sealants.
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2.2.2 Experimental procedure

Three specimens, cut from the same moulded sheet, were tested for each sealant. The

testing procedure involved the measurement of the force applied to the specimen and

the extension ratio, defined as the deformed length divided by the initial length

between the grips. For the latter, a laser extensometer was used, as described in § 2.1.2.

The nominal initial length between the grips was 12.5 mm and the crosshead speed

was chosen accordingly to provide a uniform strain rate of approximately 1 min-t.

2.2.3 Experimental results
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Figure 2.25 Force as a function of the extension ratio for pure shear specimens with 30

mm initial crack length for both Sealant A and Sealant B.

The experimental force-extension ratio curves for all the specimens tested are

presented in Figure 2.25. From these curves, the extension ratio, at which catastrophic

tearing occurs, for both materials could be determined. It was found that, for Sealant A,

catastrophic tearing occurs at an average extension ratio of 1.8 while for Sealant B it is

at 2.0. The behaviour of Sealant B was easy to interpret, the force increased in a
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nonlinear manner up to a point where the tear initiated, and then propagated rapidly.

In contrast, for Sealant A the tear initiated at an extension ratio of 1.3, but the test pieces

continued to carry more load up to the point where the tear propagated quickly along

the width of the specimens.

All the results from the tear tests are summarised in Table 2.5. Knowing the extension

ratio at which tear occurred enables the evaluation of Wo and, by making use of

Equation 2.11, the tear energy was found for both sealants. The average values were

6.2±0.2 kJ/m2 for Sealant Band 4.1±O.2 kJ/m2 for Sealant A. The tear energy for Sealant

A at an extension ratio of 1.3 was also found to be 1.0±0.1 kJ/m2. It should be noted

that the above values for the tear energy of the bulk sealants in Mode I loading also

include some energy losses in the bulk of the material up to the found extension ratio.

The importance of the hysteresis losses was cited by Lake & Thomas (1967), based on

experimental observations. They concluded that the influence of the hysteresis should

be dependent on the extent of the crack propagation which is involved in the strength

measurement and since the tear strength measurements involve relatively large

amounts of crack propagation; this should be substantially influenced by the

hysteresis.

Table 2.S Results from tear tests and tear energy values for both Sealant A and Sealant

B.

Thickness Length Aatinstant Tear Energy
Specimen

h[mm] 10 [mm] of tearing
Wo[N/mm2]

T[kJlm2]

1 2.241 12.66 1.78 0.34 4.3

2 2.255 13.13 1.75 0.30 3.9

"( 3 2.354 12.71 1.76 0.32 4.0~;:
~ 1.30 0.08 1.0-~ Values corresponding to(J) 1.31 0.08 1.1initiation of tear as this

was observed inFigure 2.25
1.30 0.08 1.0

I:Q 1 2.310 12.57 1.99 0.49 6.2
~;: 2 2.301 12.75 2.01 0.50 6.4.!
~~ 3 2.245 12.48 1.98 0.48 6.0(J)

41



2: Mechanical Characterization of Sealants

Figure 2.26 shows photographs of the tear surface after fracturing the specimen for

both sealant materials.
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Initial Crack
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Initial Crack Fractured
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~
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Figure 2.26 Images of tear specimens for both Sealant A and Sealant B.
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2: Mechanical Characterization of Sealants

2.3 TORSION TESTING

Obtaining the stress-strain curve up to failure was relatively straightforward with the

use of the classic uniaxial tensile test. However, a better understanding of the

behaviour of the sealant materials involves testing them under various states of strain.

Therefore, shear tests should also be conducted to obtain the shear stress-strain curve

and to evaluate the shear modulus of the sealants.

Although the shear modulus of elastomeric materials is usually considered to be equal

to one third of the Young's modulus, assuming that Poisson's ratio is 0.5 and the

behaviour of the material is incompressible, it was considered that it would be better to

evaluate the shear modulus using shear tests and to compare it to the 'theoretical'

value. However, special care on interpreting the results should be taken if the shear

test makes use of a joint configuration, since Dolev & Ishai (1981) found that the

measured shear modulus of their adhesives in a joint configuration was lower than that

predicted from the experimental Young's modulus on bulk specimens and it was also

dependent on the thickness of the layer considered. They claimed that this was due to

the fabrication technique used for their napkin rig butt joints. Additionally, it is

prompted that in order to obtain comparable data, especially when dealing with

elastomeric materials, all the tests should be performed using specimens cut from the

same moulded sheet in order to avoid variations of the material characteristics from

one batch to the other (Miller (2000)). However, this is only possible when bulk

specimens are to be used for the evaluation of the properties.

On the other hand, Adams & Coppendale (1976) were amongst the first investigators

that obtained good agreement between thin film and bulk properties. More recently,

Lilleheden (1994) extensively analysed and compared the properties of adhesive

materials in thin film form and bulk specimens, and concluded that there is not a

thickness dependency of the elastic properties, and that it was the variability in casting

conditions, the ill-defined strain field in the test specimen and, sometimes, inadequate

measuring systems that led other authors to incorrect conclusions. Finally, L M F da

Silva & Adams (2005) found that the shear modulus of their adhesives measured with

TAST was lower than the shear modulus predicted from the bulk tension tests. The

ratio of the experimental to predicted shear modulus was in the range from 0.5 to 1,

depending on the material and the testing conditions (temperature).
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In order to access the shear stress-strain behaviour of polymeric materials, there are

several experimental methods. These methods are mainly as follows:

1. Notched beam shear method (Iosipescu)

2. Notched plate shear method (Arcan)

3. Torsion of bulk material

4. Butt torsion (napkin ring or solid specimen)

5. Thick adherend shear test method (TAST)

Dean et al. (1996) described all the above methods and concluded that, with some

exceptions, there are no differences between the results from each of the test methods

studied. They also set some basic criteria for choosing the most appropriate method

with respect to the material studied. According to their results, the highest precision in

strain measurement was achieved with the bulk torsion test and the precision of the

butt torsion test is greater than all the other tests involving joints. Finally, they

concluded that the butt torsion test is the most appropriate method when the

preparation of bulk specimens is difficult and/ or there are concerns about the quality

of these specimens.

The nature of the sealant materials (very soft solids) and their expected large strains up

to failure discourages the use of a bulk specimen test. So, either the torsion of a butt

joint or the TAST method should be used to get the shear properties of these materials.

Preliminary tests have shown that the extensometry used with the TAST specimen

could only measure up to a shear strain of 100%, which was far below the failure strain

of the material. Itwas therefore decided to use the butt joint torsion test in order to get

the overall shear stress-strain response of the material.

2.3.1 Materials and specimenmanufacturing

Sealant materials

The materials tested in this investigation were Sealant A and Sealant B as described in

Chapter 1.
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2: Mechanical Characterization of Sealants

Adherend materials

In the present work, a solid type butt joint was used to measure the shear behaviour of

both aircraft fuel tank sealants under investigation. Aluminium was used for the

adherend material. The geometry of the adherends is shown in Figure 2.27. The joint

area has a circular cross section while square ends enabled them to be gripped on the

testing machine.

All Dimensionsinmm

Figure 2.27 Geometry of the adherends used for the butt joints.

In order to achieve a good bond between the aluminium and the sealant material and

to ensure that failure will always take place in the bulk material, the adherends were

etched in a chromic/sulphuric acid solution. The surface preparation procedure

consisted of the following stages. Initially, the aluminium adherends were degreased

in acetone and wiped using clean paper tissue. Then, they were degreased in alkaline

degreaser (3% by weight of Stripalene 532 in deionised water) for 3 min at 60°C. After

that, they were etched in chromic/ sulphuric acid solution (7.5% by weight of K2Cr2O,

and 15% by volume of H2SO4in deionised water) for 25 min at 65°C. Finally, they were

rinsed in running tap water for 10min, and dried in warm air using a hair drier. Since,

it was easier to immerse the entire piece in the acid solution; the whole piece was

etched even if only one end of the aluminium adherend was to be bonded with the

sealant.

Specimen manufacturing

Generally, the manufacturing of butt joints involves the application of the polymeric

material on both surfaces of the adherends, and the use of a horizontal V-block type jig

that holds the adherends together and also determines the glue line thickness (Thomas
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& Adams (1996)). In another study (Kadioglu (2000)) a vertical type jig was used in

order to manufacture joints with pressure sensitive adhesives. That jig enabled the

application of a constant pressure throughout the curing process.

It is essential to produce good quality joints in order to measure as accurately as

possible the shear properties of the examined material. When the material under

investigation is a one part adhesive or sealant, there is no need to worry about voids

and impurities that the mixing procedure introduces. In the case of a two-part

material, having low viscosity, it is necessary to degas the mixed material before the

application on the adherends. However, handling sealants is not easy, since they are

very viscous. A typical range for the viscosity of the aircraft fuel tank sealants, tested in

the present research, is from 1500 Pa-s to 1800 Pa-s, while a conventional two-part

epoxy structural adhesive (e.g. Araldite® 2012)has viscosity in the range 25 to 35 Pa-s.

Thus, it can be seen that it is very difficult to remove the entrapped air, which is

introduced during mixing, by degassing the mixed sealant, in less time than the

working life of the material.

Sealant

1. V - Block Support

2. PTFE Fittings

3. Aluminium Adherends

4. Sealant Material

Figure 2.28 Schematic representation of the jig and method used to manufacture the

butt joints.
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For the reduction of the amount of voids in the butt joints, it was decided to inject the

sealant into the joint under pressure. In order to achieve that, the following procedure

was adopted. The two aluminium adherends were supported in a V-block jig, as

shown in Figure 2.28, which kept them in line. Two pieces of PTFE, machined to the

appropriate dimensions, were fitted around the two aluminium adherends as indicated

in Figure 2.28. The sealant was injected from the upper hole under 2 bar pressure,

using an air pressure gun. As the sealant entered the joint, it displaced the air. In

addition, due to the pressure applied, a number of voids existing in the mixed sealant

collapse at the entrance of the injection hole. When the gap between the aluminium

adherends was filled, the sealant material started to flow out through the lower release

hole, and the injection was stopped. While using this technique for manufacturing, the

butt joints should be handled with special care after injection of the material, to avoid

any misalignment of the aluminium adherends.

Once the injection procedure finished, all the butt joints were cured at room

temperature for 24 h (23 °C ± 1°C, 55% ± 5% RH), followed by 24 h at 50°C and 35%

RH. All the specimens were manufactured with a nominal glue line thickness of 2 mm.

According to Adams et al. (1978), fillets have a significant effect on the stress

distributions within joints, so at the end of the curing process the PTFE pieces were

taken apart and the spew fillet was removed from the specimens using a sharp razor

blade.

The bond diameter was measured via a digital vernier calliper measuring to 0.01 mm.

For the bond thickness evaluation, a MONDO 3D digital travelling photo scope was

used, measuring to 0.001 mm. Five specimens were manufactured and tested for each

case and for both sealant materials.

2.3.2 experimental procedure

Testingapparatus

All the torsion tests were conducted in a torsion rig originally designed for measuring

the shear properties of metals, and converted for use with adhesive butt joints and/or

bulk specimens (Thomas & Adams (1996».
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2: Mechanical Characterization of Sealants

The principle of the butt torsion test is to apply a torque to a cylindrical rod, loading

the material in simple shear. The applied torque can be measured easily via a load cell

situated between the fixed end of the specimens and the main frame of the test

machine. The output of the load cell was conditioned in a Sangamo C30 transducer and

recorded in a personal computer. The voltage output of the conditioner was calibrated

using weights on a balanced lever arm that apply a known level of torque to the load

cell. The calibration curve for the load cell is presented in Figure 2.29a.

s
Z 3

4

0.0 0.2 0.4 0.6 0.8 1.0

R2~O.999
....'"
, 2

<II

"2"o
r 1

Output Voltage, V [Volt 1 Output Voltage, V [Volt 1

(a) (b)

Figure 2.29 Calibration curves for (a) the load cell attached to the mainframe of the

machine and (b) the rotary potentiometer used to measure the angular displacement of

the tested butt joints.

The measurement of the resulting strain due to the application of the torque is more

complicated. For small shear strains, a pair of LVDTs can be attached on either side of

the polymer layer, through specially designed extensometry arms. The measured linear

displacement can then be converted to an angular displacement by dividing by the

length of the extensometer arm. The above-described method for measuring the

angular displacement is limited by the measuring capacity of the LVDTs used. For a

pair of LVDTs with a maximum stroke equal to 10 mm, the maximum angular

displacement that can be measured is approximately 6 deg.

Because of the large strains that the sealants sustain before failure, the measuring

capacity of the LVDTs is not sufficient. Thus, a different method should be used for

measuring the resulting angular displacement. For that reason, a cylindrical rod is
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2: Mechanical Characterization of Sealants

placed parallel to the joint (Figure 2.30).The rod is supported at both ends by a pair of

roller bearings and carries a rotary potentiometer and a pair of pulleys. Pulleys of the

same diameter are also attached to the jaws gripping the specimen. A nylon cord,

tensioned with a string, was used to connect the pulleys and this was wound twice

around the pulleys to reduce slippage. The rotary potentiometer was connected to the

fixed end of the butt joint while the second pulley was connected to the moving ends.

When the torque is applied to the joint, the resulting angular displacement is

transferred through the nylon cord to the pulley. That causes the rod to rotate relative

to the potentiometer, resulting in an output voltage proportional to the angular

displacement. The rotary potentiometer was powered by a voltage source of 5 Volt,

giving a maximum output of 5 Volt for an angular displacement of 330°. The

calibration curve of the angular displacement with respect to the output voltage of the

rotary potentiometer is shown in Figure 2.29b.

Rotary
Potentiometer

Nylon
Cord

Grips

Butt Joint
Specimen

Figure 2.30 Schematic representation of the experimental setup used for the

measurement of the shear strain induced in the butt joints.
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The above-described method for measuring the angular displacement gives very

accurate results when bulk torsion specimens are tested (Thomas & Adams (1996)).

When butt joints are going to be tested, the rigid adherends should not significantly

deform under the applied torque in comparison to the deformation of the examined

material. The aluminium adherends used, have a shear modulus of around 26 GPa

while the shear modulus of the sealants is expected to be around 1 MPa. In addition,

some preliminary tests have shown that the maximum angular displacement of the

tested butt joints is around 70 deg and the maximum shear stress on the perimeter of

the joint in the order of 3 MPa. Thus, the angular displacement due to the deformation

of the aluminium adherends will be in the order of 0.002 deg. That is negligible

compared to the angular displacement of the joining material. Therefore, it can be

concluded that the rotary potentiometer accurately measures the resulting angular

displacement on the sealant material and no correction for the strain in the adherends

is needed.

Derivation of shear stress-strain values

D

Figure 2.31 Torsion of a cylinder.

For a cylinder of solid material, having height I and diameter 0 and subjected to

uniform torque TR, the resulting shear strain at any radius r is given by:

so
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r¢
y=-

1
Equation 2.12

where, yis the shear strain, and ¢J is the angular displacement in radians.

The shear strain varies linearly with radius, and becomes maximum at the perimeter of

the cylinder (r = D.t2). This maximum value of the shear strain is given by:

D¢
y=-

21
Equation 2.13

For a linearly elastic material the shear stress T also varies linearly with radius r, and it

is given by:

T -rr=-R-
J

Equation 2.14

nD4
where, TR is the applied torque, and J =32 is the second polar moment of area.

Thus, the shear stress at the perimeter of the cylinder, which is the maximum shear

stress occurring on the cross section, will be given by:

Equation 2.15

Therefore, for the case of the butt joints tested, from the recorded torque and angular

displacement, the shear stress-strain curve can be retrieved at the perimeter of the

bond line by using Equation 2.13 and Equation 2.15.

It should be noted that all the above equations are valid only for elastic behaviour. For

the case of plasticity Equation 2.15 overestimates the actual induced shear stress. Nadai

(1931) developed a correction to the measured torque-twist curve that gives the true

stress-strain curve. According to this correction, the stress at the perimeter is given by:

Equation 2.16
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Since this correction was developed for metal plasticity it assumes non linear

behaviour and one shear stress-strain curve (no rate dependency). Consequently, it can

not apply to polymers, which are usually strain rate dependent. However, it is often

used for deriving the true shear stress-strain curve of modern structural adhesives,

which are not significantly affected by the strain rate (Adams et al. (1978)).

For the sealants tested here, Nadai's correction was not applied and only the basic

equations (Equation 2.13 and Equation 2.15) were considered in order to derive the

shear-stress strain curve.

Shear strain rate variation

The above described experimental setup was driven by a variable speed servomotor

which applied a constant angular displacement rate to the specimen under test. The

relationship between the input DC voltage to the servomotor and the output

displacement rate was quantified and it is presented in Figure 2.32. The calibration

curve was constructed by applying various voltages as input in the servomotor and

timing how long it took for the output shaft to rotate a full cycle.
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Figure 2.32 Calibration curve for the output angular displacement rate of the

servomotor as a function of the input DC voltage.
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Using this calibration curve, the input DC voltage to the servomotor can be selected so

as to give the desired angular velocity and, subsequently, the desired strain rate for a

given radius and glue line thickness of the bond, according to the following equation:

r = rtP =.!:.. (1.816·V)
1 1

Equation2.17

It is worth mentioning that the strain rate calculated from Equation 2.17 is the strain

rate at the outer radius of the bond, where the shear strain is also measured.

Additionally, the above equation is approximate as it assumes that there is no material

resistance. Thus, it was used only as a rough guide to select the input voltage. The

actual shear strain rate was evaluated for each specimen by the measured shear strain

at the outer radius of the joint.

In the present investigation, tests were performed at four different shear strain rates, to

investigate the effect on the performance of both aircraft fuel tank sealants. The

nominal shear strain rates applied to the butt joints were 1, 5, 10 and 20 min-I. The

input DC voltage applied to the servomotor, by means of Equation 2.17,was 0.15,0.75,

1.5 and 3 Volts, respectively. These values were calculated for r = D;2 =7.5 mm and I =

2mm.

2.3.3 Experimentalresults

Sealant A at variousstrain rates

To begin with, torsion tests were conducted at a nominal strain rate of about 1 min-I.A

typical torque-angular displacement curve can be seen in Figure 2.33. There is

noticeable noise in the recorded curve, mainly due to the accuracy of the load cell. The

behaviour of the material is characterised by the large angular displacements that can

sustain up to fracture. These are as high as 55 deg, which translates to a shear strain of

the order of 350%.

Using Equation 2.13 and Equation 2.15, the shear strain and shear stress were found at

the perimeter of the butt joint, respectively. In Figure 2.34, the shear strain, as

calculated from Equation 2.13, is presented with respect to the time of the test for

various servomotor speeds. The shear strain at the perimeter of the joint, increases
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linearly with the time and the actual shear strain rate can be easily evaluated by linear

regression.
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Figure 2.33 Typical torque-angular displacement curve for a butt joint with Sealant A,

tested at a nominal shear strain rate of about 1 min-I.
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Figure 2.34 Variation of shear strain at the perimeter of Sealant A butt joints with time

for various servomotor speeds.
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2: Mechanical Characterization of Sealants

The shear stress-strain curves for Sealant A obtained at various shear strain rates are

presented in Figure 2.35.These curves are average curves out of five specimens and for

that reason the shear strength and shear strain to failure do not correspond to the

average values found but to the lower limit of them. The overall behaviour of the

material in shear, as described by the stress-strain curve, seems unaffected by the

strain rate applied. The shear properties for this sealant as they calculated from the

shear stress-strain curves are listed in Table 2.6. In general elastomeric materials

exhibit non-linear stress-strain behaviour and the definition of the modulus is very

difficult. However, at small shear strains they obey Hooke's law and an initial modulus

can be found. Thus, the shear modulus in Table 2.6 corresponds to the initial shear

modulus and it was calculated at 10 % strain.
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Figure 2.35 Shear stress-strain curves for Sealant A at various shear strain rates.

It was found that the shear strength of Sealant A increased by approximately 24%,

when the strain rate was increased by a factor of 20. For the same strain rate range, the

shear strain up to failure was essentially unaffected as was also the initial shear

modulus. So, it Can be concluded that the shear behaviour of this specific sealant is

little affected by the strain rate, for the strain rate range tested.
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Fixed Adherend Loading Adherend
2mm

(a) 0.9 min+ (Cohesive Failure)

(b) 5.3 min+ (Cohesive Failure)

(c) 10.4 min+ (Cohesive Failure)

(d) 21.1 min+ (Cohesive Failure)

Figure 2.36 Typical fracture surfaces of butt joints with Sealant A at various shear

strain rates.
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Table 2.6 Shear properties of Sealant A as measured from butt joint tests.

Strain Rate Shear Strength Strain to Failure Initial Shear
Modulus[minot] 'fb, [MPa] )'1" [%] G, [MPa]'"

0.9 2.S±O.1 371±25 1.1±O.1

5.3 2.6±O.1 402±47 1.l±O.1

10.4 2.8±O.1 381±49 1.2±O.2

21.1 3.1±O.2 400±30 1.2±O.1

*Measured at 10% strain

The fracture surfaces after testing for Sealant A at various strain rates are summarised

in Figure 2.36. The first thing to notice on these fracture surfaces is that there is a

considerable amount of imperfections and voids present in the volume of material due

to the manufacturing process. Because the sealant was injected, most of these voids

tend to form along the flow path. Comparison between individual specimens with

more or less voids did not show that the behaviour was affected significantly. In Figure

2.36 it can also be seen that the fracture surface appears to be smoother for the low

strain rates than the high strain rates. Additionally, all specimens have shown

noticeable radial lines of fracture especially at the lower strain rate. Finally, at the

higher strain rate, failure occurred very close to the adherend, at the perimeter of the

butt joint. The interpretation of that could be that as the strain rate increases and the

strength of the sealant increases, it may approach the interfacial strength of the

aluminium to sealant bond. Thus, the failure tends to occur closer to the adherend at

the perimeter of the butt joint, where the maximum shear stress occurs.

Sealant B at various strain rates

As for Sealant A, torsion tests where initially performed at a nominal strain rate of

about 1 min-t. A typical torque-angular displacement curve, which is presented in

Figure 2.37, is characterized by an initial highly non-linear region which extents up to

15 deg angular displacement followed by a relatively linear region from then up to

fracture. For very small displacements (;< 2 degrees) the behaviour of the material can

be considered as linear and the initial shear modulus can be found.

The Sealant B butt joints, tested at about 1 minot strain rate, were 15 mm in diameter

with a sealant thickness of 2.02 mm, while the Sealant A butt joints were 15.02 mm in
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diameter with a sealant thickness of 2.00 mm. Therefore, comparisons in the torque-

twist curve between the two sealants can be made. So, it was found that Sealant B

material exhibited larger deformation up to fracture, compared to Sealant A, but failed

at approximately 40%lower applied torque.
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Sealant B
-- Specimen #D
0.9minotshear strain rate

1.25

ez
1.00

0.25

E-<c>: 0.75

C1J'

g. 0.50

~

10 20 40 50 60 70 80
Angular Displacement, ; [ Degrees]

Figure 2.37 Typical torque-angular displacement curve for a butt joint with Sealant B,

tested at a nominal shear strain rate of about 1min-t.

The actual shear strain rates were evaluated with regression of the shear strain data

with respect to the time of the tests. As for Sealant A, a linear variation of the shear

strain at the perimeter of the butt joints was found for all the applied servomotor

speeds. The resulting shear stress-strain curves for all four shear strain rates are

presented in Figure 2.38.For small strains (see embedded graph in Figure 2.38)there is

noticeable effect of the strain rate on the shear performance of the material which gives

a slight variation in the initial shear modulus (Table 2.7).At moderate strains the effect

of the strain rate is clearer. It can be also seen that at approximately 300%shear strain

the 5 min-t curve crosses the 10 minot curve and soon after it extends beyond it. No

scientific explanation could be found for that and it is believed to be due to

experimental error. From Table 2.7, it can be seen that the increase in the shear strain

rate by a factor of 20 leads to an increase by 27%in strength and by 37%in initial shear
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modulus. As for the strain to failure it initially increases with increasing strain rate but

then it appears to be constant.
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Figure 2.38 Shear stress-strain curves for Sealant B at various shear strain rates.

Table 2.7 Shear properties of Sealant B as measured from butt joint tests.

Strain Rate Shear Strength Strain to Failure Initial Shear
Modulus[min-t] 11" [MPa] 'Yb, [%] G, [MPa]*

0.9 1.7±O.1 508±48 0.7±O.1

5.3 2.1±O.1 764±61 0.9±O.1

10.4 2.0±0.1 699±101 0.9±O.1

21.5 2.2±D.2 731±100 1.0±0.0

* Measured at 10% strain

The fracture surfaces after testing for Sealant B at various strain rates are summarised

in Figure 2.39. There was not a noticeable difference between the fracture surface of the

butt joints tested at low strain rates and those tested at high strain rates. Voids were

also found in some joints along the injection path of the sealant (Figure 2.39c).
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Fixed Adherend Loading Adherend
2mm

(a) 0.9 min-1 (Cohesive Failure)

(b) 5.3 min-1(Cohesive Failure)

(c) 10.4 min-1 (Cohesive Failure)

(d) 21.5 min-t (Cohesive Failure)

Figure 2.39 Typical fracture surfaces of butt joints with Sealant B at various shear strain

rates.
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2.3.4 Summary of torsion testing

The experimental results for both sealants obtained by torsion testing, using the

procedures described above, are summarized in Figure 2.40 and Figure 2.41. Sealant A

was found to have nearly 50% higher initial shear modulus than Sealant B. In addition,

the initial shear modulus was slightly affected by the strain rate in the range 1 to 20

min-I, for both materials.

4.0

3.5 • Sealant A ... Sealant B
III
p..
~ 3.0

dynamic tests
Cj 2.5

'-...~-...-
r£
::s 2.0 static tests •-::s "-'"d
0
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I-<

! i 1III ,Cl.I 1.0..c:
(f) • J..- ~III
'.0 0.5
'2- 0.0

0.1 1 10 100

Strain Rate, dy/ dt [min-I]

Figure 2.40 Variation of the initial shear modulus with respect to the shear strain rate

for both Sealant A and Sealant B.

InFigure 2.40 the dynamic shear modulus, obtained using a torsion pendulum device,

is also plotted for both sealants. The dynamic shear modulus values are much higher

than the static ones. It could be argued that this large difference was due to the much

higher strain rate applied in the case of the dynamic test, although this seems an

inadequate explanation, since both sealants here found to be slightly affected by the

applied strain rate.
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Figure 2.41 Plots of (a) the shear strength and (b) the shear strain to failure with

respect to the shear strain rate for both Sealant A and Sealant B.

Moreover, Sealant A was found to have 47% higher strength than Sealant B, when tested

at a strain rate of 1 min-' and 43% higher when tested at a strain rate of 20 min-t. An

increase in strength for both sealants was recorded with increasing applied strain rate

(Figure 2.41a). On the other hand the shear strain to failure was essentially unaffected

by the strain rate, for Sealant A and for Sealant B it increased initially and became

constant at high strain rates (Figure 2.41b).

For isotropic bulk materials the shear modulus is related to the Young's modulus by

the following equation:

G=2(1+V)
E

Equation 2.18

For incompressible materials, where usually v is assumed to be equal to 0.5, the above

equation is further simplified to:

EG=-
3

Equation 2.19

In the present work, the experimentally determined Poisson's ratio, from the

engineering strains, was found to be in a very good agreement with the 'theoretical'

values that determined based on the constancy of volume condition (Figure 2.20 and

Figure 2.21). This implies that both sealants exhibit an incompressible deformation and
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Equation 2.19 could be used to predict the initial shear modulus based on data from

bulk tension tests. However, Poisson's ratio was found to decrease with increasing

strain and, for approximately 10 % strain (strain at which the initial Young's modulus

was evaluated), it was found to be less than 0.5 and equal to 0.474 and 0.469 for Sealant

A and Sealant B, respectively. These values of Poisson's ratio were used here to predict

the initial shear modulus from the bulk tension tests, through Equation 2.18.

Figure 2.42 Variation of the predicted initial shear modulus from bulk tension tests

and the experimentally evaluated from butt torsion tests with respect to the strain rate.

The initial shear modulus predicted from bulk tension tests was found to be lower than

the experimentally measured from butt torsion tests (Figure 2.42). This is probably due

to the different manufacturing technique of the specimens used for these tests, which,

in the case of the butt joints, gives specimens with much more imperfections than the

bulk tensile specimens.

As already mentioned, the shear stress and strain values evaluated and presented here

are referred to the outer radius (r = D;2) of the butt joints. However, the behaviour of

the material is likely to be different since it was observed that, during the test, the

sealant was necking inwards as shown in Figure 2.43. Given that the deformation of

63
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the material was found to be incompressible, this can not happen, unless there is a

slight movement of the joint in the axial direction. A qualitative explanation of the

above described behaviour will be presented here.

Loading
Adherend Fixed

Adherend

._. _. - - ·Undeformed Joint

) --[--~--l- t-DefOrmed Joint

It

Figure 2.43 Schematic representation of the unreformed and deformed butt joint

during the torsion testing.

For an elastomer, due to the non-linear relations between stress and strain at large

strains, stresses are developed that depend on higher powers of the strain. This results,

for example, in normal stresses that are necessary to maintain a simple shear

deformation of a certain amount, in addition to the simple shear stresses (Gent (2001)).

I
I

......,,0',~
\
\,
\,
\
\

I
I
I
I

Figure 2.44 Second order stresses generated in torsion (Redrawn from Gent (2001)).
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When a solid cylinder is subjected to torsion, it was found that compressive normal

stresses acting on the face of the cylinder are necessary to maintain the length of the

cylinder unchanged, during deformation (Figure 2.44).The nature of these stresses was

firstly analysed by Rivlin (1948)who obtained analytical relationships with respect to

the applied angular displacement. If these compressive normal stresses are not applied,

then the cylinder will elongate. These stresses are normally supplied by the testing

machine, by preventing the movement of the solid cylinder along the axial direction.

The load needed to maintain the original length of the tested specimens unchanged,

was determined from both analytical relationships and finite element simulations. The

results are presented in another chapter (see Chapter 5). It was found that this axial

load was strongly dependent on the applied angular displacement and the material

considered. For the materials under investigation, it was as high as 500 N, for large

angular displacements. Furthermore, careful examination of the experimental setup led

to the conclusion that it was possible for the loading end of the butt joint to move

slightly, in the axial direction, due to the slack of the grips, especially under such high

loads.

Based on the above discussion, it can be concluded that the necking observed on the

butt joints was due to the slight elongation of the joint during testing. That was

imposed by the high normal stresses generated in the axial direction of the specimens,

due to the incompressible nature of the materials tested.

2.4 CURE MONnORING AND DYNAMIC SHEAR MODULUS EVALUATION

The torsion pendulum is by far the most common apparatus for the measurement of

the dynamic shear properties of polymers. It consists of a clamp, an inertia bar or disc

and a specimen. Two different clamping conditions, clamped-free or clamped-

clamped, are mainly used, depending on the properties of the specimen. For the case of

the clamped-free condition the specimen, in the form of cylindrical rod or a

rectangular bar, is damped at one end, while the other end is attached to the inertia bar

or disc and it is free to oscillate (Figure 2.45a). For the case of the clamped-clamped

condition, the specimen is rigidly clamped at both ends while the inertia bar or disc is

attached anywhere between the two clamps (Figure 2.45b).
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Clamped - Free Clamped - Clamped

(a) (b)

Figure 2.45 Torsional vibration modes (a) clamped-free and (b) clamped-clamped.

If the mass of the specimen is negligible compared with the mass of the system, it can

be treated as a single degree of freedom damped mass system. Therefore, the motion of

the forced vibration can be described by the following relationship (Read & Dean

(1978)):

Equation 2.20

where, TR is the amplitude of the applied sinusoidal torque, wis the circular frequency,

Ib is the moment of inertia of the inertia bar or disc about the axis of rotation, Ct is the

torsional rigidity of specimen and J1 is the viscous damping constant. At resonance:

Equation 2.21

where, /t is the resonance frequency of the system. The torsional rigidity of the

specimen, Ct, depends on the material shear modulus, G, and the geometry of the

specimen. Thus, determination of the resonance frequency, ft, allows the evaluation of

the material's shear modulus.

For a cylindrical rod specimen having length I and diameter D, the torsional rigidity is

given by:
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Equation2.22

2.4.1 Experimentalprocedure

Inorder to monitor the curing process and evaluate the dynamic shear modulus of the

sealant material, the ADAMS-YU torsional pendulum device was used (Yu (1999)).

The system is essentially a single degree of freedom oscillator with one inertia bar and

two springs in parallel, the lower one, made of aluminium, was used as a reference or

dummy specimen, while the upper one was made from the material under

investigation. Since the material under investigation is liquid at the beginning of the

testing procedure, the clamped-free condition was impossible to implement. However,

using the above described configuration, the dummy specimen provides the

longitudinal support to the test specimen, and the test can be performed. To create a

specimen using a liquid material, a rubber glove finger or similar flexible foil was

attached at one side of the inertia bar, while the other was attached at a hollow

rectangular aluminium piece which was then clamped at the support frame (Figure

2.46). For the oscillation, two pairs of magnets were attached to the inertia bar and

equivalent coils were attached to the support frame. A set of specialized electronic

equipment was used to create the oscillation and transfer it to the specimen through

one pair of coils, and to pick up the resulting angular oscillation through the other pair.

The equipment is described in detail elsewhere (Yu (1999)). In the present

investigation, an additional unit was used in order to maintain resonance at the

vibrating system throughout the test. The resonance frequency and the amplitude of

the vibration of the system were monitored on a personal computer.

In the present work, a cylindrical aluminium rod 4 mm in diameter and 50 mm long

was used as the dummy specimen. That left approximately 50 mm for the sealant

specimen which was also set to be 12.5 mm in diameter. The exact dimensions of the

sealant specimen were measured after the end of the curing process and when the

sealant was fully cured, so the use of a vernier calliper was possible.

Initially, the test was performed without the sealant specimen in order to evaluate the

resonance frequency of the system using the aluminium specimen alone. Then, the

rubber glove finger was set up on the testing apparatus and the resonance frequency
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was measured again. It was found that the rubber glove did not add any additional

torsional stiffness to the system. After that, the rubber glove was filled with freshly

mixed sealant and the system was set to vibrate at resonance. The experimental set up

was placed in an oven in order to apply the curing profile. The curing profile consisted

of two stages. In the beginning, the sealant was left to cure at room temperature (23±1

°C and 55±5% RH) for 24 h, then the temperature was raised up to 50°C to accelerate

the curing. The resonance frequency of the system was monitored during the whole

curing cycle.

Sealant

Support
frame

Bar

Dummy
specimen

Figure 2.46 Schematic representation of the ADAMS- YU torsion pendulum device,

used for the cure monitoring and the evaluation of the dynamic shear modulus of the

sealants.

For the evaluation of the torsional rigidity of the dummy specimen, using Equation

2.21, apart from the measured resonance frequency, the moment of the inertia bar was

needed. The value (Ib = 5.53xlO-s kgm-) that Yu (1999) evaluated by an independent

disc comparison test, was used.
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For the evaluation of the shear modulus of the sealant materials, it should be noted that

the torsional rigidity of the system is equal to:

Equation2.23

Where, Cu is the torsional rigidity of the dummy specimen and C2 is the torsional

rigidity of the sealant specimen. Using Equation 2.21, it can be shown that:

Equation2.24

Where, ftot is the effective resonance frequency of the system and fl is the resonance

frequency of the dummy aluminium specimen. Making use of Equation 2.22, the above

equation leads to:

Equation2.25

Equation 2.25 can be used to evaluate the shear modulus of the sealant materials at any

time during the curing process, given that the effective resonance frequency is

monitored throughout the test.

2.4.2 Experimental results

The experimental results obtained for both Sealant A and Sealant B, examined in the

present work, are presented in Figure 2.47 and Figure 2.48. The variation of the

temperature, measured by using a thermocouple embedded at the upper end of the

specimen, is also plotted in the graphs.

It is clear that the curing process consists of three main stages, the initiation stage, the

transition stage and the termination stage. During the initiation stage, the sealants were

very soft, being essentially liquids, while during the transition stage, both sealants

developed most of their stiffness. Finally, during the termination stage, the stiffness of

both sealants continued to increase, but very slowly. The final stage of the curing
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process started after approximately 10 hours and extended for the remaining 38 hours.

At the moment of the temperature rise up to 50 cC, Sealant A was found to have a shear

modulus of 1.7 MPa. The stiffness of the material then reduced rapidly, due to the

increase in temperature, but it can be seen that the sealant continued to develop its

stiffness until it reached the value of 2.1 MPa at the end of the curing process. Sealant B

behaved in a very similar manner and the shear modulus after 48 hours of curing was

found to be 2.4MPa. In Figure 2.47 and Figure 2.48, the red arrows point to the end of

the working life and tack free time, as indicated by the sealants' manufacturers. Finally,

Table 2.8 summarizes the dynamic shear modulus calculations for the fully cured

specimens, for both Sealant A and Sealant B. Although the same dummy aluminium

specimen was used for testing both sealants, a slight variation on the calculated shear

modulus of the aluminium can be seen in Table 2.8. That is because the resonance

frequency was found to be slightly different. Since the specimen was the same for both

cases, the geometrical characteristics were the same; therefore the only reason for this

measured difference in the resonance frequency would be a slight misalignment on the

positioning of the inertia bar.
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Figure 2.47 Plot of the dynamic shear modulus and temperature during curing of

Sealant A.
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Figure 2.48 Plot of the dynamic shear modulus and temperature during curing of

Sealant B.

Table 2.8 Dynamic shear modulus for Sealant A and Sealant Bas calculated for the fully

cured specimens.

Sealant A Sealant B

Dummy Specimen

Diameter, o, [rom]

Length, It [rom]

Resonance frequency, /t [Hz]
Aluminium Shear Modulus, Cl [GPa]

Sealant Specimen

3.97

49.86

76.275

26.6

3.97

49.86

76.362

26.7

Diameter, D2 [rom]

Length, l: [mm]

Effective resonance frequency, /tot [Hz]
Sealant Shear Modulus, G [MPa]

13.97

52.12

76.707

2.1

13.27

52.57

76.772

2.4
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Inorder to compare the dynamic shear modulus with the static one, obtained from the

butt torsion tests, an approximate value of the shear strain rate had to be found for the

dynamic tests.

The period of the oscillation can easily be found by using the data in Table 2.8. From

the period of the torsional oscillation, the time it takes to reach the maximum strain for

the first time, at the perimeter of the specimen, can be found by dividing by 4. The

actual angular displacement was very difficult to measure, but a good estimation can

be made, by considering the geometry of the experimental setup. The inertia bar was

positioned in such a way that the magnets were very close to the coils. It was found

that the maximum a magnet could move towards a coil was 2.5 mm, without touching

the coil. Additionally, it can be assumed that it will move at least 1 mm. Given these

values, the range of the angular displacement can be found, just by geometric

considerations and, the shear strain at the perimeter of each specimen can be

approximated. A summary of all the calculations is presented in Table 2.9 together

with the final results of the approximate shear strain rate.

Table 2.9 Calculations for the determination of the approximate shear strain rate

applied on Sealant A and Sealant B during the dynamic torsion testing.

Sealant A Sealant B

Period, [min] 2.2x104 2.2x104

Angular Displacement, tP[deg] 2.1 - 5.3 2.1 - 5.3

Diameter, D2 [mm] 13.97 13.27

Length, h [mm] 52.12 52.57

Shear Strain at the perimeter, y= D2tP/2.h 5x1Q-3-12.5x1Q-3 4.7x1D-3 - 1l.7x1D-3

Shear Strain Rate at the perimeter, dydt [min-t] 91-227 85 - 213
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3 SINGLE LAp SHEAR TESTING OF SEALANTS

3.1 INTRODUcnON

The single lap joint is the most common joint met in practice. In effect, it consists of two

sheets of similar or dissimilar material (adherends) joined together with an overlap.

Since it is the simplest of joints, it is the most widely used to access the performance of

any type of joining material (adhesive). Mainly loaded in tension, it is often used to

compare the shear behaviour of joining materials (Quality Control Tests) or to give a

measure of the adhesion of the tested material to a specific adherend material (ASTM

D1oo2, ISO4587) .However, the state of stress in a single lap joint (SLJ)is very complex

(Adams et al. (1997»).Thus, a number of researchers in the past have tried to analyze

the stress state and to derive analytical and/ or numerical solutions in order to quantify

the stress distributions in a SLJ and to predict the maximum load that could be

withstood.

Volkersen (1938)was the first who extensively analyzed the mechanical behaviour of a

single lap joint. Assuming that the adhesive deforms only in shear and that the

adherends deform only in tension, he derived an analytical expression for the shear

stress distribution within the adhesive layer. Additionally, the analysis predicted that

the maximum load that a joint can withstand is proportional to the square root of the

adhesive thickness, although this is not supported by experimental data available in

the literature today. Also, his analysis was not taking into account an important factor.

When a single lap joint is loaded (Figure 3.1) the two forces are not collinear, so that a

bending moment is also applied to the joint. Therefore, the adherends may bend

allowing in this way causing the joint to rotate. Goland & Reissner (1944) took into

account the bending moment at the edge of the overlap, by introducing a bending
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moment factor, kCR (Figure 3.1). They also solved for the peel stresses and found that

these were significantly large in the adhesive layer.

F

F
F

F

Figure 3.1 Schematic representation of the Goland & Reissner bending moment factor.

The bending moment factor as developed by Goland & Reissner (1944) was of the

form:

Equation 3.1

where,

Equation 3.2

where, F is the applied load Ea and v are the Young's modulus and Poisson's ratio of

the adherends, 1 is the length of the overlap, b is the width of the overlap and ha is the

thickness of the adherends. Hart-Smith (1973) developed an alternative form for the

bending moment factor, being as follows:

[
2 ]-1

kHS= 1+;+~ Equation 3.3

More recently Zhao (1991)developed an even simpler form than the above equations:
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Equation 3.4

In the present research, the critical bending moment at the edge of the overlap was

computed using Hart-Smith's approach, since this is the only one that takes into

account the adhesive layer thickness, apart from the adherend thickness.

The work of Volkersen and Goland & Reissner was extended by Allman (1977) to

account for bending, shear and tension at the adherends. In addition, he accounted for

a linear variation of the peel stresses across the thickness and set the adhesive shear

stress equal to zero at the overlap edge. More recently Adams & Mallick (1992)

extended Allman's work to include thermal stresses.

The above described analyses are based on elastic adhesive and adherend properties;

although for some of them (Adams & Mallick (1992» nonlinear adhesive properties can

be incorporated into the analysis. In the case that the joining material has very low

stiffness compared to the adherends, like sealants, it is very likely that the behaviour of

the adherends under tensile loading will be in the elastic region. However, geometric

nonlinearities will still exist in addition to the material nonlinearities introduced due to

the behaviour of the elastomeric sealants. In the present study, it was of main interest

to investigate the SLJ performance of aircraft fuel tank sealants using various

adherends and examine how this can reveal information for the adhesion of these

materials on the adherends used. In addition, the behaviour of the sealants on SLJs

with various glue line thicknesses was also of much interest.

The effect of the glue line thickness on single lap joints is well documented in the

literature and there are many theories that attempt to explain the decrease in strength

of the joint as the glue line thickness increases. Some researchers (Bryant & Dukes

(1967), after testing various adhesives and changing the glue line thickness, concluded

that the decrease in strength with increasing the bond line thickness was a result of the

geometry of the specimen that rotated more with the thicker glue line thicknesses

because of the asymmetry of the load path through the overlap. Bryant (1964) also did

a number of SLJ tests using a very soft rubber as adhesive material and adherends that

had much larger stiffness than the adhesive. He concluded that it was the different

shear strain rate applied to the adhesive, as the glue line thickness increases, which

affected the performance of the joint. This was because during his tests, the crosshead
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displacement rate was kept constant, resulting in different average shear strain rates

for different glue line thicknesses, since these two are inversely proportional. In a later

study Crocombe (1989) suggested that this is not the case for modem structural

adhesives, which are not so strain rate dependent.

Other studies considered that an increase in the glue line thickness may increase the

probability of having internal imperfection in the joint. Consequently, this will lead to

premature failure and poor joint performance. Anderson et al. (1987) developed an

analytical approach to predict the change in strength associated with the glue line

thickness. They showed that two parameters, an inherent flaw size and a critical

energy release rate, determine failure for linear elastic epoxies only.

3.2 SINGLE LApJOINT TEmNG

3.2.1 Materials and specimens

Sealants

The materials tested in this investigation were Sealant A and Sealant B as described in

Chapter 1.

Adherends

Initially, to access the effect of the adherend surface treatment on the joint

performance, clad aluminium 2024-T3 adherends were used, as received or

alternatively painted with a low vac (Volatile Organic Compounds) chromate epoxy

primer (Primer1). The painted aluminium adherends were treated to the following

specifications prior to sealant application: (1) degreased to ABP 8-1294, (2) pickled to

ABP 8-2297, (3) anodised to ABP 1-1023 and finally (4) painted according to ABP 4-

1123. More information on the surface preparation procedure can be found in the

Appendix A-i. After painting, all adherends had a uniform layer of epoxy primer,

approximately 20 J1ID thick. The clad aluminium adherends were simply degreased

with Acetone and wiped with clean tissue to remove any grease before the sealant

application.
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Furthermore, for the investigation of the effect of the adherend type, if any, on the joint

performance, mild steel adherends were also used. The mild steel adherends, after

being cut to size, were grit blasted, producing an average roughness of 4 to 5 flID, and

degreased thoroughly with Acetone. Several panels were also painted according to the

following procedure: (1) grit blasted (2) degreased using MEK (Methyl Ethyl Ketone)

and finally (3) painted according to ABP 4-1123. All panels were painted by AIRBUS

UK at the Filton site.

Manufacturing of SU specimens
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Figure 3.2 Schematic representation of the jig used for the manufacturing of the single

lap joints.

For the fabrication of the single lap joints, an already existing jig was used that can

accommodate up to seven specimens at a time. A schematic representation of the jig
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used can be seen in Figure 3.2. The jig consists of a base unit, onto which the joints

were carefully placed, and a top which was used to apply an external pressure.

Initially, an amount of sealant was applied to the bottom adherend before this was

fitted to the jig together with the bottom spacer. Then, the top adherend and spacer

were fitted, creating the single lap joint. The spacers, made of hard steel, were used to

control the glue line thickness as well as the spew fillets created during manufacturing.

The effect of the spew fillet on the performance of SLJs with structural adhesives has

been extensively discussed in the literature (Adams et al. (1997)).It has been found that

for structural adhesives the maximum shear stress at the joint is significantly reduced

by the presence of the spew fillet. In the present investigation, only single lap joints

with square ends were considered. Although unrealistic for most practical

applications, single lap joints with square ends are widely used in the laboratory since

they provide the worst loading condition for the adhesive layer. The end and side

alignment pins, shown in Figure 3.2, ensure that there is no misalignment of the joint

during the application of the external pressure. An external pressure equal to 0.65MPa

(corresponding to a load of 4 tonnes) was applied via a hydraulic press. That pressure

was sufficient to hold everything firmly together and to give a good quality joint.

I-9-~I~0600

~r- 7_5._00 + 25.00 +r-- 7_5_.00 ~

Figure 3.3 Geometry of the single lap joints. Crosses (+) indicate the points where the

thickness measurements were made.

The joints were left under pressure for 24 hours at room temperature (23QC± 1 QC,50%

± 5% RH). They were then removed from the jig and placed in an oven at 50 QCand

35% RH for another 24 hours to fully cure the sealant. After the end of the curing

process, any excess sealant was carefully removed, using a sharp razor blade, resulting
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3: Single Lap Shear Testing of Sealants

in the joints seen in Figure 3.3. The glue line thickness, which is not reported in Figure

3.3, was varied between 0.2 and 2 mm. In order to achieve that, different spacers were

used with thicknesses of 1.8mm, 2 mm, 2.6mm and 3.6mm.

The width and length of the bond were measured on the fully cured joints by means of

a digital vernier calliper, measuring to 0.01 mm, while the actual bond line thickness

was determined by measuring the overall thickness at four different points, via a

digital micrometer measuring to 0.001 mm, and subtracting the thickness of the

adherends.

3.2.2 Experimental procedure

All single lap joint tests were conducted on a universal testing machine (ZWICK 1478)

supplied with a 2 kN load cell. The testing machine was fully controlled by a

computer, which was also meant to record the load-crosshead displacement curve.

A loading bolt was used for the application of the load. Although it is known that the

use of end tabs does not affect the results significantly, in this particular case end tabs

were also fitted at both ends of the joint. The ends tabs, which had a 6 mm diameter

hole, were not bonded to the adherends, but were positioned by means of the loading

bolt. The configuration used to apply the load to the SLJs is presented schematically in

Figure 3.4.

Adherends

End Tab Sealant

<J-

Figure 3.4 Schematic representation of the griping method used to test the SLJs.

All tests were performed in a displacement-controlled mode. An important issue when

testing SLJs with different glue line thicknesses is that the strain rate applied to the

joint will vary with the glue line thickness if the applied crosshead displacement rate is

kept constant. In this case, in order to eliminate any effect of the applied strain rate to
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3: Single Lap Shear Testing of Sealants

the performance of the joint, the applied crosshead rate was normalized so as always to

give an average shear strain rate of 1 min-Ion the joint, by means of the following

equation:

. i:r=-h
Equation3.5

where, r. is the average applied shear strain rate on the joint, c , is the applied

crosshead displacement rate and h , is the sealant thickness. Thus, 0.2, 0.4, 1 and 2

mm/min crosshead displacement rate was applied to the 0.2, 0.4, 1 and 2 mm thick

joints, respectively.

After the tests, the failure modes of the specimens were evaluated visually. According

to ASTM D907, Adhesive Failure (AI) means that the failure takes places at the sealant-

substrate interface, while Cohesive Failure (Cf) means that the failure takes place in the

sealant itself. When both adhesive and cohesive failure appears on tested joint, and

then it is called Mixed Failure (Mf). For some cases, failure appears to occur between

the sealant and the adherend and some or all the interface remains attached to

adherend. This is called Interface Failure (If). A number of pictures, taken with a digital

CCD camera, are presented here to assess the performance of the joints in terms of the

failure modes.

In all cases, at least five specimens were tested and the joint strength is reported as the

mean of the five individual tests. When error bars are used in the graphs, these stand

for the standard deviation of the experimental results.

3.2.3 experimental results

SSillant A on aluminiumadherends

Initially tests were performed on clad aluminium 2024-1'3 adherends, 1.6 mm thick.

Some typical load-crosshead displacement curves are shown in Figure 3.5. It can be

seen that the joints exhibit large displacements, compared to their glue line thicknesses,

and relatively low loads up to failure. It was also found that as the sealant thickness

increased the failure load decreased significantly as well as the overall stiffness of the

joint.
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Figure 3.5 Typical load-displacement curves for SLJs with Sealant A - Al 2024-T3

adherends and various glue line thicknesses.

The reduction of failure load with increasing the glue line thickness is a very common

situation when dealing with structural adhesives and it appears that it applies equally

to the case of sealants. Grant (1995) found a linear reduction in joint strength with

respect to glue line thickness, when testing structural adhesives. That reduction was

attributed to the higher bending moments introduced to the lap joint with increasing

glue line thickness, due to the increase in the loading offset. It was also found that

joints with spew fillets failed at significantly higher loads than joints with square ends.

The role of the bending moment, induced due to the offset loading, at the failure of the

joints will be discussed later in this chapter.

When testing elastomeric materials in a SLJ configuration Bryant (1964) concluded that

it was the applied strain rate that was responsible for the performance of joints with

different glue line thicknesses. In this case, as already mentioned, special care was

taken to eliminate that effect by choosing the applied crosshead rate for each joint.

Hence, the reduction in joint strength with increasing the glue line thickness, which is

clearly shown in Figure 3.6, cannot be explained by his suggestion.
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3: Single Lap Shear Testing of Sealants

In Figure 3.6 the results of SLJs with both unpainted and painted aluminium

adherends are plotted as a function of the thickness of the sealant. There are not

significant differences between the painted and unpainted panels. Differences in the

failure load, like the one found at 2 mm glue line thickness, can also be explained by

the difference in the material itself. It is worth mentioning again that the material

tested was a commercial product and it is very likely to be some differences from one

batch to the other. The best-fit line gives a rough indication of the reduction in joint

strength, which is approximately 15% for an increase by a factor of 10 of the glue line

thickness.
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Figure 3.6 Failure load of SLJs in tension vs. glue line thickness for Sealant A and

various adherends.

The failure mode investigation for both painted and unpainted aluminium adherends

is summarised in Figure 3.7. For very small glue line thickness (0.2 mm sealant layer)

the failure mode was clearly Mixed. Both painted and unpainted aluminium substrates

have shown regions with remaining sealant as well as regions where the primer or the

clad aluminium surface could be clearly seen. Consequently, the average shear

strength of the joints was found to be nearly the same (Figure 3.6).
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Mixed Failure

SomeAdhesive Failure at the edge

Cohesive Failure Cohesive Failure

NP: non painted A12024-T3 substrates
P: painted A12024-T3substrates with epoxy primer (Primerl)

Figure 3.7 Typical fractured surfaces of SLJs with Sealant A - Al 2024- T3 painted

(Primerl) and unpainted adherends and various glue line thicknesses.
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Although the failure mode was Mixed for all the 0.2 mm thick specimens, the ratio CF

Areal AF Area varied from one specimen to the other. This could explain the high

coefficient of variation of the mean failure load for these joints, which was found to be

approximately ±7.5 %. For the 0.4mm thick joints, the failure mode was still Mixed, but

the AF was only limited at the edges of the overlap.

Moving to higher glue line thicknesses, the failure mode becomes Cohesive into the

bulk sealant layer and there is no noticeable difference between painted and unpainted

aluminium adherends. For the 2 mm thick SLJs it was found that there were noticeable

ridges at the fracture surface, as schematically shown in Figure 3.8a. These ridges

appear to be at approximately 45 to 55 deg to the loading direction of the joint. It is

likely that these lines represent tensile failure in the sealant layer.

Coarse Ridges at
45° to 55° from the

direction

Possible orientation of
the principal stresses

f

* *Loading Loading
Direction Direction

(a) (b)

Figure 3.8 Schematic representation of the fracture surface of SLJs with Sealant A - Al

2024-T3 + Primerl adherends and 2 mm glue line thickness.

Pascal et al. (1994) who investigated the simple shear behaviour of a rubber-like

adhesive observed noticeable ridges that appeared on the fracture surface of the

84



3: Single Lap Shear Testing of Sealants

specimens, perpendicular to the loading direction. Using finite element analysis, they

also found that the principal stresses acting in the rubber-like adhesive were

practically oriented along the shearing direction. Based on this, they suggested that a

crack developed in the deformed state (Figure 3.9a) under the action of the large tensile

stresses, will result in a tilted plane in the undeformed state (Figure 3.9b) after elastic

recovery of the rubber-like adhesive. Thus, after failure noticeable ridges will appear

in the fracture surface.

Principal stresses

(a)

Cracked developed in
the deformed state(b)

7
Resulting plane of
separation in the
undeformed state after
elastic recovery

Figure 3.9 Propagation of a crack under the action of the principal stresses (a)

deformed state, (b) undeformed state after elastic recovery (Redrawn from Pascal et al.

(1994)).

In the present investigation, the ridges observed in the fracture surface were not

oriented perpendicular to the loading direction. Following the suggestion by Pascal et

al. (1994) the orientation of the ridges in Figure 3.8a implies that the maximum

principal stresses were possibly oriented at the angle with respect to the loading

direction as shown in Figure 3.8b. That could possibly be the result of lateral

contraction occurring at the edges of the sealant layer due to Poisson's ratio effect.

Sealant A on steel adherends

The effect of the adherend type on the joint performance was examined by testing SLJs

with mild steel adherends. Only joints having 1 mm glue line thickness were tested.
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3: Single Lap Shear Testing of Sealants

The SLJs with aluminium adherends always failed cohesively for 1 mm glue line

thickness, so this could be used to compare with the behaviour of the mild steel joints.

In Figure 3.10 the failure load and the corresponding shear strength of the SLJs with

Sealant A, are plotted for various adherends. Initially, tests were performed on SLJs

using grit blasted mild steel adherends. The average strength of the joints was found to

be slightly lower than that of the aluminium adherends but still inside the

experimental error limits. The painted steel adherends gave slightly higher values of

joint strength, with lower scatter. The examination of the fracture surface of the mild

steel joints revealed some useful information concerning their performance.
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Figure 3.10 Failure load comparison for SLJs with Sealant A - Al 2024- T3 and Mild

steel adherends.

All the SLJs with grit blasted adherends gave extensive areas of failure very close to the

steel adherend, as shown in Figure 3.11a. The failure is still Cohesive in the sealant

layer. In the opposite case (Adhesive Failure), the adherend would show as white in

the photos. This is probably the reason why they gave slightly lower strength

compared to the joints with painted mild steel panels (Figure 3.11b), which always

gave Cohesive Failure.
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Cohesive Failure

NP: non painted Mild Steel substrates
P: painted Mild Steel substrates with epoxy primer (Primer1)

Figure 3.11 Typical fractured surfaces of SLJs with Sealant A - Mild steel adherends.

Sealant B on aluminium adherends

As for Sealant A, initially SLJs with clad aluminium adherends were tested. Typical

load-displacement curves can be seen in Figure 3.12 for four different glue line

thicknesses. The SLJs exhibited very large strains up to failure, and in fact even larger

than the Sealant A joints. Moreover, as the glue line thickness increases the joint

strength and stiffness reduces significantly.

The joint strength reduction is more dearly seen in Figure 3.13, where the failure load

is plotted against the glue line thickness for both clad aluminium and painted

aluminium adherends. Variations between painted and unpainted aluminium

adherends cannot be credited to any effect of the paint, since the fracture modes of

both joint categories were similar. However, as already mentioned, variations of the

material itself from one batch to another explain the scatter found in the tests. Thus, a

best-fit line was drawn to describe the overall performance of the Sealant B joints.

According to this, the joint strength reduction, for an increase of the glue line thickness

by a factor of 10, was found to be - 36%.
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Figure 3.12 Typical load-displacement curves for SLJs with Sealant B - Al 2024- T3

adherends and various glue line thicknesses.
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Figure 3.13 Failure load of SLJs in tension vs. glue line thickness for Sealant Band

various adherends.
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Cohesive Failure

Cohesive Failure

NP: non painted Al-2024- T3 substrates
P: painted Al-2024- T3 substrates with epoxy primer (Primerl)

Figure 3.14 Typical fractured surfaces of SLJs with Sealant B - Al 2024- T3 painted

(Primer1) and unpainted adherends and various glue line thicknesses.

The failure mode investigation, for the SLJs with Sealant B on painted and unpainted

aluminium substrates, is summarized in Figure 3.14. Since there was not a substantial

difference in the failure mode between painted and unpainted panels, photos from

only the painted aluminium substrate appear in Figure 3.14. In general it can be seen

that the very thin SLJs failed cohesively with some spots of adhesive failure at the

edges of the joints, where the aluminium and/ or the primer could be seen. On the

other hand, the thicker SLJs failed cohesively well inside the sealant layer with very
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3: Single Lap Shear Testing of Sealants

rough ridges appearing on the 2 mm SLJs (Figure 3.14d). These ridges follow the same

pattern described earlier for Sealant A, in Figure 3.8.

Sealant B on steel adherends

As for Sealant A, SLJswith mild steel adherends and a 1 mm thick glue line thickness

were tested to assess the effect of the adherend type and surface finish. In Figure 3.15,

the failure load and the corresponding average shear strength for both mild steel and

aluminium adherends is presented. The grit blasted mild steel joints were found to

have poor strength compared to the aluminium joints, giving an average strength

about 30% less. However, when the grit blasted mild steel adherends were painted

with the same epoxy primer as the aluminium adherends, the performance improved

and the average strength was found to be very close to that found for the aluminium

joints. To explain this difference in performance, the failure modes of all joints should

be considered.
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Figure 3.15 Failure load comparison for SLJs with Sealant B - Al 2024-T3 and Mild

steel adherends.
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All the SLJswith aluminium adherends and 1 mm sealant layer thickness, both painted

and unpainted, failed cohesively, leaving equal amounts of sealant bonded to the two

adherends and they gave nearly the same strength. Since the failure took place in the

bulk sealant layer and the interface was not playing any role in the fracture process,

and consequently the performance of the joint, this is considered as typical behaviour.

However, this is not the case for the SLJs with grit blasted steel adherends. In Figure

3.16a a typical fracture surface for a SLJwith grit blasted steel adherend can be seen.

The fracture mode can be described as Interfacial since it was found that there were

two large regions, one on each adherend, were the sealant failed very close to the steel.

In these regions, a very thin layer of sealant was present at the end of the fracture

process. Thus, it can be concluded that the interfacial strength was less than the sealant

strength and this is the reason why they failed in the previously described manner. The

failure mode, and subsequently the joint strength, changed completely when painted

steel adherends were used. For this case the failure took place well inside the sealant

layer with a very few spots of AF near the edges of the joint (Figure 3.16b).

CohesiveFailure - Areaswere the Failure takes
place very close to substrate (IF) CohesiveFailure

NP: non painted Mild Steelsubstrates
P: painted Mild Steelsubstrateswith epoxyprimer (Primerl)

Figure 3.16 Typical fractured surfaces of SLJswith Sealant B - Mild steel adherends.

3.2.4 Summary of the single lap shear tests

The SLJ experimental results for both aircraft fuel tank sealants are summarized in

Figure 3.17. The average failure shear stress decreases with increasing glue line
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thickness in a linear fashion. For each sealant, both painted and unpainted panels gave

similar strengths, with some deviations that can be ascribed to material batch

variations rather than variations in the SLJ performance. Sealant B was found to have

lower strength than Sealant A and the rate of the strength reduction with the glue line

thickness was 60 % higher.

The shear strength evaluated using butt joints in torsion is also plotted in Figure 3.17,

for both Sealant A and Sealant B. These values were obtained at a nominal shear strain

rate of 1 mirr". Thus, they can be compared to the single lap joint results, which were

also obtained at the same nominal shear strain rate. There is a reasonably good

agreement between the single lap shear test results and the butt torsion test results. In a

previous study, Kadioglu et al. (2002) reported a very good agreement between the

shear strength measured using the butt torsion test and the TAST, when testing a high

elongation acrylic adhesive. In addition, Wang (2002) successfully compared butt

torsion results with SLJ results, using 5 mm thick steel adherends, when testing a

flexible adhesive material.
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Figure 3.17 Average failure shear stress of SLJs in tension vs. glue line thickness for

both Sealant A and Sealant Band A12024-T3 adherends.
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In order to investigate further the causes of failure in the single lap joints, the

maximum bending moment occurring in the joints was plotted as a function of the

failure load (Figure 3.18). For the evaluation of the bending moment, Hart-Smith's

bending moment factor was used (Equation 3.3). In Figure 3.18, all the results obtained

for both sealants and for various glue line thicknesses are plotted. In addition, the

theoretical value for a 0 mm glue line thickness is plotted as well as the line which

corresponds to the yielding of the aluminium adherends. It can be seen that the

experimental results lie well below the yielding of the aluminium adherends, for all the

glue line thicknesses. Thus, at the failure point of the SLJs, the adherends are well

inside their linear elastic region. Consequently, they can be treated as linear elastic and

it can be concluded that their behaviour does not affect the failure of the joint. In the

same graph, the experimental results for the mild steel joints, having a 1 mm glue line

thickness, are also presented. The data do not follow the same line as the results from

the aluminium adherends, since the stiffness of the mild steel is higher than that of the

aluminium. Therefore, the bending moment factor for mild steel adherends having the

same dimensions as the aluminium adherends is considerably higher. The failure of the

mild steel SLJsalso occurred in the elastic region of the mild steel adherends.
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Figure 3.18 Plot of the maximum bending moment with respect to the failure load for

all SLJs tested at various glue line thicknesses.
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The effect of the bending moment on the performance of the sealant joints can be

examined through a comparison between the aluminium and steel SLJs. The results

obtained for Sealant A SLJsusing aluminium as well as mild steel adherends and a glue

line thickness of approximately 1 mm, are considered here. From Table 3.1 it can be

seen that both aluminium and mild steel SLJs failed at approximately the same load.

The geometry of the adherends used was practically the same in both cases. The

bending moment induced at the overlap edges, under the application of the failure

load was then calculated to be 20 % higher for the mild steel SLJs.This was a result of

the higher bending moment factor of the mild steel adherends. From Equation 3.2 it

can be seen that the bending moment factor depends on the stiffness of the adherend

apart from the geometry of the adherend and the applied load to the joint. Thus, for the

same geometry and very similar failure loads, it can be found that the bending moment

factor will be 20 % higher for the stiffer adherends (mild steel).

Table 3.1 Comparison between aluminium and mild steel Sealant A single lap joints.

Aluminium + Primer 1 Mild Steel + Primer 1

Width 25.00±O.O6 Width 24.71±O.lS
Overlap

Length 24.70±O.13 Length 24.16±O.14

Adherend Thickness [mm] 1.633±O.003 1.631±0.007

Glue Line Thickness [mm] 0.935±O.053 0.955±0.010

Failure Load [N] 1771.2±94.7 1726.3±45.9

Displacement @ Failure Load [mm] 3.71±0.25 3.51±O.54

Bending Moment [Nmm] 1358.7±64.4 1626.6±34.6

Bending Moment Factor 0.60 0.72

The implication of the results presented in Table 3.1 would then be that the failure of

the sealant SLJs does not occur at a critical bending moment, induced at the overlap

edges due to the load offset. If that was the case, then, for the same geometric

characteristics the mild steel SLJsshould have failed at lower loads or alternatively the

aluminium SLJs should have failed at higher loads. However, this is not true in the

present investigation. It can be then concluded that the bending moment might play

some part at the failure of the SLJsbut, does not exclusively determine the failure load.
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In addition, it is to the author's belief that for the materials studied here the bending

moment factor approach overestimates the induced bending moment. The reason is

that the basic assumption for the derivation of the bending moment factor, as

discussed by Zhao (1991), is the overlap region does not deform under the applied

load. This is not of course the case for the sealant materials studied here. A detailed

analysis of this hypothesis is presented in Chapter 5.

Finally, it should be noted that the deformation of the joint during testing has some

unique characteristics. As shown in Figure 3.19, the sealant in the joint exhibits very

large deformations prior to failure. The rotation of the joint (which cannot be seen in

the graph) is not significant compared to the deformation of the sealant. Furthermore,

at the four edges of the joint, significant deformation of the sealant was observed

transverse to the loading direction, especially for the thicker joints.
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Figure 3.19 Deformed shape of a SLJwith aluminium and/ or steel adherends bonded

with aircraft fuel tank sealant.

But, what is the source of such a lateral contraction in the sealant layer? In the

discussion, the adherends can be regarded as completely rigid compared to the sealant

layer. The sealant layer exhibits very large shear strains under the applied load. It is

known from the large displacement theory that when an incompressible elastomeric
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block is subjected to large shear strains, normal stresses along the shearing direction

are developed, which vary with the square of the shear strain (Treloar (1975)).

Therefore, for large shear strains the sealant layer will be essentially under tensile

stresses along the shearing direction. As a result, a lateral contraction should build up

due to the high value of the Poisson's ratio of the sealants, as was evaluated in Chapter

2. The magnitude of this lateral contraction would only be significant at the free

boundaries of the joint and, vanish towards the middle of the SLJ due to the constraints

imposed to the sealant layer by the attaching adherends. This lateral contraction can

also be associated with the ridges observed on the failure surface of the thick SLJs.

Three dimensional finite element simulations, presented in Chapter 5, predicted the

observed lateral contraction.
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4 PEEL TESTING OF SEALANTS

4.1 INTRODUCTION

In order to assess sealant adhesion, as part of the approval process, aircraft industries

mainly make use of the 1800 peel test. This test involves a sealant layer bonded to a

rigid substrate, which can for example be aluminium, titanium or CFRP, and a strip of

flexible material such as metallic mesh, foil or cloth, embedded into the bulk sealant

material, which is used to apply the load to the sealant layer at an angle of 1800
• In this

study, stainless steel mesh is used as the flexible material. When manufacturing the

peel specimens, an even layer of uncured sealant, usually 3 mm thick, is applied over

the rigid panel, leaving one end of the panel uncovered for a length of 25 mm, so as to

provide sufficient area to grip the specimen on the testing machine. Then, the stainless

steel mesh is positioned on top of the sealant layer and covered with another even

layer of sealant, usually 1.5 mm thick. The specimen is left to cure under controlled

conditions, as determined by the sealant manufacturer. At the end of the curing

process, and prior to testing, four cuts are usually made through the stainless steel

mesh and sealant layer down to the rigid support. This procedure results in a peel

specimen with two, 25 mm wide, strips as shown in Figure 4.1a, according to the test

method AITM 2-0013.

The peel test starts with the application of the load and the initial stretching of the

sealant material. Consequently, fracture of the sealant initiates very close to the

sealant-substrate interface. If the interfacial bond is strong, the tear spreads into the

bulk materialj otherwise it advances along the sealant-substrate interface. While the

test is running, and if the fracture diverts into the bulk material, a cut is made,

approximately every 20mm, by using a knife, perpendicular to the peel direction, so as

to reinitiate the crack in this location and down to the sealant-substrate interface
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(Figure 4.1c). The angle between the cutter and the substrate should be around 45°.

This is done in order to re-examine the strength of the bond during the same peel test.

In the case that the fracture diverts to the sealant-mesh interface, a cut has to be made

immediately to drive the crack back to the sealant-substrate interface. Acceptance

criteria are defined by the materials specification appropriate for the material under

test (e.g. fuel tank, low adhesion, general purpose etc).

Material was removed
from these areas to
create the two 25 mm
wide strips

CDAJalloy, Ti or CFRP Rigid Panel
0Sealant Layer, Thickness h = 3±O.5mm

CD Top Sealant Layer, Thickness hTop - 1.5 mm

0StainJess Steel Mesh -150 mm long All Dimensions in mm

(a)

GRIPS

Not toScaJe
(b) (c)

Figure 4.1 (a) Schematic representation of the peel specimen commonly used in the

aircraft industry (b) 180°peel test set up and (c) knife cut during the 180°peel test.

98



4: Peel Testing of Sealants

It was decided that the peel test for sealants should be comprehensively reviewed.

Although there are lots of parameters involved in the peel test, a review of the existing

testing method should mainly concentrate on those associated with the specimen

geometry and manufacturing as well as the testing procedure. The introduction, for

example, of the knife cut can affect the experimental results since it is strongly

dependant on the individual who performs the actual test. Therefore, it is necessary to

redesign the existing peel test for sealants in order to avoid the subjective aspects of the

knife cut as well as any interaction with the specimen, and to obtain more reliable and

reproducible peel data. The difficulty in obtaining reproducible data was stated in the

past (ASTM C794). According to the ASTM C794, which is a more general standard

than the AITM 2-0013, peel tests conducted on one sealant material with a specified

substrate by a single operator in a single laboratory may yield a range of values that

vary by ±10 to ±20 % from the mean value. Moreover, in the case that peel tests are

performed by several laboratories on the same sealant sample with the same substrate

the range of values is commonly ±60% and often ±100%.

4.2 BACKGROUNDIN PEELTEmNG

(b) (c)(a)

i
I
c

Figure 4.2 Various forms of the peel test: (a) T-peel test for flexible-to-flexible

adherendsi (b) 1800 peel test for flexible-to-rigid adherends; (c) climbing drum peel

test; and (d) floating roller peel test.

Various forms of the peel test are used mainly to access the performance of adhesives.

These are shown schematically in Figure 4.2 as reviewed by Adams et al. (1997) and
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extensively analysed theoretically in the past decades either from a stress analysis

point of view or by applying energy balance approaches. In this chapter a literature

survey for both this approaches is presented.

4.2.1 Stress analysis

y ./
p

Adhesive
interlayer

Figure 4.3 Schematic peel test piece as analyzed by Kaelble (1960).

Kaelble (1959) and (1960) was amongst the first researchers to investigate thoroughly

the peel mechanics of a flexible and extensible member bonded by means of an

adhesive interlayer on a rigid substrate. Based on the assumption that both the flexible

member and the adhesive interlayer obey Hooke's law, a beam on elastic foundation

model was employed in order to derive relationships for the peel force as a function of

system parameters for a steady state un-bonding process (Figure 4.3). It was further

assumed that the cleavage stresses were constant across the width of the bond as well

as through the thickness of the adhesive interlayer. The cleavage stresses in the

adhesive, at a distance -x into the bond, were found to follow the relationship:

0" = O"oefJx ( cos fix +K sin fix) Equation 4.1

where

K = fima +sin8
Equation 4.2
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Equation 4.3

In the above equations 0"0 is the boundary cleavage stress at the edge of the bond, E is

the modulus of the adhesive, Ea is the modulus of the flexible peeling arm, h is the

adhesive thickness, b is the width of the bond, I is the second moment of area of the

flexible member cross-section, rna is the moment arm of the peel force and 8 is the

peeling angle.

Compression

Tension

Distance from the Edge of the Bond, x

Figure 4.4 Cleavage stress distribution on a peel test piece.

Equation 4.1 predicts that the distribution of the cleavage stresses is a highly damped

harmonic function with areas of tension and compression (Figure 4.4). Kaelble and his

co-workers (1969), (1974) developed a novel instrument to measure directly the peel

stress distribution during the peeling of a flexible adherend from a rigid fixed

substrate. However, the correlation with the predicted values was not good since it

was found experimentally that large cleavage stresses carried on the separated region
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due to bits of adhesive that continued to span the gap between the flexible adherend

and the rigid substrate. That was attributed to the highly viscoelastic behaviour of the

adhesive used (an amorphous uncrosslinked alkyl-acrylate copolymer). The shear

stress distribution was also measured and it was concluded that, except at very low

peeling angles, the maximum shear stress is negligible compared to the maximum

tensile cleavage stress. The importance of the filamentation on the stress distribution

was also analysed by Niesiolowski & Aubrey (1981),who managed to predict the stress

distribution by analysing the peeling profile as this was obtained by photography.

Kaelble (1960)has also shown that the peel force, after neglecting the shear stresses, is

given by:

P =K2 ha; 1
b 2E (1- cos 8)

Equation 4.4

The above relationship predicted that P900 = 2K~0 P1800. The dependence of K on the

peeling angle was found to be non-linear and was used to explain the minimum of the

peel force observed between 120°and 150°, after peeling a pressure sensitive adhesive

by means of cellophane, glass cloth or aluminium foil from a rigidly clamped

cellophane substrate. A phenomenological explanation of the minimum at high peeling

angles had already been given by Kaelble (1959) in terms of the inelastic buckling of

the flexible member. Itwas not until Gent & Hamed (1975)proved that since the theory

of small bending deformations was used to derive Equation 4.4, K could only be a

factor very close to unity or Bm» sin 8.Thus, for K equal to 1, Equation 4.4 predicts

that the peel force should decrease continuously with the peeling angle and that it is

directly proportional to the strain energy stored in the adhesive interlayer at the point

of detachment, per unit area of the interface. Gent & Hamed (1975)also speculated that

any deviations from the theory occur possibly due to plastic deformation of the flexible

member that takes place during peeling, which is different for different peeling angles.

Nicholson (1977), who solved the large bending deformations problem numerically,

predicted exactly the same dependence of the peel force on the peeling angle as the

models based on energy considerations (see §4.2.2).

Another interesting observation is that Equation 4.4 predicts that the peel force is

directly proportional to the adhesive interlayer thickness, h. Gent & Hamed (1977)
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argued that since Equation 4.4 is based on the assumption of a uniform stress through

the thickness of the adhesive layer, 0'0 is a mean tensile stress which is much less than

the stress acting at the line of detachment. In analogy to their pure shear tests, they

proposed that a reasonable assumption would be that O'~ is inversely proportional to

the thickness of the adhesive layer. Following this treatment, the peel force predicted

by Equation 4.4was no longer dependent on the thickness of the adhesive.

In a later study, Kaelble (1992),based on observations made primarily on 1800 peel

tests of commercial pressure sensitive adhesive tapes that the peel force increased

linearly with thickness up to a point where it reached a plateau and displayed nearly

constant values, extended Equation 4.4 by replacing the thickness of the adhesive, h,

with an effective thickness, f(h). The work was based on relationships adopted from

micro-fracture mechanics in fibre reinforced composites and the effective thickness,

f(h), was in the form of:

10 1-e_(fJCa)IO

f(h)=h.e-(PCa) + Cp Equation 4.5

where, P is a peel stress concentration factor defined by Equation 4.3, a is a shear stress

concentration factor and Cdefines a cavitation scale factor.

Crocombe & Adams (1981)analyzed the stress distribution in a peel test by means of

the finite element method. They employed an elastic, but large-displacement, finite

element analysis approach, which revealed that the initial failure caused by the

adhesive principal stresses drives a crack towards the interface with the flexible

member. When investigating a cracked configuration, they showed that the amount of

Mode II loading was significant but independent of the peeling angle as well as the

applied load, adherend or adhesive modulus. The proportion of Mode II loading

decreased significantly as the adhesive became incompressible. That led them to the

conclusion that failure was mainly caused by the bending moment acting at the tip of

the propagating crack. For a particular adherend/ adhesive system, the critical bending

moment was independent of the peeling angle. After that, they extended their work to

include the effects of adherend plasticity and found that the amount of work expended

in the plastic deformation of the adherend is considerable - about 50 % of the total

work done by the peel force (Crocombe & Adams (1982)).
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4.2.2 Energy balance approaches

Energy balance approaches, which account for the work expended in peeling the

flexible member away from the rigid substrate, avoid the inherent difficulties of stress

analysis. Gent & Hamed (1977) pointed that although analytical relationships for the

stresses are almost impossibly difficult to derive in the case of non-linearly elastic and

especially dissipative materials, energy approaches can give some useful information

about the peeling process.

interlayer

Figure 4.5 Simple peel mechanics used in an energy balance approach.

Lindley (1971) was one of the first to apply an energy balance approach to the peeling

of a flexible member from a rigid substrate (Figure 4.5). He equated the external work

done by the peel force with the amount of energy expended for deforming in tension

the flexible member plus the energy required for the detachment:

p (1+£-cos8) =U +GA

b
Equation 4.6

where, P is the peel force, b is the width of the bond, U is the energy expended in

stretching the peeling arm to a strain of E, and CA is the work of detachment. For large
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peeling angles and relatively stiff adherends, he postulated that both e and U are very

small and could be ignored, so an estimation of the peel force could be made in

analogy to Equation 4.4, to give:

P-G 1
b - A (1-cos8)

Equation 4.7

Equation 4.7 implies that the peel force is independent of the thickness of the adhesive

interlayer in the case that GA denotes a true surface energy and does not include a

contribution from dissipative process in the bulk of the adhesive layer.

Kendall (1973) followed a similar approach of analysing the peel adhesion of solid

films but he also included in the energy balance approach an additional term to

account for dissipation in the bulk of the adhesive layer, in an attempt to distinguish

and measure both the surface and bulk effects in a peel test. He assumed that the

surface effect was localized within about 10-2J.lCfl of the interface, with this distance to

be strongly dependent on the surface treatment. Consequently, the bulk effect resulted

from energy changes in the bulk of the material at distances greater than 10-2 J.lCfl and

would not be expected to very with surface treatment.

Igarashi (1975) and (1978) investigated the effect of the energy dissipation on the peel

resistance for the case of T-peel specimens consisting of two flexible members bonded

by an elastomeric adhesive interlayer. For the simple case where there is no energy

dissipation in either the adherends or the adhesive layer, he postulated that the peel

force per unit width of the bond was equal to twice the surface energy of the fracture

surface, in analogy to the work of Greensmith & Thomas (1955) who studied the

fracture behaviour of rubber. In the case that energy was dissipated in the bulk of the

adhesive layer, he proposed that another term should be added to account for the

energy dissipation:

2 P = Surface Effects + Bulk Effects
b

Equation 4.8

In the above relationship the surface term is equal to twice the surface energy, in

analogy to fracture mechanics, and, the bulk term represents the energy dissipation.

Since the additional term is associated with the deformation of the adhesive, Igarashi
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assumed that it could be correlated with the work done at the tip of the crack, per unit

length of the adherend, during one cycle of elongation to fracture and subsequent

recovery of the elastomeric adhesive. He then estimated this dissipation energy from

the area of the stress-strain hysteresis curve of the elastomeric adhesive and proposed

that:

Bulk Effects = Wd .h Equation 4.9

where, h is the thickness of the elastomeric adhesive layer and Wd is the area in the

hysteresis loop of the adhesive in a simple tension test. This treatment could therefore

account for the experimentally observed dependence of the peel force on the thickness

of the elastomeric adhesive used.

The idea was in agreement with findings by Gent & Petrich (1969)that, for a viscous,

uncrosslinked elastomeric adhesive (butadiene-styrene copolymer), the energy

dissipation within the adhesive layer accounted for nearly all the peel force and it

could be approximated by:

Equation 4.10

where, e, is the maximum strain that the adhesive could exhibit before fracture in a

tensile test. The integral, which stands for the area under the stress strain curve, is for

an uncrosslinked rubber, equal to the energy dissipated per unit volume of the

material.

Furthermore, Igarashi (1983) proposed that in the case that there is no energy

dissipation due to the deformation in the bulk of the adhesive layer but there is energy

dissipation due to plastic bending of the flexible adherends the dissipative term in

Equation 4.8 could be obtained from the relationship between the bending moment

and the bending curvature of the adherend. For an elastic-perfectly plastic adherend,

the bending moment-curvature relationship is presented in Figure 4.6 and the energy

dissipated for bending the adherend could be found from the shaded area. Since it was

relatively difficult to obtain an analytical solution for the integral, Igarashi assumed
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that a good approximation of the energy dissipation could be the area [OA'BD'EO]

instead of the area [OABCDEO], which is given by:

Equation 4.11

where, Mp «(J'yh; / 4) is the ultimate plastic moment per unit width of the adherend

and K (2(J' / Eh) is the elastic limit curvature. He evaluated the curvature K at thee y a a p

peel front from experimental observations. The proposed analysis was also

accompanied by a number of tests where it was showed experimentally that when

peeling apart highly crosslinked rubbers by means of a nylon cloth, the peel force

increased linearly with the thickness of the sample, but when tearing apart non-

hysteretic rubber the peel force was small and independent of the thickness of the

rubber. The increase with the thickness could be predicted reasonably well by

considering the energy dissipation in one cycle of elongation nearly up to failure and

subsequent unloading of the adhesive material in a uniaxial tension test. For the non-

hysteretic rubber, if mild steel was used as adherend instead of the nylon cloth, the

energy dissipation for bending the adherend contributed significantly to the peel force.

M

Mp
A'

Dissipation Energtj in Bending = iM dK

o
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I

: Kp
I
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K

E

Figure 4.6 Moment-curvature curve for elastic-perfectly plastic adherend.
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The importance of the bending of the peeling arm had been previously recognised and

analysed by Gent & Hamed (1979). They calculated the peel force required to

propagate the peeling of a bended elastic-plastic strip (Mylar) by using elementary

beam theory, and found good agreement with the measured forces for strips of various

thicknesses and various degrees of bending. They concluded that the extent to which

the bending forces contribute to the measured peel forces in a peel test depends

strongly on the degree of adhesion relative to the thickness and yield stress of the

adherend. Thus, for a relatively small interfacial adhesive strength and a sufficiently

thick adherend, the contribution will be nearly zero.

In later work, Gent & Kaang (1987) found experimentally by testing in peel three

adhesive tapes bonded on glass and Teflon that the work of detachment measured at

1800 was higher by a factor of three compared to the value obtained at 900. They

attributed that effect to the energy dissipated in bending the tape and showed that if

the bending is controlled in the 1800 peel test by means of a roller, then the work of

detachment obtained was very close to that of a 900 peel test. To minimize the effect of

the bending it was recommended that a small peeling angle should be employed with

a satisfactory compromise being 450• However, for small peeling angles, it should be

ensured that the peeling arm does not stretch significantly; otherwise the stretching

should be monitored during the test.

Gent & Hamed (1982) also examined the effect of the thickness of the adhesive

interlayer on the peel strength by means of the 1800 peel test. By testing polyethylene

terephthalate (Mylar) strips bonded with two SBStri-block elastomers, they found that

the bond with the stiffer elastomer had a peel strength which was independent of the

thickness of the elastomer layer, while the peel strength with the softer elastomer

increased linearly with thickness before reaching a constant value. This difference in

the dependence of the peel strength upon the thickness of the elastomer layer was

attributed to the energy dissipation of the elastomer layer that occurred for the softer

and dissipative elastomer. In addition, the bond with a stiffer elastomer always failed

at the interface and only at high temperatures and low peel rates was there a transition

to cohesive tearing of the elastomer layer. On the other hand, the softer elastomer

demonstrated a transition from interfacial to cohesive tearing failure even at room

temperature for relatively low peel rates. This transition was found to occur at a critical

rate of straining. The reason why both materials exhibited cohesive failure under
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certain conditions is that under these conditions the materials deform and flow to large

elongations in a ductile manner and fail at relatively low stresses.

A similar energy balance approach to that of lindley (1971)was employed by Kinloch

et al. (1993)to study the peeling of flexible laminates. Their work defined an adhesive

fracture energy GA for the peeling of flexible laminates, which is geometry-

independent and reflects the energy to break interfacial bonding forces as well as the

energy dissipated locally ahead of the peel front in the plastic or viscoelastic zone. To

achieve that they deducted from the external work done by the peel force the stored

strain energy in the peeling arm, the energy dissipated during tensile deformation of

the peeling arm and the energy dissipated during bending of the peeling arm near the

peel front. By modelling the peel test as an elastic beam on an elastic foundation and

considering the role of the root rotation of the peel front (Williams (1993», they

managed to obtain quantitative expressions for the energy dissipated during bending

of the peeling arm near the peel front. Their approach treated the detached part of the

peeling arm as a bilinear work hardening (elastic-plastic) material. For the attached

part of the peeling arm, an elastic beam on an elastic foundation analysis was adopted

and no account was taken for the adhesive compliance. The application of the theory to

experimental data obtained by peeling polyethylene and polyethylene terephthalate

films from rigidly bonded aluminium foil revealed that the fracture energy was

independent of the peeling angle in the range 300 to 1500• A remarkable correlation

between the experimental measured root rotations at the peel front and the ones

predicted by the theory was also found. They also proved that the most important of

the factors in the energy balance approach was the energy dissipated during bending

of the peeling arm near the peel front which, if not taken into account, gave a strong

dependence of peeling angle upon GA. That was in agreement with the proposition of

Crocombe & Adams (1982).

Further studies were performed in order to predict analytically the energy dissipated

during bending of the peeling arm near the peel front. Moidu et al. (1995)presented a

model that enables the computation of the plastic energy dissipation within the

adherend during peeling, thereby making it possible for the evaluation of the fracture

energy of the adhesive from the experimental data based on an energy balance

approach. Their approach takes into account the elastic-plastic behaviour of the

adherend at the root by modelling it as an elastic-plastic beam on an elastic foundation
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and includes both the adhesive and the adherend compliance effects. They analysed

the detached part of the adherend using a generalized slender beam theory for an

elastic-plastic material. Their approach was an extension of the work presented by Kim

& Aravas (1988)and Kim & Kim (1988)that also derived expressions relating the root

curvature, the root rotation, the applied energy, the peel force and the adherend

properties for a peeling angle of 90°. In a later study Moidu et al. (1998)extended their

model to include the effects of adhesive shear stresses on the energy dissipated in the

adherend during peeling. In addition, they modelled the adherend as a work

hardening material and not as elastic-perfectly plastic. Their analysis enabled the

calculation of a global fracture energy based on an energy balance as well as local

fracture energy at the root being the sum of the Mode I and Mode II components of the

fracture energy. They assumed an elastic adhesive. Analyzing data published by

Crocombe & Adams (1982),they found a very good agreement between the global and

the local fracture energy. For the same adherend, the proportions of Mode I and Mode

II were independent of the peeling angle and the fracture energy was independent of

the peeling angle. When lower yield strength aluminium was used with the same

adhesive, the fracture energy increased but this was consistent with the higher

proportions of Mode I and Mode II found for this system.

It becomes clear that in the past, many researchers investigated the peel test in an

attempt to interpret its findings. It is therefore believed that in the absence of plastic

deformation of the peeling arm or energy dissipation in the bulk of the adhesive

interlayer, the peel force could be a direct measure of the adhesive fracture energy.

However, when dissipative mechanisms take place, it is necessary to consider them in

order to be able to determine the specific fracture energy from the experimentally

determined peel force.

4.3 i4ATERIALS

4.3.1 Sealantmaterials

The materials tested in this investigation were Sealant A and the Sealant Bas described

in Chapter 1.

4.3.2 substratesandpeelingarm
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During the entire experimental programme, the two aircraft fuel tank sealants were

cured on top of aluminium and mild steel panels to manufacture peel specimens. The

aluminium panels were either clad aluminium 2024-T3 or clad aluminium 2024-T3

painted with an epoxy primer. The mild steel panels were either simply grit blasted or

grit blasted and then painted with an epoxy primer. Two different primers were used

(a) a low vac (Volatile Organic Compounds) chromate epoxy primer (Primerl) and (b) a

conventional vac epoxy primer (Primer2). The use of primers with sealants was

recently reviewed by Petrie (2003).In effect, primers add a new, usually organic, layer

at the interface such as shown in Figure 4.7. The new layer bonds well to both the

substrate and the sealant. This new layer is also very thin so that it provides improved

interfacial bonding characteristics, yet it is not thick enough so that its bulk properties

significantly affect the overall properties of the bond.

Primer Adherends

Sealant

Figure 4.7 The use of a primer for bonding a sealant on rigid metallic adherends.

The painted aluminium panels were treated to the following specifications prior to

sealant application: (a) degreased to ABP 8-1294, (b) pickled to ABP 8-2297, (c)

anodised to ABP 1-1023 and finally (d) painted according to ABP 4-1123. For the case

of the painted mild steel panels, the following procedure was followed (a) manually

grit blasted (b) degreased using MEK (Methyl Ethyl Ketone) and finally (c) painted

according to ABP 4-1123. The clad aluminium panels as well as the grit blasted mild

steel panels were simply degreased with Acetone and wiped with clean tissue to

remove any grease before the sealant application. More information for the surface

treatments can be found in Appendix A-I.
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Stainless steel mesh was used as a peeling arm. The peeling arm is needed in order to

apply the load to the sealant. The advantage of the stainless steel mesh against a flat

sheet of material is that it allows liquids to diffuse into the bulk material, through the

gaps, for the case that tests are going to be performed after water or fuel immersion. In

this way, the time of immersion until saturation can be reduced significantly; this is

always desirable when qualification tests are performed in industry. The disadvantage

is that it is difficult to quantify the mechanical behaviour of the mesh and to model it

analytically. The characteristic dimensions of a stainless steel mesh are the mesh

density and the wire diameter. The mesh density is defined as the number of gaps per

unit length. The type of mesh should be chosen such that it combines both flexibility

and sufficient strength in the loading direction. The stainless steel mesh used

throughout the experimental programme had a mesh density of 30 mesh/ inch (1180

mesh/m), and a wire diameter of 0.254mm. This is in accordance to ASTMC794 and

falls within the AITM 2-0013 specification used in aircraft industry to perform peel

tests on fuel tank sealants. The mesh was solvent degreased and etched in a nitric-

/chromic-/hydrofluoric acid solution for no more than 15min at ambient temperature,

so as to improve sealant adhesion and to prevent the failure from advancing at the

sealant-mesh interface. The surface treatment of the stainless steel mesh was done by

AIRBUSUK at the Filton site.

4.4 SPECMENS

4.4.1 specimendesignandgeometry

Reviewing the existing peel test for sealants the starting point is the specimen

geometry and manufacturing. Looking for possible causes of problems, in the

previously described test, the following can be identified: (a) the knife cut at a specific

angle used to drive the fracture back to the sealant-substrate interface, is strongly

dependant on the individual who performs the test, (b) the gripping of the specimen on

the testing machine at one end can also impose Significant bending to the rigid

substrate, (c) the width of the tested peel joint can vary along the length of the

specimen since it is defined by manual cuts and (d) the thickness of the sealant, which

participates in the peel and is determined by the embedded metallic mesh, was found

to vary across the width of the specimen due to bending of the wide mesh sheet used,

possibly during the specimen manufacturing process.
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In order to avoid any subjective interaction with the specimen during the peel test, it

was decided that the knife cut used in the traditional peel test should be avoided. It

was decided that the best way to produce the same effect as the knife cut, was to

incorporate artificial defects. These defects would be regions where there is no bond

between the rigid substrate and the sealant layer applied on top. This means that,

when the crack reaches one of these areas, the load will suddenly drop to zero and the

crack will reinitiate at the sealant-substrate interface, without human interaction.

Therefore, the artificial defects will act as precise knife cuts at equal intervals along the

length of the tested specimen. To produce these defects, PTFE was the best candidate

material due to its very low surface energy 18 mjm-? (Ebnesajjad (2000)). In the

beginning of the investigation two types of defects were used. The first one was made

using a PTFE thread seal tape (12mm wide by 0.075mm thick), while the second one

using small rectangular pieces of metal covered with release agent, in order to prevent

them from bonding to the sealant. Preliminary tests have shown that the PTFE thread

seal tape was by far the easiest way to produce the defects and to get the desired effect.

Top Sealant Layer
Thickness hTOf, = 1.5, 2.5, 3.5 mm

Clamping of the specimen along
/ these lines

PTFE Tape
0.15 mm thick by 12 mm wide, every 48 mm

All Dimensions in mm

Stainless Steel Mesh -150 mm long

Figure 4.8 Geometry of the redesigned specimen for the peel testing of sealants.

All the rigid substrates used were 150 mm long by 42 mm wide, but only an area of

126x25 mm was covered with the sealant layer. This arrangement provided sufficient

area for clamping the specimen to the testing machine along the length of the rigid

113



4: Peel Testing of Sealants

panel. Artificial defects were incorporated at the beginning of the sealant layer, at the

middle and at the end, dividing the actual layer into two distinct areas of 48 mm

length. Therefore, one test run is divided into two sub-runs. The geometry of the

redesigned peel specimen is shown in Figure 4.8.The artificial defect at the end of the

specimen is needed only for terminating the second sub-run under the same

conditions as the first sub-run. The distance between the defects (4 times the width of

the defect) was chosen in a way that sufficient length was allowed for the fracture

process to become stable for the peel resistance to be calculated.

The gripping of the specimen, as presented schematically in Figure 4.1b,was identified

as another source of problems. The reason is that the applied loading system can

impose significant bending to the rigid substrate, mainly when this is relatively thin.

Consequently, the measured peel load would not represent the load needed to peel the

sealant layer since it will include a significant portion for bending the substrate.

Additionally, the peeling angle will not be equal to 180°, but it will be strongly

dependant on the amount of bending that the panel suffers. The modified geometry of

the peel specimen accounts for clamping the specimen along its length in order to

perform the peel test. This arrangement completely prevents the bending of the rigid

substrate and reduces the amount of energy that is dissipated in other ways than

peeling the sealant.

4.4.2 specimen manufacturing

For manufacturing the specimens, a PTFE mould was used. The mould was designed

so as to provide an easy and flexible way of manufacturing five peel specimens at a

time. By simply changing only one part of the mould, the sealant thickness could be

varied from 0.1 to 5 mm, and the top layer sealant thickness could be varied from 1.5 to

3.5 mm. The geometry as well as the individual parts of the mould can be seen in

Figure4.9.

The peel test specimens were prepared in the following manner. Rigid panels of the

right size were placed in the cavities at the bottom part of the mould. The second part

of the mould, which determines the sealant layer geometry and positions the peeling

arm, was fitted on top. The sealant was then mixed according to the manufacturer's

instructions and applied to the panels. In order to achieve a good quality specimen,
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each cavity was filled with a large quantity of sealant. The sealant was then drawn

down using a suitable scraper, creating a continuous layer. A strip of the stainless steel

mesh was impregnated with the sealant, laid on top of the sealant layer and then the

scraper was carefully drawn across its surface to remove any entrapped air. Finally the

third part of the mould was placed on top and a thin layer of sealant was put over the

steel mesh. The curing profile that followed consisted of two stages. First, there was an

induction stage, where the specimens were left at 23±3 °C and 55±5 % RH for 24 hours,

which was followed by the main stage, where the curing process was accelerated by

raising the temperature to 50 °C for 24 hours. Both temperature and relative humidity

were monitored via a digital thermometer and a hygrometer, respectively.

Top sealant
layer thickness
varies from 1.S
to 3.5 mm

Position of the
rigidpanels

Sealant layer
thickness
varies from 1.S
toSmm

Figure 4.9 Schematic representation of the mould used to manufacture the peel

specimens.

4.5 EXPERIMENTAL PROCEDURE

In order to comprehensively review the peel test for fuel tank sealants, apart from the

incorporation of the artificial defects, and the optimization of the peel specimen

geometry, a number of parameters that essentially affect the peel resistance of a sealant

should be examined and analysed through extensive testing. The most important
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parameters identified are (a) the peeling angle, (b) the thickness of the sealant layer, (c)

the peel rate and (d) the type of substrate.

The mechanical properties and the thickness of the peeling arm play a Significant role

on the peel resistance values obtained from a peel test, since they determine the

amount of energy dissipated in forms other than peeling the sealant itself (Gent &

Hamed (1979), Kinloch et al. (1994». Gent & Hamed (1979) estimated a critical

thickness, using elementary bending theory, above which no plastic yielding occurs on

the peeling arm. They also pointed that for a strong bond and a relatively thin and

ductile peeling arm yielding will occur readily and will contribute to the measured

peel resistance. The significance of the material properties of the peeling arm was cited

by Crocombe & Adams (1982) who found that the energy dissipation was similar in

peel tests performed using two thin aluminium peeling arms even though the yield

stress of one was much higher than the other. They attributed that to the fact that the

plastic work is a function of both the stress level and the plastic deformation in the

material. In the present study, the same stainless steel mesh was used as a peeling arm

in all cases and, the energy dissipated to stretch and bend it during peeling was

calculated based on the modelling presented in Appendix A-2.

Moreover, the temperature of the tests was kept constant and the specimens tested

were not exposed to any form of environmental ageing. Instead, a detailed

investigation of the bulk materials' performance over a range of temperatures and

environmental exposures was performed and is presented in another chapter (see

Chapter 6). That aimed towards the understanding of the behaviour of the bulk

sealants prior to any investigation of more complicated systems, such as joints, after

environmental exposure. The peel testing programme, which is described in the

flowchart of Figure 4.10, was aiming to quantify the behaviour of two chemically

different aircraft fuel tank sealants, and to give a general guide for similar materials.

The programme, which was updated constantly, covered the above four critical

parameters. In particular, a large number of tests was carried out, by varying the

peeling angle from 90° to 180°, the sealant layer thickness from 0.1 mm to 5 mm, the

peel rate from 1.5 mm/min to 50 mm/mm and finally the type of substrate used as

well as its surface characteristics. The effect of these parameters on the actual peel

resistance should be quantified so that appropriate criteria for approving a sealant can

be made.
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4.5.1 Peeling angle and peel rate variation

All the peel tests were conducted on a universal testing machine (ZWICK1478)using a

2 kN load cell. The variation of the peeling angle was achieved by using a special jig

fitted on the testing machine (Figure 4.11). The jig allows for clamping the peel

specimen along its length, hence preventing the rigid panel from bending. The jig also

provides the capability of altering the peeling angle continuously from 0° to 180°,using

a floating roller type technique (ASTMD3167).All the peel tests were performed in the

range of high peeling angles (90° to 180°). In the 90° peel test, the direct tension

(pcos 0) applied to the sealant is equal to zero and the direct peel (P sin 0) takes the

maximum value, while at 180° the opposite is true (Figure 4.12). The intermediate

peeling angles that were chosen (120°,135°and 150°)give a good distribution of direct

tension and direct peel forces applied to the sealant. For peeling angles less than 90°,

the shear stresses in the sealant start to become significant compared to the normal

stresses until, for the 0° test, we have a simple shear test.

By altering the peeling angle in a peel test, the peel rate, which is defined as the peel

crack velocity (Gent & Petrich (1969»,changes for a given crosshead displacement rate.

In order to normalize to a common peel rate independent of the peeling angle, simple

peel mechanics theories as proposed by Kaelble & Ho (1974)were used, leading to the

following equation:

C
R=---

I-cosO
Equation4.12

where, R is the peeling rate, c is the crosshead displacement rate and (J is the peeling

angle. Using this equation, the crosshead rate could be adjusted, for any peeling angle,

to result in a constant peel rate. The main assumption of the above equation is that the

peeling arm is inextensible. For a tensile load of 765N, the tensile strain of the stainless

steel mesh was found equal to 0.97% (see Appendix A-2), which is negligible compared

to the strain of the sealant itself. Another assumption is that the fracture propagates in

a steady manner during the peel test. This assumption is not really valid for the case of

peeling elastomeric materials, since the fracture propagates in a stick-slip manner

when it advances into the bulk material. In this case the above equation gives a very

good estimation of the average peel rate during the peeling process. For the tests where
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the peel rate was kept constant, this was set to 30 mm/ min and the cross head

displacement rate was chosen accordingly.

Self Aligned Jig
Carrier plate to
position the Peel

Specimen

Linear
Bearing Peeling angle selection

from 00 to 1800

Rigidly attached to
the testing machine

Figure 4.11 Schematic representation of the special jig used for the variable peeling

angle tests.

p psine

+

Peose

auze

~Shear

Sealant

Rigid Substrate

Figure 4.12 Simple mechanics of a peel test.
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Then, in order to examine the effect of the peel rate on the peel resistance of the sealant

materials, several tests were performed keeping the peeling angle constant and altering

the crosshead rate so as to achieve the appropriate peel rate according to Equation 4.12.

4.5.2 Peel resistanceand failure modeevaluation

According to Greensmith & Thomas (1955),the fracture of rubbery materials (tearing)

can be classified into two main types (a) steady and (b) stick-slip. The difference

between the two types of tearing is illustrated by the schematic force-crosshead

displacement curves in Figure 4.13.

(b)
Stick-Slip

(a)
Steady

Crosshead Displacement ~

figure 4.13 Schematic tearing load-crosshead displacement curves for constant rate of

extension of a specimen (after Greensmith & Thomas (1955».

In steady tearing, the load and consequently the rate of propagation, remain essentially

constant, apart from random fluctuations, once tearing has initiated. The random

fluctuations usually reflect the nature of the tear process and, when they are small, the

tear is generally straight and the tom surfaces are smooth in appearance to the eye; but

when the fluctuations are appreciable the torn surfaces are rough and irregular. For

steady tearing conditions, the tear behaviour is best represented by average values of

the tearing load and rate of propagation. For the second type of tearing, a constant

average rate of propagation can be maintained, but there are regular variations in the

tearing load. The tearing load fluctuates in a sequence consisting of a relatively slow
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increase to a maximum value and a more rapid decrease to a minimum, with

corresponding variations in the rate of propagation. The appearance of the torn surface

is again indicative of the nature of the tear process. For stick-slip tearing conditions,

the tear behaviour is better described by considering the maximum tearing load, and

the average rate of propagation, as derived from the crosshead speed. Since the

fluctuations in the rate of propagation are frequently large under stick-slip conditions,

the use of the average rate of propagation provides a qualitative description of the

dependence of the energy for tearing on the rate of propagation. A schematic

representation of the torn surface of rubber for the two types of fracture propagation

can be seen in Figure 4.14. The above described approach was also used by Gledhill et

al. (1978) to study the fracture propagation of epoxy resin adhesives.

Smooth fracture surface

Rubber

(a)
Steady

Rough ridges on the fracture surface
<,

(b)
Stick-Slip

Figure 4.14 Schematic representation of the torn surface of rubber for (a) steady and

(b) stick-slip fracture propagation.

In the present study, the testing machine automatically records the peel load as a

function of the crosshead displacement during each peel test. This curve is called the

peel trace and it is shown in Figure 4.15 for a peel test at 1350 on 3 mm thick sealant

layer of Sealant B bonded to a painted aluminium substrate (Primer2). It can be seen

that the same specimen gives two peel traces, since it is divided into two regions by the

artificial defect. This allows for the calculation of the peel load on two regions on the

same specimen. The peel trace demonstrates the characteristics of stick-slip fracture

propagation; thus, according to Greensmith & Thomas (1955), the maximum load

should be considered. However, the ASTM C794 standard for peeling elastomeric

materials and the industry specification AITM 2-0013, suggest the evaluation of the
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average peel load in the region where the fracture of the sealant propagates. Taking all

this into account, it was decided that the peel resistance evaluation would be based on

both the average peel load in the region that the fracture propagates and the average

peak peel load in the same region. Hence, the peel resistance can be found by dividing

those values over the width of the sealant layer participating in the peel test.

p ppeak
p. =~ or __£_
R b b

Equation 4.13

where, PR is the peel resistance inN/mm, b is the width of the sealant layer and PAV is

the average peel load and rz: is the average peak peel load. The average peel load,

PAV' and the average peak peel load, Pj;ak, were extracted from the peel trace (Figure

4.15) by means of specialized computer software.
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-- Peel Trace: Sealant B - Peeling Angle 1350

Sealant Layer Thickness 3 mm - Panel AI 2024-T3 + Primer2

N

~~
P =.1:L..
AV N

N

~~peak

ppeak __ i=~l__
AV N

Crosshead Displacement, c [mm]

Figure 4.15 Plot of a typical peel trace for a peel test at 1350 on 3 mm thick sealant

layer of Sealant B bonded to a painted aluminium substrate.
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In the presentation of the results, to follow in this chapter, the peel resistance PR will

refer to the value obtained using PAr' unless otherwise stated. It is to be expected that

for the cases where the fracture propagates in strong stick-slip manner, p::.ak and

consequently the peel resistance evaluated from that will be significantly larger than

PAr'

In addition, the average fluctuation of the peel load around the average load is

computed, and denoted as 21. Finally, the crosshead displacement in the region where

the fracture propagates is computed as well as the corresponding time. This will enable

the evaluation of the average peel rate for every single peel test.

At least three specimens were tested for each set of parameters and, considering that

each specimen is divided in two main areas, then at least six tests were taken into

account for the calculation of the final mean value of the peel resistance. Note that,

these specimens were also chosen from different manufacturing batches in an attempt

to minimize errors that may have been introduced during curing of one single batch of

specimens.

The classification of the failure modes of elastomeric materials bonded to rigid metallic

substrates, as summarized by Muhr et al. (1996)based on the ASTM D429 standard,

was adopted in the present work, for accessing the fracture surfaces after peeling

(Figure 4.16).The two main failure modes are either cohesive failure in the bulk sealant

layer or adhesive failure at the interface. A third possible mode could be failure at the

sealant-mesh interface. Adopting principles from rubber to metal bonds, as quoted by

Cutts (1981),the failure in the bulk material, which is the most common type of failure

observed in the laboratory, although not so often in service, could be further sub-

divided into (a) thick rough sealant failure, in which a thick, uneven layer of wavy

sealant is left on both the metal and the peeling arm, and (b) thin sealant failure, in

which a thin black layer is left on the metal but which does not have the shiny surface

normally associated with interfacial metal-sealant failure. The thin failure could be

either rough, where a substantial rough layer of sealant is left on the metal and cannot

be marked with a hard pencil, or smooth, where an even layer of sealant is left on the

metal which can be marked easily with a hard pencil. The most common type of failure

in service is the failure at the metal-sealant interface or in the case that a primer is used
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at the primer-sealant or the metal-primer interface. A schematic representation of this

classification can be seen in Figure 4.16.

Metallic mesh

Failure in the
Sealant Layer
Cohesive
Failure

Metallic mesh

Failure at the
Interface Sealant
Adhesive
failure

Metallic mesh

Failure at the
Mesh
Interface Sealant

~

~

"';,;" 'I

Thick Rough
(Wavy) Sealant

Thin Sealant
(Rough or Smooth)

(if used) Primer - to - Sealant
Primer - to - Metal

Metal - to - Sealant

Figure 4.16 Failure modes classification for a sealant peel test (based on Muhr et al.

(1996), Cutts (1981)).

4.5.3 Peelenergy evaluation

In order to evaluate the peel energy, the amount of energy expended in other forms

than fracturing the sealant material during the peel test should be investigated and

quantified. Once these have been estimated, they should be subtracted from the

external work done by the peel load and the net effect will be the energy to fracture the

sealant (in the case of cohesive fracture) or the energy to break the bond with the

substrate (in the case of adhesive fracture), including the effect of local or even global

energy dissipation in the material. These are essentially the principles of the energy

balance approaches as described in § 4.2.2 and analyzed in the past by many

researchers.

First, the energy dissipated in stretching the peeling arm (stainless steel mesh) was

considered. The detailed investigation of the mechanical behaviour of the stainless
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steel mesh revealed that this could be modelled as a strain hardening material (see

Appendix A-2). That enabled some basic calculations to be made. The maximum elastic

strain energy that could be stored in the peeling arm was found to be 0.14 kJ/m2. This

is negligible compared to the external work done by the peel load for all the cases

studied. Additionally, it was found that a force of approximately 761N was needed to

cause initial yielding by stretching in tension a 25 mm wide piece of stainless mesh.

The maximum peak peel load amongst all the peel tests was measured to be 765 N

(Sealant B, 5 mm thick layer peeled at 90°). This means that for nearly all the cases

studied, the stainless steel mesh deformed elastically in tension, and it is a very good

assumption to neglect any effect of plasticity in the peel energy calculation.

The most difficult term to evaluate is the one associated with the energy dissipated

during bending of the peeling arm near the peel front. It was discussed in § 4.2.2 that

there has been a lot of effort to calculate analytically the amount of energy dissipated in

bending near the peel front. In the present study, the analytical approach introduced

firstly by Kinloch et al. (1994) and further developed by Georgiou et al. (2003) was

adopted to evaluate the energy dissipated in bending. All the analytical expressions

can be found in published work by the previously mentioned authors. Thus, only the

basic principles of the method as well as the limitations for adopting it for the present

problem will be discussed here.

M/b

Unbending

o

B8'

K

Bending

D

Figure 4.17 Deformation of the peeling arm during a steady peeling process.
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The method is based on the analysis of the deformation of the peeling arm during

steady peeling, by using large displacement beam theory. Assuming a bilinear work

hardening material law for the peeling arm, Kinloch et al. (1994) derived analytical

expressions based on the moment per unit width vs. curvature curve (Figure 4.17).

These expressions correlate the properties of the peeling arm, the energy dissipated

during bending, which is in effect the area under the moment-curvature curve, the

root rotation at the peel front and the curvature at the peel front. These expressions,

based on Figure 4.17,are as follows:

Equation 4.14

Equation 4.15

where, Gdb, is the energy dissipated for bending and unbending the peeling arm, P is

the average peel load at steady peeling, 8 is the peeling angle, it is the root rotation at

the peel front, leo is the normalized curvature at the peel front (K/ Ke), b is the width of

the bond, ha is the thickness of the peeling arm, Ea is the Young's modulus of the

peeling arm, Ey is the yield strain of the peeling arm and finally 11 (ko ), 12 ( ko) are

functions determined by direct integration of the moments resulting from the stress

profiles in the peeling arm cross section during bending and unbending. The elastic

limit curvature Kt (= 2Ey / ha) and the work hardening parameter aof the peeling arm

are also needed for the calculations.

Furthermore, Georgiou et al. (2003)analysed the attached part of the peeling arm as a

beam on an elastic foundation and derived the following relationship between the root

rotation, 80, and the dimensionless curvature, ko:

Equation 4.16

where, E is the Young's modulus of the adhesive and h is the thickness of the adhesive

layer. By solving Equation 4.14, Equation 4.16 and Equation 4.17 iteratively, a solution
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for Gdb, & and ko could be obtained to satisfy all three equations. This can be done by

using the ICPeel code that Georgiou et al. (2003) published on the internet (ICPeel

(2005)).

There is a number of implications for adopting the above analytical approach for the

evaluation of the energy dissipated, in the presented study. First of all, the above

described approach assumes that the peeling propagates in a steady manner, which

was not the case for most of the tests conducted in the present work. The experimental

results to be presented have shown stick-slip peel fracture propagation, highly

pronounced at large sealant thickness. Moreover, the theory is based on a linear elastic

stiffness treatment of the adhesive layer. In the present study the sealant layer

demonstrated a clear non-linear behaviour. A possible way to overcome this is to

consider an equivalent linear stress-strain curve for the elastomeric sealant, chosen in

such a way that the area under the experimental and the equivalent curve perfectly

match. This equivalent stress-strain behaviour is characterized by an equivalent

Young's modulus (Figure 4.18). Finally, a well defined mechanical behaviour of the

peeling arm is needed for the application of the method. In the present study, a model

for the stainless steel mesh was built to characterise its mechanical behaviour, and it

was found that although it represents quite accurately the elastic behaviour of the

mesh, it overestimates the plastic behaviour in bending (seeAppendix A-2).
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Figure 4.18 Experimental and equivalent stress-strain curves for (a) Sealant A and (b)

Sealant B, to be used for the evaluation of the energy dissipated for bending the peeling

arm during the peel test.
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Knowing all these limitations and assumptions, it was decided that the above

described method should be used, since it was in the author's belief that it could still

provide a more accurate evaluation of the final peel energy. Thus, the peel energy

could be found by:

Equation 4.17

where, PR is the measured peel resistance and ()is the peeling angle. For the case of

cohesive fracture in the bulk sealant layer, the peel energy calculated from the above

relationship should be equivalent to the fracture energy of the material, and should

therefore be independent of test conditions and method only if the dissipation energy

due to deformation of the bulk material is negligible.

4.6 EXPERIMENTAL RESULTS AND DISCUSSION

4.6.1 The effect of the artificial defects

-- Peel Trace: Sealant A - Peeling Angle 135°
Sealant Layer Thickness 3 mm - Panel Al 2024- T3 + Primer2

600

500

,........, 400
Z
Q.., 300

-cl"
ro 2000
....J--Cl)Cl)
~ 100

0

0

Artificial
. Defect-_ ..---

_----Regions'-,, __
_- '... r------ ,

25 50 75 100 125 150 175 200

Crosshead Displacement, c [mm 1

Figure 4.19 Plot of a typical peel trace for a peel test at 135° on a 3 mm thick layer of

Sealant A bonded to a painted aluminium substrate (Primer2).
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Here, the effect of artificial defects on the testing procedure will be presented. Figure

4.19 shows a typical peel trace for a peel test at 1350 on a 3 mm thick layer of Sealant A

bonded to a painted aluminium substrate. This peel trace, taken from one single

specimen, is divided into two sub-test runs due to the existence of the artificial defects.

There are several points on the graph, which are referred to Figure 4.20, showing the

initiation, propagation and termination of the fracture during an actual peel test.

Initially, the load is applied and the sealant stretches until the fracture initiates (point

1). However, the load continues to increase until it reaches a value where the fracture

starts to propagate into the bulk material in a stick-slip manner (point 2). This kind of

behaviour continues (point 3) until the artificial defect area is reached (points 4, 5).

Then, the load starts to drop towards zero (point 6) and it will build up again when the

next area of sealant is reached. Therefore, the artificial defect acts as a precise knife cut,

having controlled shape and position, and reinitiates the crack from the sealant-

substrate interface. The position of the artificial defect was set in such a way that both

the average peel load and the average peak peel load for that region could be easily

calculated for all the peeling angles tested in this investigation.

Figure 4.20 Photos showing the initiation, propagation and termination of fracture in a

peel test at 1350 on a 3 mm thick layer of Sealant A bonded to a painted aluminium

substrate (Primer2).
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4.6.2 The effect of the clamping configuration

As was already mentioned in reviewing the existing peel test for sealants, it was found

that significant bending of the rigid panel could occur because of the way of clamping

the specimen on the testing machine. For that reason, it was decided to perform a

number of tests on both Sealant A and Sealant B to investigate the effect of the clamping

configuration on their peel resistance. Three different clamping configurations were

examined, as shown in Figure 4.21.

Clamping
Pressure

/

End Tab
1.6 mm thick

Figure 4.21 Schematic representation of the clamping configurations used to perform

peel tests at 1800•

In the first, the specimen is clamped at one end and the stainless steel mesh is pulled at

1800• The end tab used to align the specimen was made of 1.6 mm thick aluminium and

was bonded by means of a structural adhesive (Araldite® 2011). In the second
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configuration, the clamping is exactly the same as for the first, but there is a support

along the length of the rigid panel. For this support, a 1.6 mm thick aluminium panel

was used. Both configurations are widely used in the aircraft industry while testing

fuel tank sealants in peel. Finally, the third configuration was the one principally used

in the present study. The major difference compared to the previous two

configurations is that in this case the specimen was clamped along the entire length of

the rigid panel, on the jig as shown in Figure 4.11. This testing configuration has the

advantage that the bending of the panel can be fully prevented and since the jig is self-

aligned, the peeling angle can be maintained constant throughout the test. The

thickness of the sealant layer was 4 mm for all the specimens tested, and for both

sealant materials. In addition all the tests were performed at a fixed average peel rate

of 3D mm/min.
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Figure 4.22 Plot of the peel resistance as a function of the clamping configuration for

Sealant A.

In Figure 4.22 the results for the peel resistance are presented as a function of the

clamping configuration used, for Sealant A. The actual average peel rate found from the

peel traces of the specimens tested, was 3D.DS±D.88 mm/min. From Figure 4.22 it can be

seen that the peel resistance is higher for clamping configuration C. More precisely, PR

was found to be 17% and 7.5% higher for the tests performed using clamping ethan
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those performed using clampings A and B, respectively. Additionally, there was

significant bending of the rigid panel during testing for both A and B configurations,

resulting in an actual peeling angle less than 180°. The actual peeling angle was

measured by means of digital photos taken with a CCD camera during the test, at

specified time intervals. It was found that for clamping A, the actual peeling angle was

-171.5° (Figure 4.23a)while for clamping B, it was -175°.

Careful examination of the panels after testing revealed some additional useful

information. The panels of the specimens tested using configurations A and B were

plastically bent. More precisely, the specimens tested according to clamping A have

shown an approximate 2.5mm residual deformation at one end (Figure 4.23b).

- 5mm

Figure 4.23 Photographs showing (a) the bending of the panel during testing, and (b)

the residual deformation of the aluminium panel after testing Sealant A peel specimens.
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4: Peel Testing of Sealants

In a similar manner, the results for Sealant B are presented in Figure 4.24. The actual

average peel rate as calculated from the peel traces was 29.13±2.01mm/min. For this

sealant, the peel resistance was found not to be significantly different with respect to

the clamping configuration. The peel resistance was found to be only 4% and 3.5%

higher for the tests performed using clamping C compared to those performed using

clamping A and B, respectively.
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Figure 4.24 Plot of the peel resistance as a function of the clamping configuration for

Sealant B.

There was significant bending of the panel during the test, which translates to an actual

peeling angle of -171.5° and -173° for configurations A and B, respectively. Finally, the

residual deformation of the aluminium panels for the Sealant B peel specimens tested

according to A was approximately 3.5 mm (Figure 4.25), which is 1 mm higher than for

the Sealant A peel specimens. The average peel load for the Sealant B peel specimens,

when tested with configuration A, was 27% higher than the average peel load of the

Sealant A peel specimens, tested under the same conditions (450.8±14 N compared to

355±25.9 N). This can explain the difference found in the residual deformation, since

the higher the peel load the higher would be the induced bending moment and,

therefore, the higher the plastic deformation of the aluminium panel during the test.
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- 5mm

Residual Deformation
-3.5mm

Figure 4.25 Photograph showing the residual deformation of the aluminium panel

after testing Sealant Bpeel specimens.

However, there was a paradox in the above presented results. Since all specimens,

independent of the testing configuration, failed cohesively in the bulk sealant, it would

be expected that for those for which the aluminium deformed plastically, the measured

peel load would be higher than those rigidly clamped (configuration C). Surprisingly,

the opposite was found experimentally. It should be noted that the peel tests using

configurations A and B were conducted in effect at lower peeling angles than 180°.

Results to be presented later in the chapter reveal that the peel resistance is strongly

affected by the peeling angle. For both sealants, the peel resistance experimentally

obtained at 180° was found to be approximately 8.5% higher than that estimated at

1710. It is therefore possible that the difference found here was mainly due to the

difference in the peeling angle between the various configurations.

4.6.3 Issues of the stainlesssteel mesh

It was discussed earlier in this chapter that a stainless steel mesh was used as a peeling

arm throughout the experimental work. This is the standard peeling arm suggested by

ASTM C794 and AITM 2-0013, and is extensively used for peel tests in the aircraft

industry. In the present work, the mechanical behaviour of the stainless steel mesh was

modelled (see Appendix A-2) so as to quantify its effect on the peel test. The aircraft

industry is also interested in conducting peel tests after environmental exposure, such

as ageing in fuel or water. The use of the mesh is imperative in that case, since it allows

liquid to diffuse into the bulk material through the grid, reducing the time that the
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specimens have to spend in the ageing environment. It is, of course, best if qualification

tests in industry take little time.

-- Peel Trace: Sealant A - Peeling Angle 90°
Sealant La er Thickness 2 mm - Panel Al 2024-T3 + Primer2
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Figure 4.26 Plot of a typical peel trace for a peel test at 90° on a 2 mm thick layer of

Sealant A bonded to a painted aluminium substrate (Primer2) that exhibited failure at

the sealant-mesh interface.

There is an issue related to the use of the stainless steel mesh, that being the adhesion

to the sealant material. If the adhesion is good then Figure 4.19 and Figure 4.20

describe the peel test procedure correctly. If the adhesion if not adequate, mainly due

to poor etching or no etching at all, the fracture easily diverts into the sealant-mesh

interface. An example of this situation can be seen in Figure 4.26 and Figure 4.27.

Figure 4.26 shows a typical peel trace for a peel test at 90° on 2 mm thick layer of

Sealant A bonded to a painted aluminium substrate. In Figure 4.27, pictures during the

peel test corresponding to specific points on the peel trace, are presented.

The peel test begins at point (1) with a preload of 10 N. The sealant layer initially

stretches and the fracture initiates at approximately 120 N. The load continues to

increase, and the fracture starts to propagate into the bulk material (point 2). Unlike the
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peel test described earlier, in this case, when the load reaches a critical value the

fracture diverts to the weak mesh-sealant interface (point 3), and propagates at that

region (points 4-6).

2 205.6N 3 255.2N

5 106.4N 6 90.4N

Figure4.27 Photos showing the initiation, propagation and termination of fracture in a

peel test at 90° on 2 mm thick sealant layer of Sealant A bonded on a painted

aluminium substrate and exhibited failure at the sealant-mesh interface.

4.6.4 Effectof the peelingangle and substratesurface treatment

The effect of the peeling angle on the peel resistance for both aircraft fuel tank sealants

was initially investigated by performing tests on five different peeling angles in the

range from 90° to 180°. Furthermore, specimens were manufactured using both painted

(Primerl) and unpainted aluminium panels and three different sealant layer

thicknesses. For all cases, at least three specimens were tested in order to evaluate the

peel resistance of the sealants. The experimental results can be seen in Figure 4.28 and

Figure 4.29 for Sealant A and Sealant B, respectively. All the tests were performed at a

constant average peel rate of 30 mm/ min and the peel resistance was evaluated using

the procedure described in §4.5.2 from the average peel load.

From Figure 4.28a, it can be seen that the peel resistance is strongly affected by the

variation of the peeling angle, in the range tested. In particular, the peel resistance
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follows a parabolic trend from 90° to 180° and shows a minimum value at around 135°.

This tendency seems to be independent of the sealant layer thickness. For Sealant A the

peel resistance at 135° was found to be 26 to 30 % lower than the peel resistance at 90°,

for any sealant layer thickness. Exactly the same type of behaviour was observed even

when painted panels were used as rigid substrates (Figure 4.28b). In all cases, the

specimens failed cohesively, well inside the sealant layer.
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Figure 4.28 Plots of the peel resistance of Sealant A as a function of peeling angle for

various sealant layer thicknesses bonded to (a) unpainted aluminium panels and (b)

painted (Primerl) aluminium panels.

In general, the scatter of the peel resistance values appears to be less for intermediate

peeling angles (120°, 135° and 150°) than for 90° and 180° and for thinner sealant layer
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thicknesses than thicker ones. In any case, for the results presented in Figure 4.28, the

coefficient of variation of the mean value of peel resistance was found to be less than ±6

%. This is significantly less than the ±10 to ±20% reported in ASTM C794 standard.
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Figure 4.29 Plots of the peel resistance of Sealant B as a function of peeling angle for

various sealant layer thicknesses bonded to (a) unpainted aluminium panels and (b)

painted (Primer1) aluminium panels.

The measured peel resistance, for Sealant B, demonstrates an identical tendency with

respect to the peeling angle as found for Sealant A (Figure 4.29). Once more, the peel

resistance at 135° was found to be lower than 90° by approximately 20 to 30 %. This

indicates that the peel resistance for Sealant B is more affected by the peeling angle than
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that of Sealant A. The coefficient of variation of the mean value of peel resistance was

also higher compared with Sealant A, but always less than ±8 %.

In the previous step, experimental results for the peel resistance of both sealants were

obtained, using both unpainted and painted aluminium panels. The tendency with

respect to the peeling angle was the same for all cases. At this point, the peel resistance

of both painted and unpainted panels is plotted vs. the peeling angle, for Sealant A and

for a sealant layer thickness equal to 3 mm (Figure 4.30). It becomes clear that the peel

resistance is not affected by the existence of the primer even if a different primer

(Primer2) is used. It should be noted that at any case (unpainted panels or alternatively

painted with Primerl and/or Primer2) the failure took place in the bulk sealant, and

never close to the interface. Subsequently, the peel resistance is strongly determined by

the properties and the behaviour of the sealant material itself and not by the properties

of the interface. Some small differences shown in the graph can be attributed to batch

variations of the material tested.
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Figure 4.30 Plot of the peel resistance of Sealant A as a function of peeling angle

bonded to unpainted (AI 2024-T3) as well as painted (AI 2024-T3+Primerl, Al 2024-

T3+Primer2) aluminium panels.
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Sealant B has shown similar behaviour, with no considerable differences in the

measured peel resistance, obtained from both painted and unpainted panels. It is

believed that this was again the result of the failure locus which was well inside the

bulk sealant. It should be noted that the differences between the three sets of tests

(Figure 4.31) were more noticeable for Sealant B, but higher scatter was observed for

this material throughout the experimental programme.
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Figure 4.31 Plot of the peel resistance of Sealant B as a function of peeling angle

bonded to unpainted (AI 2024-T3) as well as painted (AI 2024-T3+Primerl, Al 2024-

T3+Primer2) aluminium panels.

The implication of these results is that the above measured peel resistance can give

quite misleading information if it is going to be used to qualify any of the three

substrates used. A straightforward suggestion would be that the strength of the bond

on the three surfaces used was the same. But this would be totally misleading since the

only real conclusion that can be derived from Figure 4.30 and Figure 4.31 is that the

tear strength of the sealant itself is lower than the interfacial strength for all the systems

Thus, the fracture is driven in the bulk sealant material once the applied loads or the

given energy to the system exceed a threshold value, that being the strength of the

sealant. In fact, the bond might be much stronger for the painted panels, but this is not
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4: Peel Testing of Sealants

reflected in the peel resistance, when the failure takes place in the bulk sealant. Of

course, in the present case, single lap shear tests, presented in a previous chapter, have

shown that for a very thin glue line thickness where the specimens failed very close to

the interface, there was no significant difference between painted and unpainted

panels.
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Figure 4.32 Variation of the crosshead displacement and time, corresponding to the

region of the fracture propagation, as a function of the peeling angle for peel tests on 3

mm thick layers of Sealant A bonded to aluminium panels.
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All the results presented here were obtained at a constant nominal peel rate of 30

mm/ min. It is useful to explain how the actual average peel rate was obtained from the

peel trace curves for all the sets of results. The recorded peel trace (load-displacement

curve) in the case of tests that fail cohesively is mainly characterized by a saw tooth

region, where the fracture propagates in the material in a stick-slip manner (Figure

4.19). It is well understood that, for such a fracture pattern, the peel rate could not be

constant throughout the propagation stage, so the use of an average peel rate is

essential. The actual average peel rate can be found if the crosshead displacement

corresponding to the region of the fracture propagation during each peel test is
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extracted from the peel trace. A plot of these values, for all the peel tests on Sealant A

using a 3 mm thick layer bonded on top of unpainted aluminium panels, can be seen in

Figure 4.32, as a function of the peeling angle. It can be seen that the extracted

crosshead displacement values are proportional to (1- cos 8). Dividing this

proportionality factor with the average time it takes to conclude the fracture process,

also plotted in the graph, the average actual peel rate can be obtained, which is

30.33±1.09 mm/ min for this particular case.

All the peel specimens were carefully examined visually to access the failure locus and

pattern after the completion of the tests. In Figure 4.33 the fracture surface, of peel

specimens tested at different peeling angles is presented, for both sealants tested. All

photos were taken from specimens with a 3 mm sealant layer thickness. The fracture

surfaces of the peel specimens with 2 and 4 mm thick sealant layers followed the same

pattern. It can be seen that both sealants have demonstrated a failure surface

characterized by significant ridges that appear perpendicular to the peeling direction.

These ridges seem to be widely spaced for the 90° specimens and to become much

smoother and closer one to the other for the case of the peeling at 180°. It is also evident

that for Sealant B these ridges are rougher compared to Sealant A.

Ansarifar & Lake (1995) conducted peel tests on 6 mm thick natural rubber layers

bonded to primer coated mild steel panels and found a considerable failure locus

change as the peeling angle increased from 30° to 180°. For peeling angles up to 90°, the

failure took place fairly close to the bond, with progressively increasing amounts of

rubber left on the metal with increasing angle, while for 1200 and above the locus of

failure moved well into the rubber. Moreover, Cook et al. (1997) and Jarosz et al. (1999)

published results for a similar system to that of Ansarifar & Lake (1995), where they

observed the failure locus changes as the peeling angle increased from 30° to 90°. They

pointed that while the failure at 30° left a smooth thin rubber layer on the substrate, at

900 there were noticeable ridges perpendicular to the peel direction. Although, they

correlated these ridges with the stick-slip fracture propagation, they did not quantify

this relationship.

142



4: Peel Testing of Sealants

Sealant A Sealant B
Peel Direction --t>

-2mm

-2mm -2mm

-2mm 1800 -2mm

Figure 4.33 Pictures showing the fracture surface of both Sealant A and Sealant B after

peeling a 3 mm thick layer bonded to painted (Primerl) aluminium panels, at different

peeling angles.
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As introduced in § 4.6.1, the fracture propagated in the bulk of the sealant layers in a

slick-slip manner, resulting in a saw tooth shape in the peel load vs. displacement

curve. Thus, the ridges observed on the fracture surface can be correlated to periods of

stick when there is no noticeable advance of the peel front and the ridge develops on

the rigid substrate. Naturally, during periods of slip, where catastrophic failure occurs,

a valley develops just after the ridge. A better insight of this correlation is given in

Figure 4.34, where the peel trace of a test at 90° is plotted together with the fracture

surface of the specimen. A specimen with a 5 mm thick sealant layer was used, since

the behaviour was found to be more pronounced at high thicknesses and thus easier to

demonstrate. It is clear that there is a linear correlation between the peel trace, which

consists of six stick-slip regions, and the fracture surface of the specimen, which shows

six noticeable ridges each followed by a valley corresponding to catastrophic failure.
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Figure 4.34 Load-displacement curve taken from a peel test at 90° on a 5 mm thick

sealant layer of Sealant B bonded to aluminium panel, showing the correlation of the

saw tooth shaped peel trace with the fracture surface.
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After careful examination of all the available peel traces, it was concluded that a way to

quantify and provide a measure of the fracture pattern, was to study the variations of

the fluctuations of the peel load around its average value, as defined in Figure 4.15. The

reason is that for a strongly stick-slip fracture pattern the peel load would fluctuate a

lot around its average value, while for steady state fracture these fluctuations would be

minimal due to the stable propagation of the peel front.
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Figure 4.35 Variation of the fluctuations of the peel load with respect to the peeling

angle for both Sealant A (et) and Sealant B (&).

Hence, in Figure 4.35 the fluctuations of the peel load resulted from the peel tests using

3 mm thick sealant layers on painted aluminium panels are plotted as a function of the

peeling angle for both sealants. According to Figure 4.35 the fluctuations of the peel

load around the average value were found higher for the 90° peel tests compared to the

180° peel tests. This suggests that the stick-slip behaviour is more pronounced at 90°

than at 180° and the fracture surface should be less rough for the 180° tested specimens,

which fits very well with the observations made. Additionally, from Figure 4.35, it

becomes obvious that L1is higher for Sealant B than Sealant A, which implies that Sealant

B should illustrate a rougher fracture surface, a finding that again fits to the

interpretation of the fractured surfaces. Moreover, the results in Figure 4.35 indicate
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that the fracture surface of the specimens tested at intermediate peeling angles, and

more specifically at 135° and/ or 150°, should be smoother compared with those tested

at 180°, since L1was found to be lower. However, that was not very clear from the

photos in Figure 4.33, at least by visual inspection.

Cohesive
Failure

Marked region
with Adhesive

Failure

-2mm

Figure 4.36 Photograph showing the region of adhesive failure near the artificial defect

for a specimen with a 4 mm thick layer of Sealant Btested at 90°.

As already presented, all specimens, tested at various peeling angles, failed cohesively

well inside the sealant layer. However, there were some specimens, tested at 90°, that

gave a small region of adhesive failure very close to the artificial defects (Figure 4.36).

This was due to sealant-to-metal failure or sealant-to-primer failure when a primer

was used. The fact that these regions are highly stressed at the time that the fracture of

the sealant approaches the artificial defects, could explain why adhesive failure was

observed there for only some of the specimens.

4.6.5 Further tests for examining the effect of the paint on the aluminium

The initiative to examine extensively the effect of the existence of the paint (epoxy

primer) on aluminium panels was the belief, of some people in aircraft industry, that

the paint affects the peel resistance even when the failure is well inside the sealant

layer. They attributed any differences found in the peel resistance to possible changes

in the cure of the bulk sealant layer caused by the presence of the epoxy primer.
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However, there was no other experimental evidence for that. Such a belief was not of

course confirmed by the tests presented in the present research work, and it is believed

by the author that these differences were purely due to the material property variations

from one batch to another.
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Figure 4.37 Variation of the peel resistance with respect to the paint thickness for

Sealant A (CJ) and Sealant B (A) tested at (a) 90° and (b) 135°.

Nevertheless, another series of experiments was set to examine the effect, if any, of the

existence of the paint. Specimens were manufactured with a nominal sealant layer

thickness of 1.5 mm, while various layers of paint were applied on the aluminium

substrates resulting in different paint thicknesses in the range 20 to 200 f.Jffi. It was

thought that curing the same thickness of sealant layer on top of substrates painted
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with increasing paint thicknesses, could possibly increase the effect of the paint on the

bulk sealant layer, during curing. Once again, any changes could be monitored only by

measurements of the peel resistance together with observations of the failure modes of

the specimens.

The experimental values of the peel resistance are presented in Figure 4.37, for both

sealants, as a function of the paint thickness. Some of the specimens were tested at 90°

while most of them tested at 135°.All the specimens failed cohesively well inside the

sealant layer, resulting in a peel resistance that was independent of the paint thickness.

The above results suggest that when bonded to painted aluminium, the peel resistance

of both sealants is purely determined by the sealant properties and that the existence of

the paint could possibly strengthen the bond, but this cannot be assessed since the

fracture is not interfacial. The results presented in this work do not indicate that the

existence of the paint affects or alters the bulk material properties in any significant

way.

4.6.6 Sealant layer thicknessvariation

The experimental results in § 4.6.4 suggested that there was a significant effect of the

sealant layer thickness on the peel resistance. However, a more detailed investigation is

needed in order to understand and quantify this effect, through peel tests at large as

well as at very small sealant layer thicknesses. Hence, it was decided that a series of

tests should be performed using specimens with 0.1, 0.5, 1.5 and 5 mm thick sealant

layers in order to be an adjunct to the results already obtained at 2, 3 and 4 mm.

Manufacturing peel specimens with sealant layer thicknesses of 1.5 and 5 mm was

relatively straight forward by using the already existing mould and changing each time

the part that determines the sealant layer thickness and positions of the stainless steel

mesh (Figure 4.9). On the other hand, it was found impossible to machine such a

mould part that would allow for manufacturing specimens with a guaranteed uniform

sealant layer thickness less than 1 mm. Thus, thin PTFE sheets with nominal

dimensions 0.1 and 0.5 mm were cut to size, as shown in Figure 4.38, and they were

used to replace the second part of the mould. The difference between these parts and

the ones already used is that they do not have that special gap for positioning the
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stainless steel mesh. Thus, the stainless steel mesh had to be positioned manually and,

for this reason, the parts were marked with a pencil at the correct spot. Due to their

small thickness, nearly all the parts were destroyed at the moment the specimens were

taken out of the mould, so, a new mould part was needed for each batch of specimens

produced.

Pencil marks for the positioning
of the stainless steel mesh

0.1or 0.5mm thick PTFEsheet
cut to shape

Figure 4.38 Schematic representation of the mould part used to manufacture peel

specimens with very thin layers of sealant.

All specimens were manufactured using aluminium panels painted with the Primerl.

Peel tests were then conducted at five different peeling angles at a constant nominal

peel rate of 30 mm/min. The experimental results are presented in Figure 4.39 for both

sealants.

Initially, the effect of the peeling angle was examined. The peel resistance follows the

same parabolic trend from 90° to 180°, with a minimum value at around 135°, as found

previously. For Sealant A (Figure 4.39a) the peel resistance at 135° was found to be 24 to

30 % lower than the peel resistance at 90°, for the various sealant layer thickness. The

coefficient of variation of the mean measured peel resistance was found to be less than

±9 %. Sealant B demonstrates an identical tendency with respect to the peeling angle

and the peel resistance at 135° was found to be lower than 90° by approximately 20 to

30 % (Figure 4.39b). This indicates that the peel resistance for Sealant B is more affected

by the peeling angle than that of Sealant A. The coefficient of variation of the mean
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value of the peel resistance was also higher compared with Sealant A, but always less

than ±10 %. In general all findings here agree very well with the data presented for 2, 3

and 4 mm thick sealant layers.
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Figure 4.39 Plots of the peel resistance as a function of peeling angle for various

sealant layer thicknesses for (a) Sealant A and (b) Sealant B.
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Figure 4.40 Variation of the peeling angle where the minimum peel resistance

occurred as a function of the sealant layer thickness, for both sealant materials.

The experimental results in Figure 4.39 as well as those in Figure 4.28 and Figure 4.29

assemble a series of 20 curves of the peel resistance with respect to the peeling angle
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4: Peel Testing of Sealants

for various sealant layer thicknesses. The applied peel rate was the same for all the

datasets. Fitting all these curves by means of a quadratic relationship, an estimation of

the value of the peeling angle at which the minimum peel resistance occurs, could be

made, and then plotted as a function of the sealant layer thickness (Figure 4.40). It can

be seen that the peeling angle decreases with a rate of 1.6 degj mm thickness of sealant

layer.
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Figure 4.41 Plots of the peel resistance as a function of sealant layer thicknesses for

various peeling angles for (a) Sealant A and (b) Sealant B.
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By cross-plotting the experimental results presented in Figure 4.28, Figure 4.29 and

Figure 4.39, the variation of the peel resistance as a function of the sealant layer

thickness can be clearly seen (Figure 4.41). Both sealants demonstrate the same trend,

with an increasing peel resistance as the sealant layer thickness increases. Cutts (1981)

also reported a continuous increase of the peel resistance with the thickness for peel

tests conducted at 90° and 30°. The increase in Figure 4.41 appears to be fairly linear,

for the range of sealant layer thicknesses tested, and the rate of increase, as described

by the slope of the curve, appears to be strongly dependant on the peeling angle of the

peel test. Another interesting finding is that the extrapolation of the experimental

curves to zero sealant layer thickness, for all peeling angles, results in a non-zero peel

resistance. Prior to the explanation of the observed behaviour, a detailed failure mode

description should be presented.

In Figure 4.42 photos of the fracture surface are illustrated, for both sealant materials

and various sealant layer thicknesses, after peel testing at 90°. The same failure pattern

was observed for all the other peeling angles. It can be seen that the fracture surface

changes significantly with the sealant layer thickness. For a 5 mm sealant layer

thickness, the fracture surface appears to be very rough with very high ridges, widely

spaced, perpendicular to the peel direction. As the thickness decreases, the fracture

surface becomes smoother and the ridges become closer. The same pattern can be seen

for both sealants, but it is more pronounced for Sealant B.

In a previous paragraph (§ 4.6.4) the ridges found on the fracture surface were

successfully correlated to periods of stick when there is no noticeable advance of the

peel front and periods of slip, where catastrophic failure occurs. According to the

observations made here, for thick sealant layers the stick-slip fracture propagation

appears to be more pronounced, compared to thin sealant layers, and the frequency

between periods of stick and periods of slip decreases as the sealant layer thickness

decreases. This can be explained in terms of the ability of the test piece to store energy

during deformation. For specimens with thick sealant layers, the volume of the sealant

material deformed is larger and so is the stored energy prior to failure. This leads not

only to an increase of the peel load but also to a more pronounced stick-slip fracture

pattern.
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4mm -2mm 4mm -2mm

5mm -2mm 5mm -2mm

Figure 4.42 Photographs showing the fracture surface of both Sealant A and Sealant B

after peeling specimens with various sealant layer thicknesses bonded to painted

(Primerl) aluminium panels at 90°.

4.0

3.5

3.0

2.5

§ 20- .Z

~ 1.5

1.0

0.5

0.0
0

Panel AI 2024- T3+Primerl
Peeling Angle 90°
() Sealant A
A Sealant B

1

1 2 3 4 5 6

Sealant Layer Thickness, h [mm 1

Figure 4.43 Variation of the fluctuations of the peel load with respect to the sealant

layer thickness for both Sealant A and Sealant B.
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The fluctuations of the peel load around its average value can effectively describe the

fracture pattern observed in the peel tests (Figure 4.43). As the sealant layer thickness

increases, for the same peeling angle, the ridges on the fracture surface become more

significant and the fluctuations of the load increase. The increase of L1appears to be

fairly linear with suspect to the sealant layer thickness and the slope of this linear

variation is higher for Sealant B,which also gave a rougher fractured surface pattern.

Sealant A

Mesh Failure-
leaving a clear

surface

Interfacial
Failure -

leaving a thin
layer of sealant

Scale

Sealant B
Mesh Failure -
leaving a clear

surface

Interfacial
Failure -

leaving a thin
layer of sealant

Scale

-4mm

layer

Figure 4.44 Photographs showing the difference between mesh failure and cohesive

failure very close to the stainless steel mesh for both Sealant A and Sealant B.

In the case that very thin layers of sealant were used (0.1 and 0.5 mm), the fracture

surface was very smooth and prints of the stainless steel mesh could be seen on the

failure locus. The interpretation of these results was very difficult and additional

information should be used. It is believed that the failure was not a failure at the

sealant-mesh interface, as was described in Figure 4.16, but it was cohesive failure

occurring very close to the mesh. In Figure 4.44, photos taken from the stainless steel

mesh after the peel tests on both sealants and both thicknesses under investigation are

presented. For comparison, photographs taken from specimens failed at the mesh-

sealant interface, during preliminary tests where the effect of etching the stainless steel

mesh was investigated, are also presented. The characteristic of the specimens that

exhibited mesh failure is the shiny surface observed after the tests, with no sealant

residues. That indicates failure of the bond between the sealant and the stainless steel

mesh. In contrast, the thin sealant layer specimens have shown failure that was located

very close to the mesh and a thin layer of sealant remained on the mesh. This indicates
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4: Peel Testing of Sealants

that the failure was still cohesive on the sealant layer. The mesh prints that appear in

Figure 4.42 for these specimens are probably due to the small thickness of the sealant

layer.
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Figure 4.45 Plots of the peel resistance, evaluated from both the average and the peak

peel load, as a function of the sealant layer thickness when peeling (a) Sealant A and (b)

Sealant Bat 90°.

The peel resistance, as evaluated from the average peel load, was presented in all

previous cases. It would be useful to demonstrate the differences between that peel

resistance and the one evaluated from the peak peel load. It is expected that these

values would differ significantly for the cases where the stick-slip fracture propagation

was more pronounced, e.g. large sealant layer thickness. In Figure 4.45, the peel

resistance as calculated from both the average and the peak peel load is plotted vs. the

sealant layer thickness, for the peel tests contacted at 900• It can be seen that the peel

resistance calculated from the peak peel load is higher than the one calculated from the

average peel load, especially at large sealant thicknesses. Moreover, for Sealant B,

which demonstrated more pronounced stick-slip fracture propagation, as identified by

the fracture surfaces, the difference between the two values is somewhat higher

compared to Sealant A. The results presented in Figure 4.45 correspond only to the 90°

peeling angle, where the larger differences between the two peel resistance values were

observed.
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4.6.7 Analysisof the peelenergy

In order to understand and explain further the experimental results obtained by

peeling both sealants at different peeling angles and/or sealant layer thicknesses, it

was decided that the peel energy should be analysed. The peel energy was evaluated

through Equation 4.17. The first part of Equation 4.17, stands for the external work

given to the system, while the second part stands for the energy dissipated in bending

and unbending the stainless steel mesh. Since the fracture always took place in the bulk

sealant layer, the outcome of Equation 4.17 should be equal to the fracture or tear

energy of the sealant and it should also be independent of the geometry and the

peeling angle, assuming that there are any other energy contributions to the system.

That was also showed by Kinloch et al. (1994) when peeling flexible laminated systems.

For the calculation of the external work, the peel resistance obtained from the peak peel

load was considered. Greensmith & Thomas (1955) suggested that, for the evaluation

of the tear energy of rubber that exhibits stick-slip fracture propagation, it is better to

use the peak load instead of the average peel load, since it physically represents the

load to propagate the fracture. It has already been shown that the peel resistance

calculated from the peak peel load differs from that calculated from the average peel

load only in the case that large sealant layer thicknesses were used. For the evaluation

of the energy dissipated in bending and unbending the stainless steel mesh, the

procedure described in §4.5.3 was followed.

prior to presenting the complete set of results, the effect of the energy dissipated in

bending and unbending the peeling arm was considered (Gdb). As shown in Figure

4.46a, Gdb increases with the peeling angle, but its value is very low compared to the

external work when a 3 mm thick sealant layer was used. Consequently, the peel

energy was found to be just slightly lower than the external work, and increased with

the peeling angle. On the other hand, if a small sealant layer is considered (Figure

4.46b), Gdb becomes a significant proportion of the external work and the calculated

peel energy appears to be independent of the peeling angle. It becomes clear that there

is a strong thickness effect on the peel energy. The dissipated energy (Gdb) increases as

the sealant layer thickness decreases, for a given peeling angle (180°) and the peel

energy, calculated from Equation 4.17, is strongly affected by the sealant layer

thickness. The same observations were made for Sealant A. The effect of the peeling
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arm on the peel energy of rubber can also be seen in the work of Ansarifar & Lake

(1995),who tested 6 mm thick natural rubber vulcanized in contact with steel plates

coated with bonding agents. They used two different kinds of specimens. For the first,

a part of un-bonded rubber was used as a peeling arm and, for the second, a fabric was

impregnated into the rubber. For the peel energy calculation the extension of the

rubber leg was taken into account for the specimens that the peeling arm was just the

rubber. For the cases where a backing was used no correction for either extension or

bending of the backing was taken into account. For fabric backed test pieces and for

approximately constant peel rates it was found that the peel energy increases

significantly with the peeling angle. Comparison between results of backed and un-

backed specimens under the same conditions has shown that the peel energies of the

backed specimens were significantly larger.
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Figure 4.46 Plots of the peel energy (A) the external work (A) and the dissipated

energy (A) for Sealant B (a) as a function of the peeling angle - 3 mm thick layer and

(b) as a function of the peeling angle - 0.1mm thick layer.

The peel energies obtained, are presented in Figure 4.47. For both sealants, the peel

energy increases with the sealant layer thickness. Moreover it is strongly affected by

the peeling angle as the sealant layer thickness increases. This means that the

calculated peel energy could not represent the tear energy of the sealant. Since the

energy dissipation for bending the peeling arm plastically was taken into account, the

next step in order to explain and quantify the observed behaviour is to consider the

energy dissipated in the sealant material itself upon deformation. To achieve that, the

proposition by Igarashi (1975)was adopted. According to that, the peel energy, in the
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absence of any dissipation in the peeling arm, can be separated into two terms; one that

stands for the surface contributions and one that stands for the volume contributions

(see Equation 4.8).Moreover, as speculated in the introduction of the chapter, Igarashi

(1975) proposed that the term that stands for the volume effects is responsible for the

increase in the peel energy with the thickness and that the rate of this increase can be

approximated by measuring the energy dissipated in the material in one cycle of

deformation nearly up to failure in a simple tension test.
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Figure 4.47 Plots of the peel energy as a function of sealant layer thicknesses for

various peeling angles for (a) Sealant A and (b) Sealant B.
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To explore the applicability of such a theory, which will explain the observed

behaviour, the experimental results in Figure 4.47 for both materials, were fitted with a

linear curve by means of the least squares method. The intercept and the slope of these

fitted curves are presented in Table 4.1.

Table 4.1 Regression data obtained from the experimental peel energy values (Figure

4.47) for both Sealant A and Sealant B.

Peeling Angle, Intercept, A Slope, B Correlation
8[degrees] £kJ/m2] [MJ/m3] Coefficient

90 2.60±0.12 4.71±0.08 0.997

~ 120 2.95±O.12 5.14±0.08 0.987.....
;: 135 2.44±O.02 6.12±0.07 0.992~-~ 150 3.13±O.17 6.09±0.11 0.974~c.n

180 2.63±O.15 8.14±0.17 0.992

90 2.99±O.03 5.29±O.08 0.992

~ 120 3.91±O.07 5.30±0.06 0.994.....;: 135 4.05±O.14 6.38±0.09 0.976~-~ 150 4.87±0.42 6.33±O.17~ 0.980c.n
180 4.75±0.39 9.44±0.20 0.990

The results in Table 4.1 suggest that the experimental peel energy values can be well

described by a linear curve as a function of the thickness of the sealant layer, since the

correlation coefficient of the regression analysis was found to be close to unity.

Furthermore, the intercept of these linear curves could be assumed to be independent

of the peeling angle and non zero. When averaged for all five peeling angles it was

found to be equal to 2.8±O.3 kJ/m2 for Sealant A and 4.1±O.7 kJ/m2 for Sealant B. These

values are at the same order of magnitude as the tear energy of the sealants measured

by means of a constrained tension test in Chapter 2. It has been found that the tear

energy of Sealant A is 4.1±O.2 kJ/m2 and that of Sealant B6.2±0.2 kJ/m2.

The slope of the linear curve fit, in Table 4.1, appears to increase with respect to the

peeling angle. Additionally it has units of energy per unit volume of the material. If the

slope is assumed to represent the energy dissipation in the bulk of the sealant layer
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during one cycle of loading nearly up to fracture and subsequent unloading, then the

implication of the results is that the dissipation in the bulk sealant layer increases as the

peeling angle shifts from 90° to 180°. Plots of the normalized slope with respect to the

slope of the experimental peel energies at 90° (Figure 4.48) reveal that the increase in

the slope could be very well approximated with the factor (2 - sin ()).
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Figure 4.48 Plots of the normalized slope of the sealant layer thickness as a function of

the peeling angle for (a) Sealant A (.) and (b) Sealant B (.) obtained from the peel

energy curves.
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In other words, by knowing the slope for the 90° configuration, the rest of the values

can be estimated by multiplying with this factor. For the 90° peel configuration, where

mainly cleavage forces are applied to the sealant layer, the slope can be considered to

be equal to the energy dissipated in one loading and unloading cycle, as proposed by

Igarashi (1975).From the tensile experiments performed in Chapter 2, the values of 4.2

MJ/m3 and 4.5 MJ/m3 were extracted for Sealant A and Sealant B, respectively.

Based on above discussion, an estimation of the peel energy could be made using the

data in Table 4.2 and correlated against the experimental values. For the slope of the

linear variation, the energy dissipated in the sealant was multiplied by the

experimentally found factor (2 - sin 8 ).

Table 4.2 Data for the estimation of the peel energy for both Sealant A and Sealant B.

Equation 4.18

Intercept [kJlmZ] = Tearing Energy
T[kJ/mZ]

Slope [MJ/ml] = Dissipated Energy
Wd [MJ/ml]

Sealant B

4.1
6.2

4.2
4.5

Sealant A

The estimated energy according to the data in Table 4.2 is in a very good agreement

with that experimentally measured, for both sealants (Figure 4.49, Figure 4.50). This

implies that the hypothesis of Igarashi can be applied in the present case and that the

observed correction factor for the energy dissipation in the bulk sealant during peeling

supports the already existing theory.

Hence, the outcome of the analysis would be that the experimentally measured peel

energy, which follows the same pattern for both sealants investigated, is affected

strongly, in a coupled way, by the thickness of the sealant layer used and the peeling

angle, due to the increase of the energy dissipated during deformation of the sealant

with respect to both the above parameters. Only for nearly zero thicknesses can this

contribution be eliminated and the energy measured would be independent of the

peeling angle and provide a measure of the sealant tear energy. This is, of course, for

the case that the fracture propagates into the bulk sealant layer. A schematic

representation of the peel test and the energy contributions can be seen in Figure 4.51.
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Figure 4.49 Plot of the estimated peel energy (Sealant A) as a function of the measured

peel energy for various sealant layer thicknesses and peeling angles (900 (0), 1200 (0),

1350 (0), 1500 (0), 1800 (0)).
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Figure 4.50 Plot of the estimated peel energy (Sealant B) as a function of the measured

peel energy for various sealant layer thicknesses and peeling angles (900 (.6.),1200 (.6.),

1350 (6),1500 (.6.), 1800 (.6.)).
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Figure 4.51 Energy dissipation during a peel test.

4.6.8 Theeffect of the total thicknessof the sealant

One of the geometrical characteristics of the peel specimens is the top sealant layer that

is applied in order to ensure the bond of the stainless steel mesh. A 1.5 mm thick

sealant was used for all previously presented results. By varying this top sealant layer,

the bending stiffness of the peeling arm could be varied, so the set of tests was

conducted in order to explore if that would have any effect on the measured peel

resistance. Three top sealant layer thicknesses were considered (1.5,2.5 and 3.5 mm) as

well as three sealant layer thicknesses (2, 3 and 4 mm). The combination of these

configurations was made such as the total sealant thickness was constant and led to six

different specimen types as presented in Figure 4.52.

Top Sealant Layer
Thickness

l.5mm

2.5mm

3.5mm

Total Sealant
Thickness

5.5mm 4.5mm 3.5 mm - Metallic mesh
=Sealant
= Rigid substrate

Figure 4.52 Schematic representation of the approach followed to manufacture

specimens with various top sealant layer thicknesses.
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Peel experiments were conducted with a nominal average peel rate of 30 mm/min at

two different peeling angles (135° and 180°). The experimental results can be seen in

Figure 4.53 and Figure 4.54, for Sealant A and Sealant B, respectively. All the specimens

failed cohesively in the bulk sealant layer. Both sealants followed the same behaviour,

independent of the peeling angle tests. For the same top sealant layer thickness (e.g. 1.S

mm) the peel resistance increases with increasing sealant layer thickness. For the same

sealant layer thickness (e.g. 2 mm) the peel resistance appears to be independent of the

top sealant layer thickness.
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Figure 4.53 Plots of the peel resistance of Sealant A as a function of the sealant layer

thickness, for various top sealant layer thicknesses tested at (a) l35° and (b) 180°.
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Figure 4.54 Plots of the peel resistance of Sealant B as a function of the sealant layer

thickness, for various top sealant layer thicknesses tested at (a) 135° and (b) 180°.
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The implication of these results is that although thicker top sealant layers increase the

bending stiffness, as much as 10% (fable 4.3) that has no effect on the measured peel

resistance which is determined purely by the sealant layer being between the stainless

steel mesh and the rigid panels. Practically, this means that although very special care

should be taken for the thickness of the sealant layer between the stainless steel mesh

and the rigid panel, during manufacturing of the specimens, the results would not be

affected by variations of the top sealant layer thickness.

Table 4.3 Elastic bending stiffness of various thicknesses of top sealant layer for both

Sealant A and Sealant B.

TopSealant Layer,
hTop [mm]

(El )St«l Mesh

[Nmms]

(E bh;)
a 12

Sealant A

1.5
2.5
3.5

1080
9.0
41
112

1089
1121

1192

Sealant B

1.5
2.5
3.5

1080
4.0
20
55

1084
1100

1135

Ea = 8661 MPa,ha = 0.391mmfrom AppendixA-2
Sealant A and Sealant BModulusfrom Figure 4.18

4.6.9 Peelratevariation

All the above presented experimental results were obtained at a constant peel rate. In

order to examine further the behaviour of both aircraft fuel tank sealants under peel

loading, a series of tests was performed at various peel rates. The tests were conducted

at a fixed peeling angle and thickness, using both painted and unpainted aluminium

substrates. The peeling angle was set to 135°. It has been found that in the vicinity of

1350 the experimental peel resistance takes its minimum value when plotted with

respect to the peeling angle. Additionally, all specimens were manufactured with a

nominal sealant layer thickness of 3 mm, which corresponds to the value

recommended by AITM 2-0013. Painted as well as unpainted panels were used, in an

attempt to investigate whether higher or lower peel rates will reveal any differences
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between the two. The actual average peel rate for each set of tests was evaluated

following a procedure similar to the one presented earlier (see § 4.6.4). The

experimental results are presented in Figure 4.55.
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Panels
o A12024-T3
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15'"c,
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oL---~~~~~~~--~~~~
10' 10' 10"

Peel Rate, R [mm/min)

07---~~~~~--~~~~~~
~ ~ ~

Peel Rate, R [mm/min)

(a) (b)

Figure 4.55 Variation of the peel resistance with respect to the peel rate for (a) Sealant

A and (b) Sealant B.

From Figure 4.55 it can be seen that painted and unpainted panels gave the same

values for the peel resistance for both sealants under investigation. The failure was

cohesive in the bulk of the sealant layer and it was independent of the peel rate applied

to the specimens. However, for the lowest peel rate and for Sealant B, there was a

noticeable difference between the values obtained from painted and unpainted panels,

but this was because the specimens with unpainted panels showed a mixed failure

mode (cohesive failure coupled with failure very close to the mesh) and, consequently,

the resulting peel resistance was relatively low. Nevertheless, this could not be verified

when additional tests were performed under the same conditions and therefore it is

attributed to a problematic set of specimens.

The consistency of the experimental results was checked via the standard deviation of

the mean peel resistance, as expressed by the error bars in Figure 4.55. For both Sealant

A and Sealant B the largest coefficient of variation of the mean peel resistance was in

the order of ±10 %.

Sealant A has shown an increase of up to 23 % on the peel resistance with increasing

peel rate from 1.5 rnrrr/ min to 50 mm/ min. This was 6 % less compared to the increase
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of the peel resistance measured for Sealant B in the same peel rate range. The results

indicate that neither material was strongly affected by the peel rate (or strain rate).

Sealant B is slightly more rate dependant than Sealant A, which in agreement with

previous findings in Chapter 2.

4.0
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() Al 2024- T3 + Primer1 A Al 2024-T3 + Primerl

Figure 4.56 Variation of the fluctuations of the peel load with respect to the peel rate

for both Sealant A and Sealant B.

Once more, the fluctuations of the peel load around its average value could be used as

an indicator of the fractured surface pattern. The experimental results, presented in

Figure 4.56, have shown that there was no variation of ..d with respect to the peel rate,

for both sealants tested. Sealant B, which gave rougher fractured surfaces compared to

Sealant A, demonstrated much higher values of ..d.

In order to analyse further the behaviour of the sealants with respect to the rate of the

applied loading, the peel resistance was plotted vs. the strain rate. Only the mean

values are plotted in Figure 4.57. Based on the analysis of Gent & Petrich (1969), the

strain rate could be estimated by the following equation:

R
e=r:h

Equation 4.19
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where, R is the peel rate and h is the sealant layer thickness. This is analogous to

measuring strain rate instead of crosshead speed for a uniaxial tension test. In this case,

the gauze length is assumed to be the sealant layer thickness, h, on the basis that this is

the portion of the material which is strained during the peel test. The peel resistance

was then assumed to follow a power law variation with respect to the strain rate given

by the following relationship:

Equation 4.20

25
0 Sealant A
b,. Sealant B

20 Sealant Layer Thickness 3 mm

§ Peeling Angle e = 135°
<,

Z 15
'"c,

oJu 10co:s....
rJl
'Cii
QJ

0:::- 5QJ
Q)
p_.

0
10-1 10° 101 102

Strain Rate, Rjh [min-!]

Figure 4.57 Variation of the peel resistance with respect to the strain rate for both

Sealant A and Sealant B,when peeling a 3 mm thick layer at 135°.

According to Shephard & Wightman (1996), for a variation, as described by Equation

4.20, the exponent N can be correlated to the rate dependant energy dissipation while

the constant K can be related to the thermodynamic work of adhesion. In their work,

they found a loose correlation between the exponent N and the strain energy density

up to failure, as measured by tensile tests, for four different sealant formulations.

However, this does not strictly imply that N correlates to the rate dependant energy

dissipation, since the strain energy up to failure is not a direct measure of the energy
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dissipation of the material. If a correlation is to be made with the strain energy up to

failure, that should be at least evaluated for various strain rates.

The values of the two constants were evaluated via non-linear regression for both

sealant materials, and are listed in Table 4.4. Equation 4.20 fits reasonably well the

experimental results (Figure 4.57) with a coefficient of variance greater than 0.8 for

both sealants. The exponent N was found to be higher for Sealant Bcompared to Sealant

A, which indicates that the former was more rate dependant. On the other hand the

constant K was found to be nearly the same for both sealants, indicating that the

threshold fracture energy is approximately the same for both materials.

Table 4.4 Regression data obtained from variable strain rate peel tests for both Sealant

A and Sealant B.

Sealant A Sealant B

K

N

10.5±O.4 12.O±O.2

O.07±O.01

R2 - Coefficient of Yariance

O.06±O.02

0.875 0.874

Green: Sealant A Blue: Sealant B
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Figure 4.58 Variation of the peel resistance vs. strain rate compared with the variation

of the dissipated energy in a tensile loading-unloading cycle and the rate of extension

for Sealant A and Sealant B.
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An attempt to correlate the strain rate dependency of the peel resistance with the

energy dissipation of the two sealants was made. In Figure 4.58 the variation of the

energy dissipated in a tensile loading-unloading cycle with the rate of extension (taken

from Chapter 2) was plotted alongside the peel resistance values obtained at various

strain rates. A quantitative correlation is difficult to be made, however, it seems that for

Sealant B the rate dependant energy dissipation is slightly higher than that of Sealant A

and so is the strain rate dependency of the peel resistance.

A conclusion from the above is that for the sealants tested in this work, the increase in

the peel resistance with respect to the stain rate can be explained in terms of the ability

of these materials to dissipate energy as the strain rate increases. This is obviously

limited by the range of strain rates applied to the specimens, and the failure mode. If

the failure mode of the materials changes from cohesive failure to interfacial failure, in

the case that much higher strain rates are applied to the specimens, then the above

conclusion would not be valid any longer. Gent & Petrich (1969) who investigated

thoroughly the peel behaviour under the application of various strain rates, found that

when peeling a viscoelastic adhesive from a rigid substrate at different peel rates and

temperatures the peel force increased with the peel rate up to critical value and then

exhibited a sudden transition to smaller peel forces. The mode of failure also changed

from cohesive failure of the polymer layer to interfacial failure at the interface.

Furthermore, they superimposed the results of different temperatures and observed

that the peel force variation with the reduced peel rate illustrated two peaks, one

occurring at low peel rates and associated with the transition from cohesive to

interfacial failure and another one occurring at high peel rates where the failure was

purely interfacial. By measuring Young's modulus at various strain rates, they found

that the first peak was associated with the liquid-like flow of the polymer while the

second peak appeared to be associated with the onset of the transition from rubber-like

behaviour to glass-like behaviour at high rates of deformation (Figure 4.59). It is to the

author's belief that the range of the peel rates applied to both sealants in the present

study corresponds, in effect, to the first region in Gent's work. A comparison between

the variation of the peel resistance vs. the strain rate and that of the initial Young's

modulus with the rate of extension can be seen in Figure 4.60, for both sealants.

Although several tests were performed in order to detect the critical strain rate at
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which the transition of the failure mode from cohesive to interfacial could occur, this

was not achieved within the limits of the testing facility available.
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Figure 4.59 Peel force-peel rate relation for polymer A adhering to Mylar compared

with the relation between Young's modulus and the rate of extension for polymer A

(Redrawn from Gent & Petrich (1969)).
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Figure 4.60 Variation of the peel resistance vs. strain rate compared with the variation

of the initial Young's modulus and the rate of extension for Sealant A and Sealant B.
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4.6.10 Rate lIS. bulk effects

In the previous paragraphs, both the effects of thickness (bulk) and rate of deformation

were investigated experimentally and explained theoretically. A logical question that

rises at this point is if any of these effects is dominant in the behaviour of the materials

considered. In order to investigate that question, the peel resistance was plotted as a

function of the strain rate, as derived from Equation 4.19, for all the tests performed at

various peel rates and with a constant sealant layer thickness (black curves in Figure

4.61 and Figure 4.62). The peel resistance can be seen to increase with the strain rate.

For the peel tests conducted with a constant peel rate (30 mm/ min) using various

sealant layer thicknesses, according to Equation 4.19 the applied strain rate was not

constant. In effect, Equation 4.19 predicts that for the same peel rate, R, the strain rate,

e, is inversely proportional to the sealant layer thickness, h. Thus, the results obtained

from the specimens with 0.1 mm thick sealant layers correspond to a strain rate of

approximately 300 mirr', while those obtained from the 5 mm thick specimens

correspond to a strain rate of approximately 6 min-i. It would therefore be expected

that with increasing thickness or equivalently decreasing strain rate, the peel resistance

would decrease, if the rate effects were dominating the behaviour of the materials.

However, as can be seen from the red curves in Figure 4.61 and Figure 4.62, the peel

resistance increases continuously with respect to the thickness. This corresponds in an

increase of the peel resistance with decreasing strain rate. Hence the bulk effects are

dominating the strain rate effects.

To demonstrate clearly the above conclusion, three individual points were considered

in Figure 4.61,and their experimental details are presented in Table 4.5.

Table 4.5 Peel resistance data of Sealant A for various sealant layer thicknesses and

peel rates.

Points
Sealant Layer Peel Rate Strain Rate Peel ResistanceThickness

(Figure 4.61) [mm] [mm/min] [min-I] [N/mm]

1 2.89 14.9 5.1 11.9

2 5.12 30.3 5.8 16.4

3 2.89 29.8 10.5 12.1
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Thus, for effectively the same strain rate (points 1 and 2), and of course the same mode

of failure of the peel specimen, a difference of 38% was found for the peel resistance,

while for a two times higher strain rate (points 1 and 3) the peel resistance increased

only by 1.5%. This paradox could be explained if the sealant layer thickness of the

specimens (refer to points 1, 2 and 3) is considered. For points 1 and 3, a specimen with

a sealant layer of thickness -3 mm was used while for point 2, one with a -5 mm thick

sealant layer was used. Therefore, the differences in the peel resistance presented for

the three individual points in Table 4.5 could be explained by the effect of the thickness

as was presented in § 4.6.6. It can be also concluded that the effect of the thickness, and

subsequently the deformed volume of sealant material, upon the peel resistance is

more important that the applied rate of the deformation, for the cases studied in this

work.
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Figure 4.61 Variation of the peel resistance as a function of the strain rate for Sealant A

tested at 135°.

The same conclusions can be derived by examining the behaviour of Sealant B (Figure

4.62).
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Figure 4.62 Variation of the peel resistance as a function of the strain rate for Sealant B

tested at 135°.

4.6.11 The effect of using mild steel substrates

The peel performance of both aircraft fuel tank sealants was also examined by curing

them on top of mild steel panels. Due to the way of clamping the peel specimens on the

testing jig, thus preventing any bending of the panel, it is expected that the specimens

with mild steel panels should not give significant differences in the peel resistance,

presuming that the failure mode is exactly the same as in the case of the aluminium

panels. However, a change in the failure mode could possibly result in differences in

the peel resistance. This was the main purpose of this part of the investigation.

Initially, peel tests were conducted at 135° and 180° using grit blasted mild steel panels.

The peel rate was set to 30 mm/ min. The experimental results are present in Figure

4.63. The experimental results and the trend line for the aluminium panels were taken

from Figure 4.30 and plotted in the graph for comparison. In general, the grit blasted
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mild steel specimens gave values for the peel resistance very close to those obtained for

aluminium. The failure was cohesive and well inside the sealant layer.

30
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Figure 4.63 Variation of the peel resistance with respect to the peeling angle obtained

from tests at 135° and 180° by using specimens of Sealant A bonded to unpainted as

well as painted grit blasted mild steel panels.

However, some of the specimens demonstrated an initial region where the failure took

place very close to the panels (Figure 4.64 - see photographs (a) and (b)). The peel

resistance evaluated for that small region was relatively lower than the peel resistance

of the rest of the specimen, where the failure propagated in the sealant layer. It was

then assumed that this behaviour was closely related to the bond of the sealant with

the grit blasted steel panel. In order to test this hypothesis, a set of grit blasted panels

steel was painted using the same epoxy primer as for the aluminium panels (Primerl).

Peel tests at 135° and 1800 resulted in a peel resistance that was very close to the value

obtained from the aluminium panels, and the failure mode was always cohesive inside

the bulk sealant (Figure 4.64 - see photographs (c) and (d)). Thus, it was probably the

interaction between the grit blasted steel and Sealant A that was responsible for the

failure locus observed.
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Figure 4.64 Photographs showing the fracture surface of Sealant A after peeling at 135°

and 1800 from unpainted and painted grit blasted mild steel panels.

The same experimental procedure was followed for Sealant B. The peel behaviour of

Sealant B when bonded to grit blasted steel panels was more complicated than that of

Sealant A. It gave a whole range of peel resistances (Figure 4.66) which correspond to a

range of failure modes (Figure 4.65- see photos (a), (b), (d) and (e)). For those

specimens that failed very close to the grit blasted steel panel, the peel resistance was

very low while, for those that failed in a mixed mode, the peel resistance was higher.

Since this was an unexpected behaviour, further tests were conducted at 180° using a

different batch of grit blasted mild steel panels and sealant material. Once more, the

results (green triangles in Figure 4.66) were spread in the same range of PR values.

Further tests, using painted mild steel panels, at 135° and 1800 resulted in peel

resistance values that were almost identical to those obtained from aluminium panels
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while the failure mode was cohesive in the bulk sealant (Figure 4.65- see photos (c) and

(f)). Thus, it was concluded that the interaction between the grit blasted steel and

Sealant B was responsible for this unexpected behaviour.

-2.5mm

(a) 1350 - NP
Failure close to

substrate

, .
-2.5mm

(b) 1350 - NP

-2.5mm

(c) 1350 - P

(d) 1800 - NP
Failure close to

substrate,

- 2.5mm

(f) 1800 - P

NP: non painted AI-2024-T3panels
P: painted AI-2024-T3 panels with epoxy primer (Primerl)

Figure 4.65 Photographs showing the fracture surface of Sealant B after peeling at 1350

and 1800 from unpainted and painted grit blasted mild steel panels.
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Figure 4.66 Variation of the peel resistance with respect to the peeling angle obtained

from tests at 1350 and 1800 by using specimens of Sealant B bonded on unpainted as

well as painted grit blasted mild steel panels.

Although the failure in photos Figure 4_65a and Figure 4.65d appears to be cohesive

inside the sealant layer but very close to the grit blasted mild steel panel, it was

thought that this should be verified. For that purpose, scanning electron microscopy

was used. In particular a Hitachi model 5-2300 scanning electron microscope with

energy dispersive x-ray analysis (EDX) located in the Interface Analysis Centre of the

University of Bristol was used. Figure 4.67 shows electron images taken from both the

grit blasted mild steel surface, located on the uncoated with sealant side of a specimen,

and the area were a supposing thin layer of sealant left on the specimen after the peel

test. Comparison of the electron images shows a layer of sealant remaining on the

metal surface after the peel test. Moreover, in Figure 4.68 the EDX spectra from a spot

analysis at the same areas are presented. The EDX spectrum taken on the grit blasted

mild steel surface (Figure 4.68a) indicates a strong presence of iron (Fe) and a small

amount of aluminium (AI). On the other hand, the EDX spectrum taken on the peeled

sealant area (Figure 4.68b) indicates the presence of iron (Fe), manganese (Mn), calcium

(Ca), sulphur (S), silicon (Si), aluminium (AI) and oxygen (0). The additional elements
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identified in the EDX spectrum of the peel area are commonly found in polysulphide

sealants. These results indicate that sealant remained on the surface of the metal after

the peel test; therefore, the failure was cohesive inside the sealant.

Figure 4.67 ESEM images (a) from the grit blasted mild steel area and (b) from the area

where failure of the sealant took place very close to the mild steel panel.
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Figure 4.68 EDX analysis (a) of the grit blasted mild steel surface and (b) of the area

where failure of the sealant took place very close to the mild steel panel.

There were some more interesting observations on the behaviour of Sealant B when

peeled from grit blasted steel substrates. In Figure 4.66, the experimental results and

the trend line obtained from peel tests using aluminium panels are plotted for

comparison. All the experimental results that lie along this line were obtained from

specimens that failed 100 % cohesively well inside the sealant layer. It was found that

by shifting the trend line, it fitted very well to cases (b) and (e). For these cases, the

specimens failed in a mixed mode with approximately 60 % cohesive failure and 40 %

cohesive failure very close to the panel, for both 135° and 180° (Table 4.6). The exact

percentage of bond area that failed cohesively very close to the mild steel panel was

found by digital image processing of the photos taken after the end of the peel tests.

For the cases (a) and (d), where the failure was located very close to the panel, there
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was no significant difference between the peel resistance obtained from the 1350 peel

tests and that obtained from the 1800 peel tests.

Table 4.6 Peel resistance and failure mode of various peel specimens of Sealant Busing

mild steel as well as aluminium panels.

Substrate Case (J Failure Mode Peel Resistance

(a) 135° 100% CF close to the panel 3.4N/mm-
~ (b) 135°

MF - (60.3% CF + 39.7% CF close to 6.7N/mm
rJ) the panel)
'0:= + PR205 (c) 135° 100% CF 13.6 N/mm
~
'0
~ (d) 180° 100% CF close to the panel 3.5N/mm

~ (e) 180°
MF - (57.4% CF + 42.6% CF close to 9.1 N/mm... the panel).t:

o + PR205 (f) 180° 100% CF 15.5 N/mm

135° 100% CF 12.2 (±O.8)N/mm

A12024-T3
180° 100% CF 15.1 (±O.9)N/mm

135° 100% CF 13.8 (±O.6)N/mm
Al 2024- T3 + PR205

180° 100% CF 16.2 (±O.7)N/mm

In an attempt to explain why some of the specimens failed very close to the panel while

others have shown a mixed fracture mode, the mean surface roughness of the grit

blasted mild steel panels was considered. Itwas found that although the peel resistance

was spread from as low as 3.4 N/mm to as high as 14.7 N/mm depending on the

material and the failure mode, the mean surface roughness only varied between 3.75 to

4.80 J.Lffi. Such a small change in the surface roughness could not have caused the big

changes found in the failure mode and, consequently, the peel resistance of the

specimens.

Raman spectroscopy was employed to investigate further the source of the unexpected

failure mode observed when peeling Sealant B from grit blasted mild steel panels. All

the tests were performed using a RamaScope Spectrometer Model 2000 manufactured

by Renishaw, at the Interface Analysis Centre in the University of Bristol. The system

was equipped with an Ar+ laser as an excitation source, operating at a wavelength of

488nm and maximum laser power of 25mW. The analyses were performed by
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focussing the laser with objective magnification x50 on the sample surface through an

Olympus B-UMA optical microscope.

Initially, Raman spectra were obtained from the mild steel surface only. More

precisely, spectra were obtained from the back surface of the mild steel panel (Figure

4.69) and from the front grit blasted surface of the mild steel panel (Figure 4.70). From

Figure 4.69 it can be seen there are peaks which correspond to the presence of

magnetite (Fe304) and amorphous carbon. The presence of the iron oxide (Fe304) is

probably a result of surface oxidation and the amorphous carbon is likely to be

contamination. From Figure 4.70 it can be seen that iron oxides (magnetite (Fe304),

hematite (a-Fe203) and maghemite (y-Fe203))were detected on the grit blasted surface.

The presence of the higher oxides (hematite (a-Fe203), maghemite (y-Fe203)) may be

due to localised surface heating during grit blasting. The peaks corresponding to these

phases can be seen more clearly on the magnified Raman spectrum between 0 and 900

crrr", presented in Figure 4.70. Alumina (a-Ah03) photoluminescence bands were also

observed on the surface of the grit blasted mild steel. This was not detected on the back

surface, suggesting that it is probably present as a result of the grit blasting process. It

is likely to be due to alumina particles present in the grit blasting media becoming

embedded in the steel surface.
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Figure 4.69 Raman spectra obtained from the back surface of the mild steel panel ((-)

test #1 and (-) test #2).
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Figure 4.70 Raman spectra obtained from the grit blasted surface of the mild steel

panel «(-) test #1 and (-) test #2).

Figure 4.71 shows two Raman spectra taken from the fractured surface of the peel

specimen. More precisely, the blue spectrum was obtained from the region where the

failure took place well inside the sealant layer, while the red spectrum was obtained

from the region where the failure was cohesive but it took place very close to the grit

blasted panel. Both spectra have a calcium carbonate (CaC03) peak at 1085cm-l and

additional peaks at 277, 509, 600 and 650 which have not been identified but are

believed to be from chemical groups containing sulphur (5). The most interesting

finding was that alumina (a-Ah03) peaks were observed at 1378 and 1400 cmt on the

spectrum obtained from the region where failure took place very close to the steel
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panel (red). Their absence on the spectrum obtained from the region where the failure

took place well inside the sealant (blue) suggests that either the sealant layer is thin

enough and allows detection from the underlying surface; since similar peaks were

found on the surface of the grit blasted steel, or, alumina has diffused into the sealant

in the volume immediately adjacent to the bonded surface corresponding to the

fracture surface.
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Figure 4.71 Raman spectra obtained from the grit blasted surface of the mild steel

panel ((-) taken from the area where failure took place well inside the sealant layer

and (-) taken from the area where failure took place very close to the steel panel).

4.7 SUMMARY

A critical review of the peel test used to assess the adhesion of elastomeric sealants,

and in particular aircraft fuel tank sealants, was carried out in this chapter. The
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4: Peel Testing of Sealants

geometry of the peel specimen was varied systematically and the knife cut used in the

industrial testing procedure was replaced by artificial defects that were incorporated in

the specimen during manufacturing. That resulted in a more reliable test with more

reproducible results. It was found that the coefficient of variation of the mean peel

resistance, as evaluated by the tests performed here, never exceeded ±10%.According

to ASTM C794 standard, peel tests conducted on one sealant sample with a specified

substrate by a single operator in a single laboratory may yield a range of values that

varied by ±10 to ±20 % from the mean value. It becomes clear that the present

modifications of the peel specimen increased the reproducibility and reliability of the

peel test. Another interesting point is that ASTM C794 standard proposes that the

thickness of the sealant layer should be 3±O.5mm. The experimental results revealed

that for peel tests performed at 180°,there was a difference in the peel resistance in the

order of 29% for Sealant A and 27% for Sealant B, when the values at 2.5 and 3.5 mm

were considered. This might indicate that some of the deviations found from one lab to

another, as reported in ASTMC794standard, could be attributed to the thickness of the

samples tested, if there was no normalization to a common thickness.

A comprehensive review of the parameters that may affect the peel performance of the

aircraft fuel tank sealants was conducted based on the modified peel specimen

geometry. It revealed that, for the sealants tested, the failure always took place in the

bulk sealant layer, for a range of peeling angles, sealant layer thicknesses and peel

rates. Consequently, the test cannot distinguish between different surface

characteristics of the rigidly clamped panels. Any differences that might be found in

the peel resistance could be only attributed to differences in the material properties

from one batch to another.

Both the peeling angle and sealant layer thickness affect significantly the peel energy

measured for a specific failure mode. This effect was found to be coupled. Thus, for

small sealant layer thickness there is nearly no variation with the peeling angle, but

when the sealant layer increases the effect of the peeling angle becomes more and more

significant. That was explained in terms of the energy dissipated upon deformation

nearly up to fracture, during the peel test. For this reason, a previously developed

approach was adopted and further extended. An estimation of the peel energy based

on data from Mode I fracture tests (cracked planar tension test) and loading-unloading

hysteresis tests, led to very good agreement with the measured peel energies. The
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4: Peel Testing of Sealants

estimated energy is also plotted here, for both sealants, as a function of the peeling

angle and sealant layer thickness, in a three dimensional graph (Figure 4.72). Sealant B,

for which both the tear energy and energy dissipated by hysteresis were higher than

Sealant A, demonstrates higher peel energies as well. The effect of both the thickness

and the peeling angle are clear in the graph.
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Figure 4.72 Plot of the estimated peel energy as a function of both the peeling angle

and the sealant layer thickness for Sealant A and Sealant B.
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5 FINITE ELEMENT MODELLING OF SEALANT JOINTS

The finite element (FE)method is a very useful numerical analysis tool. The principles

of the method are described in great depth by Zienkiewicz et al. (1989).Most of the

engineering handbooks contain analytical solutions of simple geometry problems.

More complex geometries are often very difficult to describe by a single equation or a

set of equations and, in the case that this can be achieved; equations are very

complicated and tricky to be handled by a design engineer. The FEmethod permits the

analysis of such complex structures without the need of developing and applying these

complex equations. However, as Finney (2001)pointed, FE is a tool and only produces

results that are as good as the input data.

In the present investigation, finite element analysis was used in order to explore the

behaviour of the aircraft fuel tank sealants in joint configurations. For this reason the

commercial finite element program ABAQUS was used. The main interest was to

explore the possibility of describing the behaviour of the sealants in terms of

hyperelastic material models available in the literature. Duncan & Dean (2001) used

such a model to described the mechanical properties of flexible adhesives and model

their response in joint configurations. Moreover, analysis of both butt joints and single

lap joints using FE simulations could give very useful information about the behaviour

of the sealants under shear loading. Finally, a simple model was built to investigate the

peel behaviour of the sealants under the application of the initial failure load.
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5.1 MODELUNG THE BEHAVIOUR OF THE MATERIALS

5.1.1 Introduction

It was shown earlier (see Chapter 2) that any pure homogeneous deformation of a unit

volume of a material may be described by the principal extension ratios, AI, A2, and Aa,
defined as the ratio of stretched length to initial length of the edges of the unit volume

element (Figure 5.1).

Undaformed Deformed

2
S1}-1

3

Figure 5.1 Pure homogeneous deformation of a cubic volume element.

For incompressible materials the deformation should satisfy the constancy of volume

condition, given by:

Equation 5.1

From the above incompressibility condition, it is anticipated that, for each state of

deformation, only two of the principal extension ratios are independently defined.

For an isotropic material, the elastic properties can be defined through a strain energy

function W (elastic stored energy per unit volume), which depends on the principal

extension ratios:
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Equation 5.2

The relationship between the true principal stresses and the principal extension ratios

could then be determined by the strain energy function, as presented by Treloar (1975):

i =1,2,3ino sum Equation 5.3

where, Si are the true stresses (forces per unit strained area) and p is an arbitrary

hydrostatic pressure, which reflects the incompressible nature of the deformation and

is determined from the reference state of stress in each particular case.

The engineering stresses can also be calculated as follows:

S·
(j,. =_1,

1 ~

i=1,2,3;no sum Equation 5.4

To illustrate how the stresses can be obtained for a particular case of homogeneous

deformation, the uniaxial tension and the planar tension loading conditions are briefly

analysed below.

Uniaxial tension

Undeformed Deformed

2 5 /; 1. • .1 fjA,.Y;\I
1 ·V ; I> 51

~= YJX

Figure 5.2 Schematic representation of the uniaxial tension for an incompressible

volume element.

A uniaxial tension is defined by principal extension ratios Al=A, A2-A3-A-l/2. Since the

stresses S2 and S3 are equal to zero (stress free edges in Figure 5.2) the arbitrary
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hydrostatic pressure can be obtained from Equation 5.3 by setting either 52 or 53 equal

to zero, as follows:

oW avP=-Az-=-~-oA-z a~
Equation 5.5

Therefore, from Equation 5.3 the applied stress 51 would be equal to:

Equation 5.6

Planar tension

Undeformed Deformed

2

Figure 5.3 Schematic representation of the planar tension for an incompressible

volume element.

The planar tension deformation (pure shear) is defined by principal extension ratios

A,1=l, A,2=A,-1and Aa=l. The arbitrary hydrostatic pressure can be obtained from

Equation 5.3 by considering that the stress 52 is equal to zero, as:

oW
P--A-z-- oAz

Equation 5.7

Therefore, the applied stress 51 (see Figure 5.3)would be equal to:

Equation 5.8
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It should be noted that the stress 53, in the planar tension test, is not zero but, it is

supplied by the clamps inthe testing machine and, its magnitude is given by:

Equation 5.9

In a similar manner, the stresses can be obtained for any other state of homogeneous

deformation. It also becomes clear that the explicit form of the strain energy function

will determine the exact relationship between stresses and strains.

Treloar (1975)presented how the strain energy function, which represents the work of

deformation per unit volume of the rubber, can be derived from the statistical theory.

He treated the rubber as an elastic molecular network and he calculated the total

entropy of deformation for this network under the assumption that this is given by the

sum of the entropies of the individual chains (Gaussian chains). Finally, assuming that

there is no change of internal energy during deformation he concluded that:

w =~G(Ai +Ai +A,f -3)
2

Equation 5.10

where, ~ are the principal extension ratios and G is the shear modulus of the rubber

given by:

Equation 5.11

Where, pis the density of the rubber, R is the universal gas constant (8.3144J/mole·K),

T is the temperature and Me is the number average chain molecular weight between

crosslinks.

The strain energy function as derived from the statistical theory was found to describe

very well the deformation of the rubber at small strains but it failed to conform with

the experimental observations at large strains. As a result, there was a lot of research

work mainly focused on the development of phenomenological strain energy functions

based on observations of the behaviour of elastomers under various conditions of

homogeneous deformation, in order to describe adequately the non-linear behaviour
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of rubber-like materials as very large strains. These are polynomial and/ or power law

equations, which include the principal extension ratios and a number of constants to be

determined from the experimental data by least square fitting. The various forms of the

strain energy function available in the literature, and already implemented in most of

the commercial finite element packages, were reviewed in detail by Charlton et al.

(1994). It should be noted that the strain energy functions describe only the elastic

response of the elastomers and they cannot include explicitly any hysteresis effects of

the material. In the present investigation, it was found that the elastomeric sealants

exhibit hysteretic behaviour during deformation (see Chapter 2), which is not modelled

here.

5.1.2 Evaluationof the strainenergy function

The form of the strain energy function used here to describe the material behaviour

was the one proposed by Ogden (1972) and, it is implemented as a material option in

ABAQUS in the general form:

Equation5.12

where, Pi and a, are constants to be determined by curve fitting to the experimental

data. According to Charlton et al. (1994) the Ogden strain energy function has the

advantage that the exponent a, can be any real number which gives the ability to fit

fairly non-linear data. Furthermore, the ABAQUS v6.4/ Analysis Manual (2004)

recommends the use of this particular strain energy function if experimental data from

more than one state of deformation is available. In the present study, experimental data

from both uniaxial tension and planar tension were available. Equation 5.12 describes

only the deviatoric response of the material. In AQABUS, an additional term is included

in the formulation in order to describe the volumetric response. That additional term

was ignored in the present study since it was found from Poisson's ratio measurements

that the sealants deform in an incompressible manner.

For the determination of the unknown coefficients in the strain energy function, the

experimental results from the uniaxial tension and planar tension tests were used as

input to ABAQUS.
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Figure 5.4 Experimental data from uniaxial tension for Sealant A (0) and Sealant B (.6)

(the engineering values were used to evaluate the unknown coefficients of the strain

energy function),
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Figure 5.5 Experimental data from planar tension for Sealant A and Sealant B used to

evaluate the unknown coefficients of the strain energy function.
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The input data are presented in Figure 5.4 and Figure 5.5 and refer to tests conducted

using a strain rate of about 1 minot. Consequently, only joints that were deformed at

this specific strain rate could then be modelled using this particular form of the strain

energy function. Since, the strain energy function is a phenomenological relationship

with constants that are determinable from experimental data, for each set of

experimental data used as input there will be an explicit set of coefficients provided as

output from the regression analysis. Each set of coefficients will only describe the

material response under the same conditions as those used to obtain the generic data.

Finally, ABAQUS requires that the generic data, to be used as input for the

determination of the unknown coefficients of the strain energy function, has to be

supplied as pairs of engineering stress-strain values, although the final output after

any simulation is always the true stresses and strains. The unknown coefficients

calculated by ABAQUS,using least square fitting, are listed in Table 5.1 for three

different forms of the Ogden strain energy function.

Table 5.1 ABAQUSgenerated coefficients for three different forms of the Ogden strain

energy function for both Sealant A and Sealant B.

Sealant A Sealant B

Px 0.928843 0.477493
Equation5.12 (N=l) at 1.678792 1.785086

Predicted Initial EModulus [MPa1 2.8 1.4

Stability Excellent Excellent

Px 0.935603 0.502669

Equation5.12 (N=2)
at -0.008223 -0.025175

liz 1.713450 1.782951

tI2 -3.972788 -2.166328

Predicted Initial EModulus [MPa1 2.8 1.4

Stability Poor Poor

Px 1.754721 2.290899

at 0.293773 0.147888

Equation5.12 (N=3)
liz -1.064261 -1.908986
tI2 -1.121334 -0.194297
jJ3 2.983295 2.659543
as -1.778384 -0.424906

Predicted Initial EModulus [MPa] 3.0 1.6

Stability Poor Poor

Experimental Initial EModulus [MPa] 2.7±O.3 1.4±0.1
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To decide which strain energy function should be used to describe the material

behaviour, not only the predicted initial Young's modulus should be in a very good

agreement with the experimentally measured value, but the stability of the model

should also be taken into account. Stability checks are performed by ABAQUSunder

the requirement that the energy function obtained should obey the laws of

thermodynamics (lohnson et al. (1994), Duncan et al. (2000)). Unstable models may

have difficulty converging to a solution during finite element simulations. It can be

seen from Table 5.1 that all three models predict fairly well the initial Young's modulus

of the sealants, but the 2nd and 3rd order models display poor stability. Based on that,

the 1st order model was chosen to describe the elastic response of the sealants. The fit of

this model on the experimental data is presented in Figure 5.6, for both sealants.
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Figure 5.6 Plots of the uniaxial and planar tension experimental data together with the

fitting of the 1st order Ogden strain energy function, for both sealants.
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5.2 MODELUNG THE Burr TORSION TEST

Prior to the presentation of the finite element model built to access the behaviour of the

sealants under torsional deformation, the analytical treatment of the torsion problem

will be briefly discussed.

To define the problem, a solid elastomeric circular cylinder of diameter D and height I

should be considered. The cylinder is twisted such that the top surface is rotated

through an angle IP with respect to the lower surface and, the height I remains

unchanged (Figure 5.7). The problem was first treated by Rivlin (1948)who proved

that in order to maintain the height unchanged during deformation, an externally

applied compressive stress is required.

I D I~~---------------~
Figure 5.7 Torsion of a solid cylinder.

Rivlin (1948) also showed that the torque, TR, needed to produce the angular

displacement, lP, and, the axial load, Nz, required to maintain the height of the cylinder

unchanged, are given, at any radius of the cylinder, by the following equations:
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Equation 5.13

and

( )

2 D/2 (aW aW}u,=-2K ~ J,3 all +2 aI
2

r
Equation 5.14

where, W is the strain energy function, 11 and h are the first and second strain

invariants, respectively, and, yis the shear strain, at any radius, r given by:

11 = Ai +Ai +Ai
12 = Ai Ai +AiAi +AiA;

Equation 5.15

and

r;
y=-

I
Equation 5.16

The analytical treatment is also presented in detail by Treloar (1975). Treloar (1975)

pointed that if the axial load is not applied, the solid cylinder will elongate under the

action of large angular displacements.

By considering a specific form of the strain energy function, the above equations can be

used to predict the response of a solid elastomeric cylinder, as a function of the twist of

the applied angular displacement, ;, at any radius.

As presented earlier, a 1st order Ogden strain energy function was considered, in order

to model the behaviour of the sealants in this investigation. Ahmadi et al. (1999) also

analysed the torsion of elastomeric cylinders and provided analytical expressions of

the above equations (Equation 5.13 and Equation 5.14), based on the general Ogden

formulation. The expressions are relatively complex and the calculations require the

use of numerical integration. Their approach was adopted here, and results for the

torque and the axial load required to maintain the length of the cylinder unchanged

were obtained for both sealants.
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5.2.1 Finite element model of the butt joint

The finite element model was built using 3-dimensional elements. Although 3-D

analysis should usually be avoided, due to high demands in processing power and

time to reach solution, it is believed that in the present problem it could give a much

better enlightenment of the behaviour of the butt joint, compared to a 2-D analysis.

In Chapter 2, it was found that the aluminium adherends, in the butt joint

configuration, do not deform during the torsion test. Therefore, only the sealant

materials were modelled here. They were treated as solid cylinders, 2 mm in height

and 15 mm in diameter.

Front
Rotated
Face

Back
Fixed
Face

Figure 5.8 3-D finite element model of the butt joint.

Due to the non-linear nature of the deformation of the materials and the expected large

rotations, a large-displacement non-linear analysis was included in the model. For the

mesh generation, fully integrated, 8-node linear hexahedral elements were used

(C3D8H). Linear elements were chosen instead of quadratics due to their robustness

for large deformation analysis and incompressible materials' behaviour (Finney (2001)

and ABAQUSv6.4/Elements Manual (2004)).Mesh convergence was achieved by using

199



5: Finite Element Modelling of Sealant Joints

13312 elements in total, which were distributed as follows: 64 elements in the

circumferential direction, 60 in the radial direction and, 8 through the thickness of the

material. The generated mesh can be seen in Figure 5.8.

All the nodes of the back face of the solid cylinder (Figure 5.8) were fully constrained.

Thus, neither translation nor rotation was allowed in any direction. In this way, the

fixed part of the butt joint was modelled. All the nodes of the front face were rigidly

connected to an external reference node (RP). A rotational deformation was then

applied to this node, using a multiple step procedure. This procedure allows for the

application of the total angular displacement in small steps in order to achieve

convergence of the solution easier. Initially, the nodes of the front face were

constrained in the axial (2) direction, in order to investigate the magnitude of the axial

load required to maintain the height of the solid cylinder unchanged. Additional

simulations were then performed by allowing the front face of the cylinder to move

freely along the Z-direction, during deformation.

The material properties of both sealants were incorporated in the model via the 1st

order Ogden strain energy function, as described previously.

5.2.2 Results and discussion

Constrained front face
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Figure 5.9 Plots of the variation of (a) torque and (b) axial load as a function of the

applied angular displacement for Sealant A.
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Figure 5.10 Plots of the variation of (a) torque and (b) axial load as a function of the

applied angular displacement for Sealant B.

Initially, finite element simulations were performed by applying an angular

displacement to the reference node, and by constraining the movement of the rotated

face along the Z-direction. Both the torque and the axial load were extracted from the

simulations. The results are presented in Figure 5.9 and Figure 5.10 for Sealant A and

Sealant B, respectively. The results of Rivlin's analytical solution (Equation 5.13 and

Equation 5.14) are also plotted for comparison.

It can be seen that both the torque and the compressive axial load needed to maintain

the height of the cylinder unchanged are non-linear functions of the applied angular

displacement. An excellent agreement between Rivlin's analytical solution and the

finite element results was found for both sealants. In their work, Ahmadi et al. (1999)

used the comparison between Rivlin's solution and the FE results as a guide to perform

checks of the accuracy of the FE models. It can therefore be postulated that the present

model yields very accurate results.

From the finite element analysis, the compressive axial load, needed to maintain the

height of the cylinder unchanged, was predicted to be 460 Nand 338 N for an angular

displacement of 55 deg and 65 deg, for Sealant A and Sealant B, respectively. That

resulted in a normal stress distribution as shown in Figure 5.11. These two specific

angular displacements were chosen here because they correspond to those

experimentally measured, at the failure of the butt joints. The compressive axial load
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should literally be provided by the testing machine by not allowing the rotated part of

the butt joint to move in the axial direction during the application of the angular

displacement.

(a) (b)

Figure 5.11 Contour plots of the distribution of the normal stress on the rotated face of

the cylinder for (a) Sealant A (¢J= 55 deg) and (b) Sealant B (¢J= 65 deg).
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Figure 5.12 Comparison between the experimental torque-angular displacement curve

and the finite element results for Sealant A.
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Figure 5.13 Comparison between the experimental torque-angular displacement curve

and the finite element results for Sealant B (constrained front face).

A comparison between the finite element analysis results and the experimental torque-

angular displacement, is given in Figure 5.12 and Figure 5.13, for both sealants. The FE

predicted curves overestimate the behaviour of both sealants, especially for large

angular displacements. Moreover, the deformed sealant cylinders, which are presented

in Figure 5.14, do not demonstrate any necking, as observed during testing (see Chapter

2).

(a) (b)

Figure 5.14 Deformed mesh for (a) Sealant A and (b) Sealant B (constrained front face).
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Since finite element simulations performed by constraining the movement of the front

rotated face resulted in poor agreement with the measured behaviour during the butt

torsion tests, a new set of simulations was conducted by allowing the rotated face to

move freely along the Z-axis. The resulting deformation of the sealant material (Figure

5.15) is in a very good agreement with the observed behaviour during testing, since it

appears that the sealant necks inwards as the angular displacement increases. This

necking, of course, results from the extension of the solid cylinder along the Z-axis,

because the material deforms in an incompressible manner that the constancy of

volume condition should be satisfied.

(a) (b)

Figure S.15 Deformed mesh for (a) Sealant A and (b) Sealant B (unconstrained front

face).

Both the increase in height, which results from the free movement along the Z-axis

and, the reduction in the diameter of the solid cylinder, were extracted from the

deformed finite element models for all the applied angular displacements. The results

are presented in Figure 5.16 as extracted from the middle of the sealant layer, where

the maximum necking occurred. The increase in height of the sealant cylinder is less

than 0.5 mm for a maximum applied angular displacement of 70 deg. That is not an

unrealistic value if it is assumed to represent the slack of the grips in the testing facility.
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However, this small change in the height of the cylinder affects significantly the

diameter, which reduces by approximately 2mm.
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Figure 5.16 Variation of the diameter and the height of the sealant cylinder during

deformation of an unconstrained front face model.
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Figure 5.17 Plots of the variation of torque as a function of the applied angular

displacement for (a) Sealant A and (b) Sealant B.
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The torque, needed to produce the angular displacement was also extracted from the

FE models. In Figure 5.17 a comparison between the FE results from the constrained

models, obtained previously and, the unconstrained models is presented for both

sealants. It can be seen that the torque values obtained from the unconstrained models

deviate from those obtained from the constrained models for angular displacements

larger than 20 deg. In other words, for small angular displacements, the change in

height of the cylinder, which also results in a change in diameter during deformation,

is insignificant and, does not influence the response of the materials.
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Figure S.lS Comparison between the experimental torque-angular displacement curve

and the finite element results for Sealant A (unconstrained front face).

A comparison between the FE results from the unconstrained model and the

experimental results. is presented in Figure 5.18 and Figure 5.19, for Sealant A and

Sealant B, respectively. The agreement is considered to be very good.

It can therefore be concluded that the torsional behaviour of the butt joints tested in the

present investigation can be successfully modelled by using an FE model that allows

for movement along the Z-axis of the butt joint. This slight movement, which was

believed to occur during the tests, was due to the slack of the testing machine and
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affects both the experimental and the FE results significantly. The implication of this is

that the shear stress-strain curves obtained from the butt joint tests do not represent

the true shear stresses and strains induced in the sealant materials during torsion. In

reality, the sealants were also deforming in tension during the tests. However, the

initial shear modulus values, as obtained from the tests, can be trusted since, they were

evaluated for very small angular displacements (-1.5 deg) and, it was proved that in

that region there is no significant straining of the material in the axial direction.
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Figure5.19 Comparison between the experimental torque-angular displacement curve

and the finite element results for Sealant B (unconstrained front face).

5.3 MODELLING THE SINGLE LApSHEAR JOINTS

5.3.1 2-D finite elementmodelof the singlelapjoint

Initially, a finite element model was built using 2-dimensional plane strain elements. It

was mentioned earlier that during a single lap shear test, noticeable straining of the

sealants occurred, transverse to the loading direction, at the four edges of the joint (see

Chapter 3). Obviously, a plane strain finite element model cannot account for that

transverse deformation, since it will only be representative for the mid-plane of the
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single lap joint. However, it is believed that it could still give some very useful

information for the overall behaviour of the single lap joints.

Due to the non-linear nature of the deformation of the materials and the expected large

extensions, large-displacement non-linear analysis was included in the model. For the

mesh generation, fully integrated, 4-node linear quadrilateral elements were used to

model the sealant materials (CPE4H). As for the finite element model of the butt joints,

linear elements were chosen instead of quadratics due to their robustness for large

deformation analysis and incompressible material behaviour. The aluminium

adherends were also modelled using linear elements for compatibility reasons along

the interface (CPE4I). It is known that linear elements are overly stiff and consequently

demonstrate very poor bending behaviour. To improve that, the incompatible modes

option was included in the formulation as suggested by ABAQUS v6.4/Elements

Manual (2004).
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Figure 5.20 2-D finite element model of the single lap joint.

It was of interest to model the behaviour of the sealants in the single lap joint

configuration. Since SLJs with different glue line thicknesses would be modelled, the

mesh density had to be the same, to enable comparisons between the different models.

Thus, in order to model the glue line thickness consistently an element size of 0.025
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mm was used in all cases. This resulted in 8, 16, 40 and 80 elements through the

thickness of the glue line for the 0.2, 0.4, 1 and 2 mm SLJs, respectively. For the

aluminium adherends, significant refinement was carried out close to the interface and

at the edges of the overlap, where the maximum bending moment occurs. The

generated mesh can be seen in Figure 5.20. For illustration purposes only, not all

elements through the thickness of the sealant layer are presented in Figure 5.20.

The single lap joints were fixed at one end while all the nodes at the other end were

rigidly connected to an external reference node (RP). The load was then applied to this

node, using a multiple step procedure. The two ends of the SLJswere also constrained,

for a length of 25 mm, to prevent any movement normal to the loading direction, as

shown in Figure 5.20. The maximum loads used in the FE simulations correspond to

the failure loads of the single lap joint and they were extracted from the experimental

data in Chapter 3 (Table 5.2).

Table 5.2 Maximum loads used in the FE simulations for single lap joints.

Glue Line Thickness Sealant A Sealant B

O.2mm 1760N 16SSN

O.4mm 1730N 1600N

1mm 1640N 1460N

2mm 1490N 121SN

Table 5.3Linear elastic properties of aluminium adherends used in FE simulations.

Aluminium 2024-T3

poisson's Ratio

69.4

0.35

Modulus [GPa]

The material properties of both sealants were incorporated in the model via the Is1

order Ogden strain energy function, as described previously. The aluminium

adherends were modelled as linearly elastic, since the failure load of the SLJs was

significantly lower than the load necessary to cause yielding. The elastic modulus of

the aluminium adherends was evaluated via dynamic tests of a beam vibrating in

flexure in the free-free mode. The linear elastic properties of the aluminium adherends

used in FE simulations are presented in Table 5.3.
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5.3.2 Results from the 2-D finite element analysis

The applied load and the resulting displacement of the reference node were recorded

for the SLJs during the multiple step finite element analysis. To assess the correctness

of the FE modelling; these data points were compared with the experimentally

obtained load-displacement curves. The comparison of the FE predictions and the

experimental data are shown in Figure 5.21 and Figure 5.22 for Sealant A and Sealant B,

respectively. The FE predictions were found to be in a very good agreement with the

experimental data for the thicker joints (2 mm glue line thickness). On the other hand

the agreement was very poor for small glue line thicknesses and the FE models appear

to underestimate the deformation of the SLJs up to the failure load.

Sealant A
2500 2mm 1mm O.4mm O.2mm

--EXP --EXP --EXP --EXP
-o-FEA -O-FEA -o-FEA -o-FEA

2000

500

Z 1500

~ 1000
o
...J

2 4 6 8 10
Displacement, D [ mm ]

Figure 5.21 Comparison of FE predicted force-displacement curve and experimental

results for single lap joints of Sealant A with various glue line thicknesses.

To explain these deviations of the FE predictions from the experimental data, the way

of measuring the extension of the joints in the single lap shear tests should be

considered. The extension of the joints during testing was taken from the crosshead
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displacement of the testing machine. Therefore, it is likely that these measurements

include, apart from the net extension of the joints, movements in the jaws used to hold

the specimens. These movements can become a significant fraction of the measured

crosshead travel if the net extension of the joint is relatively small, which is the case for

the SLJs with small glue line thicknesses. Consequently, for SLJs with small glue line

thicknesses the FE predicted extension of the joint is lower than the experimental. As

the glue line thickness increases the correlation becomes much better.

2500 Sealant B
2mm 1 mm 0.4mm O.2mm
--EXP --EXP --EXP --EXP
-D.-PEA -D.-PEA -D.-PEA -6.-PEA

2000
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,...l
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Figure 5.22 Comparison of FE predicted force-displacement curve and experimental

results for single lap joints of Sealant Bwith various glue line thicknesses.

From the FE results, the bending moment corresponding to the failure load of the SLJs

was evaluated. This was done by numerical integration of the stresses at the nodal

positions at a distance equal to 0.075 mm from the edge of the overlap. The exact

position where the stresses were considered for the evaluation of the bending moment

is shown schematically in Figure 5.23. A comparison between the FE predicted

maximum bending moment values and those calculated using Hart-Smith's bending

moment factor (see Chapter 3), is presented in Figure 5.24 and Figure 5.25.
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Figure 5.23 Schematic representation of the longitudinal stress distribution across the

aluminium adherend section for SLJs under tension .
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Figure 5.24 Comparison of FE predicted maximum bending moment and experimental

results for single lap joints of Sealant A with various glue line thicknesses.
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Figure 5.25 Comparison of FE predicted maximum bending moment and experimental

results for single lap joints of Sealant Bwith various glue line thicknesses.

The FE models predicted an increase of the maximum bending moment at the edge of

the overlap with increasing glue line thickness, which is in agreement with the theory.

However, the FE predicted bending moments lie well below those calculated using the

bending moment factor, especially for large glue line thickness.

0.2 mm glue line thickness

2 mm glue line thickness

Figure 5.26 Predicted deformation of Sealant A single lap joints at the maximum load.

213



S: Finite Element Modelling of Sealant Joints

It is believed that the theoretical calculation of the bending moment at the edge of the

overlap region, through the bending moment factor, overestimates the induced

bending moment for the sealant lap joints examined here. The reason is that for the

derivation of the bending moment factor the main assumption as reported by Zhao

(1991) is that the overlap region does not deform under the applied load. That is not

true in the case of the sealant single lap joints tested here. As it can be clearly seen in

Figure 5.26 the overlap region deforms significantly under the applied load, especially

for the thicker glue line thicknesses. Therefore, it is not the FE results in Figure 5.24 and

Figure 5.25 that are incorrect but the theoretical values.
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Figure 5.27 Plot of the bending moment at the edge of the overlap with respect to the

applied load for various single lap joint configurations and materials.

To support this conclusion, the bending moment at the edge of the overlap region was

analysed for various single lap joint configurations and materials. Thus, the bending

moment, based on theoretical calculations, was plotted with respect to the applied

load, for SLJs having 0.2 and 2 mm glue line thicknesses (Figure 5.27). In the same

graph, the FE results of the Sealant A and Sealant B single lap joints were plotted,

together with FE results of Epoxy/Aluminium joints. To obtain the latter, the same FE

model as for the sealant joints was used but the material properties of the sealant layer

214



5: Finite Element Modelling of Sealant Joints

were replaced by those of a conventional epoxy resin (Modulus: 3 GPa, Poisson's ratio:

0.35).

It can be seen that the FE results of the EpoxyIAluminium joints lie fairly close to the

theoretical values of the bending moment for both the glue line thicknesses considered.

This implies that the FE model provides a satisfactory description of the behaviour of

the single lap joint. On the other hand, the FE results of the sealant joints demonstrate

two dissimilar trends. For small glue line thickness, they lie close to the theoretical

values while for large glue line thickness, they deviate significantly from the theoretical

solution as the load (or equally the deformation) increases. The deviation was also

found to be higher for the Sealant Bjoints, which were also found to deform more than

Sealant A joints.

Stress profiles

The distribution of normal, peel and shear stresses (true values), as indicated in Figure

5.28, was obtained along the overlap region for all the sealant joint configurations.

From the FE simulations, the evaluated stress components at the integration points of

the elements were averaged through the thickness of the sealant layer along the

overlap region and these are presented in Figure 5.29 and Figure 5.30 for an applied

load of 1 kN, for both sealants.
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Figure 5.28 Definition of stress components in a sealant single lap joint under plane

strain conditions.
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From Figure 5.29 and Figure 5.30it can be seen that the distribution of the stress

components along the overlap is similar in nature but different in magnitude for the

two sealants considered. The shear stress (Figure 5.29a, b) is practically constant along

the overlap region and close to the average applied shear stress to the joint (1.6MPa),

for all the glue line thicknesses considered.

0.5

-0.2mm
-0.4mm
-l.Omm
-2.0mm

3.5 3.5

-0.2mm
-0.4mm
-1.0mm
-2.0mm

3.0 3.0

Average Applied Shear Stress (~'V1!)

0':::E 2.5

, 2.0
~ Average Applied Shear SITe•• (~AV')

~ 1.5~""'==============;;;;;;;;iis"'1
5..c: 1.0
(fJ

0':::E 2.5

2.0~~
~ 1.5
....
] 1.0
(fJ

0.5

0·~2.S-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0 12.5

Distance along the overlap, [ mm 1

o.0 :-:----:7::_.___,-:-'--L-'---'-~.J..........--'-.....___,L........__L_....__.___.__j
-12.5-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0 12.5

Distance along the overlap, [ mm 1

(a) (b)

Sealant A Sealant B

Figure 5.29 Shear stress distributions of Sealant A and Sealant B single lap joints

obtained for an applied load of 1 kN.

The distribution of the peel stresses (Figure 5.30a and Figure 5.30b), for the 0.2 mm

glue line thickness, follows the profile commonly found in structural adhesives with

alternate regions of tension, near the edge of the overlap and, regions of compression

towards the middle of the overlap (Adams et al. 1997). As the thickness of the sealant

layer increases, the peel stress distribution appears to flatten. In any case, the predicted

peel stresses are relatively small compared to the normal stresses in the loading

direction. In addition, the peel stresses were found to be slightly higher for the stiffer

sealant (Sealant A) compared to the softer (Sealant B). The distribution of the normal

stresses (Figure 5.30c and Figure 5.30d) is similar in shape to the distribution of the

peel stresses but much larger in magnitude. Although it was predicted that both

sealants exhibit practically the same shear and peel stresses under the same applied

load (1 kN), it was also predicted that the normal stresses for Sealant B SLJs were

almost double those of Sealant A SLJs. Pascal et al. (1994), who also analysed the simple
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shear behaviour of rubber-like adhesives through FE modelling, reported that the

normal stresses along the shearing directions were much higher than the peel and

shear stresses and concluded that they were responsible for the failure of the joints.
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figure 5.30 Peel and normal stress distributions of Sealant A and Sealant B single lap

joints obtained for an applied load of 1 kN.

To analyze further the FE predicted stresses in the sealant SLJs, some of the basic

principles of the simple shear deformation involving large elastic deformations, should

be considered. Treloar (1976) demonstrated that for an incompressible block of material

a large shear strain cannot be produced by a shear stress alone, but it also requires the

application of a normal stress on at least one pair of the free surfaces (Figure 5.31). Of

course, in a single lap joint configuration the adherends are free to move but, it was
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found that in the present work the rotation of the adherends was very small compared

to the extension of the sealant layer and it is therefore believed that the general theory

of large shear deformations could be used to provide a general guide for the behaviour

of the materials.

s,

Figure 5.31 Components of stress (true) in simple shear.

Treloar (1976) also summarized Rivlin's equations (Rivlin (1948)) for the stress

components, in terms of a general strain energy function, corresponding to a simple

shear in the X-Yplane:

Equation 5.17

where, W is the strain energy function, II and 12are the first and second strain

invariants and 5ij are the stress components (true stress) as defined in Figure 5.31.These

relationships were derived under the assumption that there is no movement in the

direction transverse to the shearing direction (Rivlin (1948». In other words, the lower

line in the elastomeric block in Figure 5.31 is fixed along both axes while the upper line

is fixed along the Y-axis. The above relationships predict that the normal stresses vary

with the square of the shear strain (r 2). In the present study, Rivlin's solution

(Equation 5.17)was used to estimate the three components of stress as a function of the

218



5: Finite Element Modelling of Sealant Joints

shear strain, for both elastomeric sealants. The results are presented in Figure 5.32. The

stress components were plotted up to shear strains corresponding to 1 kN applied load

for 2 mm thick SLJs. These shear strains were estimated from the extension of the joints

divided by the glue line thickness and, they were equal to 2.0 and 4.2 for Sealant A and

Sealant B, respectively. Moreover, the three stress components, extracted from the FE

simulations at the middle of the overlap region for 2 mm thick SLJs, were also plotted

in Figure 5.32.

.......,
(IS 4.0c,
~

en 2.0
Vl
(J)
I-<
-'.J
cJ)

0.0

/
.....~ ..

6.0

Solid Lines: Sealant A
Dotted Lines: Sealant B
Points: FE Results

s
~"-"'_""._~.,.~.:::- •• ~ ... - ..• Q"_ ••• _.~ _.,. _.. ,

..~..._.
......

II II II II ....II........~....·..·~..·......II

S
yy

-2.0 L...-.---'- _ __.__....._____._--'-_-1-_"----1. _ __._____.

0.0 1.0 2.0 3.0 4.0 5.0

Strain, r

Figure 5.32 Variation of stress components with respect to the shear strain for Sealant

A and Sealant B.

It can be seen in Figure 5.32 that there is very good correlation between Rivlin's general

solution and the FE results at the middle of the overlap. The analytical solution appears

to underestimate slightly the peel stresses (sXY' green lines in Figure 5.32) compared to

the FE simulations and this is because the FE model of the single lap joint allows for the

rotation of the joint, while the analytical approach considers that there is no movement

along the Y-axis. From Figure 5.32 it can also be seen that under the same applied load

the shear strain occurring in Sealant B SLJs is double the shear strain in Sealant A SLJs.

Consequently, the normal stresses along the shearing direction are much higher for
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Sealant Bsince they vary with r2. This can explain the stress distributions in Figure 5.27

and reason why Sealant BSLJsfailed at lower loads than Sealant A joints.

In conclusion, the FE results reveal that during the single lap shear testing the sealant

layer exhibits very large normal stresses along the shearing direction, which are in

accordance to Rivlin's analytical treatment of the simple shear problem that predicts

that they vary with r'. These stresses are probably responsible for the failure of the

joints since they are in the same order of magnitude as the tensile strength of the

sealants (in terms of true stress) and, they were found to be significantly higher for

Sealant BSLJs,whose deformability is considerably higher. The question that still seeks

for an answer is why the strength of the joints reduces with increasing the glue line

thickness. Obviously, this cannot be answered directly by considering the rotation of

the joint during loading, which increases with increasing the glue line thickness

resulting in high peel stresses at the overlap edges. It was already presented that the

rotation of all the joints is insignificant compared to the shearing deformation and the

stress distributions in Figure 5.30 reveal that the peel stresses are very small compared

to the normal stresses along the shearing direction. They may contribute to the failure

of the SLJs,but they are not fully responsible for this.

5.3.3 3-D finite element model of the single lap Joint

To analyse further the behaviour of the sealant SLJs a 3-D finite element model was

considered. In the previous paragraph, the importance of the normal stresses acting

along the shearing direction was discussed through the results of the 2-D finite

models. However, the 2-D FE models do not predict the transverse straining that

occurred at the edges of the overlap region during testing. For that purpose, a 3-D

model was built, following the same philosophy as with the 2-D models. To reduce the

processing time, only half of the joint was considered across the width. A schematic

representation of the FE model can be seen in Figure 5.33. The sealant layer was

modelled using fully integrated, B-node linear hexahedral elements (C3DBH).For the

aluminium adherends, B-node linear hexahedral elements (C3DBI)were also used, but

the incompatible modes option was included in the model to improve their bending

behaviour. The sealant properties were incorporated in the model through the 1st order

Ogden strain energy function as described in § 5.1. The aluminium adherends were

modelled as linear elastic with properties as listed in Table 5.3. Similar boundary
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conditions with the 2-D models were applied in addition to the boundary conditions

that account for the symmetry along the Z-axis.

Fixed
Adherend SLJ Mid-plane

Z
symmetry

GLT

Loaded
Adherend

Figure 5.33 3-D finite element model of the single lap joint.

Single lap joints having glue line thicknesses of 0.2 and 2 mm were modelled. The

mesh density was kept the same for the two geometries so comparisons could be made

easily. Unfortunately, the mesh was relatively coarse compared to the 2-D models

because of limitations set by the processing power of the available computers. As a

result, the maximum load applied to the SLJs was 0.5 kN. For higher loads, there was

extensive distortion of the mesh, at the overlap edges, leading to poor convergence of

the numerical solution. The load was applied at one end of the SLJ using a multiple

step procedure.

5.3.4 Results from the 3-D finite element analysis

In Figure 5.34, the applied load and the resulting displacement is plotted for the

various 3-D models. For comparison, the results of the 2-D models are also plotted in

the graph. It can be seen that the predicted displacement of the SLJs through the 3-D
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analysis is in excellent correlation with the results obtained previously from the 2-D

analysis.

2500 ,-----------

2000
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<eo
.,..J
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Sealant A
-0- 2-D Analysis: 2 mm
-()- 2-D Analysis: 0.2 mm
Sealant B
-6- 2-D Analysis: 2 mm
-~- 2-D Analysis: 0.2 mm
~ 3-D Analysis

8 10 12 14
Displacement, a [mm ]

Figure 5.34 Comparison of predicted overall load-displacement curves from 2-D and

3-D FE simulations.

Sealant A Sealant B

Figure 5.35 Predicted deformation of Sealant A and Sealant B 2 mm thick single lap

joints for an applied load of 0.5 kN.

The 3-D FE simulations also predict the transverse straining occurring at the overlap

edges during loading (Figure 5.35). Sealant B SLJs extend more than Sealant A SLJs
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under the application of the same load and, consequently, the straining at the overlap

edges along Z-direction (through the width of the joint) appears to be higher. This

transverse straining is due to Poisson's ratio effects at the free edges of the joint and

also depends on the compliance of the material. Sealant B has a lower initial Young's

modulus (1.4±O.1 MPa) than Sealant A (2.7±O.3 MPa) and, therefore, for a given load

(0.5 kN) it exhibits more straining in the shearing direction.

The 3-D modelling of the joints allows for quantifying the straining along the Z-axis.

Results extracted half way through the sealant thickness along the overlap region and

across the width of the joint are presented in Figure 5.36, for both sealants and for

joints having 0.2 and 2 mm glue line thickness. It was predicted that for the Sealant B

joints the displacement along the Z-axis is more than twice that of the Sealant A joints

under the same applied load (see Table 5.4). That correlates very well with the fact that

the initial Young's modulus of Sealant A is nearly twice that of Sealant B. For the 0.2

mm thick SLJs, the straining along the Z-axis was found to be very small (nearly zero),

for both sealants. Thus, the thick SLJs exhibit, under the same applied load, much

higher deformation along the Z-axis at the free boundaries compared to thin joints.

This could possibly have a significant effect on the observed strength reduction that

was found in the experimental section (see Chapter 3). This can further be supported by

the fact that for Sealant B SLJs it was predicted that the transverse deformation is much

higher than for Sealant A SLJs, and they were also found to have lower strength.

Table 5.4 Finite element results for the displacement along the shearing direction and

the maximum transverse deformation at the overlap edges obtained for 0.2 and 2 mm

thick single lap joints of Sealant A and Sealant B.

Applied load to the joints: 0.5 kN GLT Sealant A Sealant B

Displacement along the shearing direction [mm]
2rnm 1.9 3.7

2-D results 0.2 mm 0.2 0.4

Displacement along the shearing direction [mm]
2rnm 1.9 3.7

3-D results 0.2 mm 0.2 0.4

Maximum displacement transverse to the 2rnm 0.2 0.4
shearing direction [mm]

0.2 mm 0.0153-D results 0.030

Initial Young' Modulus [MPa] 2.7±O.3 1.4±O.1
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Figure 5.36 Variation of the transverse deformation along the overlap and across the

width for (a) Sealant A SLJs and (b) Sealant B SLJs with 0.2 and 2 mm glue line

thickness.
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It can be then concluded that for the two materials tested in this work, their

incompressible behaviour (poisson's ratio -0.5) results in significant transverse

straining at the free edges of a single lap joint which is strongly dependent on the

deformability of the sealant layer.

Contour plots of the distribution of the stresses at the middle plane of the sealant layer

are presented in Figure 5.37, for an applied load of 0.5 kN,. Results only for Sealant B

SLJs are presented, since it was found that the distribution of stresses for Sealant A SLJs

was analogous in nature but different in magnitude. The shear stresses (5xy) appear to

be uniformly distributed and are similar in magnitude for both the glue line

thicknesses considered. The peel stresses (Syy) were found to be very similar in

magnitude and distribution to the normal stresses transverse to the shearing direction

(5zz), for a specific glue line thickness. The normal stress (5xx) along the shearing

direction was also predicted to be evenly distributed for the 2 mm thick joints.

From the 3-D finite element simulations, arithmetic values of the stress components

were extracted half way through the sealant thickness along the overlap region and

across the width of the joint, and presented in Figure 5.38. The normal stress (5xx) along

the shearing direction, are predicted to be non-zero on the plane ZY, although this is a

free edge of the joint. That is purely an effect of the large shear strain applied to the

elastomeric sealant layer. As discussed earlier, Treloar (1976) demonstrated that for an

incompressible block of material a large shear strain cannot be produced by a shear

stress alone, but it also requires the application of a normal stress on at least one pair of

the free surfaces.
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0.2 mm glue line thickness

Shear, Sxy

Normal. ss,

Peel, Syy

Normal. ss,

Figure 5.37 Contours plots of the distribution of the stress components at the middle

plane of the sealant layer, for Sealant BSLJs with 2 and 0.2 mm glue line thickness and

an applied load of 0.5 kN.
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Figure 5.38 Plots of the distribution of the direct stress components along the overlap

region as well as across the width, for Sealant B SLJs with 2 and 0.2 mm glue line

thickness and an applied load of 0.5 kN.
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5.4 MODELLING THE PEEL JOINT

InChapter 4, the peel behaviour of the aircraft fuel tank sealants was comprehensively

examined through several tests using modified peel specimens. The peel data were

then analysed based on an energy balance approach. The modelling of the properties of

the sealants presented in this work, via a strain energy function, does not take into

account the hysteresis energy losses that these material exhibit during deformation.

Thus, modelling the peel fracture propagation would not be realistic. In this paragraph,

only the stress field in the sealant layer during the peel test, just prior to failure

initiation, is predicted. To achieve that, the load responsible for the initiation of the

failure in the peel test had to be estimated first. Then, a model had to be built in order

to examine whether the predicted deformation of the sealant layer corresponds to that

observed.

5.4.1 Estimationof the Initial failure load

The initiation and propagation of the failure in a peel test at a particular peeling angle

has already been discussed in Chapter 4 (see § 4.6.1). It was made clear that the failure

at the sealant layer initiates well before the state where the failure propagates in a

stick-slip manner. The interpretation of the peel data was made on the basis of the

average and/ or peak peel load during the propagation of the failure into the sealant

layer. For the FE modelling attempted in this section, only the load responsible for the

initiation of the failure was considered. Thus, the propagation of the fracture into the

sealant layer was not modelled. It was not feasible to estimate the initial failure load

from the peel traces obtained during the experimental programme since no obvious

load drop was observed around the load level that the failure initiated. However, a

number of peel tests was monitored via a CCD camera to observe their behaviour

during peeling. Special care was taken that the ceo camera recordings corresponded

to the same time intervals as the peel load recordings. Therefore, from these videos, the

time at which the initial failure occurred at the edge of the sealant layer could be

known. Then, the load could be found from the peel trace by correlation with the load-

time recordings. The results are presented inFigure 5.39 for both sealants and a peeling

angle of 90°.
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For peeling angles other than 90°, the estimation of the initial failure load even using

the CCD recording was extremely difficult, hence, only the 90° peel test will be

modelled here. From Figure 5.39, it can be seen that the initial failure load is practically

independent of the thickness of the sealant layer. Therefore, the average value could be

used as input, when modelling 2, 3 and 4 mm thick sealant layer peel specimens.

300 I
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......,250
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ro
~

0 I

Sealant A Sealant B

Figure 5.39 Plot of the initial failure load for both sealants as known through peel tests

at 90°.

5.4.2 Initial model

The main difficulty in building an FE model for the peel specimen was the

incorporation of the stainless steel mesh. That was overcame by modelling the stainless

steel mesh as a homogeneous material with an equivalent modulus and thickness, as

discussed in Appendix A-2. However, there were some concerns as to how the

stainless steel mesh model would behave in a composite configuration such as the peel

specimen. To analyse this, a set of two tests, presented below, was conducted. These

were peel tests at a peeling of 90° using a 4 mm thick sealant layer. Instead of using the

variable peeling angle jig, the peel specimens were clamped in a vice, which was then

positioned and clamped in the testing machine. This configuration allowed recording
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the deformation of the peel specimen and the shape of the stainless steel mesh during

the application of the peel load using a CCD camera.

Line along
which the
shape of the
steel mesh

Sealant A

Location
where the
failure
initiates

F= 108 N

Line along
which the
shape of the
steel mesh

Sealant B

Location
where the
failure
initiates

F= 152N

Figure 5.40 Photos corresponding to the initiation of the failure for both sealant

samples tested in peel at an angle of 90° (for Sealant A failure initiates close to the

aluminium substrate while for Sealant Bwell inside the sealant layer).
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In Figure 5.40, the photos corresponding to the initiation of the failure at the sealant

layer, for both sealants, are presented. The estimated initial failure loads were

somewhat lower than those estimated from the peel traces, but this can be attributed to

the quality of the specimens as well as to the material itself, since it was already

mentioned that differences in modulus and strain to failure from one batch to another

could be found. From the photos presented in Figure 5.40 the exact shape of the

stainless steel mesh, corresponding to this particular test and sample, was digitized via

special computer software. The idea was to compare this experimentally obtained

shape with that predicted from an FE model having the same geometrical

characteristics.

The FE model was built using 2-dimensional elements. To simplify the problem

further and to reduce the processing time, only half of the peel specimen, along its

length, was modelled. It was therefore assumed that at the initiation of the failure is

not affected from the material existing more than 50mm away from the initial crack tip

(artificial defect).

material
symmetry Stainless steel Top sealant

layer (1.5 mm)
Aluminium
panel

y

Lx
Sealant layer
(4.0 mm) Artificial defect

Figure 5.41 Schematic representation of the initial 2-D finite element model of the peel

test.

The mesh of the 2-D model was created using 4-node linear quadrilateral elements.

For the stainless steel mesh and the aluminium panel, the incompatible modes option

was also included in the elements' formulation (CPE4I). Large displacement analysis

was also included in the model. The aluminium panel was fixed in both the X and Y
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directions, and boundary conditions were applied at one end of the model to account

for the material symmetry (Figure 5.41). To model the artificial defect, the nodes

corresponding to the sealant layer and the aluminium panel along the defect region,

were untied.

An additional simplification involved the application of the experimentally determined

initial failure load at the edge of the sealant-to-mesh bond. In other words, at this

stage of the investigation, only the bonded part of the stainless steel mesh was

modelled. The load was applied via a multiple step procedure.

Results from the initial model

The deformed shape of the model, as predicted through the FE simulations, for both

sealants under the application of the initial failure load, can be seen in Figure 5.42. The

deformed shape of the model appears to be in a good agreement with that observed in

Figure 5.40. From the FE results, the deflection of the stainless steel mesh along the Y-

axis was extracted and it is compared with that obtained from the image processing. As

shown in Figure 5.43 the correlation between the predicted and the true shape of the

mesh is very good.

x
x

x
x

Sealant A (F = 108 N) Sealant B (F = 152 N)

Figure 5.42 Predicted deformation of Sealant A and Sealant B under the application of

the initial failure load.
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Based on the above discussion, it can be concluded that the 2-D FE model can

sufficiently describe the deformation of the peel front in a sealant peel specimen

subjected to a peel load equal to the initial failure load. On that basis, the stress

distribution on the sealant layer could be predicted.
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figure 5.43 Comparison between the FE predicted and the experimentally obtained

shape of the stainless steel mesh for both sealant joints under the application of the

initial failure load.

5.4.3 fE model of the 90° peel test

For the modelling of the 90° peel test, a more realistic model was needed to be used.

That would be identical to that previously described, but the whole length of the

stainless steel mesh would be incorporated into the model (Figure 5.44). The free end of

the stainless steel mesh was rigidly attached to an external node, where the load was

applied. Initially, the stainless steel mesh was positioned parallel to the aluminium

rigid panel. A three step analysis procedure, using prescribed boundary conditions,

was included in the model in order to position the steel mesh perpendicular to the

aluminium panel and to create a 90° peel configuration. This procedure, in effect,
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simulates the positioning of the specimen in the testing machine and the initial

gripping of the stainless steel mesh, which imposes an unknown degree of bending.

Then, a load corresponding to the initial failure load was applied using a multiple step

procedure, for both sealant materials and three different sealant layer thicknesses.

material
symmetry Stainless steel

mesh
Top sealant
layer (1.5 mm)

F

IO-----J, I-- 150 mm ----~ I
iiiiiiir'o.-.II!~ ........-, ,..------ __ )<

y

Lx Sealant layer Artificial
defect Aluminium

panel

Deformed
Mesh

(a)

(b)

Figure 5.44 Schematic representation of the 2-D FE model of the 90° peel test (a) in the

unloaded condition and (b) in the deformed condition.

The properties of the sealants were included in the model through the 1st order Ogden

strain energy function, as discussed in § 5.1. The stainless steel mesh was modelled as

an elastic-plastic strain hardening material using the data in Appendix A-2. Finally, the

aluminium panel was modelled as perfectly elastic.

Stress and strains at the sealant layer

The contours of the true maximum principal stresses and the maximum principal

strains at the peel front of the sealant are presented in Figure 5.46 and Figure 5.45

respectively. Only the results for Sealant A are presented here. Sealant B peel

simulations yielded similar results in nature although different in magnitude.
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Figure 5.45 Contours of true maximum principal stress for Sealant A 90° peel test.
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From the contours of the true principal stresses and the principal strains, the maximum

values predicted to occur in the sealant layer can be extracted. For this reason an area

of 0.4 mm, which corresponds to 2 elements, around the edge of the artificial defect

(singularity) was not considered. In this way relatively high stresses and strains

imposed by the singularity are not taken into account. The results are plotted in Figure

5.48 and Figure 5.47, respectively, as a function of the sealant layer thickness. It can be

seen that both the true maximum principal stress and principal strain predicted from

the FE models decrease slightly with increasing the sealant layer thickness. The

correlation between the predicted maximum principal stresses and strains and the

tensile strength (from the true stress-strain curve) and the strain to failure, is fairly

good, especially for thick sealant layers. Deviations that occur might be due to the

applied initial failure load, which was considered to be independent of the sealant

layer thickness, for the thicknesses examined here. It is possible that the actual failure

load is slightly lower for thinner sealant layers. That will of course affect the predicted

stress-strain field and will yield slightly lower maximum principal stresses and strains.
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Figure 5.47 Plot of the maximum true principal stress predicted in the sealant layer as

a function of the sealant layer thickness under the application of the initial failure load

(the true tensile strength is plotted for comparison).
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Figure 5.48 Plot of the maximum principal strain predicted in the sealant layer as a

function of the sealant layer thickness under the application of the initial failure load

(the strain to failure from tensile tests is plotted for comparison).

The moderately good correlation between the FE results and the maximum stresses

and strains measured from tensile tests implies that the failure initiates due to the high

tensile stresses and strains occurring at the peel front. A plot of the direction of the

maximum principal strain near the peel front is shown in Figure 5.49, for a 4 mm thick

sealant layer. It can be seen that the finite element analysis predicts that the initial crack

will run nearly parallel to the aluminium panel, due to high tensile strains induced in

the sealant layer under the application of the load at 90°. In Figure 5.50, sequential

photographs taken during a 90° peel test using a 4 mm thick sealant layer also show

that the initial crack in the sealant layer runs parallel to the aluminium rigid panel.

Unfortunately, no direct correlation with the observed fracture surface can be made

since the finite element model presented here simulates only the situation up to the

initial failure load and not the entire propagation of the crack.
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Figure 5.49 Plot of the direction of the maximum principal strain near the peel front

for a 4 mm thick sealant layer of Sealant A loaded at 90°,

1. Initiation of failure 0 sec 2. + 5 sec

3. + 10 sec 4. + 15 sec

Figure 5.50 Sequential photographs taken during a 90° peel test showing the initiation

of fracture and the crack running almost parallel to the aluminium panel.
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5.5 SUMMARY

In this chapter, it was demonstrated that the elastic behaviour of the aircraft fuel tank

sealants can be successfully modelled using hyperelastic material models. These allow

for implementing the material properties into commercial finite element analysis

software and, subsequently, investigate the behaviour of the sealant in joint

configurations. In the present work the torsion of a sealant butt joint was modelled

using three dimensional finite element procedures and the torque-angular

displacement was predicted. The FE predicted values were in very good agreement

with those experimentally determined. The sealant single lap joints were also analysed

using 2-D as well 3-D models. The importance of the high normal stresses along the

shearing direction, which are imposed by the large displacement theory, and the

transverse deformation, occurring at the overlap edges, was comprehensively

discussed. Finally, a finite element model for the 90° peel test was built. The simulation

results, which were in good agreement with the experimental observations, indicated

that the sealant layer is failing in tension close to the aluminium rigid panel. In any

case only the elastic behaviour of the sealants was modelled and consequently the

hysteresis was not taken into account.

240



6: Exposure of Sealants to Water and Jet Fuel

6 EXPOSURE OF SEALANTS TO WATER AND JET FUEL

For a sealant bond to be useful, it not only must withstand the mechanical forces that

are acting on it, but it must also resist the elements to which it is exposed during

service. Thus, one of the most important characteristics of a sealant joint is its

endurance in the operating environment. When immersed in liquids, sealants, like all

polymers, experience the diffusion of the molecules of the liquids into their volume.

The construction of an integral fuel tank involves the use of large amounts of sealants

in order to seal it from the outside environment and contain the fuel. Within an aircraft

fuel tank, hydrocarbons are the main constituents of the jet fuel but there is a

significant amount of water present due to atmospheric condensation. Consequently,

aircraft fuel tank sealants are used in an environment where the presence of fuel

and/or water can affect drastically the bond as well as the bulk sealant itself. Potential

failure of the sealant or the bond with the substrate (usually aluminium) will result in a

fuel leak. In addition to fuel and/ or water attack, fuel tank sealants operate over a

wide temperature range. When in operation, an aircraft can experience temperatures

down to -70 °C, which is lower than the glass transition temperature of the sealants

(usually about -50 0C). Subsequently, it becomes essential to know the behaviour of the

sealants after exposure in fuel and/or water, and how their performance is affected.

Based on that, it was decided to examine the behaviour of the two aircraft fuel tank

sealants through water and fuel uptake measurements and to study the effect on the

glass transition temperature, which essentially characterizes the performance of a

polymeriC material. Therefore, several diffusion tests were performed by exposing the

aircraft fuel tank sealants in water and fuel. The glass transition temperature was

measured after the absorption and the subsequent desorption of water or fuel, and

compared to that obtained from un-aged materials.
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6.1 BACKGROUND ON THE DIFFUSION PROCESS

6.1.1 Diffusionof solvents in Ribbers

Diffusion is defined as the process by which matter is transported from one part of a

system to another as a result of random molecular motion. In the case of transport of a

liquid through a polymer, this takes place in several steps. Initially, the penetrant

molecules are sorbed at the surface of the polymer and a concentration gradient is

established. This leads to diffusion of the penetrant molecules into the polymer.

Equilibrium is set up quickly between the external liquid and that at the surface.

The mechanism of diffusion of a low molecular weight solvent in rubber was explained

by Crank (1968). He showed that the solvent molecules can penetrate the rubber only

after forming a true solution. Brownian motion of both the penetrant molecules and the

segments of rubber molecules are involved in the process of solution and diffusion.

Movement, of the penetrant solvent molecules into the polymer occurs because of a

concentration gradient. It is assumed that, as a result of energy fluctuations within the

rubber, holes are being formed and destroyed continuously in the free volume and the

rate of diffusion will depend on the concentration of holes large enough to receive

penetrant molecules.

Any diffusion process, which is governed by the concentration gradients present,

obeys Fick's second law. For a large thin plate where diffusion can be considered to

occur in one dimension only, defined by the x-axis (through the thickness of the plate),

this is expressed as:

Equation6.1

where, C is the concentration of the diffusing material (mass per unit volume), D is the

diffusion coefficient, and t is time.

In general, C is a function of both x and t. If the plate has a thickness h and is exposed

to equal concentrations on each side (immersed in liquid or with the same relative

humidity on both sides), Fick's law has the solution as given by Crank (1975):
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M -M 8 ~ 1 {_D(2n+1)2lr2t}
t 0 = 1--2 £...J 2 exp 2

M ...-Mo 1r n=O (2n +1) h
Equation 6.2

where, Mo is the initial moisture content, Mt is that attained at time t, and Moo that

attained at equilibrium.

Thus, for Fickian diffusion, the weight change has the form shown in Figure 6.1, where

Mt is plotted against the square root of time. It can be seen that the two parameters that

describe the diffusion process are D, the diffusion coefficient, and Moo, the equilibrium

moisture content.

M

z 1-D Diffusion

y

t 1/2 t 1/2
1 2 SQRT of Time, r" [S1/2]

Figure 6.1 Theoretical absorption curve and diffusion parameters for one-dimensional

Fickian diffusion.

For one-dimensional diffusion, Crank (1975) describes how the coefficient of diffusion,

D, which is a measure of the ease with which a penetrant molecule can travel in a

polymer, can be found from the initial slope of the absorption curve:

Equation 6.3
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The diffusion of solvents in rubber-like materials depends on the nature of the

penetrant as well as on the nature of the material itself. Auerbach et al. (1958),who

extensively studied the diffusion of various hydrocarbons in several rubbers, reported

that the diffusion coefficient decreased linearly with the inverse of molecular weight

between crosslinks in the rubber, while the presence of double bonds in the rubber led

to an increase in D. They also found that, for straight chain hydrocarbons, the diffusion

coefficient increased with the inverse of molecular weight of the solvent. Additionally,

Southern & Thomas (1967) found a very strong correlation between the diffusion

coefficient and the viscosity of the penetrant liquid, after exposing natural rubber to

various liquids.

6.1.2 Diffusionof water In rubbers

The diffusion of water in rubbers was comprehensively reviewed by Gick (1988).The

first essential explanation for the noted abnormal diffusion of water in rubbers was

proposed by Lowry & Kohman (1927)who examined the effect of varying the vapour

pressure of the external water solution by means of saturated salts. They found that

vapour pressure was the major factor determining the amount of water absorbed by

the rubber. They finally postulated that water at high uptake levels was present in two

forms. Part of the water was in true solution and part was present in a non-soluble

form. A solution is called true when the particles of the dissolved substance are of

molecular size. They also studied the effect of washing out the impurities that the

rubber samples contained. As expected, the free of impurities samples took up less

water. Following this proposition, Daynes (1937)suggested that since water absorption

by rubber is largely due to the formation of a solution of water soluble substances

within the rubber, it is to be expected that the rate of diffusion at any point will be

proportional to the gradient of osmotic pressure instead of the gradient of

concentration of water.

Present theories of diffusion of water in rubber are based on considerations of the

water soluble impurities existing within the rubber. Rubbers usually contain

hydrophilic impurities. In addition, vulcanising agents, fillers and compounding

ingredients can also lead to hydrophilic materials being present within the rubber.

More precisely, the mechanism of diffusion of water in rubber, as summarized by Gick
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(1988), is based on two assumptions: (a) that the impurities are present in particulate

form and are uniformly dispersed all over the rubber and (b) a small proportion of

water is in true solution in the rubber. Moreover, when a rubbery material is immersed

in water, the water is transported through the rubber through the mechanism

described in § 6.1.1. However, when reaching the hydrophilic impurities, the water

forms droplets of solution. The droplets act as sinks which reduce the rate of diffusion

but increase the amount of water in the rubber.

Rubber
surface

External solution
no

1tO = 1ti - P

o
8
oYO
o

o
Rubber

Water droplets

-~o
Figure 6.2 Schematic representation of the mechanism of water absorption by rubber

(redrawn from Thomas & Muniandy (1987)).

The above described mechanism implies that there is a non-uniform water distribution

throughout the rubber prior to equilibrium, as shown in Figure 6.2 . The rubber close to

the droplets is at a greater stress level compared with regions of rubber that do not

contain any droplets. Once a true solution of water and hydrophilic impurities is

created, water will continue to enter the droplet of solution until there is a balance

between the elastic forces resisting expansion of the droplet and the osmotic forces

tending to expand the droplet. The osmotic forces result from the difference in osmotic

pressure between the external solution and the droplet solution within the rubber. In
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Figure 6.2, 1to is the osmotic pressure of the external solution in which the rubber is

immersed, Xi is the osmotic pressure of the impurity solution in the rubber and p is the

elastic pressure exerted by the rubber on the impurity droplet (Thomas & Muniandy

(1987»).

Briggs et al. (1963) studied the high temperature absorption of water for a range of

elastomeric materials and were able to quantify the effects of impurities on water

uptake; by using cryogenic techniques, they proved the existence of water present in

droplets and estimated the droplet size (spherical shape -3 pm in diameter) from the

depression of water freezing point.

Thomas & Muniandy (1987) extended the general idea even more and derived

equations that describe both the kinetics of water absorption and desorption and the

equilibrium water uptake. More precisely, they correlated the total concentration of

water with the concentration of impurities, the concentration of water in the rubber

phase itself, and the extension ratio as defined by the ratio of the radius of the

deformed and undeformed droplet. Furthermore, using a thermodynamic approach,

they obtained an expression for an apparent diffusion coefficient, found to be strongly

dependent on water concentration and in fact decreasing with increasing water

concentration, as had also been observed in previous studies (Barrie et al. (1975),Fedors

(1980)).Their theory predicted successfully the diffusion rate and the water uptake at

equilibrium in natural rubber containing sodium chloride as a water soluble impurity.

In general, factors that affect the diffusion coefficients for solvents in rubbers will also

affect the rate of diffusion of water in a similar way, although these factors will be

compensated for even small amounts of water soluble impurities. If fillers are present

and they are hydrophilic, the rate of water uptake will be increased.

6.2 BACKGROUND ON THE GLASS TRANSmON TEMPERATURE

The glass transition temperature (Tg) is an important concept when dealing with

amorphous polymers since it governs their behaviour. When an amorphous or glassy

polymer, cools from the liquid, if crystallization does not take place at its melting point,

it will reach a temperature, where the motion of the polymer chains is effectively

frozen. The temperature at which the polymer experiences the transition from the
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rubbery to the glassy state is termed the glass transition temperature (Tg). The glass

transition is a second order transition of the amorphous phase, since it is not

accompanied by any discontinuity in any of the fundamental quantities such as the

volume or the heat content with respect to the temperature. However, there is a

discontinuity in the derivatives of these fundamental quantities during this transition

(Figure 6.3).
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Figure 6.3 Schematic plots of the (a) volume, (b) volume coefficient of expansion, (c)

heat content and (d) heat capacity with respect to the temperature for an amorphous

polymer (after Sperling (2001)).

According to Adams et al. (1997),the phenomenon is related to molecular motion of the

polymer backbone. For temperatures below the glass transition temperature, there is

no rotational or translational motion of the polymer backbone. Hence, the polymer

chains could be considered as frozen in this temperature range. As the temperature
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increases, the intermolecular forces could overcome, since the polymer chains have

sufficient thermal energy to rotate or translate, and as a result, the polymer becomes

more compliant.

The theory, most commonly used for the interpretation of the glass transition

temperature, is the free volume theory. It assumes that a polymer consists of occupied

volume, by the polymer chain segments, plus free volume in the form of segment size

voids as a requirement for the onset of molecular motion. When the temperature is

raised, the polymer will expand and the free volume will increase. Once this reaches a

critical value, the chain segments become mobile and the glass transition is observed.

This theory provides relationships between coefficients of expansion below and above

Tg and yields equations relating viscoelastic motion to the variables of time and

temperature (Sperling (2001)).

Some of the factors affecting Tg have been summarized by Ward (1983). The presence

of flexible molecular groups in the polymer backbone increases rotational energy and

reduces the glass transition temperature, whereas the presence of inherently rigid

molecular structures in the backbone of the molecule increases the Tg• Additionally, the

polarity of the polymer backbone can reduce the mobility and, consequently, lower the

glass transition temperature due to the increase in intermolecular forces. Molecular

weight, Mw, also has a significant effect on Tg. The higher is Mw, the less easy the

movement and the more restriction in overall molecular freedom and so the higher the

Tg• Besides, the introduction of chemical crosslinking by bringing the adjacent chains

closer reduces the free volume and raises the glass transition temperature. Finally, the

addition of soluble plasticizers can reduce the glass transition temperature of a

polymer.

A widely used method for the evaluation of the glass transition temperature of

polymeric materials is the Dynamical Mechanical Thermal Analysis (DMTA). This

method involves a small specimen, from the material under investigation, held in a

temperature controlled chamber and the application of a sinusoidal mechanical

loading. Changes in the dynamic modulus (E· = E'+ jEll) as well as in the loss factor

( tan 8= Ell/ E') of the sample, are monitored over a wide range of temperatures. Then,

the glass transition temperature can be found from the peak of the loss factor curve or
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the damping curve (77= 2n-tan g) as well as from the middle point of the transition

region of the dynamic modulus.

More precisely, for amorphous polymers, the modulus is at its maximum in the glassy

region. As the temperature increases, the modulus decreases gradually until the

transition region is reached. The modulus falls rapidly through the transition region,

where the glass transition temperature is located. The modulus then reaches a region of

slow change with temperature; this is known as the rubbery region. Further

temperature increase causes the rubbery flow region to be reached, by a further

decrease in elastic modulus. As well as the elastic modulus, the variation in

temperature also has a large effect on the damping of a polymer. In the glassy region,

the polymer damping is low as energy dissipation is limited by the small amount of

molecular motion. As the temperature increases and the transition region is reached, a

variety of dispersion and molecular motion effects are observed, resulting in the

damping curve peaking at Tg (Figure 6.4).
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Figure 6.4 Plot of the variation of dynamic modulus, E*, and damping, 17,with respect

to the temperature of an amorphous polymer.
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6.3 MATERIAL AND SPECMENS

6.3.1 Sealantmaterials

The materials tested in this investigation were Sealant A and Sealant B as described in

Chapter 1. The glass transition temperature was also evaluated for the base and curing

agent of Sealant A as well as the base of Sealant B, in their uncured state. The uncured

base of Sealant Bmainly consists of liquid polysulphide polymers (LPTM) with a range

of molecular weights. It was therefore thought that measuring, independently, the

glass transition temperature of several LPTM with different molecular weights will

provide a good guide for the correctness of the Tg values of the uncured base of Sealant

B and the final cured sealant. Thus, four different liquid polysulphides, named LP33,

LP9BO,LP32 and LP31with molecular weights 1000,2700,4000 and BOOO respectively,

were chosen. All LPTM were tested uncured and their glass transition was compared

with the glass transition temperature of the uncured base of Sealant B.

6.3.2 Specimensfor water and fuel uptake measurements

Water and fuel uptake experiments were performed on bulk Sealant A, and Sealant B

samples. In order to produce uniform thin sheets of bulk material, the hydrostatic

pressure technique described in Chapter 2 was adopted. The curing procedure was the

same as for the all the previously tested specimens. It consists of two stages. Initially,

the sealant was left under hydrostatic pressure for 24 hours at room temperature (23±1

QCand 55±5 % RH). Afterwards, the pressure was released and the mould was placed

in an oven for the next 24 hours at 50 QC(35 % RH). The dimensions of the sealant

material sheet after cure were approximately 20Ox60mm, with a nominal thickness of

0.85 mm, which corresponds to the internal dimensions of the silicone rubber frame

used to produce the hydrostatic pressure.

6.3.3 Specimensfor the glasstransition temperature evaluation

Most commercial DMTA testing devices can apply various modes of deformation to

the examined sample (tensile, shear, flexural etc). However, when dealing with very

soft materials, such as rubbers, some concerns may arise from the way that the samples

are clamped on the device and the induced local strains. One way of overcoming such

issues is to freeze the samples first, and then fit them into the apparatus. Although this
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technique is widely used one can argue that still th r ar high 1

the samples, especially when the temp ratur r a h r m t m

that, and taking into account the nature of th mat rial t din th

tr in in u t

n

h

(soft solids or viscous liquids), it was d cid d that an indir t MTA t tin th d

should be used.

The indirect method involves a sealant layer cur d n t p f m t Hi

vibration of this composite beam can bud t

temperature of the sealant layer.
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Figure 6.5 Schematic variation of the resonan fr qu n y, f, with r t t th

temperature, T, for a homogeneous metallic b am (-), and th m b m with

uniform layer of sealant cured on top (-).

The variation of the resonance frequency of a homog n u m talli b 11 n th

same beam with a uniform sealant layer on top, vibrating in th fl ur

mode at the first resonant frequency, is shown in Figur .5. Th r n n fr qu n ,

fo, of the homogeneous beam is given by:
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Equation 6.4

where, 10 is the length, h<J is the thickness, bo is the width, PJ is the mass density, Eo is the

flexural modulus of the beam, I is the second moment of area and l=4.730041 is the 1st

eigenvalue for free-free conditions. The above equation predicts that the resonance

frequency is proportional to the square root of the modulus of the material. As a result,

at low temperatures, the resonance frequency of the metallic beam is high, due to the

high stiffness of the material and it decreases as the temperature increases. Because the

metallic beam does not experience any transition, the variation of the resonance

frequency, and consequently the modulus, for the given beam is uniform with respect

to the temperature (Figure 6.5). When evaluating the modulus of the beam special care

should be taken to account for the change in dimensions (coefficient of thermal

expansion) with respect to the temperature.

If a uniform layer of sealant is added on top of the same metallic beam then the

resonance frequency, f,of the composite beam (support + sealant layer) will change but

it will be related with the resonance frequency of the original support beam through

the following equation:

Equation 6.5

where, LEI is given according to Roark (1989) from:

~ El = Eo bohJ + E bh
3
+ Ebh (h + ho )2

~ 12 12 2
Equation 6.6

where, 1 is the length, h is the thickness, b is the width of the sealant layer, p is the mass

density and E is the flexural modulus of the sealant material.

What will actually happen is that at very low temperatures, due to the additional

stiffness of the sealant layer, the frequency of the composite beam will be higher than

that of the metallic beam alone. As the temperature increases, the sealant material

passes through the glass transition temperature and the stiffness of the overall beam
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decreases dramatically. Consequently, the resonance frequency decreases. At higher

temperatures, the stiffness of the sealant is very low and the sealant layer only adds

mass to the composite beam, so the resonance frequency is lower than that of the

metallic beam alone.

Thus, from the variation of the resonance frequency of such a composite beam, the

glass transition temperature can be found, as the temperature in the middle of the

transition region. In a similar way, the glass transition temperature can be obtained

from the variation of the damping of the composite beam with respect to the

temperature, since it reaches its maximum value at Tg•

Initially, composite beams were manufactured by curing on top of the aluminium

beams (150x25xl.6 mm) a uniform 1.5 mm thick sealant layer, so an evaluation of the

dynamic modulus could be made through Equation 6.5. However, the damping of the

composite beams was so high that close to the glass transition temperature the

amplitude of the vibration was extremely small and difficult to measure accurately. To

overcome this problem, specimens with a thinner sealant layer were manufactured, but

still the damping of the system was too high. Tests were also performed using steel

support beams and sealant layers much less than 1 mm. Although this configuration

solved the problem of the very high damping, it revealed another. Due to the large

difference in stiffness between the support beam and the sealant layer, in conjunction

with the small differences in resonance frequency between the support beam and the

composite beam that were measured, Equation 6.5 was giving very misleading values

for the sealant layer dynamic modulus.

In order to apply Equation 6.5 and evaluate the dynamic modulus of the sealant

materials, the entire area of the support beam should be covered with a uniform

sealant layer. However, the evaluation of the flexural modulus was not the main

purpose of this research work, and since the variation of the resonance frequency,

which is proportional to the modulus, could give enough information for the

evaluation of the TSI it was then decided to limit the amount of sealant at the centre of

the support beam. This configuration leads to a reduction of the damping of the system

and the experiment can be performed.
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Length of the support beam, L = 150mm
Width of the support beam, W = 25 mm
Thickness of the support beam, H = 1.6mm

Support beam
/Support beam: Aluminium 2024-T3

Length of the sealant layer, I= 25 mm
Width of the sealant layer, w = 25 mm
Thickness of the sealant layer, h= 1.5mm

Figure 6.6 Geometrical characteristics of the specimens used to evaluate the glass

transition temperature.

Thus, for testing the sealant materials, an aluminium alloy beam, having nominal

dimensions 150x25xl.6 mm, was used as a support (Figure 6.6). The specimens were

manufactured by curing a layer of sealant at the centre of the supporting beams. No

surface treatment was applied to the aluminium since the adhesion with the sealant

layer was sufficient.

Uniform Pressure 2 MPa

L---------~
Steel Mould

Silicone
Rubber
Frame

Sealant Aluminium
Beam

Figure 6.7 Schematic representation of the technique used for the manufacturing of the

specimens used for the Tg evaluation.
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The same manufacturing technique as for the bulk sealant sheets was used to apply the

sealant on top of the aluminium beams. The beams were placed in a sealed metallic

mould and the required amount of the mixed sealant was poured on top of them. A

silicone rubber frame was responsible for restricting the sealant only on the central part

of the beam. In addition, the frame determines the final thickness of the cured sealant

layer, which was set to 1.5 mm. The pressure applied to the sealed mould was 2 MPa

and the curing profile was the same as for the bulk sealant sheets. A schematic

representation of the manufacturing technique followed, for the composite beams, is

illustrated in Figure 6.7.

Testing the uncured sealant components (base and curing agent) as well as the liquid

polysulphide polymers (LpTM) was more difficult because of their low viscosity.

Producing a layer of these materials was impossible, so it was decided to machine a

cavity on a gauge steel beam and to pour the liquid polymer into the cavity (Figure

6.8). In that way, a layer of the liquid was cast on the beam although it did not cover

the whole area. By testing this composite beam, it was found that the amount of

polymer was enough to damp the system and so to enable the glass transition

temperature to be measured through the recorded damping.

Length of the support bearn, L = 150mm
Width of the support beam, W - 25 mm
Thickness of the support bearn, H = 2 mm

Support beam: Gauge Steel

Length of the cavity, 1= 125mm
Width of the cavity, w -IS mm
Depth of the cavity, h = 0.5mm

Figure 6.8 Support beam for testing the uncured polymeric materials.
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6.4 EXPERIMENTAL PROCEDURE

6.4.1 Liquidabsorption/desorptionand weight gain determination

To measure the diffusion behaviour of the aircraft fuel tank sealants, samples of each

sealant, having nominal dimensions 40x15xO.85 mm, were cut from the cured sheets.

The thickness of the samples was made small, deliberately, compared to its width and

length. The ratio of the edge surface area to the total surface area was -7%, and, as

such, edge effects could be ignored and the diffusion can be regarded as being one-

dimensional. Prior to immersion, all samples were conditioned at 50°C for V2 hour

under vacuum. This was done in order to ensure that any moisture pre-existing in the

sample would be removed prior to immersion. All the samples were immersed either

in distilled water or in Type III synthetic jet fuel. Type III fuel (ISO 1817 Fluid B) is a

synthetic test fluid composed of a blend of Iso-Octane (70% by volume) and Toluene

(30% by volume). For the case of water immersion at elevated temperatures, specimens

were placed in distilled water chambers maintained at constant temperatures of 40°C

and 50 "C. For the case of water and fuel immersion at ambient temperature, samples

were placed in a glass sealed jars, full of distilled water or fuel. In all cases, the

temperature was monitored via a digital thermometer. The specimens were

periodically removed from their environment, weighed, and returned to the bath. To

ensure the removal of excessive surface liquid, before weighting, specimens were

gently wiped dry using clean, lint-free tissue paper. Weight measurements were taken

using an electronic analytical balance (METTLER PM2500 Delta Ranges) measuring to

0.1 mg. Each data point reported in the results is an average value from five samples

weighed separately.

The percentage mass increase was calculated using the following relationship:

Equation6.7

where, mi, mo are the mass of the specimen after an immersion period of time t, and
before immersion, respectively. It was assumed that the change in mass was

exclusively due to the presence of water or fuel, and consequently MI equal the water

or fuel content.
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After exposure to distilled water or jet fuel for a given period of time, all the

specimens, even those that had not reached equilibrium, were placed in an oven in

order to desorb liquid from the specimens. The temperature was set to the temperature

of the immersion process. For the case of the specimens immersed in water or fuel at

ambient temperature, the desorption process also took place at room temperature.

6.4.2 Vibration testing - Glasstransition temperature evaluation

As described earlier, a resonant beam technique was used for monitoring the

vibrational behaviour of composite beams over a wide temperature range and allow

for the evaluation of the glass transition temperature of the sealants under

investigation. This method does not require an accurate measurement of the excitation

force or the response displacement. All that is needed is to vibrate the composite beam

in a known resonant mode of vibration, then record both the resonance frequency and

the damping with respect to the temperature. In order to achieve that, a very similar

experimental set up with the one originally developed by Singh (1993),was used. The

beam was supported with cotton strings at its nodal positions. Two lightweight

magnets were attached at each end of the composite beam and they were placed within

the magnetic fields of two flat coils. This experimental set up is in effect a variation of

that proposed by Guild & Adams (1981),who attached the coils on the beam. Special

care was taken to mount the magnets centrally on the beams as otherwise torsional

vibration can be induced due to misalignment, thus leading to increased energy

dissipation, as explained by Maheri (1991).The intention was to use very light sensors

in order to minimise all the extraneous sources of damping, apart from that of the

material to be investigated. An alternating current passing though the first coil (drive

coil) caused the beam to vibrate, and the corresponding motion of the magnet at the

other end induced a voltage, proportional to the velocity, in the second coil (pick up

coil). The experimental set up is shown schematically in Figure 6.9. The entire set up

was placed inside an environmental chamber.

Specialized electronic equipment was used to vibrate the composite beam. Initially, a

signal generator gave a sinusoidal voltage output, which was used to control a power

amplifier. The beam was forced to vibrate via the drive coil, which was connected to

the power amplifier. The pick up coil was connected to a measuring amplifier. Both the

input and the output signals were connected to an oscilloscope to observe the response
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of the beam. Then, the frequency of the input signal was adjusted until the amplitude

of vibration reached a maximum, indicating the resonance frequency. While the beam

was vibrating at resonance, the output signal was connected to a feedback circuit. The

output of the feedback was then filtered and used to excite the vibration. This closed

loop system could maintain resonance in the system at any change of the

environmental conditions. The resonance frequency was measured via a digital multi-

meter and then recorded in a computer, together with the output voltage of the pick up

coil. The induced voltage in the pick up coil is proportional to the velocity of the

magnet, which is attached to the end of the composite beam. It is known that, for a

single degree of freedom vibrating system with viscous damping that is excited by a

harmonic force, the amplitude at resonance is inversely proportional to the damping of

the system. Therefore, the inverse voltage output of the pick up coil can be used as a

measure of the damping of the system.
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~-------=r=:'>: ....

sealant
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string support
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L---_~ ~'---- pick up coil /

drive coil

\ Controlled
Environmental Chamber

- 150°C to + 200 °C

Figure 6.9 Schematic representation of the experimental set up.

Another important parameter to be measured is the temperature of the material during

testing. The use of a thermocouple directly connected on the vibrating specimen is not

recommended, because it will affect the damping of the system. It was therefore

decided that a dummy specimen, placed next to the vibrating specimen, should be

used to monitor the temperature of the material. The dummy specimen was similar in
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dimensions to the vibrating specimen and when the test was performed after exposure

in fuel or water it had also been exposed for the same amount of time. It carried an

embedded thermocouple, which was connected to a personal computer. The

temperature of the dummy specimen was measured at the same time intervals as the

resonance frequency and damping of the vibrating specimen. The temperature was

measured in both the cooling and warming stages of the test as can be seen in Figure

6.10. The cooling rate was very fast due to the fixed liquid nitrogen feed rate in the

environmental chamber. On the other hand, during warming there was no energy

input to the system, which was let to warm up only by the heat exchange of the

chamber with the external environmental. Consequently, the warming rate was very

slow and variable with the time.
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Figure 6.10 Measurement of temperature variation with time, using a dummy

specimen, during vibration testing.

By plotting the variation of the recorded resonance frequency and damping, as this is

expressed by the inverse of the amplitude of the vibration, with respect to the

temperature, the glass transition temperature was easily evaluated. Tests for the

evaluation of Tg were performed on a number of specimens, initially conditioned at 50

259



6: Exposure of Sealants to Water and Jet Fuel

0C for 1/2 hour under vacuum. After the DMTA tests, some of the specimens were

placed in distilled water baths at 50°C and some in sealed glass jars containing

synthetic fuel at 25 "C. The glass transition temperature was re-evaluated when the

specimens reached their saturation level. Finally, the saturated samples were dried at

the same temperature as the immersion temperature and the glass transition

temperature was measured again after the end of that process. That enabled the

assessment of whether any changes in TSI because of the presence of water or fuel,

were reversible or not.

6.5 RESULTS AND DISCUSSION ON WATER AND FUEL UPTAKE TESTS

6.5.1 Water absorptionand desorptionof Ssalant A

Water uptake measurements were performed on Sealant A at two temperatures.

Initially, preliminary tests were performed at 40°C up to 360 hours, followed by a new

set of tests at 50°C for a longer period of time. Weight gain data can be plotted in

various ways; however, in this investigation, the weight gain of the examined materials

was plotted as a function of the square root of time. Thus, Fick's law could also be

plotted in the same graph and a correlation with the experimental data could be made

easily. Gick (1988) proposed that the weight gain data could be plotted as a function of

the square root of time over the initial thickness of the samples ratio. By this manner,

the effect of the thickness on the absorption and desorption characteristics could be

eliminated. It should be noted that a disadvantage of such plots, is that they give a

misleading representation of the time scale. Since the differences in thickness between

the samples used here were considered small, the thickness was not taken into account

when plotting the experimental data.

Figure 6.11 is a plot of the weight gain, which corresponds to water uptake, with

respect to the square root of time, for Sealant A. The results clearly show that

temperature does not significantly affect the moisture level at equilibrium, which was

found to be 3.95 % and 4.06 % for the immersed samples at 40°C and 50 QC,

respectively. Fick's 2nd law can reasonably describe the diffusion of water into Sealant

A. The weight gain shows an initial linear part followed by a transition region and it

reaches equilibrium after 196 and 93 hours, for the two temperatures, respectively.

Although, measurements were taken every 15 minutes during the first one hour of the
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immersion in the distilled water, the diffusion rate was so high that the initial linear

increase of the weight could not be captured adequately. Using Equation 6.3, the

diffusion coefficient for this sealant can be calculated for both the immersion

temperatures. The computed values are presented in Table 6.1. Water appears to

diffuse 2.5 times quicker into Sealant A by an increase in temperature of 10 cc.

5

* 4

3

Sealant A
Immersed in
o Distilled Water @ 50 QC

-- Solution to Fick's 2nd Law (Eqn 6.2)
(J Distilled Water @ 40 QC

-- Solution to Fick's 2nd Law (Eqn 6.2)
O~~-L~~~~~~~--~~~~ __ ~~~_J
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SQRT of Time, t1/2 [Sl/2]

Figure 6.11 Plot of the weight gain as a function of the square root of time (tl/2), for

Sealant A immersed in distilled water at 50 "C and at 40 "C (Arrows point to the regions

where the weight reaches the equilibrium level).

Water absorption was also accompanied by a volume change, which was found to be

3.3 %, on average, for the samples of Sealant A immersed at 50 cc. It is interesting to

examine the correspondence between the volume changes of the samples immersed in

the distilled water and the measured weight gain. Assuming that the weight gain is

entirely due to water uptake then, the volume of the water diffusing into the sealant

material would be on average 30 mm-. This was calculated from the mass change of the

samples (0.030 g - from Table 6.1 for immersion at 50 "C) and the density of water

(0.001 g/ mm"). However, the measured volume change was found to be lower and

equal to 16.6 mm> (Table 6.1). A possible reason for this difference is that some of water

diffusing into the sealant samples initially fills the existing holes; consequently, there is
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no observable volume change of the material until all of them are completely full. From

the time that it starts diffusing into the bulk sealant material, it will cause a measurable

volume change.

At the end of the testing period, there was an apparent change in colour of the samples,

which turned from dark grey to light grey.
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Figure 6.12 Plot of the weight change as a function of square root of time (e/2), for

Sealant A dried in air at 50 QC and at 40 QC after water immersion (Arrow points to the

region where the weight reaches the equilibrium level).

Following the immersion process, all the samples were placed in an oven, which was

set to a temperature equal to the immersion temperature. The environment was

relatively dry, with a relative humidity equal to 35 % RH. Figure 6.12 shows the

variation of the weight change as a function of e/2, during this drying process. The

weight change data is reported with respect to the weight of the samples before the

immersion process. For both temperatures, the sealant samples lost the gained weight

rapidly and they reached mass equilibrium at a level less than their initial mass. The

level at equilibrium was found to be roughly the same for each temperature, -2.14 % for

drying at 50 QC and -1.89 % for drying at 40 QC. The negative values indicate leaching
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of constituents, possibly some un-reacted components and/ or small molecular weight

components. A strong evidence of material leaching out was the decolourisation of the

distilled water after the end of the immersion period of the samples.

6.5.2 Water absorption and desorptionof Sealant B

Figure 6.13 shows the variation of the weight gain as a function of e/2 for Sealant B.

Unlike Sealant A, Sealant Bshows clear non-Fickian diffusion behaviour, which is also

strongly dependant on the immersion temperature. More precisely, when immersed in

distilled water at 40 "C, Sealant B initially exhibited a linear water uptake with respect

to e/2 and after 196 hours the weight gain rate seemed to increase slightly. However,

the immersion period was restricted to 360 hours for these preliminary tests, so there

are no clear signs for the overall behaviour of the examined material. Nevertheless,

immersion was also performed at 50 "C, as illustrated in Figure 6.13. In this case,

during early immersion in the distilled water (approximately 100 hours), the water

gain increases linearly with the immersion time. Then, the weight gain rate increased

significantly and during the final stages of the immersion process (last 360hours) there

was some weight loss. After 840 hours of immersion, the amount of weight gain was

found to be 51.9 %. Usmani et al. (1981)also observed an analogous behaviour while

testing a similar material system. They immersed a manganese dioxide-cured

polysulphide sealant in water at 60 "C, and found that the weight gain increased

linearly with immersion time over the first 300 hours, reaching a value of

approximately 20 %. After that, the moisture absorption rate became higher and there

was in general noticeable swelling of the material. They concluded that chemical stress

relaxation could promote the high water gain that was observed.

Although there was no end to the saturation process for the immersion at 40 "C and the

immersion at 50 "C, was clearly non-Fickian, an estimate of the diffusion coefficient

can be found in Table 6.1.

As a result of the huge water uptake, after immersion in water at 50 "C, the volume of

the specimens increased considerably, reaching a level of 69 % by the end of the

immersion process. The corresponding volume of the water gained by these particular

specimens was calculated and found to be 388 mm-. This is 39.9 mm' higher than the
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measured volume change as is illustrated in Table 6.1. This means that a small part of

the water gained did not contribute to volume swell of the specimens.

immersion process.

Decolourisation of the material samples was also evident after the end of the

~- 40

.s' 30ro
C)

1:00 20.....
OJ

~

60
Sealant B ~ / 480 tuJrs
Immersed in ¢.¢. ~

~ Distilled water @ 50 DC ~~ ~

A Distilled water @ 40 DC ~ .~
~

~
~

~

100 trurs ~~/4ft.
\~:~..\

• ••• 196tnJrs
~

1000 1250 1500 1750 2000250 500
o o 750

50

10

SQRTof Time, e/2 [s 1/2]

Figure 6.13 Plot of the weight gain as a function of tI/2, for Sealant B immersed in

distilled water at 50 "C and at 40 "C (Arrows point to the regions where significant changes

on the weight gain data occur).

The weight change during the drying process, which followed the water immersion, is

plotted in Figure 6.14. All the samples were dried at the same temperature as the

immersion temperature and showed a relatively quick weight loss. The equilibrium

level after 168 hours in total at 50 "C was -2.43 %, while for the specimens dried at 40

0C for 120 hours it was -1.94 %. In other words, the samples immersed in distilled

water at 50°C and then dried at the same temperature showed 25 % higher final

weight reduction than these immersed and dried at 40 "C. This difference is believed to

be mainly due to the different duration of the immersion process that led to additional

leaching for the samples immersed at 50°C.
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Figure 6.14 Plot of the weight change as a function of en, for Sealant B dried in air at

50 DC and at 40 DC after the water immersion (Arrow points the region where the weight
reaches the equilibrium level).

Figure 6.15 Surface view of Sealant B (a) dry, (b) after 840 hours of immersion in

distilled water at 50 DC and (c) dried in air at 50 DC for 168 hours after the immersion

(Magnification x100).
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Another important finding is that Sealant B appears to undergo severe changes in its

surface characteristics. Photographs of the surface of a dry specimen, the same

specimen after 840 hours of water immersion at 50 QC and, finally, the same specim n

after the drying process that followed the water immersion are given in Figure 6.15.

The surface of the specimen became rougher after water immersion and cavities were

visible by eye after the drying process.

6.5.3 Fuel absorption and desorption of Sealant A

SealantA
Immersedin
o Type III Jet Fuel @ 25 QC

-- Solution to Fick's2nd Law (Eqn 6.2)

8

~- 6

SQRT of Time, tI/2 [sI/2]

Figure 6.16 Plot of the weight gain as a function of e/2, for Sealant A immersed in

Type III Jet fuel at 25 QC (Arrow points to the region where the weight reaches the equilibrium

level).

Fuel absorption characteristics were also examined by mass uptake experiments on

initially dry Sealant A samples, immersed in Type III jet fuel at 25 QC. Itwas found that

Sealant A initially absorbs fuel rapidly up to a level of 7.65 %. It therefore seems that a

leaching effect became more significant and the weight of the samples decreased until

it finally stabilized at a level of 6.60 %, after 236 hours (Figure 6.16). From the

rimental results, the diffusion coefficient can be calculated (see Table 6.2) andexpe
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subsequently Fick's law prediction can be plotted in the same graph. From Figure 6.16

it can be seen that there is a significant deviation from Fick's law in the region where

the leaching takes place. The diffusion coefficient calculated from the initial linear part

of the curve and the weight gain at equilibrium was found to be 23.3x1Q-12m2/ s.

The volume of fuel diffused into the sealant material at equilibrium can be found equal

to 72 mm> by considering the mass change of the samples (0.054g - from Table 6.2) and

the density of the synthetic fuel (0.000745g/mm3). This is nearly double the volume

change measured at the end of the immersion process (37.6mms - from Table 6.2). This

difference could be the leaching of material constituents as observed during the

immersion process.
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Figure 6.17 Plot of the weight change as a function of e/2, for Sealant A dried in air at

25 QC after the fuel immersion (Arrow points to the region where the weight reaches the

equilibrium level).

Following the immersion in fuel, the samples were placed in an oven at room

temperature and a relative humidity of 55±5%, to dry out. Figure 6.17 shows the

variation of the weight change as a function of e/2 I for this drying process. The
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samples lost their gained weight fairly quickly and they reached an equilibrium level

of -1.97 %, in a period of 50 hours. This negative value corresponds to the total leaching

of constituents during the immersion stage for Sealant A. That can be clearly seen if the

experimental results for both the immersion and the drying process are plotted in the

same graph (Figure 6.18). The experimental results of the two subsequent processes fit

very well and, the difference between the equilibrium levels corresponds to the

amount of materials leached.
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Figure 6.18 Plot of the weight change as a function of t1/2, for Sealant A immersed in

Type III Jet fuel at 25 "C and, dried in air at 25 "C after the fuel immersion.

6.5.4 Fuel absorption and desorption of Sealant B

As for Sealant A, immersion in Type III jet fuel was carried out on Sealant B samples at

the same temperature. Figure 6.19 presents the variation of weight change with respect

to r", for Sealant B. The behaviour is very similar to that of Sealant A, with an initial

rapid increase up to a level of 4.84 %, followed by a period where significant leaching

occurs and, finally, the weight change stabilizes at a level of 1.16 % after 162 hours.

Therefore, the difference between the maximum weight gain achieved and the final

level at equilibrium is 3.68 %. From the experimental results, the diffusion coefficient
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can be found (Table 6.2) and so the Fick's law prediction can be plotted. From Figure

6.19 it can be seen that there is a significant deviation from Fick's law in the region

where the leaching takes place.
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Figure 6.19 Plot of the weight change as a function of e/2, for Sealant B immersed in

Type III Jet fuel at 25°C (Arrow points to the region where the weight reaches the equilibrium

level).

Once more, the volume of fuel diffused into the sealant material at equilibrium can be

found equal to 12 mm- by considering the mass change of the samples (0.009 g - from

Table 6.2) and the density of the synthetic fuel (0.000745 gjmm3). This is slightly higher

than the volumetric increase measured at the end of the immersion process (10.6mm- _

from Table 6.2). As mentioned before, the excess could well be liquid filling voids in

the bulk material, without contributing to the volume swell.

Following immersion in fuel, the samples were placed in an oven at room temperature

with a relative humidity of 55±5%, to dry out. Figure 6.20 shows the variation of the

en f thi d . hweight gain with respect to ,or s rymg process. T e samples lost their gained

weight fairly quickly and they reached an equilibrium level of -7.02 %, in a period of 73

hours.
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Figure 6.20 Plot of the weight gain as a function of e/2, for Sealant B dried in air at 25

0C after the fuel immersion.
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Figure 6.21 Plot of the weight change as a function of e/2, for Sealant B immersed in

Type illJet fuel at 25 °C and, dried in air at 25°C after the fuel immersion.
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As for Sealant A, the equilibrium level after the drying process corresponds to the total

leaching of material constituents. This can be clearly seen in Figure 6.21.

6.5.5 Ageing in air of both Sealant A and Sealant B

In parallel with the water and fuel immersion tests, two sets of specimens of each

material were left to age at the same temperatures as those immersed. Two sets of

Sealant A samples were placed in an oven at 50°C (35 % RH) and at 25 °C (55±5 % RH),

respectively. Exactly the same procedure was followed for Sealant B. The reason for

doing these tests was to find out what would be the effect, on the materials'

performance, of an environment with the same temperature and the presence of a

moderate or small relative humidity but without the presence of the immersion liquid.

Figure 6.22 and Figure 6.23 present the weight change of both materials for the given

environmental ageing procedure. The duration of the test was 35 days.
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Figure 6.22 Plot of the weight change as a function of t1/2, for Sealant A and Sealant B

aged in air at 50°C and 35 % RH.
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When left in a warm air environment (50°C) with low relative humidity (35 % RH),

both materials lost weight. After 840 hours, Sealant A reached a level of -1.89 %, at

equilibrium, and Sealant B reached a level of -1.19 %. The corresponding weight loss is

less compared with the weight loss monitored during the drying process that followed

the water immersion. This weight loss can be associated with the bound water that the

cured sealants contain, particularly Sealant B, which generates water during curing.

Moreover, both sealants contain liquid fractions with low vapour pressure and the

fillers used in the sealant formulation will probably have water sorbed onto their

surfaces (Clark (2005)).
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Figure 6.23. Plot of the weight change as a function of e/2, for Sealant A and Sealant B

aged in air at 2S °C and 55±5 % RH.

As for the case where the specimens of both materials were left at room temperature to

age for 840 hours (Figure 6.23), a slight increase of the overall weight was monitored.

This means that both materials are picking up moisture from the environment (55±5 %

RH), but at a very small rate.

6.5.6 Combined water and fuel absorption of Sealant A
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Figure 6.24 Plot of the weight gain as a function of en, for Sealant A (a) immersed in

water at 25 °C and then in Type ID jet fuel at 25 °C, and (b) immersed in Type III jet

fuel at 2S °C and then inwater at 25 0c.

In an integral fuel tank. sealants are usually exposed at the same time to both fuel,

d in the tank and water, from the atmosphere. The behaviour of a sealant materialstore '
subjected to such a type of e p sure is not known, so it was decided to investigate it

through same simple te ts. Since water and jet fuel could not be mixed physically, it
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was decided to immerse samples of both sealants inwater and jet fuel, separately, and

after a certain period of time move the samples initially immersed in water, into the

fuel tank, and those initially immersed in fuel, into the water tank. The immersion

temperature was set to 25 °e for all the tests.

The experimental results obtained for Sealant A are plotted in Figure 6.24a and Figure

6.24b. When immersed in distilled water at 25 "C, Sealant A shows similar behaviour

with that obtained from immersion at 50 "C and 40°C. It shows an initial linear

increase of weight followed by a transition region and it reaches an equilibrium level of

4.17 %. Additionally, the diffusion coefficient, calculated from the initial linear part of

the curve, was found to be much lower than those found for SO °C and 40°C,

respectively (see Table 6.3). After a period of 1440 hours the saturated with water

samples were placed in a fuel tank, set at the same temperature. From Figure 6.24a it

can be seen that the sealant samples initially gained some more weight but after 4

hours they started to lose weight progressively. In a period of 1200 hours their weight

gain stabilized at 3.47 %.

In the case of the immersion in Type III jet fuel, the Sealant A samples (Figure 6.24b)

showed the same kind of behaviour as was presented in Figure 6.16. Small deviations

in the equilibrium level and the calculated diffusion coefficient (see Table 6.3) are

within the experimental error. After a period of 1440 hours, the samples saturated with

fuel and they were placed in the water tank, and as it can be seen from Figure 6.24b,

there was no significant change in the weight gain data recorded. Apart from a small

region at the beginning of the process where the weight of the samples showed a small

increase followed by a small decrease, the weight gain does not show any significant

deviation from the equilibrium level achieved during the immersion in fuel.

6.5.7 COmbinedwater and fuel absorptionof SeII.nt B

The results for the Sealant B are presented in Figure 6.2Sa and Figure 6.2Sb. When

immersed in water at 25 °C the Sealant B samples showed a fairly linear increase in

weight up to the point where they have been removed from the water tank. The weight

gain at that point was 18.22 %. During immersion in Type III jet fuel that followed the

water immersion, they experienced a small increase in weight at the beginning of the

process followed by a progressive loss in weight (Figure 6.2Sa), and they reached a
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value of 3.77 % after 1200 hours. This indicates that while being in the fuel tank, the

samples lost nearly all the moisture that was picked up during immersion in water.
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Figure 6.25 Plot of the weight gain as a function of tl/2, for Sealant B (a) immersed in

water at 25 "C and then in Type III jet fuel at 25°C, and (b) immersed in Type III jet

fuel at 25 °C and then inwater at 25°C.
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As for the Sealant A samples, the behaviour of this particular set of Sealant B specimens

immersed in Type III jet fuel was the same as was presented in Figure 6.19. Again,

deviations in the diffusion coefficient and the equilibrium level are within

experimental error. After a period of 1440 hours, the samples saturated with fuel were

placed in the water tank and, as can be seen from Figure 6.25b, there was a significant

change in the weight gain data recorded. Following a small transition region, the

weight gain increased almost linearly. However, the rate of the weight increase was

lower compared to the results obtained for the same material immersed directly in

water (see Figure 6.25a).

6.5.8 summary of absorption and desorption tests

Summarizing the synthetic jet fuel immersion and uptake tests, it can be seen that for

both sealants an early maximum was observed in the weight gain followed by a

decrease until equilibrium was reached. The level at equilibrium was higher for the

epoxy-cured polythioether sealant (Sealant A) than for the manganese dioxide-cured

polysulphide sealant (Sealant B). This kind of behaviour indicates extensive leaching of

constituents. The level at equilibrium for Sealant B (1.16%) was much lower than 7 %, a

value obtained by Usmani et al. (1981) who immersed a manganese dioxide-cured

polysulphide sealant in jet reference fuel at 60 cc. However, it fits quite well with the

observations made by Comyn et al. (1997), where they noticed an early maximum in

the weight gain curve and then a decrease in weight, until equilibrium was reached at

a level of about 1.1%, for a chromate-cured polysul£ide sealant in aviation fuel.

Although, Fick's law could not predict this early maximum in the weight gain curve, it

was successfully applied to estimate the diffusion coefficient. As mentioned above, D

was found to be 23.3x1Q-12m2/s for Sealant A, and 127.9x1D-12 m2/s for Sealant B. In the

literature, Gick (1988) reported a value of O.9x1Q-12m2/s for immersion of a calcium

dichromate-cured polysulphide sealant in aviation fuel at 25 °C while, more recently,

Comyn et al. (1997) immersed a chromate-cured polysulfide sealant, and a silicone

sealant in aviation fuel and found D at 25°C to be 1.39x1D-12 m2/s, and 13x1D-12 m2/s,

respectively. In another publication, Comyn et al. (2000) found that the diffusion

coefficient for a butadiene-acrylonitrile-epoxide sealant immersed in aviation fuel at

25 0C was 1.5x1D-12 m2/s. Finally, in one of the early publications Southern & Thomas

(1967) estimated the diffusion coefficient of toluene in natural rubber to be 85x1Q-12
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m2/s. Direct comparison of the findings in the present work and the literature values is

of course not possible, since both the materials' chemistry and the nature of the

diffusant is different. However, the order of magnitude of D found here agrees very

well with the values found in the literature.
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Figure 6.26 Plot of the diffusion coefficient with the inverse of temperature for Sealant

A immersed in distilled water.

The water immersion tests on Sealant A revealed that this material absorbs small

amounts of water (-6 %) and the diffusion process follows Fick's law. The diffusion

coefficient, calculated from Equation 6.3, was assumed to have an Arrhenius type

dependence on temperature:

D (-E./RT)D= oe Equation 6.S

where, Ea is the activation energy, R is the universal gas constant, and T the absolute

temperature. The variation of D with respect to the inverse of temperature is given in

Figure 6.26 for Sealant A in distilled water. The activation energy evaluated from this
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plot was found to be nearly the same for both the absorption and desorption stages. It

can also be seen clearly that, during desorption, the diffusion coefficient is slightly

higher compared with absorption.

When immersed in water at 50 DC, Sealant B demonstrated an anomalous behaviour,

which was also reported by Usmani et al. (1981) for a similar material. It is believed that

this abnormal behaviour can be attributed to the formation of water droplets in the

bulk of the material. The existence of such droplets of water was verified by DSC tests.

A short description of the technique as used in this work is present in Appendix A-3.

The results obtained both before and after water immersion are presented in Figure

6.27. It can be seen that the DSC plot (Figure 6.27) of the water-immersed samples

demonstrates a very clear melting peak at 1.4 DC which matches with the melting peak

of the pure distilled water (1.8 DC), which is also plotted in the graph. This means that

at least part of the water absorbed by Sealant B forms as ice during the cooling stage,

which then melts during warming. That can also justify the formation of water droplets

in Sealant B.
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Figure 6.27 Plot of the heat flow with respect to the temperature for Sealant B: (_) dry

and (-) after water immersion. (For comparison reasons the heat flow of the pure distilled
water (-1 is also plotted).
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On the other hand, no such effect was observed when DSC runs were performed for

Sealant A samples both before and after water immersion (Figure 6.28). The only

transition monitored was the glass transition temperature. This indicates that the water

diffuses into the bulk material and does not form droplets.
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Figure 6.28 Plot of the heat flow with respect to the temperature for Sealant A: (_) dry

and (-) after water immersion. (For comparison reasons the heat flow of the pure distilled

water (-j is also plotted).

The water uptake process of a chromate-cured polysulphide sealant was also

attributed to the formation of droplets, possible slow hydrolysis and/ or build up of

water at the sealant-filler interface, by Comyn et al. (1997). The weight gain curve was

found to have a sigmoid shape, as also reported by Gick (1988) for manganese dioxide-

cured as well as calcium dichromate-cured sealants. In that Gick's work, the larger

water uptake by the latter was credited to the higher solubility of calcium dichromate

in water. It was also pointed that if totally organic curing agents were used then the

water uptake was the lowest. Apart from the high water uptake, it was also noticed

that there was a Significant volumetric swell of the samples (- 69%). Comparable

values were obtained from Hanhela et al. (1986), who studied the volume swell of
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manganese dioxide-cured polysulphide sealants after water immersion and found that

the volume swell was in the range of 40% to 60%after 840 hours of immersion in water

at 50°C. In another work (Hanhela et al. (1986b)),the inferiority of manganese dioxide-

cured sealants against dichromate-cured sealants to resist swelling due to autoxidation

processes that take place in the bulk of the material when immersed in hot water was

demonstrated.

Figure 6.29 ESEM micrographs of the cross sectional area of Sealant B samples (a)

before water immersion (x500)and (b) after water immersion (x500).
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It was presented in § 6.5.2 that the surface characteristics of the Sealant B samples

appeared to change after immersion in water. That can be possibly attributed to

leaching of material constituents, such as fillers, or even to some hydrolysis. What

about the volume of material? Is it affected by the water immersion? ESEM

(Environmental Scanning Electron Microscopy) micrographs presented in Figure 6.29

show that the morphology of Sealant Bis affected significantly by the water immersion.

What appears to be a homogeneous material, before the water immersion (Figure

6.29a), seems to be a spongy structure, after long term exposure in water (Figure 6.29b).

This, of course, could be strongly related with leaching of material constituents during

the immersion process. As already reported there was significant leaching of some

sealant constituents during the immersion in water/fuel. In the present work, the FTIR

technique was employed in order to establish the leaching of sealant constituents

during the water/fuel immersion. A short description of the technique as used in this

work is presented in Appendix A-4. Unfortunately, the results from the FTIR analysis,

as presented in Figure 6.30, could not enlighten the investigation, since the spectra for

the water taken from the immersion tanks were identical to the pure distilled water

spectrum. The same was found from the synthetic fuel analysis. A possible explanation

could be that both water and fuel have very strong spectra that overlay any small

contribution of the leaching constituents. An alternative method to be used could be

mass spectroscopy, but this was beyond the scope of this investigation. Besides, the

slight or even strong for some cases, decolourization of the immersion liquids as well

as the weight gain measurements offer an adequate proof of the leaching of material

constituents that occurred during the immersion process.
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Finally, a calculation of the diffusion coefficientwas made just for comparison reasons

with values in the literature, since Equation 6.3 can not be applied strictly. The values

found were at the order of 10-14 m2js, which compares well to values reported

elsewhere (Lowe et al. (1994), Comyn et al. (1997». The diffusion coefficient during

desorption was found to be much higher (of the order 10-12m2js) which also agrees

with the general theory by Daynes (1937) that the time required for the loss of a given

amount of water from saturated rubber should be very much less than that required

for the absorption of the same amount by dry rubber.

6.6 RESULTS AND DISCUSSION ON GLASS TRANSmON TEMPERATURE TESTS

6.6.1 Glasstransition temperature of Sell/ant A components

Since both the base and the curing agent of Sealant A are polymeric, they ought to have

their own glass transition temperature. Evaluation of these Tgs was necessary to

interpret the results of the final cured sealant product. For the estimation of the Tgof

the uncured Sealant A base and curing agent, the procedure described previously for

liquid polymers was followed. In Figure 6.31, the variation of damping with respect to

temperature is plotted for both the uncured base and the curing agent.

The damping of the uncured Sealant A base material shows a clear and sharp peak,

which indicates a glass transition temperature of -62.2 "C. There is also another very

wide peak at a lower temperature (-105.3 Qq. This could either be a secondary ~

transition of the polymeric material or it could be due to the melting of residual

monomer in the polymer. The polymer was produced by the reaction of a dithiol with

a divinyl-ether (Clark & Cosman (2003» and it could be expected that the monomers

will not be 100% reacted. Residual monomer will have a melting point, which could

give rise to an apparent transition in the polymer. The melting point, for example, of

ethenyloxyethene (CJi60) is -101 °C (Sydney (1966».

The curing agent contains liquid epoxy resins that will have transition temperatures

below room temperature. Clark & Cosman (2003) reported that Bisphenol A and

Bisphenol F are, for example, suitable to cure polythioether sealants, such as

Permapol® P3.1. Two peaks appear in the damping curve at temperatures below zero,
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the first at -15°C and the second at -29. ° . hi in

contains, at least two different epoxy r sin wi th

Moreover, the peak at -29.8 °C is possibly th f3-r 1
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6.6.2 Glass transition temperature of dry Sealant A
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the warming up and cooling down stages, are given. It can be seen that there was no

significant difference between the values obtained from the different stages, although

the rate of the rate of temperature change was considerably different. There was also a

difference of approximately 2 QCbetween the values obtained from the frequency

curve and those obtained from the damping. This is purely a result of the Tg definition

in the two curves.

The dynamic behaviour of the two specimens plotted in Figure 6.32 and Figure 6.33

followed the same trend. The cured Sealant A shows, apart from the main glass

transition temperature, another, ~transition, at -106.7 QC(±1.1 QC),which is clearly

observable on the damping curve. This ~transition is in the same temperature region

where the ~transition of the uncured base material occurs. The explanation of this

observation could be that, at very low temperatures, the cured sealant material exhibits

another transition due to the mobility of side molecular groups of the main backbone

chain or that this is the melting of residual monomer as described above. In addition,

no evidence was found of unreacted curing agent, since there were no peaks appearing

in the temperature range from -40 QCto -20 QC.
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Figure 6.32 Variation of the resonance frequency with respect to the temperature for

Sealant A prior to water or fuel immersion.
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Figure 6.33 Variation of the damping with respect to the temperature for Sealant A

prior to water or fuel immersion.

There are some deviations between the two specimens, possibly due to differences in

the geometrical and mass characteristics as well as the degree of cure. For example, the

peak of the damping curve for specimen ABTG4 is higher than that of specimen

ABTG1 (Figure 6.33) and the glass transition temperature too. Since both specimens

were tested soon after the end of the curing process, this difference could be attributed

to slight variation in the degree of cure.

6.6.3 Glass transition temperature of Sealant A after water absorption and

desorption

The glass transition temperature was also evaluated after immersion in distilled water

at 50°C as well as after drying the immersed specimens and driving out any gained

moisture. In Figure 6.34, the resonance frequency has been plotted over a wide range of

temperatures for specimen ABTG1 after 1014 hours in distilled water at 50°C. The

percentage weight gain for this specimen was 4.19 % (see Table 6.4). The measured
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resonance frequency varies slightly compared with that of the specimen prior to water

immersion. In fact, the resonance frequency was found to be slightly lower at room

temperature, which is probably due to the mass increase of the system. It was also

found to be higher at very low temperatures, which can be due to the combination of

volume swell of the sealant layer and, consequently, an increase in thickness, as well as

a small increase in modulus. The glass transition temperature does not seem to change

significantly with the presence of moisture, since it was measured close to that

obtained for dry samples ( -55.3 °C±l °C - see Table 6.5).
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Figure 6.34 Variation of resonance frequency with respect to the temperature for

Sealant A after immersion in distilled water at 50°C.

In addition, it is very interesting to note the overall behaviour of the material over this

wide range of temperatures. Apart from the main a-transition, there were some other

transition-like anomalies observed. The first one was in the temperature range -700C

to -60 "C, while the other one was in the range from -25 °C to -5°C. It is not very clear

what they represent, especially if it is considered that they disappear after the drying

process. However, it should be noted that these anomalies appear in the same
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temperature ranges where the uncured base and curing agent have their own

transitions. Therefore, some unreacted base and/ or curing agent might be mobilized

by the presence of water.

The Tg of specimen ABTG1 evaluated from the damping curve, as shown in Figure

6.35, was also very close to the average value of the dry specimens. There is also a

damping variation in the temperature range from -25°C to -5°C in addition to a small

peak at -92.0 "C. The damping value at Tg increased after water immersion and the area

under the damping curve found to be 66 % higher. Another interesting observation is

that the peak at very low temperatures seemed to flatten for the wet specimen (red line

inFigure 6.35).
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Figure 6.35 Variation of the damping with respect to the temperature for Sealant A

after immersion in distilled water at 50°C.

After drying the specimens and re-evaluating Tg, it was found that from the damping

curve, itwas equal to -51.7 °C ± 0.4 QC,while from the resonance curve it was -54.9 0C±
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0.6 °C (Table 6.7). Hence, no significant difference can be observed between the dry

and the saturated and dried specimens.

6.6.4 Glass transition temperature of Sealant A after fuel absorption and
desorption

Unlike the samples immersed in water, those that were immersed in fuel have shown a

significant change in their glass transition temperature. In Figure 6.36, the resonance

frequency for the ABTG4 specimen after fuel immersion is plotted with respect to the

temperature. The TgJ listed in Table 6.6, was found to be -65.2 °C ± 0.3 °C, which

corresponds to a drop of 10°C, compared with the average value of the dry specimens.

A noticeable shoulder can also be seen in the resonance curve in the temperature range

from -25°C to _5°C.
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Figure 6.36 Variation of resonance frequency with respect to the temperature for

Sealant A after immersion in Type III jet fuel at 25 "C.
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The same temperature drop was also measured from the damping curve values (T
g
=_

62.5 °C ± 0.5 0C), as illustrated in Figure 6.37. Additionally, a shoulder appears in the

same temperature range as in the resonance curve and the low temperature f3-
transition peak shifts to a lower temperature by approximately the same amount as the

a-transition. The specimens saturated with fuel show a higher damping value at Tg

and a 38 % increase in the total area under the damping curve.

After drying these specimens in air at 25°C for nearly 500 hours, the glass transition

temperature values returned close to the values of the initial dry specimens before any

water or fuel immersion (Table 6.7).
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Figure 6.37 Variation of the damping with respect to the temperature for Sealant A

after immersion in Type III jet fuel at 25°C.

6 5 Glass transition temperature of dry Sealant B6..

Following the same procedure as with Sealant A, the uncured base of Sealant B was

tested to evaluate its glass transition temperature. The curing agent of this sealant is
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inorganic (manganese dioxide - Mn02), so it should not experience any transition.

Since the base of Sealant B mainly contains polysulphide polymer with moderate

molecular weight and additives, such as fillers, it worth looking at the Tg of liquid

polysulphide polymers (LpTM)with various molecular weights and to compare them

with the Tg of the uncured base. The results are presented in Figure 6.38. The glass

transition temperature was found to increase initially with the molecular weight of the

LPsTMuntil it reaches a plateau. There was no significant difference between LPsTM

with molecular weights of 4000 and BODO. The uncured base material has shown an a-

transition in between the Tg of the lower molecular weight LPTMand that with the high

molecular weight. This seems reasonable as the base contains a blend of liquid

polysulphide polymer grades, which will be fully compatible and therefore produce an

average value for Tg in the same range as the Tg of the finally cured product, as

calculated from the damping curve. This is given in Figure 6.38 for comparison.

M =8000
ID

uo

Figure 6.38 Comparison of the glass transition temperature between the various LP

polymers, the Sealant Buncured base material, and the cured product.

In Figure 6.39, the resonance and damping curves of two specimens of Sealant B, prior

to any kind of immersion were plotted. The glass transition temperature resulting from

the resonance curve was -4B.4 "C ± 1.2 "C, and from the damping curves -44.9 QC± 1
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"C. There were no other peaks or shoulders found in the temperature range for which

the test was done. A slight variation between the two specimens was observed, but this

can be explained in terms of a possible different degree of cure. Thus, a comparison

between the two specimens, in terms of absolute frequency or damping values cannot

be done. The only comparison that could satisfactorily be achieved is for the same

specimen before and after immersion.
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Figure 6.39 Variation of the damping and resonance frequency with respect to the

temperature for Sealant B prior to water or fuel immersion.

6.6.6 Glass transition temperature of Sealant B after water absorption and

desorption

After approximately 1200 hours of immersion in distilled water at 50°C, specimen

ABTG9 (from Figure 6.39) was tested to evaluate the glass transition temperature. The

weight gain of the specimen was measured as 48.96 %. Both the monitored resonance

frequency and damping are plotted in Figure 6.40 with respect to the temperature. The

change in Tg was significant and in fact from the resonance curve it was found to be _

39.9 qc, an 8.5 °C increase, while from the damping curve it was found to be -37.9 0C,

291



6: Exposure of Sealants to Water and Jet Fuel

which corresponds to a 7 "C increase. Exactly the same trend was found for a specimen

having a lower weight gain after immersion. This observation is against the free

volume theory, which predicts a glass transition temperature reduction once the

polymeric material is saturated with water. The overall damping of the specimen

increased nearly two times with the area under the damping curve to increasing by 115

%.

Another very interesting finding was that the damping of the specimen showed a very

rapid change in the vicinity of 0 cc. This observation was made for all the specimens

tested during the warming up stage. Although the variation of damping was

monitored during the cooling stage, it was very difficult to identify any other

transitions apart from the main ones, since the cooling rate was very fast and the data

capturing relatively slow.
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Figure 6.40 Variation of the damping and resonance frequency with respect to the

temperature for the Sealant B after immersion in distilled water at 50 cc.

The resonance frequency at room temperature of the beam specimen decreased with

respect to the frequency of the same beam before the water immersion. Because the
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sealant material absorbs water, three things happen. First, the mass of the beam

increases; second, the thickness of the sealant layer increases; and third, the stiffness of

the sealant layer decreases. These changes can lead to the decrease of the resonance

frequency. At very low temperatures, it was found that the resonance frequency

increases significantly in comparison to the same specimen before the water

immersion. More precisely, the resonance frequency at -120°C was found to be 245.92

Hz compared to 237.02Hz before the immersion. Such a big change indicates that the

stiffness of the material at this specific temperature increased significantly.

Both the anomalous behaviour of the damping of the system around 0 °C and the

much higher effective stiffness of the wet samples at very low temperatures, point

towards the existence of water droplets in the bulk of the sealant that form as ice

during cooling. This was already predicted by DSC tests as shown in §6.5.8.Therefore,

the water droplet formation can be identified from measurements of the damping in

saturated with water samples.

After removing nearly all the water adsorbed, by drying the specimens, the T 15

decreased to the values of the specimens before any kind of immersion. All these

values are presented in Table 6.7.

6.6.7 Glasstransition temperature of Sell/lint B after fuel absorptionand
desorption

The effect of fuel immersion seems to be the opposite to water for this sealant. Figure

6.41 shows the variation in frequency and damping of a specimen that had been

immersed in fuel for approximately 650 hours. Tg was depressed by 10.5 °C as

measured from both damping and frequency. The resonance frequency did not change

significantly, while the damping peak value increased as well as the area under this

curve by 28 %. No anomalous behaviour was observed, and this encourages the idea

that the water itself was responsible for the previously cited behaviour just below 0 "C.

The drying process seems to have the same effect as for all the other cases and drives

the Tg back towards the value of the unconditioned materials (Table 6.7). In other

words, the shift of the glass transition temperature due to the presence of fuel appears

to be a reversible process.
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Figure 6.41 Variation of the damping and resonance frequency with respect to the

temperature for Sealant Bafter immersion in Type III jet fuel at 25°C.

6.6.8 Summary of Tg tests

All data for both sealants, various specimens, time they were left into the water or fuel,

weight gained and the glass transition temperature values evaluated from both cooling

and warming stages before as well as after immersion and drying, are summarised in

Table 6.4 to Table 6.7. However, it is very useful to plot these results for each material

with respect to the weight gain, so as to have a better idea of what was the actual effect

of each ageing process. Thus, in Figure 6.42 and Figure 6.43, the glass transition

temperature evaluated from the damping curve for Sealant A and Sealant B,

respectively, are plotted as a function of weight gain for all the ageing procedures.

Since the Tg values obtained from the frequency have shown the same trend, it was

thought unnecessary to plot them too. The legend of the graphs explains which letter

corresponds to which procedure and the different colours of the points stand for values

found from the cooling and warming stages.
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Figure 6.42 Plot of the glass transition temperature calculated from the damping vs.

the weight gain, for Sealant A prior to and after water and fuel immersion.

First of all, examining Figure 6.42, it should be noted that there were no significant

differences in the values measured from cooling or warming stages. The most

important fact, is that it can clearly seen that there was no effect on the glass transition

temperature of Sealant A after exposing the specimens in distilled water, while there

was a significant effect when they were immersed in fuel. In any case, the fuel

immersion seems to force the Tg to much lower values, which is very encouraging from

the aircraft manufacturers' point of view, since in this way it increases the temperature

range that the sealant can operate while retaining its elastomeric properties. Another

important finding is that the reduction of the glass transition temperature appears to be

a reversible process, since it was found that, after drying the specimens and

consequently driving any fuel out, the Tg values were shifted close to the values of the

initially dry specimens. This would suggest that the reduction in glass transition

temperature is due to plasticization of the sealant by the fuel. This type of behaviour

could be explained by the free volume theory.
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The jJ-transition observed at very low temperatures for Sealant A was also affected by

the fuel immersion. Initially it was found to be -l06.7±1.3 °C while, after fuel

immersion, it was shifted to -112.6±O.2 QC; after drying these specimens, it shifted

almost back to its original value (-10S.3±O.8 "C).

Like Sealant A, the values obtained for Ig were plotted against the weight gain of the

specimens for Sealant B (Figure 6.43). It can be seen that there is a clear increase in the

glass transition temperature with increasing weight gain when immersed in distilled

water, and a clear decrease when immersed in fuel. As for Sealant A the glass transition

temperature shifts back to the initial value when the water or fuel are removed from

the specimen by drying.
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figure 6.43 Plot of the glass transition temperature calculated from the damping vs.

the weight gain, for Sealant B prior to and after water or fuel immersion.

The lowering of Ig after fuel immersion indicates plasticization of the material due to

the presence of the fuel. However, the change of Ig for the water immersed samples

appears to be more complex and indicates possible anti-plasticization effects. The fact

that, after desorption, Ig shifts back to the value obtained for the dry specimens implies

that the anti-plasticization effect is purely due to the presence of water. Thus, a
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possible explanation of the observed behaviour could be that since the water forms

droplets, which form ice particles in the bulk of the material when the temperature is

decreased below the freezing point of water, these are likely to act as fillers that cause

Tg to increase. The argument for such an increase is that the existence of fillers

decreases the effective free volume and, additionally, causes a restriction of the

molecular motion. Payne & Whittaker (1971) noted that the addition of fine particulate

fillers to amorphous rubbers increased their modulus, which is the case at very low

temperatures in our tests as can be seen from Figure 6.40.

Petrovic et al. (2000) incorporated micro-silica and nano-silica particles to a single

phase polyurethane elastomer and found that the Tg obtained from DSC did not

display a strong dependence on the filler content, but DMTA measurements on the

same materials indicated a 10 QCincrease (-49 QCto -39 QC)for both materials. They

credited the change to chemical and physical interactions between the filler and the

polyurethane. Thus, it is possible that the presence of fillers can cause an increase in the

r;

The action of water as an anti-plasticizer was not confirmed by Gick (1988) who

investigated the effect of the water absorption by a polysulphide sealant, cured using

calcium dichromate (CaCr2Ch), on the glass transition temperature. The DSC tests

performed during that research on samples with a 120% by weight water gain gave no

detectable shift of Tg• The explanation given was that no shift occurs perhaps because

Tg is too far below the freezing point of water. However, two years earlier, Hinkley &

Holmes (1986) immersed three different poly-chloroprene rubber compounds in salt

and fresh water, and attempted to see whether plasticization was occurring using DSC

measurements. In every case, the samples which had been soaked showed glass

transition temperatures 3 to 5 °C higher than the corresponding dry material. They

hypothesized that the water or salt solution extracted certain compounding ingredients

or by-products, resulting in this increase. However, they did not test their samples

after drying to examine whether this increase in the glass transition temperature was

reversible or not, which is the case in the tests presented here, so their considerations

can not explain the observed increase in Tg• A similar explanation, where the leached

compounds may act as plasticizers in the dry specimens, was recently given by

Boinard et al. (2000) for the clear anti-plasticization effect observed on glass fibre
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6: Exposure of Sealants to Water and Jet Fuel

reinforced composite-polyester and vinyl ester laminates after immersion in distilled

water at 30 °C and at 60 0c.

The explanation given here for the anti-plasticization effect of water, as found from the

immersion of Sealant B, is based on physical considerations. It should also be noted that

the water is a very polar solvent, and so is the backbone of the polysulphide sealant,

because of the existence of oxygen (0). Therefore, an additional term that causes anti-

plasticization could be the polar forces between the water and the backbone that

restrict the molecular motion.

Finally, an attempt to examine whether the changes in the glass transition temperature

can be predicted was made, by using Fox's (Fox (1956)) and Gordon-Taylor's (Gordon

& Taylor (1952)) laws.

(Fox) Equation 6.9

(Gordon-Taylor) Equation 6.10

Here T gp and Tgw! are the glass transitions temperatures of polymer and water or fuel

and wp and ww! are the weight fractions of the polymer and water or fuel in the

mixture. It should be noted that both equations, which are primarily introduced to

predict the glass transition temperature shift in polymer blends, assume that the free

volumes of the components are additive. In Equation 6.10, the constant k is usually

treated as a fitting parameter; otherwise Gordon-Taylor's equation does not fit with

the experimental values, as suggested by Di Marzio (1990). However, in one of his

papers, Schneider (1988) suggested that for polymer blends the constant k can take the

form:

Equation 6.11
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where, Pt and P2 are the densities and ~llt and ~1l2 are the differences between the

expansion coefficients of the melt and the glass at TSI of the two components. In the

present work, the constant k was treated as a fitting parameter.

For the use of the above equations both the glass transition temperature of the water

and the fuel are needed. The glass transition temperature of water is often given as -135

0C (Brewis et al. (1980». However, more recent studies (Giovambattista (2004),

Yuanzheng (2004» point to a value of -108°C, and this value was used in the present

work. An estimate of the glass transition temperature of the fuel was made based on

the work of Morineau et al. (1999), who gave a value for the Tgof toluene -157.7 °C, and

Koleske et al. (1979), who found that the Tg of Iso-octane was -162°C. Taken into

account the density of toluene (0.873 g/ml) and Iso-octane (0.698 g/mI), the weight

fractions in one litre of synthetic fuel can be worked out, and based on the basic rule of

additivity (Fox's law) the Tgof the mixture can be calculated to be -159.2 CC.

Itwas known in advance that Fox's law would not be able to predict the increase in Tg

found for Sealant B when immersed in water, since it is based on additivity. The

calculated values (Table 6.8 and Table 6.9) reinforce the above. The prediction of the

depression of Tg with the presence of fuel was also poor for both materials. On the

other hand Gordon-Taylor's equation predicted very well the experimental data,

because the parameter k was treated as fitting parameter. However, the values

obtained for k do not have any physical meaning, and they are well away from the

suggested values of unity. This means that the prediction of the glass transition

temperature in the case that anti-plasticization of the polymers occurs is very difficult.

Even for cases where the polymer is plasticized by the presence of a solvent (synthetic

fuel) the prediction is extremely difficult since it requires the knowledge of a accurate

value for the glass transition temperature of the solvent.
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6: Exposure of Sealants to Water and Jet Fuel

Table 6.8 Experimental and predicted values of the glass transition temperature of

Sealant A after water and fuel immersion.

Weight fraction Experimental
Dry

Experimental
Wet

Prediction
FoxEqn.

Fit
Gordon-Taylor Eqn.

water

0.040 -52.7±1
-52.4±0.6 -53.8

fuel

0.053 -62.0±0.B -54.6 .

-52.4 (k=-O.11)

-61.9 (k=1.69)

Table 6.9 Experimental and predicted values of the glass transition temperature of

Sealant B after water and fuel immersion.

Weight fraction
Experimental Experimental Prediction Fit
Dry Wet FoxEqn. Gordon-Taylor Eqn.

water

0.218 -40.5±0.3 -51.2 -40.8 (k=-0.21)

0.329 -44.7±1 -37.6±O.3 -55.3 -37.4 (k=-0.21)

fuel

0.018 -55.1±O.2 -45.3 -55.0 (k=5.23)

307



7: Concluding Discussion and Further Work

7 CONCLUDING DISCUSSION AND FURTHER WORK

7.1 CONCLUDING DISCUSSION

7.1.1 Mechanicalbehaviourand modellingof fuel tank sealants

Both fuel tank sealants examined in this work were found to exhibit large deformations

prior to failure, when tested in simple tension. The stress-strain behaviour of the

sealants was found to be non-linear and slightly affected by the applied strain rate.

Sealant A demonstrated slightly higher tensile strength compared to Sealant B, when

the engineering values were considered, but it failed at significantly lower strains. As a

result, the calculated true tensile strength, defined as the maximum sustained load

di vided by the actual cross sectional area, was found to be higher for Sealan t B than for

Sealant A. Therefore, it is recommended that the true tensile stress-strain curve should

be used to evaluate the strength of these materials since engineering values could lead

to misleading conclusions.

In Chapter 2, it was verified, through Poisson's ratio measurements, that the

deformation of the sealants in tension was incompressible. Itwas found experimentally

that poisson's ratio, as calculated from the engineering longitudinal and transverse

strains, was equal to 0.5 for very small strains « 10%) and it then decreased with

increasing applied strain. But when Poisson's ratio was calculated from the logarithmic

(true) strains, it was found to be nearly constant and equal to 0.5 with respect to the

applied strain. That is in good agreement with the incompressibility conditions, which

predict that Poisson's ratio is 0.5 when calculated from the logarithmic strains, and

varies with respect to the engineering strain when calculated from the engineering

strains.
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Both sealants were also found to exhibit significant hysteresis energy losses during

deformation. That was verified through tensile loading-unloading tests at various

strain rates. The hysteresis energy losses were slightly higher for the polysulphide

sealant (Sealant B) than for the epoxy-cured polythioether sealant (Sealant A). For both

materials, the hysteresis energy losses were found to be initially affected by the applied

strain rate for values up to 1 min-I and, to reach a plateau after this value.

Mode I fracture (tear) tests were also performed using a cracked planar tension (pure

shear) test piece in order to evaluate the tear energy of the sealants. Sealant A was

found to have smaller tear strength than Sealant B.

In addition to the bulk tension tests, several tests were performed using a butt joint

configuration to assess the shear properties and behaviour of the sealants. Once more,

both sealants were found to exhibit high shear strains prior to failure, and their

behaviour was not significantly affected by the strain rate applied, for the range tested

here. The correlation between the initial shear modulus calculated from the butt torsion

tests and that predicted from the bulk tension tests was not very good. This poor

correlation was attributed to the different manufacturing technique of the specimens

used for these tests, which, in the case of the butt joints, gives specimens with much

more imperfections than for the bulk tensile specimens.

It was demonstrated that the cure of both sealants can be successfully monitored using

a previously developed dynamic torsion pendulum technique (ADAMS- YU

technique). The cure monitoring was achieved by measuring the initial shear modulus

of the sealants during the various stages of the curing process. The initial shear

modulus vs. time of cure curves can be easily obtained by using this technique, and

they can yield very useful information for the state of the sealants in terms of stiffness,

just after mixing and until they are essentially fully cured. The information that these

curves provide could be used in the application stage of the sealants in the fuel tank, in

order to determine the time that parts could be moved around in an industrial

environment without causing damage to the applied sealants.

The behaviour of the fuel tank sealants in a single lap joint configuration was also

investigated thoroughly by testing different types of adherend (aluminium and mild

steel unpainted or alternatively painted with an epoxy primer) and various glue line
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thicknesses (Chapter 3). It can be concluded that there was no significant difference

found in the failure load between painted and unpainted adherends. The small

deviations in the results can be attributed to differences between the batches of the

materials used. This indicates that there is no major effect of the presence of the paint

on the performance of the sealant joints, at least for these two particular sealants. It was

also found that the failure load of the sealant single lap joints decreased linearly with

increasing glue line thickness. Comparisons between aluminium and mild steel joints

with the same glue line thickness revealed, that the bending moment at the edge of the

overlap was not the dominant factor determining the failure of the joints. It was

postulated that the high normal stresses along the shearing directions and the

significant transverse straining of the sealant layer at the overlap edges, which

appeared to increase with an increase in glue line thickness, determine the failure load

of the joints.

Nowadays, there is an increasing use of simulation techniques, such as finite element

analysis, in order to predict the behaviour of materials under various complex loading

and environmental conditions. The use of these techniques helps to minimize the

laboratory tests, which usually involve high cost, prior to the implementation of a final

design. However, special care should be taken when interpreting the results of any

kind of simulations since these are strongly affected by the quality of the input data in

the modelling procedure. In Chapter 5, it was shown that the elastic behaviour of the

fuel tank sealants can be successfully described and modelled using a strain energy

function (1st order Ogden strain energy function). That enabled the investigation of the

behaviour of the sealants in a butt as well as in a single lap joint configuration, to be

analyzed using the finite element analysis technique. The hysteresis of the materials, as

found experimentally, was not modelled in the present work. The accuracy of the

models built here was tested by comparing the output results, under certain

conditions, with analytical solutions available in the literature. The correlation of the

finite element predictions and the analytical solutions was very good and it was,

therefore, postulated that the FE models provide an adequate description of the

behaviour of the sealants.

It was shown (see Chapter 5) that the butt sealant joints in torsion can be accurately

modelled, using finite element analysis, as long as the correct boundary conditions are

applied to the model. It was found that even a small movement « 0.5 mm) along the
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direction of the butt joint, which can be imposed by inadequate gripping in the testing

machine, could result in significant necking of the sealant cross section. Using

appropriate boundary conditions that can describe this situation, the observed necking

of the sealant and the torque-angular displacement curves were predicted.

The investigation of the single lap joint configurations using finite element models

revealed that the bending moment factor approach for the calculation of the bending

moment at the edges of the overlap, yields overestimated values for the materials

tested here. That was attributed to the significant deformation of the overlap region

during testing and the elastomeric properties of the sealants, which are not taken into

account in the bending moment factor calculations. The bending moment factor works

well for structural adhesives but not for materials deforming as much as the

elastomeric sealants considered here. It is therefore recommended that special care

should be taken in using some of the theories derived from the investigation of

structural adhesive joints when it comes in interpreting the results of sealant joints.

7.1.2 Peel tests on fuel tank sealants

The peel test used to measure fuel tank sealant adhesion to rigid substrates was

comprehensively reviewed in Chapter 4. Factors that may have introduced

unreliability in the testing procedure were identified and proposals for improvements

were made. Thus, the knife cut usually made by the testing machine operator, during

the test, in order to reinitiate the propagating crack back at the sealant-substrate

interface (when the crack had advanced inside the sealant layer) was replaced with

artificial defects. These defects, made using PTFE tape, are effectively areas where no

bond exists between the sealant layer and the rigid substrate. It was shown that these

defects can act as precise knife cuts, when positioned along the length of the rigid

panel, and, drive the propagating crack back to the sealant-substrate interface.

Moreover, improvements in the geometry of the peel specimens were proposed in

order to allow for more reliable geometric characteristics and for the specimens to be

clamped in such a way in the testing machine that no bending would be induced in the

rigid panel. These modifications resulted in an increase in the reproducibility and

reliability of the peel test, since it was found that the coefficient of variation of the

mean peel resistance, as evaluated by the tests performed in this investigation, never

exceeded ±10%. According to ASTM C794, peel tests conducted on one sealant sample
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with a specified substrate by a single operator in a single laboratory may yield a range

of values that vary by ±10to ±20 % from the mean value. Therefore, the modifications

proposed here for the peel specimen geometry and manufacturing are recommended as

a way of improving its reliability.

The modified peel specimen geometry was then used to quantify the effect of several

parameters involved in the peel test aiming to understand the mechanics and

mechanisms of failure. It was found that in the case that the failure is cohesive well

inside the sealant layer, there is no significant difference in the peel resistance between

unpainted and painted (using epoxy primers) aluminium panels. Some small

differences found can be attributed to batch variations of the materials tested. Even

peel tests using painted panels with paint thickness 10 times larger than usual (-200

pm instead of -20 J.IID) did not reveal any differences in either the failure mode/locus

or the measured peel resistance. It can then be concluded that the there is no effect of

the paint on the measured peel resistance when the failure is located well inside the

sealant layer. It is also recommended that peel tests, using painted as well as unpainted

aluminium panels, are better conducted using sealant from the same batch, in order to

reduce the possibilities of measuring different peel resistances simply as a result of the

material property batch variations.

Probably the most important parameters involved in the peel test are the peeling angle

and the sealant layer thickness. Aerospace specifications propose the use of a 3±O.Smm

thick sealant layer peeled at 180°.The same is proposed by the ASTMC794 standard.

In practice, the peel test is usually performed using a sealant layer of 3 mm thickness

(nominally). The acceptance criteria are 100 % cohesive failure inside the sealant, and a

peel resistance of 4 N/mm width. In the present investigation, a complete study of the

effect of the peeling angle and the sealant layer thickness was performed. For failure

taking place inside the sealant layer, which was the fact for all the different cases

examined, it can be concluded that the peel resistance or alternatively the peel energy

is strongly affected by both the peeling angle and the sealant layer thickness, in a

coupled way. The peel energy was chosen to characterize the outcome of the peel test

since, in this way, the contribution of factors such as the energy dissipated in bending

the peeling arm plastically could be excluded from the final result. It was found that

the peel energy increases continuously with the sealant layer thickness in a linear

fashion and that the peeling angle determines the slope of this linear variation. The

312



7: Concluding Discussion and Further Work

slope of the linear change of the peel energy was found to increase as the peeling angle

increased from 90° to 180°. It was then demonstrated that this increase in peel energy

was purely due to the effect of the stretched volume of the material and its ability to

dissipate energy during deformation and prior to fracture. Therefore, for a given

material, the more the stretched volume (thickness) the more the energy that is

dissipated during deformation, and so, the higher is the peel energy measured. It was

also found that the extrapolation of the experimentally determined peel energies to

zero sealant layer thickness was a non-zero value. That value was found to be

independent of the peeling angle and is believed to be strongly connected to the

fracture (tear) energy of the sealants free from any bulk (volume) contribution. The

slope of the linear variation of the 90° peel results was successfully correlated to the

energy dissipation of each material as that was measured in loading-unloading tensile

tests in Chapter 2. The slopes of the linear variations of the peel energy with the sealant

layer thickness for the rest of the peeling angles (120° to 180°) were also found to

correlate with that of the 90° peel results, multiplied by a factor of (2 - sin (}), where (J

is the peeling angle. It was finally concluded that the variation of the peel energies with

respect to both the peeling angle and sealant layer thickness could be estimated if the

tear energy and the energy dissipated by the sealant itself during deformation nearly

up to failure, are known.

There are some practical implications of the experimental results presented here. First,

the significant effect of the sealant layer thickness on the peel energy could be the

source of some unreliability observed up to now in the peel results. For example, the

testing specifications suggest a sealant layer thickness of 3±O.5 mm. For peel tests

performed at 180°, it was found that the difference in the peel energy was in the order

of 29% for Sealant A and 27% for Sealant 8, when the values at 2.5 and 3.5 mm were

considered. Therefore, even a small variation in the thickness of the sealant between

the samples can yield large variations in the final results. Thus, it is recommended that

whichever the thickness of the sealant layer used to conduct peel tests, it should be

controlled accurately and reported in the results. It is believed that a better control of

the thickness of the peel samples can be achieved if single, 25 mm wide, peel

specimens are manufactured instead of the double specimens, which are 70 mm wide.

The reason is that any possible bending of the metallic mesh during manufacturing can

be minimized by using narrower pieces of mesh. That can be seen in Figure 7.1, where

the front view of the mould with the peel sample is presented schematically. The first
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sketch refers to the manufacturing procedure followed in this work, while the second

to the one usually found in the aerospace industry. The red dotted line represents

possible bending of the metallic mesh during manufacturing of the peel specimens. It is

shown that the wider the specimen the more likely is it that larger bending can be

induced in the metallic mesh during manufacturing, resulting in non-uniform

thickness across the width of the specimen, which can cause significant scatter in the

experimental results.

Single peel specimens as
manufactured in this work
(25 mm wide sealant layer) ~

- Metallic mesh
=Sealant
- Rigid substrate
= Mou1d parts

_j -, I

~

Y )~hap, ofthemetall
due to bending du-. manufacturing the
specimens

I ..... _-- ...._-- ........ - .................. - ......- .... -- ..... _- ...................
_l

(a)

Peel specimens as usuall
manufactured (70mm
wide sealant layer)

ic mesh
ring
pel

(b)

Front
View

Figure 7.1 Schematic representation of the possible bending induced during

manufacturing in the metallic mesh resulting in a non-uniform thickness of sealant

layer across the width of the peel specimen.

In Figure 7.2 and Figure 7.3, the experimentally determined peel energy is plotted with

respect to the sealant layer thickness for various peeling angles for Sealant A and

Sealant B respectively. In all cases, the failure was found to take place inside the sealant

layer. In the same graph, the acceptance criteria (based on a peel resistance equal to 4

N / mm) are also plotted and, the results from the 1800 peel test using a 3 mm thick

sealant layer are indicated. For both sealants considered, the results of the 1800 test are

above the acceptance criteria and, consequently, the sealants should pass the

qualification procedure. However, it can be seen that there is a wide range of values,

evaluated under different conditions (peeling angle, sealant layer thickness), which are

also above the acceptance criteria.
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Figure 7.2 Plot of the peel energy as a function of sealant layer thicknesses for various

peeling angles for Sealant A (The acceptance criteria based on PR = 4 NJmm are also

plotted in the graph).
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Figure 7.3 Plot of the peel energy as a function of sealant layer thicknesses for various

peeling angles for Sealant B (The acceptance criteria based on PR = 4 NJmm are also

plotted in the graph).
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Thus, the question that rises is:

• Why all the values plotted in Figure 7.2 and Figure 7.3, which are above the

acceptance criteria, refer to cohesive fracture but are so different?

The answer can be found in the previous discussion about the physical meaning of the

obtained results. In the case that the fracture is located inside the bulk sealant layer, the

difference in the values measured is due to the difference in the amount of the energy

dissipated during deformation by the sealant layer. This energy varies with both the

thickness and the peeling angle. This yields a range of values that all refer to cohesive

fracture but include different proportions of the energy dissipated in the bulk sealant

layer.

In any case the peel energy of the sealants does not represent the strength of the bond.

This is because the strength of the bond is probably higher than the tear strength of the

sealants considered. Therefore, fracture of the sealant occurred under mainly high

tensile strains, well before the failure of the bond between the sealant and the rigid

panel. This is not an uncommon situation when dealing with elastomeric materials or

even structural adhesives.

Based on the findings of this research, it can be postulated that the variation of the peel

energy with respect to the sealant layer thickness for a specific peeling angle can be

plotted in the way presented in Figure 7.4, for various sealants. More precisely, the

sealants considered in the graph have variable tear strength (Low, High), as is

represented by the intercept of the graph (extrapolation to effectively zero sealant layer

thickness) and variable amount of hysteresis (Zero, Medium, High), as is represented

by the slope of the variation with respect to the thickness. In any case, the sealants are

assumed to fail cohesively inside the sealant layer during the peel tests. The

implication of this plot is that the acceptance criteria and testing procedure (peel test

using 3 mm thick sealant layer) will, for example, reject a sealant with low tear strength

and zero hysteresis (curve 6) even though this fails cohesively. On the other hand,

sealants with low tear strength and medium or high hysteresis (curves 4, 2) will be

approved, although their actual strength is the same as that that has just been rejected.
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This point is of course valid only if the fundamental technology of aircraft fuel tank

sealants changes. It should be kept in mind that all current materials used in aerospace

applications exhibit very similar visco-elastic behaviour.
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Figure 7.4 Schematic representation of the variation of the peel energy with resp ct to

the sealant layer thickness for various sealants.

In general, it is recommended that the interpretation of the peel test results in the case

that the failure takes place in the sealant layer should be comprehensively analysed

and the mechanical behaviour (hysteretic materials or not) should also be considered.

It was shown here that only peel tests at small sealant layer thicknesses can reveal a

fundamental property of the system when the sealants are demonstrating hysteresis

losses during deformation, that being the fracture (tear) energy. For cohesive failure, an

easy way to evaluate the tear strength of the sealants if dealing with very small sealant

layer thicknesses is not convenient, would be to perform peel tests in three consecutive

sealant layer thicknesses (2, 3 and 4 mm) so that the peel energy results can be

extrapolated to an effectively zero thickness.

Of course for the case that the failure takes places in the sealant-to-substrate interface

for a particular system, then the interpretation is much easier since the outcome would
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be the strength of the bond. Rejecting or accepting such a system is purely dependent

on the specific application and loading conditions.

Another interesting finding was that the peel resistance or peel energy was not

significantly affected by the applied strain rate. That is in accordance to the findings

that neither sealant presented a Significant strain rate dependency. However, what is

true for these fuel tank sealants may not be so for others. It is important to point out

once more that in the case that the fracture during the peel test takes place well inside

the sealant layer, then the outcome of the test is purely determined by the mechanical

properties of the sealant itself. Therefore, for sealants that demonstrate large strain rate

dependency, it is anticipated that the peel resistance will also be significantly strain

rate dependant, if the fracture takes place inside the sealant layer. It was also

demonstrated here that for the materials considered the bulk effects (energy

dissipation during deformation of a specific volume of material) were more important

that the strain rate effects, on the measured peel resistance.

Finally, the fuel tank sealants did not always fail in the same way. It was found that,

when bonded to grit blasted mild steel, especially Sealant B demonstrated a strange

failure mode, with the fracture taking place inside the sealant (cohesive) but very dose

to the rigid panel. A possible explanation could be that the grit blasting media, not

properly removed from the steel surface prior to bonding might have diffused into the

sealant in the volume immediately adjacent to the bonded surface, resulting in a thin

layer with modified properties.

7.1.3 Single lap shear results - Energy balance approach

Similar results to those extracted from the peel tests can be obtained from the single lap

shear tests, if the latter are analysed by means of an energy balance approach. Thus,

from the load-displacement curves of the single lap shear tests of both sealants, the

strain energy per unit area of the bond was evaluated, using numerical integration,

under the assumption that the adherends are rigid compared to the sealant layer. This

can be considered as an adequate assumption for the elastomeric materials tested here.

The strain energy per unit area of the bond was then plotted with respect to the glue

line thickness (Figure 7.5). It can be seen that the strain energy per unit area of the bond

increases continuously with respect to the glue line thickness for both sealants. The
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experimental points were then fitted with a linear line and the intercept and slope were

calculated. The results corresponding to 0.2 mm glue line thickness were excluded

from the linear regression since these samples failed in a mixed mode

(Cohesive/ Adhesive). Only the results from samples with 100 % cohesive failure in the

sealant layer were considered in order to compare with the peel test results.

15

• Exp Results: Sealant A
-- Linear Regression

2Intercept = 2.38±0.43 kJ/m
3Slope = 4.02±0.45 MJ/m

R2 = 0.970
.. Exp Results: Sealant B

-- Linear Regression
2Intercept = 4.31±0.46 kJ/m

3
Slope = 4.26±0.43 MJ/m
R2 = 0.968

PriTts exdLXied fran
linear regessioo

OL-~~'_~~~~~~-L~~
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Glue Line Thickness, h [mm]

Figure 7.5 Plot of the strain energy up to failure per unit width of the bond for single

lap shear tests as a function of the glue line thickness (Experimental results: Sealant A

(.) and Sealant B (.A.), Linear Regression: Sealant A (-) and Sealant B (-)).

From Table 7.1 it can be seen that there was excellent agreement between the intercept

(energy at effectively zero thickness) found from the peel tests and that found from the

5L] tests. Both values correlate relatively well with the tear energy of the sealants. It

can also be seen that the correlation between the slope of the SL} results and that of the

90° peel tests have also a good correlation. It can then be postulated that the single lap

shear tests give as much information as the peel tests in terms of an energy balance

approach.
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Table 7.1 Comparison between the intercept/slope found from the linear variation of

the peel energy with the sealant layer thickness and those found from the variation of

the energy per unit width of the bond with the sealant layer thickness in single lap

shear tests.

Sealant A Sealant B

Intercept (Peel Tests) [kJ/m2] 2.8±O.3 4.1±O.7

Intercept (SLSTests) [kJ/m2] 2.38±O.43 4.31±O.46

Tearing Energy [kJ/m2]. 4.1±O.2 6.2±O.2

Slope (90°Peel Tests) [MJ/m3] 4.71±O.OS 5.29±O.O8

Slope (SLSTests) [MJ/m3] 4.02±O.45 4.26±O.43

Dissipated Energy Wd [MJ/m3]'" 4.2 4.5

* as calculated in Chapter 2

.. as calculated in Chapter 2 for one cycle of loading, nearly to failure, and subsequent unloading

7.1.4 Durability Investigation of fuel tank sealants

A comprehensive investigation of the exposure to water and/ or fuel of both Sealant A

and Sealant Bwas presented in Chapter 6. The findings of this part of the research work

demonstrate clearly that the mechanisms of water and fuel absorption are mainly

governed by the chemical nature of the sealants considered. The epoxy-cured

polythioether fuel tank sealant (Sealant A), absorbed small amounts of both water and

fuel, and saturation was achieved relatively quickly. The mechanisms of diffusion

appeared to be those described by diffusion of solvents in rubbers. In contrast, Sealant

B (manganese dioxide cured polysulphide sealant) showed anomalous water

absorption. That kind of behaviour, which had been reported in the literature (Gick

(1988)), was explained in terms of droplet formation in the sealant while exposed to

water. The existence of water droplets in the volume of the sealant was verified by

differential scanning calorimetry measurements, where, a clear melting peak was

found in water exposed samples in the vicinity of 0 "C. The existence of that peak was

then attributed to water droplets forming as ice inclusions during the cooling stage of

the experiment.

However, it was of major interest to quantify in some way the effect of water and/ or

fuel on the performance of the materials considered. That was achieved through
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monitoring the glass transition temperature of the fuel tank sealants before and after

exposure to water and/ or fuel via a dynamic mechanical analysis technique.

The glass transition temperature is a very important property of polymeric materials.

In general, polymers are designed to operate either in the glassy or in the rubbery

region, depending on the specific application. In the transition region between the

glassy and rubbery states, where the glass transition temperature is situated, the

change in properties for a polymer is usually very rapid. Consequently, for a small

change in temperature, there is a large change in the mechanical and physical

characteristics of the polymer. The behaviour of aerospace fuel tank sealants at low

temperatures is essentially characterised by a broad transition response with the glass

transition temperature located in the middle of this region.

In consequence, the effect of an increase of the glass transition temperature on the

performance of a particular sealant relative to the aircraft operating temperature

cannot be fully quantified. The reason is that this broad glass transition has not been

correlated with the changes in flexibility of the fuel tank sealant and the temperature,

at which loss of flexibility occurs, relative to the Tg, has not been identified and it is not

known to the author. This point is important as it is the residual flexibility of the

sealant, rather than the measured value of Tg, that influences the sealing ability of the

material at low temperatures.

Furthermore, the glass transition temperature of a specific material is strongly

dependent on the experimental conditions under which it is determined (frequency,

temperature change). Therefore, it may be unrealistic to directly correlate laboratory

measured values of the Tg with actual changes in performance on an aircraft in service.

The experimental findings, as presented in Chapter 6, lead to some interesting

observations. For the epoxy-cured sealant (Sealant A), the glass transition temperature

was unaffected after exposure to water, although a drop of approximately 10°C was

measured after exposure to synthetic fuel. The implication of these results can be seen

in Figure 7.6.
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Figure 7.6 Plot of the glass transition temperature, calculated from the damping, vs.

the weight gain, for Sealant A. (D: dry samples, W: water immersed samples, F: fuel

immersed samples, DW: dried after water immersion samples, DF: dried after fuel

immersion samples - values taken from (0) warming stage and (0) cooling stage of the test)
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Figure 7.7 Variation of the damping with respect to the temperature for Sealant A dry

sample, after immersion in distilled water at 50°C and after immersion in fuel at 25 cc.
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If an extreme operating temperature limit is assumed, equal to -50°C, then, it can seen

that the glass transition temperature of Sealant A, before as well as after exposure to

water and/ or fuel, is lower than the limit considered. Moreover, for the fuel immersed

samples, for which Tg dropped by 10°C, the difference between Tg and the operating

limit becomes larger. Effectively,the presence of fuel acts as a plasticizer for the sealant

and increases the operating temperature region of this material. In Figure 7.7, it can be

seen that the operating temperature limit falls very close to the glass transition

temperature for the case of dry and water immersed Sealant A samples. For the case of

fuel immersed Sealant A samples, the damping curve has shifted significantly to lower

temperatures.

On the other hand, Sealant B demonstrated an unexpected behaviour after immersion

in water. The water was found to act as an anti-plasticizer for this material driving Tg

to higher values (Figure 7.8 and Figure 7.9). If the same extreme operating temperature

limit is assumed (-50°C) then, it can seen that the measured glass transition

temperature of Sealant B, before as well as after exposure to water, is higher than the

set limit. However, reference to Figure 7.9 shows that, because the glass transition

response peak is very broad, the sealant is in its transitional stage at the defined

limiting temperature and does not become glassy until a much lower temperature.

This illustrates that the value of Tg in isolation, without reference to or correlation with

sealant flexibility, is of limited value when applied to the performance of materials in

service.

In the case of fuel immersion, the behaviour of Sealant Bwas similar to that observed

for Sealant A. After drying, the Tgof the water and/ or fuel immersed samples moved

dose to the values before immersion; this implies that the effect was reversible.

Therefore, the changes monitored were probably due to the existence of water and not

because the immersion took place at 50°C. If the temperature had affected the cure of

the sealant material, which would also correlate with an increase in TSI then the latter

should had been unchanged after removing the water from the samples.
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Figure 7.8 Plot of the glass transition temperature, calculated from the damping, vs.

the weight gain, for Sealant B. (D: dry samples, W: water immersed samples, F: fuel

immersed samples, DW: dried after water immersion samples, DF: dried after fu 1

immersion samples - values taken from (0) warming stage and (0) cooling stage of the test)
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Figure 7.9 Variation of the damping with respect to the temperature for Sealant B dry

sample, after immersion in distilled water at 50°C and after immersion in fuel at 25 "C.
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Based on the findings in Chapter 6, which demonstrate clearly that the glass transition

temperature of fuel tank sealants is affected by the exposure to water andj or fuel, it is

recommended that, in order to better understand the performance of sealants in service,

Tg should be monitored both before and after exposure to elements that are present in

the operating environment. This can lead to very useful information especially when a

realistic ageing environment is used.

7.2 FURTHER WORK

The present investigation sets the scene for further work that should be done in order

to understand better the behaviour of fuel tank sealants and to possibly revise the

criteria for accepting or rejecting them during the qualification procedure.

The logical step forward should be to investigate the behaviour of fuel tank sealants

under conditions that approach the conditions occurring in an aircraft in service.

Therefore, the behaviour at low temperatures should be investigated. The elastic as

well as the viscoelastic properties have to be determined at temperatures near the glass

transition temperature, taking into account the operating temperature. The peel

behaviour should also be investigated at low temperatures. Considering both the

properties of the sealants and the failure mode of the peel specimens at these

temperatures, the applicability of the presented theoretical considerations can be

examined. An extension of the work would also be to analyse the peel behaviour after

water and fuel absorption, now that the basic mechanisms of absorption are known

and their effect has been quantified. The effect of the combined water j fuel absorption

and low temperature environment is a future challenge, especially for materials such as

Sealant B,which was found to absorb large amounts of water.

It was shown that the elastic response of the fuel tank sealants under various loading

conditions could be modelled successfully using the finite element technique. More

work is needed in order to include the hysteresis of the elastomeric sealants in the

finite element modelling procedure. That would probably allow for more realistic

models to be built that would simulate not only the elastic but also the viscoelastic

response. In this way, a model for the peel test could be built that would include an

energy balance failure criterion, which would allow for the prediction of both the
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fracture propagation and the peel trace (peel load-displacement curve). Successful

predictions of the fracture propagation and the peel trace could allow for a wide

parametric study with the minimum number of laboratory tests.
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APPENDICES

A-l SHORT DESCRIPTION OF THE SPECFICATIONS USED FOR THE SURFACE

PREPARATION OF THEALUMINIUM SUBSTRATES FOR PEELTESTING

ABP 8-1294:Cleaning and Degreasing ofMetallic Materials

Vapour decreasing is a method of cleaning and removing grease protection from metal

surfaces prior to further processing. The process operates by immersion of the part in a

hot solvent vapour, which condenses on the surface of the part and dissolves and/ or

rinSes away dirt and grease. As a degreasing fluid, stabilised tri-chloro-ethylene shall

be used.

ABP 8-2297:Pickling of Aluminium Alloys

This process specification defines the requirements for the use of chromic/ sulphuric

acid pickling solution on un-anodised aluminium and aluminium alloys prior to the

application of paint or adhesive bonding compounds. According to the specification,

the solution shall consist of tap water, provided that the chloride content of the bath

does not exceed the equivalent of 0.2 g sodium chloride per litre, 150 mI/1 sulphuric

acid, 5G 1.84,and 50 gil chromic acid Cr03, maintained at a temperature of 60 to 65 "C,

The parts to be pickled shall be immersed in the solution bath for 30 minutes.

Immediately after pickling the parts shall be washed thoroughly in cold water and

then dried.

ADP 1-1023: Chromic Acid Anodising of Aluminium

This specification gives details for unsealed chromic acid anodising of aluminium and

its alloys. Chromic acid anodising is used to improve the corrosion protection of
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aluminium and to form a substrate for painting and adhesive bonding. According to

specification the electrolyte shall be composed by water with electrical conductivity not

exceeding 30 Jl3lcm at 20°C, a minimum of 30 gil free chromic acid, 30 gil to 100 gil

total chromic acid, a maximum of 0.20 gil NaG and a maximum of 0.50 gil Na2S04.

The solution temperature shall be 40±2 QCthroughout the anodising cycle. The cathode

shall be mild steel or stainless steel in the form of plates. The items to be anodised shall

be completely immersed in the anodising solution, with the minimum depth below the

surface of the solution to be 225 mm. The anodising cycle shall be then as follows: (1)

Switch on the current and increase the voltage from 0 to 40±2 Volts in 10 minutes in

steps not greater than 5 volts, (2) hold at this voltage (± 1 Volt) for 20 minutes, (3)

increase to 50± 2 Volts in not less than 5 minutes, and finally (4) hold at this voltage

(± 1Volt) for not less than 5 minutes. After completion of the anodising cycle the items

shall be removed from the anodising bath, with current switched off, and shall be

rinsed with clean cold water to remove remaining solution from the surface. Finally,

parts should be washed with clean water (~50 QC)and dried in warm air (~ 50°C).

ADP 4-1123: Application of Epoxy Primer to an Internal or External Surface

This specification details the requirements for the application of epoxy primers for the

protection of internal and external aircraft components and assemblies. For spray

application of primer onto any pre-treated metal surface (Method 1), the primer has to

be mixed according to the manufacturer's instructions and then has to be sprayed onto

the part to give a dry film thickness of 20±5 pm. This equates to a dry coating weight of

27 to 45 grams per square metre. The layer thickness of the paint shall be tested

according to ISO 2808 using suitable eddy current test equipment.
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A-2 MECHANICAL PROPERTIES AND MODELUNG OF THE STAINLESS STEEL MESH

In order to quantify the behaviour of the stainless steel mesh, which plays the role of

the peeling arm and transfers the applied load to the sealant during the peel test, this

should be tested to evaluate its mechanical properties. Obtaining a stress-strain curve

for the mesh, directly from the force-extension curve of a simple tension test, is not

possible, since it does not have a homogeneous cross section. As a result, it was

decided to test the stainless steel mesh in tension and in bending, so as to obtain

experimentally its extensional and flexural stiffness and, after that, to create a model

material with a homogeneous cross section that will behave in the same way as the

mesh.

For testing the stainless steel mesh in simple tension, specimens were manufactured by

cutting the mesh in a dog-bone shape, having the dimensions as shown in Figure A-

2.1. All the tensile tests were performed in a universal testing machine (ZWICK 1478)

with a 2 kN load cell, and a constant crosshead displacement rate, equal to 30

mm/ min. Extension measurements were made with a Hounsfield Laser Extensometer

500L, fitted to the testing machine. Both the applied load and the laser extensometer

output were recorded in a personal computer and the force-extension curve could then

be obtained. Five specimens were tested in total and an average curve is shown in

Figure A-2.2.
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Figure A-2.1 Geometry of the stainless steel mesh specimen for tensile testing.
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Figure A-2.2 Force-extension curve of the stainless steel mesh tested in simple tension.

From the tensile force-extension curve, the linear part of the extensional stiffness can

be found to be:

F = EaA = 338.9149 N/mm => EaA = 34052.81 N
8 I

Equation A-2.1

Given that the stainless steel mesh is subjected to bending during the peel test, a more

realistic material model should incorporate its flexural properties as well. Thus, 3-

point bending tests were performed to obtain the force-deflection curve. Since, the

forces required to bend the mesh are very small, testing could not be performed in a

conventional testing machine. As a result, the following experimental setup was used.

A 3-point bending rig was set up so that the load could be applied by hanging small

weights to a string which was connected to a loading cylinder. The deflection was then

measured by placing in front of the rig, at exactly the same level, a measuring

microscope. By testing several specimens, the curve plotted in Figure A-2.3 was

obtained. It appears that the mesh behaves linearly up to a point and then it deforms

plastically. To check the validity of these results, a spring steel strip, having

dimensions such that its linear flexural stiffness was approximately equal to that found

for the mesh, was tested in the same way. The spring steel strip was found to behave

linearly in the same range of applied loads.
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Figure A-2.3 Force-deflection curve of the stainless steel mesh tested in 3-point

bending.

From the force-deflection curve the linear flexural stiffness can found to be:

F 48E I
-=-3-a =1.3159N/mm =:> EJ =434.50Nmm '
c5 I

Equation A-2.2

Combining the above two equations, an equivalent ha and Ea can be found for a given

width b, these being Ea = 8661MPa, ha = 0.391mm. Using these values, the stress-strain

curve can be plotted, as shown in Figure A-2.4. For modelling purposes, the stress-

strain data was fitted using a bi-linear material law:

Equation A-2.3

where, By is the yield strength of the material, Ea is the Young's modulus and a is the

work hardening parameter, which is defined as the ratio of the plastic modulus to the
elastic modulus.
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0.10

Figure A-2.4 Plot of the stress-strain curve for the material model of the stainless steel

mesh.

From the above analysis, it is clear that the material model developed to represent the

behaviour of the stainless steel mesh, based on the experimental linear extensional and

flexural stiffness, is suitable mainly for the elastic properties of the mesh. However, it

can give some relatively good predictions for the plastic behaviour of the mesh.

The force need to yield a 25 mm wide strip of mesh can be found, using the

information in Figure A-2.4, to be equal to 761 N.

In the case of bending, the material model presented in Figure A-2.4, describes very

well the linear behaviour, but it over predicts the moment and, consequently, the force

to cause initial yielding during the 3-point bending test. The latter was found to be 3.16

N in contrast with the 1.63 N that was found from the experimental results.

In order to verify all the above, a simple finite element model was developed so as to

model the 3-point bending test of the stainless steel mesh. As an input, for the material

properties of the mesh, the data from Figure A-2.4 was used. In addition, the FE model

was set in such a way as to represent the actual test, by making use of rigid bodies to
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describe both the supports and the loading pin of the testing rig. Contact conditions

were established between the supports, the loading pin, and the material strip.

Multiple step, 2D analysis using incompatible mode linear elements was used in order

to satisfy both the contact and the bending conditions of the test. Finally, large

displacements were taken into consideration for the solution of the modeL In Figure A-

2.5, the results of the FEmodel are plotted together with the experimental results of the

3-point bending test of the mesh. As expected, the model describes very well the initial

linear region, but it over predicts the load for initial yielding as well as the plastic

region.

Results:
5 0 l:> V o Experimental

- • - FE Analysis
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Figure A-2.S FE results plotted together with the experimental values for the 3-point

bending test of the stainless steel mesh.
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A-3 SHORT DESCRIPTION OF THE DIFFERENTIAL SCANNING CALORIMETRY (DSC)

TECHNIQUE USED FOR MEASUREMENTS ON DRY AND WET SEALANTS

Differential scanning calorimetry (DSC) is a thermo-analytical technique, where the

heat flow into a sample is measured relative to the heat flow into a reference sample, as

the two samples are subjected to identical temperature regimes in an environment

heated or cooled at a controlled rate. DSC is the most widely used thermo-analytical

technique. It enables to determine a number of parameters connected with the physical

or chemical processes in the solid phase. Temperatures of first and second order phase

transitions, enthalpies of phase transitions, thermoplastic polymer phase changes, glass

transition temperatures, purity measurements and kinetic studies can be mentioned as

examples where DSC is highly efficient. The principles of the DSC technique are

presented in detail by McNaughton & Mortimer (1975). In power-compensation DSC

the temperatures of the sample and the reference sample are controlled independently

and are made identical by varying the power input to the two elements

(heating/ cooling); the energy required to do this is a measure of the enthalpy or heat

capacity changes in the sample relative to the reference. Usually, the sample under

investigation is contained in a small aluminium capsule pan while the reference

sample is an empty pan (Figure A-3.1a).

Heating/ Cooling
Elements

Reference

Temperature
Sensors

(a)
Temperature, T

(b)

Figure A-3.1 Schematic representation of a (a) power-compensation DSC and (b)
characteristic DSC plot.
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InFigure A-3.1b a characteristic plot of a DSC experiment is presented. From this plot

the glass transition temperature of a polymeric sample can be found from the point

where 50%of increase in the heat capacity of the polymer has occurred, as well as the

crystallization and melting temperatures as distinct exothermic and endothermic

peaks, respectively.

In the present investigation, the DSC technique was used mainly to clarify whether the

water absorbed by the sealants forms as ice during cooling at very low temperatures.

For that reason, tests were conducted for both sealants on specimens both before and

after water immersion, and the results where compared. Additionally, DSC runs were

conducted on specimens aged in fuel.

Small, flat rectangular pieces of sealant were cut from a larger sheet both before and

after water/fuel immersion. Special care was taken to cut the pieces from the middle of

the sheets. Since the samples had to fit in the aluminium capsule pans of the DSC

apparatus, they had to be no more than 3x3 mm2• For the immersed sealant specimens,

the water/fuel content was taken to be equal to that of the sheets prior to cutting. This

is probably not completely true since it is likely that the absorbed water/fuel will not

be dispersed equally in the volume of the material. However, it can give a very good

indication of the water/fuel content prior to the DSC run. It should not be forgotten

that these tests were comparative, and the main purpose was to investigate the ice

formation. All the tests were performed by the author using a Ql00 TA Instruments

DSC, at AIRBUS UK Materials & Processes Laboratories. For the cooling, liquid

nitrogen was supplied to the system with a 30ml/rnin rate, resulting in a cooling rate

of 10 octmin. The testing procedure, as programmed on the instrument, was as

follows: (1)Equilibrate at 20°C, (2) Isothermal for 5min, (3)Ramp 10 eC/min to -80 "C,

(4)Equilibrate at -80"C, (5) Isothermal for 5min and (6)Ramp 10 eC/min to 20°C.
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A-4 SHORT DESCRIPTION OF THE FOURIER TRANSFORM INFRARED SPEcrROSCOPY

(mR) TECHNIQUE USED FOR MEASUREMENTS ON DISTILLED WATER AND

SYNTHmC FUEL

The Fourier Transform Infrared Spectroscopy (FTIR) is a technique that provides

information about the chemical bonding or molecular structure of materials, whether

organic or inorganic. It is used to identify unknown constituents present in a sample.

The technique works on the basis that chemical bonds and groups of bonds vibrate at

characteristic frequencies. A molecule that is exposed to infrared rays absorbs infrared

energy at frequencies which are characteristic to that specific molecule. During FTIR

analysis, a spot on the sample is subjected to a modulated IR beam. The specimen's

transmittance and reflectance of the infrared rays at different frequencies is translated

into an IR absorption plot consisting of reverse peaks. This plot extends from 4000 to

400 wavenumbers, which is in effect the mid-infrared region. This region is of most

interest for chemical analysis since it corresponds to changes in vibrational energies

within molecules. Absorption bands in the range of 4000 to 1500 wavenumbers are

typically due to functional groups (e.g. -OH, C=O, N-H, CH3,etc.). The region between

1500 to 400wavenumbers is referred to as the fingerprint region. Absorption bands in

this region are generally due to intra-molecular phenomena, and are highly specific for

each material. The specificity of these bands allows computerized data searches to be

performed against reference libraries to identify a material. A detailed description of

the technique can be found in Doyle (1992).

The principal strengths of the FTIR Analysis are: (1) it is a quick and relatively cheap

spectroscopic technique, (2) it is useful for identifying certain functional groups in

molecules and (3) an IR spectrum of a given compound is unique and can therefore

serve as a fingerprint for this compound.

In the present work, the FTIR technique was employed in order to establish the

leaching of sealant constituents during the water/fuel immersion. For this reason, FTIR

tests were performed on samples of water and fuel, taken from the tanks of both the

sealants under investigation. The idea was to compare the FfIR spectra produced by

348



Appendices

these samples with spectra produced by pure distilled water and freshly mixed

synthetic fuel. Any differences could give an indication about the nature of the

leaching constituents in water/fuel. All the tests were performed on a Thermo-Nicolet

AVATAR 370 FTIR instrument, at AIRBUS UK Materials & Processes Laboratories.
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