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Abstract

Adhesive bonding technology is experiencing an exponential growth in engineer-
ing applications, replacing conventional joining methods. However, when adhesives
are exposed to severe environmental conditions, they can experience a large drop
of performance. Furthermore, in real life applications, most structural components
can also experience fatigue load conditions and mixed mode loading conditions. Al-
though significant research work has been carried out to assess the effect of environ-
mental conditions over adhesive’s performance, pure mode conditions were rarely
considered, creating a barrier in the application of this techniques in design pro-
cesses. Thus, it is now essential to understand the effect of those conditions in
the fatigue behaviour. The development of an efficient procedure to predict the
fatigue of those joints could be very helpful to increase the use of this technology in
industrial applications.

The main aim of the present work is to understand the effect of different envi-
ronmental conditions on the static and fatigue behaviour of adhesive joints, when
subjected to different mode mixities and how it affects the property degradation
of the adhesive; to do so, the effect of temperature and moisture were considered.
Firstly, an experimental study was conducted. Strength and fracture tests were
performed, using joints bonded by a two-part epoxy adhesive. All tests were done
considering different mode mixities/loading angles. Arcan joints were also tested
statically and under fatigue for different mode mixities.

For the samples subjected to water exposure for long periods of time, an addi-
tional experimental study was performed to understand the rate of water uptake
through the adhesive layer. After that, and based on the experimental results, pos-
sible causes were searched for the different failure mechanism observed. To do this,
a numerical analysis was performed to analyze the water content along the bondline.
Also a fracture surface analysis of the Arcan joints was performed.

To evaluate the effect of temperature, the curing cycle was adjusted to ensure the
service temperature was above glass transition temperature, Ty, by an experimental
study. The same tests performed to study the effect of ageing were repeated for
different temperatures. Based on the results from the fatigue tests, different master
curves were obtained for different temperatures as a function of a proposed param-
eter. Afterwards, a relation between the curves is suggested, to create a predictive

model on the effect of temperature on the fatigue life of the adhesive joints.
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Resumo

O uso de juntas adesivas estruturais tem tido um crescimento exponencial nas
ultimas décadas, surgindo como alternativa aos métodos de ligacao tradicionais. No
entanto, quando expostos a condigoes ambientais severas, os adesivos apresentam
muitas vezes uma quebra no seu desempenho. Por outro lado, em aplicacoes reais,
os componentes ligados estao muitas vezes sujeitos a solicitagoes de natureza ciclica,
o que complica a sua analise. Apesar de algum trabalho de investigagao ja ter sido
desenvolvido nesta area, a forma como as condi¢oes ambientais afetam a resisténcia
de juntas adesivas em modos puros de solicitagao ainda nao se encontra totalmente
compreendida. Assim sendo, o desconhecimento das propriedades dos adesivos su-
jeitos a condicoes extremas ¢ ainda uma grande barreira a implementagao deste
processo de ligagao, uma vez que as atividades de projeto de junta requerem o
conhecimento das propriedades dos adesivos pelo menos segundo as duas diregoes
principais. De forma complementar, entender a forma como estes fatores afetam o
comportamento de juntas adesivas sujeitas a fadiga é também essencial. O desen-
volvimento de modelos de previsao da vida destas juntas apresenta-se por isso como
muito importante para suportar o uso crescente desta tecnologia na industria.

O principal objetivo deste trabalho é perceber de que modo o contacto do ade-
sivo com agua e a temperatura afeta as propriedades estaticas e de fadiga juntas
adesivas estruturais, e em que medida o tipo de solicitacdo (tensao, corte) influ-
encia o peso relativo destes fatores. Assim, um estudo experimental foi realizado:
testes normalizados de tensdo e fratura foram realizados para tensdo/modo I e para
corte/modo II, sendo que adesivo usado foi um epoxi. Juntas Arcan foram também
testadas estaticamente e a fadiga segundo diferentes angulos e diferentes condig¢oes
ambientais.

Para os provetes expostos a agua, um estudo paralelo foi realizado para perceber
de que forma e quanto a agua é absorvida pela camada adesiva. Seguidamente,
e tendo em conta os resultados experimentais, possiveis causas para os diferentes
mecanismos de falha verificados foram discutidas. Para tal, uma anélise numérica
foi realizada para avaliar a quantidade de 4gua presente nas juntas Arcan. Também
uma anélise das superficies de fratura foi feita.

Relativamente ao efeito da temperatura, o ciclo de cura do adesivo foi ajustado
para garantir que os testes realizados estavam garantidamente abaixo da temper-
atura de transicao vitrea, Ty. Os mesmos testes realizados para estudar o efeito da
humidade, foram repetidos para diferentes temperaturas. Com base nos resultados
dos testes de fadiga, diferentes curvas mestras foram obtidas com base num modelo

proposto. Finalmente, uma relacao entre as diferentes curvas é proposta.
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1 Introduction

1.1 Background and motivation

Adhesive bonding has been growing as an alternative to conventional and older
joining methods such welding, riveting or bolting. [1] and today, adhesives are not
only used in advanced industries such as those operating in the automotive and
aerospace fields but can be found in all types of products, such as household ap-
pliances or even toys. In fact, it’s hard to imagine a product that doesn’t include
adhesive to bond its components together.

The ubiquity of this joining process, especially in industrial sectors, is in large
part supported by the extensive research work done in the past decades, which high-
lighted the unique advantages that this process has when compared with the other
techniques mentioned before. The most significant of these include the uniform
stress distribution along the bonded area, leading to higher resistance to fatigue
loading conditions and better load transmission capacity. Another important ad-
vantage is its ability to join dissimilar materials from different metallic materials to
composite structures. Finally, the design flexibility is also a significant advantage
compared to other methods [1,2].

Nevertheless there is still some skepticism on the use of the adhesive bonding
since this is one of the most recent load bearing structural joining methods, especially
when compared to classical joining methods such as welding, which have been used
for multiple centuries. However, adhesive bonding has some important drawbacks
as well, such the loss of performance under severe environmental conditions such
humidity and high temperatures. Furthermore, the bonding process itself requires
a careful preparation and a controlled and clean environment [1,3].

This said, there is still a clear path to travel for the adhesive bonding technology
in order to extract all the potential from this joining process, especially for structural
adhesives in high performance applications, as in the case of the aerospace industry.
For that purpose, the role of researchers is essential to ensure constant innovation

and to increase the knowledge available for this technology.

1.2 Objectives

This thesis has three main objectives. The first one is to evaluate the effect of the
environmental conditions on the strength and fracture properties of adhesives. The
second one, is to experimentally investigate the fatigue behaviour of Arcan joints
subjected to hygrothermal ageing and different temperatures under different mode
mixities. Finally, the third one is to develop an efficient method for fatigue lifetime

prediction, for adhesive joints subjected to different temperatures and loading angles.




Fatigue resistance of bonded Arcan joints: Interactions of loading angle,
temperature, and ageing Frederico Castro Lopes

1.3 Research methodology

The key objectives of this thesis are the following:

— Perform an extensive literature review, with the main focus on the state of the

art on the effect of environmental conditions on adhesive’s performance.

— Carry out experimental tests to determine key material properties and assess
the joint behaviour under different conditions, namely bulk tensile tests, Thick
Adherend Shear Tests (TAST), Double Cantilever Beam (DCB) tests, and End
Notched Flexure (ENF) tests.

— Perform static and fatigue tests using an Arcan joint on different mode mixities

and different environmental conditions.

— Taking into account the experimental results from Arcan under hygrother-
mal ageing, relate them with different failure mechanisms and find possible

explanations for the results obtained.

— Propose a fatigue life prediction model for different temperatures, based on
both the experimental results and on stress parameters obtained through finite

element analysis (FEA).

1.4 Thesis outline

This thesis consists of a literature review, an explanation of the experimental
procedures, a chapter on the numerical models and finally two papers were prepared
out of this research.

This chapter has an introductory role, describing the background and motivation
of this work, as well as a brief description of the problem in hand and its objectives.

Chapter 2 starts with an overview on the state of the art in adhesive joints,
their different classifications and some important design considerations. Afterwards,
some industrial applications of adhesive bonding are briefly reviewed, focusing on
the effect of moisture and temperature on adhesives joints. Finally, the fatigue life
prediction methods are discussed and reviewed , particularly using S-N approach.

In Chapter 3, the experimental procedures used throughout this work to manu-
facture and test the adhesive joints under study are explained. It’s also mentioned
how the data was processed in order to obtain the properties and curves of the ma-
terial by the raw data from the testing machines. Finally, some considerations are
done regarding the design of a thermal chamber that was custom developed during
this thesis to perform high temperature tests.

In Chapter 4 the details of the numerical models developed for the finite elements

analysis (FEA) are explained.
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Paper 1 - F.V.B. de Castro Lopes, A. Akhvan-Safar, R.J.C. Carbas, E.A.S.
Marques, R. Goyal, J. Jennings, L.F.M. da Silva. The interaction of loading
mode and humidity on the properties degradation of an epoxy adhesive
subjected to strength, fracture, and fatigue tests

Abstract of Paper 1: Hygrothermal ageing has a significant impact on the
performance of bonded joints. Despite extensive investigations into the ageing effect
of bonded structures, there is no comprehensive study that examines the rate of the
ageing effect as a function of the loading type and the load angle.

Accordingly, in this study, an epoxy adhesive was tested under different loading
types/angles including tensile and shear standard strength tests, mode I and mode
IT fracture tests, and fatigue and static Arcan tests. All these experiments were
performed for both aged and unaged conditions. To understand the influence of
loading angle on the failure response of aged bonded joints, Arcan samples were
subjected to mixed mode loading conditions as well. A fractography analysis was
conducted to provide better understanding of the failure mechanism of aged samples
loaded at different modes. Based on theses results, it was found that mode I (tensile
loading conditions) is more sensitive to the aging conditions than mode II (shearing)
for all loading types (strength, fracture, and fatigue tests). The influence of moisture
on fracture toughness was however less relevant than on strength. The results also
showed that for the same loading mode and for the same Arcan joints, the fatigue

strength is more degraded by aging conditions than the static strength.

Paper 2 - F.V.B. de Castro Lopes, A. Akhvan-Safar, R.J.C. Carbas, E.A.S.
Marques, R. Goyal, J. Jennings, L.F.M. da Silva. The interaction of loading
mode and temperature on the property degradation of an epoxy adhesive
subjected to strength, fracture, and fatigue tests

Abstract of Paper 2: The type of loading and high temperatures have a sig-
nificant impact on the mechanical behavior of adhesive joints. In real applications,
joints are often under mixed stress states and usually the service temperature is dif-
ferent from room temperature. For these reasons, understanding how the mechanical
properties of adhesives are affected by these factors is crucial in joint design. Al-
though multiple studies have approached the effects of temperature on the behaviour
of bonded joints, the role of loading mode and test type on the rate of degradation
of adhesive/joint properties at high temperature has not been properly investigated.

Accordingly, the aim of the current study is to determine if adhesives experience
the same rate of degradation at high temperature when they are subjected to dif-
ferent mode mixities and different types of tests. To do so, an epoxy adhesive was
subjected to different loading conditions (strength tests, fracture tests, and fatigue
tests, all for modes I and II) at different temperatures. The results show that there

is a significant difference between the rate of degradation in mode I and mode II
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loading conditions and also that, for the same loading mode, the rate of degradation
is mostly a function of the test type. For the fatigue experiments, the S-N response
of the tested adhesive was obtained as a function of loading mode using Arcan joint
testing. Based on the results, an S-N model was also developed to create a master

S-N curve as a function of temperature.
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2 Literature review

2.1 Adhesive joints

Throughout the years, many authors have tried to find an accurate definition for
adhesives. Kinloch [4] defined an adhesive as a material that has the ability to resist
loads and resist separation when applied to surfaces of materials. Before the joining
process itself, the materials which are going to be bonded are called substrates,
and afterwards they are referred as adherends. The interphase is defined as the
physical region between the adhesive and the adherend with different properties
from the materials to bond, while the interface can be defined as the geometrical
plane of contact between the surface and the two materials [1]. Figure 1 shows a
schematic representation of an adhesive joint. The attraction forces between the
adherend and the adhesive are a consequence of intermolecular interactions existing
between them, and can be designated as a adhesion phenomenon, which is different
from the cohesion phenomenon where the intermolecular forces are only between one

substance itself [1]. The differences between these two phenomena can be observed

in Figure 2.
Interphases
l \
\
P4 .
Adherends "~ Primer
Figure 1: Adhesive Joint [1].
@ Adherend 1 Z
Adhesive o Adhesion phenomenon
5 Adherend 2 ® @ Cohesion phenomenon

Figure 2: Adhesion vs cohesion phenomenons - adapted from [1].

In the last 80 years, adhesives based on synthetic polymers, such as polyurethanes
and epoxy resins, have been developed and explored as alternatives to typical joining
methods. Structural adhesives were created for mechanical and aerospace engineer-

ing applications, providing strength and stiffness to the structures they join. [1,5].

5



Fatigue resistance of bonded Arcan joints: Interactions of loading angle,
temperature, and ageing Frederico Castro Lopes

When compared to conventional joining processes, adhesive bonding brings many

important advantages [1,3]:

— Uniform stress distributions - Figure 3;
— Excellent fatigue strength;
— Damps vibration and absorbs shock;

— Prevents galvanic corrosion due by avoiding the direct contact between the 2

substrates.
— Work well with a variety of combination of similar or dissimilar materials;
— Large design flexibility, joining all shapes and thicknesses ;
— Allows smooth surface finishes;
— Heat, if required in the process, is to low to affect the metal parts involved.

— Attractive strength-weight ratio, specially useful for transportation industries.

Riveted joints

Stringer +
S— ]
3
ﬁl@hﬁl@]ﬁr@lﬂ
Aircraft skin Non-reinforced area .
Stress distribution +

Adhesively bonded joints

*
— Stringer [Pt )
%_:E_;% [ITEATTTHT
Aircraft skin Non-re;b;d—a:rea P
Stress distribution +

Figure 3: Stiffness and stress distribution - adhesive bonded Vs. riveted joints [1].

However, this method is not perfect, and that’s why different joining methods

coexist. Thus, adhesive bonding also presents some disadvantages [1,3]:

— The need for careful surface preparation;
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— Sometimes, long cure times are required (can go from few minutes up to several

weeks);

— They are limited in the operating temperature, due to the existence of a glass

transition temperature which is under 180 °C in the majority of the adhesives.

— Limited resistance to extreme humidity conditions, due to their polymeric

nature;
— Jigs and fixtures can be needed;
— Hard to inspection the joint quality, without invasive methods.
— Poor performance under peeling and cleavage stresses;

— Difficulties in performing quality control and also requires special training

sometimes.

2.1.1 Adhesive classification

Adhesives can be classified according to different parameters as we can see in
Table 1.

When we refer to the polymeric base of the adhesive, natural adhesives include
vegetable or animal based adhesives as well as natural gums such as natural rubber
or bee wax. Such types of adhesive have been used for thousand of years. As for
synthetic base adhesives, we are coming to the recent days; those include epoxies,
polyurethanes, silicons, among many others |1, 6].

Adhesives can also be classified by the functionality of the polymer “backbone”.
Thermoset adhesives are polymers whose cure process is irreversible due to chem-
ical reactions at room or high temperature that make it permanent. They can be
supplied as one-part, with dormant reactive agents, or multiple-part systems. The
one-part adhesives usually need high cure temperatures and since their shelf life is
reduced it is common to store them at low temperatures. Multiple-part systems of-
ten cure at room temperature and have a longer shelf life. Thermoplastic adhesives
are usually cured from a molten state and can be remelted several times without
significant change in their properties. As for elastomers, they are typically capable
of high elongation, good toughness and peel strength. Hybrid adhesives result from
a combination of the previous ones [1,7].

Physical form is divided into liquid, paste, film or powder, and generally can be
a sign of how it must be applied. Liquid adhesives are applied using rolls, sprays or
brushes and have good wettability, filling any existent gap with ease. Paste adhesives
can be comfortably applied on vertical surfaces, due to their high viscosity. Film

adhesives are perfect to restrict bondline thickness as constant and are easy to
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handle. Powder adhesives typically have to be heated or dissolved into a solvent to
be transformed into a liquid form, prior to application [1,7].

According to the chemical family, they can be characterised as epoxies, polyurethanes,
acrylics and many more. Epoxies are the most important group of the structural
adhesives, and generally are strong and brittle, and can work under a big range of
temperatures. They cure usually at room temperature, being suitable to bond a
significant variety of substrates. Polyurethanes, which are part of the elastomers
group, are usually tough and flexible, being able, in some cases, to reach over 200 %
elongation. Those are highly sensitive to severe environmental conditions, especially
high temperatures. [1].

Adhesives are usually designed to have different properties to fit different func-
tions. They can be mainly separated as structural or non-structural adhesives.
Structural adhesives are characterized by having high strength and stiffness; they
are used to transfer load in their service conditions and usually are composed by a

cross-link of thermosetting polymers. [1].

Table 1: Adhesive Classification [1]

Criteria ‘
- Natural
Polymer base _ Synthetic
- Thermoplastic
Functionality in the polymer - Thermoset
“backbone,” - Elastomeric
- Hybrid

- One-component
- Multi-components

Physical form " Films

- Epoxy
Chemical families ) Polyg?ethane
- Silicon

- Strucutural
- Hot-melt
Function - Pressure-sensitive

- Water-based
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2.1.2 Failure modes

When evaluating the failure of an adhesive joint, where the substrates are made
from a metallic material, we can have 3 possible failure modes: adhesive failure,
cohesive failure, or a mixed failure of the two mentioned before. Figure 4 shows in
a schematic way those 3 possible failure modes [1].

Cohesive failure is usually the most desirable type of failure because is the easiest
to predict and, consequently, to control. It is defined as the tear of the material itself.
When cohesive failure of the adhesive occurs it’s easy to identify because both
adherends stay covered with adhesive as it “s observed in Figure 4. On industrial
applications, when this type of failure occurs, the typical causes are inadequate
overlap length, or even thermal stresses not taken into account when the joint was
designed. However, this type of failure can also occur on the adherend, especially
when bonding non-metallic materials [1, 6]

Adhesive failure (see Figure 4) occurs when the joint fails at the interface re-
gion. The strength of this region depends on multiple factors such as the substrate
materials, its affinity with the adhesive, and also the production conditions such as
surface cleaning and preparation. As a result, some causes for this type of failure
include poor surface preparation involving contaminants. Another common cause
for this type of failure is the continuous contact of the adhesive joint with water; in
fact, moisture is one of the biggest weakness of adhesive bounding. |1, 6]

However, fully adhesive failure is not really common in real life applications, and
usually companies deal with a mix of both adhesive and cohesive failure as we can

see in the bottom part of Figure 4.

Adherend

AVAVAVAVAVAVAVAVAVAVAVAVAVAAYAAVa A VAT

[N A

Cohesive failure Adherend Adhesive failure

s,

50% cohesive failure

Adhesive

Figure 4: Different failure modes of an adhesive joint [3|

2.1.3 Joint design

Adhesive joints must be carefully designed taking into account the loads that the

joint will need to withstand. The type of stress felt by the adhesive joint depends
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on the way the load is applied. In Figure 5 are shown the most common types of
stresses acting on adhesive joints.

However, when designing adhesive joints, other variables should be taken into ac-
count as environmental conditions or the prediction of possible defects. In fact, each
real life application is different and that’s why there are many different geometries
(see Figure 6). The single lap joint is by far the most common and also the target
of most studies. da Silva et al. [8] studied the effect of many variables as different
materials and environments on the shear performance of single-lap joints. Grant
et al. [9] tested single-lap joints by many load conditions to investigate their failure

process; for that they used an epoxy structural adhesive and mild steel adherends. [1]

T = T

(a) Normal. ) Shear. ) Peel. d) Cleavage.

Figure 5: Types of stresses on adhesive joints. Adapted from [4].

P —
-— L - | . | —
1 J f) Butt sti
a) Single-lap ) Bu rap
) —
] 1 - i | J—
|— ) S—
g) Double butt-strap

I S B

o) Scarf h}  Butt

d) Bevel
i) Tubular lap
=y E /
e) Step ‘ J

j) Peel /

Figure 6: Different joint designs - adapted from [5]

Finally, another important variable in the joint design process is the adhesive
layer thickness: it “s not only important to determine the optimum value for the ad-
hesive thickness, but it is also important to ensure its uniformity along the bonded
area. In fact, a non-uniform adhesive layer can conduct to considerable stress con-
centrations which can lead to premature failure. Some methods to control this

phenomenon include [3]:
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— Play with the adhesive’s viscosity;
— Application of pressure during cure;

— Using fixturing designed for the application.

2.2 Fatigue life in adhesives joints

Fatigue, in engineering applications, relates to the behaviour of structure under
cycling loading conditions. We can find some type of fatigue loading in most ap-
plications, from airplanes to buildings or bridges. This phenomenon can be very
dangerous because it can lead to a sudden failure of the structure after decades
working. To characterize a fatigue load, some parameters are needed. A fatigue
cycle is defined with a sinusoidal waveform. For example, with the frequency, am-
plitude, and average stress, it becomes possible to characterize a simple fatigue load

as Figure 7 illustrates. [1]

‘ One cycle |
2 Omax
@
@ Ao
n
Omin

Time

Figure 7: Fatigue load following sinusoidal waveform [1].

The multiple advantages of adhesive bonding have already been mentioned be-
fore. One of the most notable ones is its higher fatigue resistance when comparing
with traditional techniques. Fatigue is, incontestably, a very important type of load-
ing for many structural components. When subjected to fatigue conditions, a joint
can fail at a small percentage of its static strength and thus fatigue predictions
methods are required for components designing. [10]

The fatigue life of component, is usually divided in two phases, crack initiation

and crack propagation:

e Crack initiation: in adhesives, this phase is very complex and yet not fully

understood. For this reason, many authors have ignored this phase and focus
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their analysis only on crack propagation. This is related with difficulties on
modelling the initiation of a crack and to detect this phase. Some techniques
to do this include video microscopy and back-face strain measurements. In
real life applications the crack initiation is registered visually, by the detection

of flaws or by observation of crack onset. |1, 10|

e Crack propagation: Fatigue crack propagation is one of the most studied topics
related to fatigue life in adhesive joints. Usually, to do it, fracture mechanics
tests are performed with the objective of identifying a relationship between a
fracture parameter and the crack growth rate. Figure 8 shows a typical fatigue
curve for adhesive bonding, where the crack growth rate (da/dN) is plotted as

a function of the maximum strain energy release rate (Gpax) over time.
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Figure 8: Fatigue crack propagation [10]

2.2.1 Fatigue prediction methods

Predicting the failure of a structure, requires the ability to determine its life as a
function of the loading conditions. By this reason, predicting the fatigue behaviour
of an adhesive joint can bring many advantages; first of all, safety is increased be-
cause if a structure fails unexpectedly, it can result in deaths. Furthermore, by
having an estimation on the fatigue life of a component, the ones who design the
joints can make them more efficient and more cheap, which is very important in a
capital world where the humans live. The different methods to predict the fatigue
life of an adhesive joint can be subdivided in four groups: total-life methods, phe-
nomenological methods, fracture mechanics methods. The study will more deeply
analyse the first of these approaches, since this is the one that will be used in this

project.

1. Total-Life Methods
With this approach, a plot of the number of cycles until failure (N) as a
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function of a load-relatable variable, as the max load itself, or the stress is
made. Usually, and when the deformation suffered by the material is mainly
plastic, the stress is the most common variable to use. As a result, the curve is
named "S-N" curve or Wohler plot. Since the number of cycles usually varies
a lot with a small variation on the load, a logarithmic plot of the number of
cycles is recommended. For the load-related variable, it depends from case to
case. Some caution should be exercised when using this method: first of all,
S-N curves do not usually provide any info on the progression of the damage
on the joint. Furthermore, the fitted curve depends on many factors, such as
material, geometry or environmental conditions. Although this is a very useful

methodology, S-N curves are limited due to these particularities.

2. Phenomenological Methods In these approaches, the fatigue damage is

characterized as a function of a measurable parameter.

3. Fracture Mechanics Methods In these methods, the focus stays on the

crack propagation region.

4. Damage Mechanics Methods These methods try to solve a problem by
employing fracture mechanics methods, which is not taking into account the
first phase of the failure, the crack initiation. This problem try to be solved
by allowing progressive failure to be modeled. This requires a new variable,

D, to evaluate the severity 