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Abstract

The use of adhesively bonded joints has undergone a significant growth in the the
automotive, aeronautical, and aerospace industries, among many others. The reason
for this growth is associated to some of the unique properties associated to this joining
methodology. Modern adhesives allow for high specific strength and stiffness, characteris-
tics which are ideal for structural applications in the transportation sector. Furthermore,
their use provides uniform stress distributions and allows to easily join dissimilar mate-
rials. The combination of these characteristics allows to not only reduce the weight of
the bonded structures but also allows to meet stringente safety requirements and reduce
energy consumption. With this in mind, and specifically focusing on the automotive in-
dustry, ensuring that the joint’s failure is cohesive rather than adhesive when critically
loaded gains relevance, since it this failure mode is considered to be safer and it enables
to precisely estimate the joint’s strength.

This work is devoted to the analysis and prediction of the behavior of a bonded joint
reinforced with inorganic fillers, regarding not only its failure mode but also the joint’s
strength. Moreover, the influence of introducing such particles into the adhesive in terms
of its mechanical properties will be studied.

The strength and fracture toughness properties were determined through bulk tensile
and double cantilever beam (DCB) tests were performed at quasi-static speed. These
tests were carried out for different amounts, in volume, of hollow glass beads.

For the study of the reinforcements’ influence on the failure mode and strength of
the bonded joint, single lap joint (SLJ) tests were performed, at a quasi-static speed, for
different amounts, in volume, of hollow glass beads. The load vs displacement curves were
extracted, and the corresponding fracture surfaces were thoroughly analysed.

Since the bonded joints behavior and failure modes change with the different amounts
of hollow glass beads, the SLJs were modelled numerically, using the eXtended finite
element method (XFEM) in Abaqus®. The load vs displacement curves were extracted,
and the evolution of the crack’s path with the different amounts of hollow glass beads
were determined.

The tensile strength did note vary significantly with the increasing amounts of glass
particles. However, the strain at failure and the energy release rate in mode I continuously
decreased, while the Young’s modulus increased.

The bonded joints’ performance was found to decrease with the addition of glass beads

into the adhesive layer, while the failure mode changed from adhesive to cohesive failure.
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The results of the numerical simulations were validated for the SLJ tests and were

found to be in good agreement with the experimental results.
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Resumo

O uso de juntas adesivas teve um crescimento exponencial nas industrias automével,
aeronautica, aeroespacial, entre muitas outras. Tal deve-se a algumas propriedades unicas
que lhes sdo inerentes, e que se revelam fundamentais nessas mesmas areas. As juntas
adesivas apresentam resisténcia e rigidez especifcas elevadas, caracteristicas ideais para
esse tipo de aplicagoes. Para além disso, as juntas adesivas geram distribuicoes uniformes
de tensoes e permitem a ligacao de materiais distintos, ao contrario do que acontece com
o uso de outros métodos de ligacao mais tradicionais. Todas estas carateristicas permitem
reduzir o peso das estruturas a ser ligadas e, a0 mesmo tempo, ir de encontro aos requisitos
de seguranca e reduzir os consumos de combustivel, cruciais no caso de aplicacoes na
industria aerondutica, por exemplo. Tendo em conta tudo o que foi referido acima, e
concentrando particular atencao na industria automovel, torna-se relevante garantir que
a rotura de uma junta adesiva seja coesiva e nao adesiva, uma vez que este tipo de falha
¢ considerada mais segura, sendo um modo de rotura que permite estimar com maior
precisao a resisténcia da mesma.

Este trabalho tem como objetivo possibilitar a previsao, com precisao, do comporta-
mento de uma junta adesiva reforcada com reforcos inorganicos, no que toca ao seu modo
de rotura e a resisténcia da junta. Para além disso, sera estudada a influéncia da in-
trodugao de tais particulas na camada adesiva, nomeadamente nos efeitos que tal provoca
nas suas propriedades mecanicas.

As propriedades de resisténcia e tenacidade a fratura foram determinadas através de
ensaios de tracdo e de "double cantilever beam” (DCB), que foram realizados em regime
quase-estatico, para diferentes quantidades, em volume, de esferas de vidro ocas.

Para o estudo da influéncia das particulas de vidro no modo de rotura e na resisténcia
da junta adesiva, foram realizados ensaios de juntas de sobreposicao simples, num regime
quase estatico, para diferentes quantidades, em volume, de esferas de vidro ocas. As curvas
de forca vs deslocamento foram retiradas e as superficies de fratura foram analisadas
minuciosamente.

Uma vez que o comportamento das juntas adesivas e os modos de falha que lhe estao
associados mudam com as diferentes quantidades de particulas de vidro, as juntas de so-
breposi¢ao simples foram modeladas numericamente, através do uso do eXtended finite
element method (XFEM), com recurso ao software Abaqus®. As curvas de forca vs. deslo-
camento foram retiradas e a variacao do modo de rotura com as diferentes quantidades

de esferas de vidro foi avaliada.
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A resisténcia a tragao nao variou significativamente com o aumento da quantidade de
particulas de vidro. No entanto, a deformacao a rotura e a energia de fratura no modo I
diminuiram progressivamente, enquanto que o modulo de Young aumentou.

A resisténcia das juntas adesivas diminuiu com a introducao de particulas de vidro na
camada adesiva, e o modo de rotura revelou uma tendéncia para mudar de falha adesiva
para falha coesiva com o aumento da quantidade de particulas de vidro.

Os resultados das simulagoes numéricas foram validados para os testes de juntas de

sobreposicao simples e revelaram uma boa concordancia com os resultados experimentais.
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1 Introduction

1.1 Background and motivation

Adhesives are emerging as an alternative mechanical fastening option in detriment to
the use of bolts, rivets and welding. This is happening as a consequence of a set of valuable
characteristics that are inherent to them, such as their low weight and high stiffness,
the capability of joining different materials and with small thicknesses, uniform stress
distributions, the possibility of automating the joining process as well as the adaptability
to different designs and contours, among others [1,2].

For these reasons, adhesives are widely used in the aeronautical, automotive, and
aerospace industries [1], all of which demand excellent mechanical performance, due to
representing a key tool in the search for reducing emissions and energy consumption values.
Besides, these industries have very strict safety requirements, which forces adhesively
bonded joints to match these requirements.

The increasing search for ways of enhancing the mechanical behavior of adhesives has
led to the use of a wide range of reinforcement materials, as an attempt to improve their
performances. In addition, for the industries mentioned previously, making sure that the
joint’s failure is cohesive rather than adhesive when critically loaded is also a key design
parameter.

For the reasons stated above, the present thesis focuses on the effects of the intro-
duction of inorganic fillers into the adhesive layer, in terms of the adhesives’ properties,
joint’s strength and its failure mechanism. A numerical model has also been developed,
serving as a tool to simulate and predict the behavior of single lap joints’ with and without

inorganic fillers, regarding their strength and failure modes.

1.2 Objectives

The present work has three main goals, being the first to fully understand how are
the adhesives’ properties are influenced by the introduction of inorganic fillers into the
adhesive layer, in terms of strength and fracture energy.

The second goal is to comprehend the effects caused by adding inorganic fillers to
adhesives, in terms of the bonded joint’s strength and the respective failure mode.

The third goal is to implement a numerical model which is capable of simulating the
failure mechanism of bonded joints with and without inorganic fillers, and to predict the

corresponding joints’ strength.
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1.3 Research methodology

To accomplish the desired objectives of the present work, the following steps were

carried out:

— A detailed literature review, with the aim of analysing the state of the art related

to the effects of using reinforcements in adhesives;

— Experimental tests, specifically bulk tensile tests, double cantilever beam (DCB)

tests, and single lap joint (SLJ) tests for different amounts of inorganic fillers;

— Numerical simulation of the failure mechanism of single lap joints, making use of

some of the materials’ properties that were collected in the experimental study.

1.4 Thesis outline

The present thesis is branched into seven chapters. This introductory chapter briefly
addresses the main focuses and goals of this work, its background and motivation, as well
as the experimental and numerical approaches that have been adopted.

Chapter 2 presents a general review on adhesive joints, their classification types, load-
ing conditions, failure modes, and joint designs. The strength prediction approaches for
adhesive joints are also thoroughly described. Being this thesis’ main subject the effects
of reinforcements in adhesives and adhesive joints, these are also reviewed regarding their
different scale sizes, mechanical behavior, and the damage mechanisms that their presence
may lead to. Moreover, a particular focus is given to glass microspheres, which are the
inorganic fillers being studied in this work. At last, a literature review on the finite ele-
ment technique adopted during this work and on similar numerical simulation approaches
is made.

Chapter 3 is devoted to the experimental procedures performed to obtain the mechan-
ical properties of the adhesives and to analyse the bonded joints’ strength and failure
mechanisms, for different amounts of inorganic fillers.

Chapter 4 briefly describes the numerical study of the single lap joint models and the
different configurations under analysis.

Chapter 5 exhibits the appended papers along with the corresponding abstracts.

Chapter 6 summarizes the main conclusions regarding the subjects investigated in the
present work and presents suggestions of additional research works to be performed as a

continuation of the topics studied throughout this thesis.
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2 Literature review

2.1 Survey of adhesive joints

An adhesive consists of a material that can be applied to surfaces in order to join
them together and resist separation. Structural adhesives are a subset of adhesives that
are able to assure the strength and the stiffness of the structure itself, being able to resist
significant loads [1].

The materials to be joined are called substrates, and after being bonded, they are
generally referred to as adherends. The attraction between substances, that is a result of
the intermolecular forces existing between them, can be defined as adhesion [1].

The interphase can be defined as the region between the adhesive and the adherend,
while the interface is the plane of contact between the surface and the two materials [1].

When compared to other mechanical fastening options, the use of adhesives has some

advantages associated to it [1,2]:

— Provides uniform stress distributions, which results in a higher stiffness and load

transmission, leading to reductions in cost and weight, Figure 1.
— Enables the bonding of dissimilar materials;
— Has the ability to bond thin sheets of material;
— Allows to efficiently bond plates;
— Simplifies the creation of automatic processes for adhesive’s application;
— Provides flexibility in joint design;

— Allows smooth surface finishes, since there is no longer the need to use holes for

rivets or bolts.
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Riveted joints
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Figure 1: Comparison between riveted and adhesively bonded joints in terms of stiffness

(left) and stress distribution (right) [1].

Nevertheless, the use of adhesive bonding has also some significant disadvantages, the

most important of which are described below [1,2]:

— Requires the avoidance of peel and cleavage stresses, since these concentrate the

load in a small area, leading to a poor joint strength;

— Has limited resistance to extreme temperature and humidity conditions, as a result

of the adhesive’s polymeric nature;

— Requires the use of tools to keep the substrates in position for a set period of time,

since bonding is not an instantaneous phenomenon;

— The hardening of some adhesives requires high temperatures, which might represent

an economic disadvantage;
— Demands careful surface preparation;

— It is often very difficult to perform quality control.
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2.1.1 Classification of adhesives

Since it is important to distinguish the different adhesives and what characterizes

them, there are a few main categories that are used to classify them, which are listed

below [1]:
— Polymer base;
— Functionality in the polymer backbone;

— Method of application;

Physical form,;
— Chemical family;
— Functional type.

Regarding the polymer base, adhesives can have a natural or synthetic one. Natural
adhesives comprise vegetable and animal-based adhesives, as well as natural gums. On
the other hand, synthetic adhesives are all the adhesives which are not natural, such as
epoxies and polyurethanes [1, 3].

In terms of the functionality in the polymer backbone, synthetic adhesives can be
classified as thermosetting, thermoplastic, elastomeric or a combination of the previous
ones (hybrid). Thermosetting adhesives are materials that cannot be heated and melted
after the initial cure, which is a consequence of chemical reactions happening whether
at room temperature or at high temperatures. These adhesives exist as one or two-part
systems: the first one cures at high temperatures and has a limited shelf life; the second
one can usually be cured at room temperatures and has longer shelf lives. Elastomeric
adhesives are polymers that have a higher toughness, elongation, flexibility, and peel
strength. Thermoplastic adhesives are one-component systems which are cured whether
after cooling from a melted state or by evaporation of a solvent or water vehicle. These
adhesives can be melted without affecting their properties in a significant way. At last,
hybrid adhesives are a combination of the different adhesives that were described above
[1,3].

Adhesives can also be classified based on their method of application, which can be one
of the following: coating, spraying, or brushing. Choosing one of the previous methods

of application should take into account the adhesive’s viscosity [1, 3].
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In terms of physical form, adhesives can either be in the liquid, powder, film or paste
state. The way as they are applied is usually related to their physical state. Below follows

a brief description of each physical state and its characteristics [1, 3]:

— Liquid adhesives are adhesives that are usually applied by the use of rolls, spraying

or brushing;

— Paste adhesives are characterized by their high viscosity and little tendency to sag

or grip, which allows their application on vertical surfaces;
— Film adhesives allow to have a uniform bond line thickness;

— Powder adhesives must be applied in a liquid form, which requires its heating or

dissolution into a solvent.

The chemical families of adhesives can be divided into epoxies, polyurethanes, and
many others. Regarding epoxy adhesives, these are probably the most industrially relevant
family of structural adhesives, due to their versatility. They can be strong and brittle,
or even flexible and tough, depending on their formulation. Polyurethane adhesives are
frequently used in applications that call for an elevated toughened and resistance to tear
and abrasion and can also be useful at low temperatures where high impact and flexibility
is required [1].

Adhesives can also be classified according to their function [1]:

— Structural adhesives, which need to provide high strength and performance, since

they are supposed to resist to high loading values;

— Non-structural adhesives, whose function is to hold the materials together, without

needing to bear significant loads.

2.1.2 Failure modes, loading conditions and joint design

In terms of failure modes, there are mainly four types of them, being those (Figure

2) [1J:

— Cohesive failure in the adhesive, that represents the cases where the crack propagates
through the adhesive and the surfaces of the adherends are still coated with adhesive.
This type of failure happens when there is a strong bond between the adhesive and
the adherend and the substrates are also stronger than the internal strength of the

adhesive;
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— Cohesive failure in the adherend, which happens when the adhesive bond and the

adhesive itself are stronger than the adherend;

— Interfacial failure, where the crack follows a path along the interface between the
adhesive and the adherends. This type of failure can occur due to an incorrect
surface preparation and it is usually not accepted in an industrial setting (especially

in the automotive sector);

— Alternating or mixed failure, a failure mode that comprises the cases where the
cracks propagate in a alternating way, varying between the adhesive and the ad-

herend interfaces.

_—— T —
*———_  Adhesive

i) Cohesive failure in the adhesive

¥ Adhesive

i) Cohesive failure in the adherend

Adherend

¥ Adhesive
Adherend

iii) Interfacial failure

Adherend

——_ Adhesive
Adherend

iv) Alterning failure

Figure 2: Schematic representation of the different types of failure.

Moreover, adhesives may be subjected to different loading conditions. Normal stresses

appear when loads act perpendicularly to the joint’s plane. On the other hand, shear

7
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stresses are the ones that result from the action of loadings in the direction of the joint’s
plane. Finally, peel and cleavage stresses are the ones that most critically affect adhe-
sive joints. Cleavage stresses are a consequence of loadings being applied in the ends of
the bonded joint, perpendicular to it, and that tend to separate the adherends between
themselves. Peel stresses are similar to the cleavage ones, but only exist when at least
one adherend is flexible enough.

Finally, among the many possible configurations for bonded joints, the ones that stand
out are the single lap joint, which is the simplest and the one that is studied the most,
the double-lap joint, the scarf joint and the stepped-lap joint, being these represented in
Figure 3 [4].

i) Single-lap joint ii) Double-lap joint
iii) Scarf joint iv) Stepped-lap joint

Figure 3: Most common joint configurations.

2.2 Strength prediction approaches for adhesive joints

The increasing use of adhesive joints in structural applications requires tools to better
decide on the joint design and how to improve its performance. With this in mind, there
are a few basic approaches that enable the characterization of adhesive joints performance

and fracture.

2.2.1 Continuum mechanics

In the continuum mechanics approach, both the adhesive and the adherends are mod-
eled using continuous finite elements, which presupposes a perfect connection between
them. Doing so does not take into account the interface properties [5].

This strength prediction approach relies on the identification of deformations, stresses,

and the maximum force that can be applied to the joint in the normal, shear, peel, and
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cleavage loading conditions [5]. Maximum stress and maximum deformation are two
different fracture criteria that are used in this matter. Yet, both fail to apply because of
the singularities that are inherent to the joint tip geometry (Figure 4). Moreover, and
by using the finite element analysis, the stress values increase with the mesh refinement,

rather than converging, which prevents reaching the aimed solution [5].

__

Figure 4: Singularities of the joint tip geometry.

To overcome this problem, many solutions have arisen. However, they all apply to
continuous structures, and face the same difficulties when dealing with defects, or more

than one material [5].

2.2.2 Fracture mechanics

Fracture mechanics, unlike continuum mechanics, considers that the structure is not
continuous. On the contrary, this approach allows the presence of manufacturing defects
and any other damage that may appear during its work life [5].

Not only cracks but also other imperfections behave as points of stress concentra-
tion and initiation points for the propagation of fracture and the failure of the material.
Fracture mechanics analyses the size of each defect and determines if its size exceeds the
critical failure size, which leads to structural failure. There are two main criteria for
the study of fracture mechanics, which are the stress intensity factor criterion and the
energetic criterion [5].

The stress intensity factor criterion is based on a stress intensity factor K, a scale
parameter that reflects the stress state in the region near the crack tip. The fracture
can generally be caused by three different loading modes. Mode I can be defined as the
opening mode, while modes II and III are the modes related to shear (Figure 5). Mode II
occurs when the crack surfaces move perpendicularly to the crack tip, and in mode III the
crack surfaces move parallelly to the crack tip [5]. In the majority of the real situations,
the load configurations lead to a combination of the fracture modes that were described.

For mode I, the stress intensity factor can be defined as follows:
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K =Yo,\/ma (1)

where Y is a non dimensional factor, dependent on the geometry and load distribution,
o, is the remote tension applied and a is related to the crack length. The crack will occur

when the stress intensity factor, K, is equal to the material fracture toughness K..

(a) Mode L. (b) Mode II. (c) Mode III.

Figure 5: Fracture modes for an adhesive joint [5].

For each fracture mode, a stress intensity factor is defined, K;, K;; and K77 for mode
I, IT and III respectively.

On the other hand, the energetic criterion assumes that the propagation of the crack
will happen when the available energy at the crack tip reaches the energy that is needed
for the crack to propagate [5].

The energetic and the stress intensity factor criteria can be related as follows, for the
plane stress and the plane strain cases, respectively [6]:

K2

G:f (2)

where E is the Young’s modulus. For the plane strain [6]:

¢=2n-w 3)

where v is the Poisson’s ratio.

The energetic criterion is more commonly used since G is physically related to the
crack energy absorption process. In addition, it is also very difficult to directly obtain the
stress intensity factor values [5].

The mode ratio of the mixed-mode fracture can be defined as follows [5]:

1 G]I

=tan~
2 G,

10
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Moreover, the energetic criteria for any type of mode combination can be defined

by [5]:
(65 + (5) - g

where G, is the critical energy release rate in mode I, G, is the critical energy release

rate in mode II, and « and [ are constants.

In order to obtain the strain energy release rate, there are multiple data reduction
schemes that enable to collect these properties. One of the most widely used methods is
the compliance-beam based method (CBBM), which was mainly developed by Moura et
al. to determine the energy release rate in mode I.

CBBM defines the crack length based on the specimen’s compliance, without requiring
to directly measure it. This also accounts for the fracture process zone (FPZ) effects in the
calculation of the fracture energy, which is defined by the existence of various micro-cracks
and plasticized area ahead of the major crack which absorb some amounts of energy [7].

Figure 6 schematically represents the fracture process zone.

Microcracks

Crack ————————

True crack Fracture process zone

Figure 6: Schematic representation of the fracture process zone (FPZ).

The equivalent crack length, a.,, is calculated based on the specimen’s compliance [7].
Figure 7 is a schematic representation of the fracture process zone and the crack equivalent
concept, being a the initial crack length, A the root rotation correction for the initial crack

length and F'PZ the correction to take into account the fracture process zone [8].

11
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at+Aa

ae

a+A+FPZ

Figure 7: Schematic representation of the fracture process zone and the crack equivalent

concept.

The equation below is the one used to calculate the fracture energy in mode I with

CBBM [7):

2 2

Gr= g];h (;?qu * 5é13) ©)
where P corresponds to the load, B is the specimen width, A represents the thickness
of the substrates, Gi3 is the shear modulus, a, is the equivalent crack’s length, and Ey
refers to the corrected flexural modulus, due to the fact that CBBM does not consider
the stress concentrations neither the substrates’ rotation near the crack tip [7].

The equation below is used to calculate the energy release rate, in mode II [9]:

_ 9P2a§q 7)
16 B2ER?

where P is the load, a, is the length of the crack equivalent, B the specimen width,

GII

Ey is the corrected flexural modulus of the substrates and h represents its thickness.
Generally, the fact that fracture mechanics criteria are used already with the presence
of defects, which are modeled as pre-cracks, makes this approach only suitable for the

characterization of damage propagation, instead of damage initiation [5].

2.2.3 Damage mechanics

In damage mechanics, it is the combination of continuum mechanics and fracture

mechanics that allows to model damage initiation and crack propagation, respectively.
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In this approach, reaching a certain stress criterion at an integration point leads to a
relaxation process. This process is based on a fracture energy criterion, resulting in the
material’s degradation [5].

For the study of adhesive joints, cohesive zone models (CZM) are widely used. These
models are associated with interface elements, which have no thickness and assure the
connection between two solid elements. The use of CZM does not require the introduction
of any pre-cracks, and the crack propagation initializes independently of user intervention
[5].

Putting into practice CZM requires the use of traction-separation laws to characterize
the mechanical behaviour of the adhesive. For this matter, there are two main types of
traction-separation laws. The triangular law is the most used one, since it is very simple
to use and is generally suitable for stiff and brittle adhesives. However, the trapezoidal
law can also be used, being usually more adequate for ductile adhesives. Triangular and

trapezoidal traction separation laws are schematically represented in Figure 8.

Traction Traction

4 4

t,td el

87, 65 57{ , 551‘ Separation 83, 8¢ 67{ : 6{ Separation

(a) Triangular traction-separation law (b) Trapezoidal traction-separation law

Figure 8: Schematic representation of traction separation laws.

2.3 Effect of fillers on adhesives

Since adhesive joints have a growing presence in high technology applications, many
ways to improve their strength and failure behavior have been studied. Some of these
methods involve varying the substrate’s surface roughness, finding an optimum thick-
ness of the adhesive layer, combining the adhesive joints with other conventional joining
methodologies (hybrid joints), among others [10].

However, some of these methods are not only complex but also expensive. With this
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in mind, adding fillers to the adhesive layer may appear as a more affordable and simpler
solution to improve the adhesive’s performance. Doing so forms what is in fact a composite
material, since it becomes a combination of two or more materials [10].

Besides, and focusing on epoxy adhesives, these are usually amorphous and highly
cross-linked materials, which enables them to have good structural properties. However,
and since they are also a slightly brittle material, the addition of a second phase of
particles, such as rubber particles, can lead to an increase in terms of toughness, without

affecting other properties [11].

2.3.1 Different scales of fillers

Generally, fillers can be subdivided into three types [10]:

— Nanoscale fillers — Nanomaterials are materials that have at least one dimension
below 100 nanometers. Their use as reinforcements has been proven to enhance
not only the mechanical behaviour but also the thermal behavior of adhesives. This
happens because of some properties of this kind of material, such as the large surface
area, the high surface energy, and the reduced number of structured defects. Carbon-
based nanomaterials and nano-silica are examples of groups of nanoparticles used

in adhesives;

— Microscale fillers — Micro materials dimensions vary between 1 and 1000 microme-
ters, and their surface area to volume ratio is smaller than for nanomaterials. Ther-
mally expandable particles and cork particles are a few types of micro materials

that can be used as reinforcing fillers;

— Macroscale fillers — Macro fibers, unlike other types of reinforcing fillers, improve
the adhesive’s performance in terms of its curing process and electrical conductivity
and provide a uniform adhesive thickness. The fibers’ diameter may vary between

0.2 and 1.2 millimeters.

2.3.2 Mechanical behavior

The introduction of reinforcing fillers in adhesives has been proven to greatly influence
the mechanical behavior of the structures being analyzed, more precisely the stiffness,
fracture toughness, and strength [10].

Regarding the strength associated with adhesives and adhesive joints, it shows to

vary with three main parameters: particle/matrix interfacial adhesion, particle size, and
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content. In terms of interfacial adhesion, it can generally be said that a strong interfacial
adhesion improves the tensile strength of the structure, as a result of the ability to transfer
stress from the matrix to the particles. Moreover, the research work that has been done
about the effect of particle size concludes that reducing it enhances the tensile strength
of the composite. At last, the effect of particle content seems to be uncertain, since it
depends on the two previous parameters [10].

The adhesive and adhesive joint’s stiffness is shown to vary with the particle size and
particle loading factor. The first one seems to provoke different variations to the stiffness,
depending on the volume fraction. Generally, and if the particles have a higher modulus
than the neat adhesive, increasing the volume fraction leads also to an increase in the
modulus of the adhesive being reinforced [10].

Similarly, fracture toughness depends on particle size, particle-matrix interfacial adhe-
sion, and particle loading. Regarding the particle size, its increase enhances the fracture
toughness of the adhesive, due to the deflection that is caused by the bigger particles being
introduced. However, this is only valid for microscale reinforcomg fillers. Furthermore,
the fracture toughness seems to improve with the increase of particle loading. Never-
theless, for much larger volume fractions, the agglomeration of particles leads to stress
concentrations that worsen the adhesive’s mechanical behavior. Finally, interfacial adhe-
sion has also an important impact on the fracture toughness of the reinforced adhesive
since well-bonded particles can perform the role of crack stoppers [10].

Barbosa et al. [12] has conducted a study focusing on the effect of cork particles on
the strength of a structural adhesive. For this experiment, different amounts of cork
(between 0.5 % and 5% of cork particles, in weight) were introduced into the adhesive
and then tensile and single lap joints tests were performed to evaluate the variation of the
adhesive’s mechanical properties. This experimental study showed that, for 1% of cork
particles, the adhesive became more ductile, and also presented a higher joint strength.
However,increasing the amount of particles to 2 % already leads to a worse mechanical
behaviour, since the particles start acting as defects.

Kinloch et al. [13] has presented an article which focuses on how the addition of
nanosilica particles to a rubber toughened adhesive affects its toughness. Single-lap joint
and tapered double-cantilever beam specimens were manufactured and tested to assess
the behaviour of the adhesive. These particles, with an average diameter of 20 nm, led
to improvements not only in terms of toughness, but also in terms of single-overlap shear
strength for quantities between 1 % and 8 % in weight. This is a consequence of the

interactions of the stress field around the particles and next to the crack tip, which helps
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to enhance the plastic deformation of the adhesive’s matrix.

Forte et al. [14] has studied the effects of adhesive reinforcement on the mode I fracture
toughness of bonded joints. The study that was carried out compared the different energy
release rates in mode I for different volumes of fiber-glass fibers in the epoxy resin. The
results obtained showed that introducing fibers in the adhesive generally led to a significant
decrease in terms of the energy release rate, when compared to the neat resin. Moreover,
the Scanning Electron Microscopy (SEM) analyses allowed to observe fiber breakage for
every combination of adhesive and fiber, as well as a matrix interface failure in most of
the specimens.

Meng et al. [15] presented an article that compared the influence of nanosized and
micrometer-sized rubber particles on the fracture toughness and strength of polymeric
adhesives, for different adhesive thicknesses. For this study, the same volume fractions of
2.5 % and 5.0 % were used for both cases, and DCB, compact tension (CT) and lap shear
tests were performed to evaluate the mechanical properties. The experimental results
showed that nanoparticles lead to considerable improvements in terms of the fracture
toughness and shear strength. This is related to the fact that, for a certain value of vol-
ume fraction, nanosized particles have shorter particle-to-particle distances and represent
a higher surface area, which facilitates the energy absorption. Besides, microparticles re-
sulted in a slight increase of the fracture toughness, depending on the adhesive thickness
and the ductility of its matrix.

Kishi et al. [16] worked on assessing the differences regarding the adhesive properties
of an epoxy resin toughened using polyamide-12 particles and core-shell rubber particles.
This experimental study involved the manufacturing and testing of CT specimens, as well
as the manufacture of specimens to evaluate the peel and the shear adhesive strength.
The results obtained showed that the T-peel adhesive strength improved by increasing the
amount of polyamide-12 particles. On the other hand, and by using the core-shell rubber
particles as reinforcements, the adhesive’s strength improved by increasing the number
of particles, until reaching a plateau. Moreover, the polyamide-12 particles revealed a
considerable ability to plastically deform until fracture in the peel process. This suggested
the existence of a bridging mechanism that increases the adhesive’s toughness, which will
only occur when the reinforcement particles have a good adhesion to the matrix, the
ability to absorb considerable amounts of energy, and a lower elasticity’s modulus than

the one relative to the adhesive’s matrix.
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2.3.3 Damage mechanism

Damage mechanisms can be highly influenced by the addition of fillers, which can alter
the way the crack propagates along the adhesive. Below, the different effects that can be
caused by the presence of second phase fillers are briefly described [10,17]:

— Bridging mechanism (Figure 9) — This mechanism can work as a way of improving
the mechanical properties of the adhesive, being its effect related to the size and
the geometry of the reinforcing fillers being added. Additionally, they break or pull
out from one surface to another depending on the angle formed with the fracture

surface and the interfacial bond strength with the adhesive [10];

Particle reinforcement

Figure 9: Schematic of bridging mechanism.

— Crack deviation mechanism (Figure 10) — The crack deviation mechanism is a result
of the presence of particles in the adhesive’s matrix since the crack reaches the
spheres and changes its usual path. This phenomenon can both increase the fracture

toughness and delay the failure of the reinforced adhesive [10];
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Particle reinforcement

J
Initial crack path

Crack path deviation

Figure 10: Schematic of crack growth deviation.

— Crack pining and bowing mechanism (Figure 11) — This mechanism, which is thought
to be more relevant for brittle materials than in ductile ones, is related to changes
in the velocity and shape of the crack propagation near the second-phase particles,
which act as obstacles [10]. This causes dissipation of energy along with the adhe-
sive, since bowing out the crack front between the particles leads to improvements

in terms of the fracture energy [18];

Bowed section

Particle reinforcement L ‘
i
-

A

Secondary crack front

Initial crack path

Figure 11: Schematic of crack pining and bowing mechanism.

— Microcracking mechanism — The development of various cracks ahead of the main
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crack tip, known as micro cracks, decreases both the modulus and the stress con-
centration near it, resulting in an improvement of the fracture toughness. This
mechanism leads to the creation of new surfaces and particles debonding, and it

varies with the size of the particles being used [10];

— Shear banding mechanism (Figure 12) — This mechanism results from local stress
concentrations created by the reinforcing fillers and can be triggered by particle
debonding and void nucleation. This decreases the stresses next to the particles

and facilitates the propagation of the shear bands [10];

Shear banding

Particle reinforcement

/
/
/
/

Deboni:ling

Figure 12: Schematic of shear banding mechanism provoked by particle debonding.

— Particle debonding and subsequent plastic void growth — Particle debonding occurs
due to local stress concentrations at the particle-matrix interfaces. Then, local
plastic void growth may appear as a consequence of the previous conditions. This
leads to an increase in terms of the dissipated energy, due to the existing plastic

voids [10];

— Stress fields around the particles — The presence of particles in the matrix, such as
spherical rubber particles, introduces local stress concentrations around the equator
of the particle. For the case of the rubber particles, and since they have the capa-
bility of bearing loads while functioning as stress concentrators, this makes them

effective at toughening the adhesive [11,19].
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2.3.4 Glass microspheres

Glass microspheres consist of thin-walled hollow spheres made of soda-lime-borosilicate
glass with a white powder appearance. They can vary in terms of size and density, and are
known to be lightweight and to present a high strength-to-density ratio and a considerable

isostatic crush strength [20,21]. Below, an example of the glass microspheres is displayed.

' 300pm !

Figure 13: SEM micrograph of glass microspheres.

The association of its thin geometry with a considerable structural rigidity, along
with a smooth and nonporous surface, allows hollow glass microspheres to stand out
from other types of reinforcements or fillers. Besides, they are chemically inert and also
water-resistant [20].

The use of hollow glass beads, when compared to other types of fillers with the same
weight, allows to fill large volumes of reinforcement. For this reason, and by considering
the cost per unit volume, it is safe to say that glass microspheres are a cost-friendly
solution [20].

For an instance, Khalili et al. [22] studied the influence of adhesive reinforcement
with glass fibers and micro-glass powder on single-lap joints with composite laminates as

adherends. Focusing on the impact of using micro-glass powder, it has been concluded
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that this improves the strength and stiffness of the joint. Moreover, thin-layer cohesive
failure and cohesive failure were the predominant failure modes that resulted from this
type of reinforcement.

According to Hunter et al. [23], who investigated how the presence of glass micro-
spheres in the adhesive affects the mechanical adhesion of single-lap joints with fiber-
reinforced polymers, its use has different effects which are dependent on how fast the
adhesive is cured. For the case of the fast-curing epoxy adhesive, the joint’s strength is
shown to increase, for the 3% and the 10% weight concentration of glass microspheres,
when compared to the neat adhesive’s joint. On the other hand, for the slow-curing ad-
hesive, the strength generally decreased for both concentrations. Regarding the failure
modes, thin-layer cohesive and fiber tear failure were the most common ones for the slow-
curing adhesive, while for the fast-curing adhesive, interfacial failure was also in addition

to the previous modes .

2.4 Numerical simulation
2.4.1 XFEM

XFEM is a finite element formulation that was recently created as an extension to
the traditional finite elements’ method, having been firstly introduced by Belyschko and
Black in 1999. Unlike cohesive zone modelling (CZM), it is not dependent on a predefined
crack-path to properly model damage growth. Besides, it allows the crack to be modeled
independently of the mesh, not requiring any kind of remeshing, and tracks its motion [24].

This method, which can be defined as a minimal remeshing finite element method,
is based on the addition of discontinuous enrichment functions to the conventional finite
element displacement function to account for the presence of a crack [25,26].

In XFEM, when there is damage propagation, phantom nodes are created, which
subdivide the elements that are intersected by the crack and enable the existence of
discontinuities between the new elements. This allows the crack to freely propagate along
an arbitrary path [24].

Figure 14 presents a representative scheme of the propagation of a crack in XFEM,
and shows how this technique adds enrichment functions to account for its presence and
the discontinuities that it creates. Initially, the element represented in a) had four nodes,
ny - ng, and after being crossed by the crack, four phantom nodes, ny - n4, were added to
allow the existence of the discontinuities between the new sub-elements. Therefore, the

initial element was replaced by two new sub-elements, in b), being 4 composed of the
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nodes nq, ny, g and Ny, and Qp composed of the nodes nodes ng, ny, 71 and 1y [24].

a)

Figure 14: Representative scheme of the partition phenomenon associated to the propa-

gation of a crack in XFEM.

Below, the equation for the displacement vector in the context of XFEM is presented,

where vectors as displayed in bold lower case letters [24]:

u= ZNI(ZL‘) uI+H(x)al+ZFa(:v)b?‘ (8)

a=1
where Nj(z) corresponds to the nodal shape function and u; represents the nodal
displacement vector of the continuous part of the formulation [24].

Furthermore, H(z)a;, which is the generalized Heaviside enrichment function, is ap-
plied to all the nodes whose shape function are cut by the crack, as well as F,,(x)b$. The
term H(z) can be defined as the jump function or discontinuous shape function, which
allows the modelling of the discontinuities across the crack over the points along the crack

surface [25,27].

() Lif (z—a%x)-n>0 (0)
-1 otherwise

where = is a sample Gauss integration point, x* is the point of the crack which is
closest to z, and n represents the unit vector normal to the crack at x* [27].

This term is multiplied by a;, which represents the nodal enriched degree of freedom
vector [24].

Regarding the third term inside the brackets, F,(z) is related to the asymptotic crack-

tip functions, while b¢ also represents the nodal enriched degree of freedom vector [24].
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XFEM can be used following two different approaches regarding the damage modelling;:
the cohesive segments approach; and the Linear Elastic Fracture Mechanics approach
(LEFM) [24].

For the study of the adhesives’ behavior, the cohesive segment approach is the one that
is used, since it is governed by traction-separation-laws and the damage properties are
defined as part of the bulk material definition. This approach can be followed using three
stress-based and three strain-based damage initiation criteria, being the crack initiation

dependent on the stress/strain value at the center of the enriched elements [24]:

— Maximum principal stress (MAXPS) and maximum principal strain (MAXPE),

whose criteria are the following, respectively:

f = o) (10)

0

where o,, is the maximum principal stress at an integration point and o, .,

represents
the material strength in terms of tension. Not only for this criterion, but also for
the upcoming ones, the Macaulay Brackets are used in order to specify that a purely

compressive stress dos not induce damage [28].

f= Lo (1)

0

where €,, is the maximum principal strain at an integration point and ¢,,,,.,

represents

the material strength in terms of deformation [28].

For these criteria, the crack initiates when f = 1 and its plane is perpendicular to

the direction of the maximum principal stress [24].

— Maximum nominal stress (MAXS) and maximum nominal strain (MAXE), whose

criteria are the following, respectively:

onif o, >0
f = MAX{ ]<Va"> =) o) = (12)
mazx max max 0 if o < 0

where o, and N,,., are the maximum nominal stress and the critical stress value in
a normal-only mode at an integration point, o; and T},,, are the maximum nominal

stress and the critical stress value in a shear-only mode along the first shear direction,
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and o, and S,,,, are the maximum nominal stress and the critical stress value in a

shear-only mode along the second shear direction [24].

enife, >0
0ife, <O

f=MAX{

max’ ~max’ ~max }
En €t Es

maxr

mar are the maximum nominal strain and the critical strain value in

where ¢,, and ¢
a normal-only mode at an integration point, £; and /" are the maximum nominal

strain and the critical strain value in a shear-only mode along the first shear direc-

max

9% are the maximum nominal strain and the critical strain value

tion, and ¢, and ¢

in a shear-only mode along the second shear direction [24].

For these cases, the damage initiates when 1.0 < f < 1.0 + fi,1, being fi; a
tolerance value specified by the user. The user may also define the crack plane

normal direction [24].

— Quadratic nominal stress (QUADS) and quadratic nominal strain (QUADE), whose

criteria are the following, respectively:
() 2 o\ o \?
N— + T_ + g =1 (14)
2 2 2
ETL 65 5
6n ax 81;1&)( einax

For these criteria, the user also defines the crack plane normal direction, as for

MAXS and MAXE [24].

2.4.2 Numerical simulation approaches

Despite the lack of numerical studies regarding the influence of glass microspheres on
the failure pattern of adhesively bonded joints, there has already been some research on
the use of XFEM to model bonded joints.

Da Silva et al. [29] used the finite element-based XFEM technique to predict the failure
mode of single lap joints reinforced with cork microparticles. This study proved that
XFEM can be used as a precise method to predict the location of the crack initiation, the
crack path and the mechanical performance of the joints. Regarding the failure modes

that were obtained experimentally, which were then validated numerically, it has been
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observed that, by increasing the size and the amount of particles, the crack evolves from

an adhesive failure to a cohesive one, Figure 15.
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Figure 15: Single lap joints failure modes for two adhesive configurations: (a) neat and

(b) 5% of 250-500 mm cork particles [29].

Campilho et al. [30] studied the applicability of XFEM to reproduce the mechanical
behaviour of DCB specimens and their crack propagation, and to validate the experimen-
tal results regarding not only the load-displacement curves, but also the critical strain
energy in pure mode I. This work concluded that XFEM allows to accurately simulate
the P — ¢ curves, as well as the Gjc values. Therefore, this method can be used as a way

to predict the strength and the crack propagation of bonded structures.
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3 Experimental procedures

3.1 DMaterials

During this work, two different adhesives were used, which will be referred to as
Adhesive A and Adhesive B. Both are crash-resistant, one component adhesives, designed
for the automotive industry. Their use aims to increase the body stiffness, the operation
durability, and the crash performance. The general properties of the adhesive are listed

in Table 1.

Table 1: General properties of Adhesive A and Adhesive B.

Adhesive  Type of adhesive Supplied as Cure cycle

Adhesive A Epoxy resin One-part  180°C / 30 min
Adhesive B Epoxy resin One-part 180 °C / 30 min

The mechanical and physical provided by the suppliers of Adhesive A and Adhesive
B are displayed in Table 2.

Table 2: Mechanical and physical properties of the adhesives used, provided by the sup-
plier.

Property Adhesive A Adhesive B
Density/ g-mL™! 1.26 1.18
Viscosity/ Pa-s 160 350

Tensile strength/ MPa 32 35
Elongation at break/ % ~ 6 ~ 10
Young’s modulus/ MPa 2100 1500

The substrates that were used for the manufacturing the DCB specimens and one of
the two single lap joint geometries were machined from DIN 40CrMnMo7 steel, which is

generally referred to as a high strength steel. The main goal of using high strength steel
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was to avoid plastic deformation of the substrates. The main mechanical properties of

these substrates can be seen in Table 3.

Table 3: Mechanical properties of the substrates used.

Young’s modulus/ MPa 210000

Poisson’s ratio 0.3

The other single lap joint specimens substrates were machined from a low strength,
mild steel.

The hollow glass beads that were used were provided by 3M ™ with the commercial
reference 3SM™ Glass Bubbles K37 [20]. These consist of thin-walled hollow spheres made
of soda-lime-borosilicate glass with a white powder-like appearance. They can vary in
terms of size and density, present a high strength-to-density ratio and have a considerable
isostatic crush strength [20].

In Table 4, their main properties are presented.

Table 4: Main properties of the hollow glass beads, provided by the supplier.

Property 3M™ Glass Bubbles K37
Density/ g-cc™? 0.37
Color W hite, powdery
Composition Soda — lime — borosilicateglass
Median particle diameter/ pum 45
Strength/ MPa 20.6

3.2 Testing methods

The present work’s aim, in terms of the experimental study, is to understand how do
the adhesives’ properties change with varying amounts of hollow glass beads, and to assess
how does the introduction of glass particles into the adhesive layer affects the failure mode

and pattern and, ultimately, the bonded joint’s strength.
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To that end, strength and fracture tests were performed, as well as single lap shear
tests, at a quasi-static speed, for different amounts of glass beads.

For the strength characterization, bulk tensile tests were realized as a way of deter-
mining the tensile properties of the adhesive, at 1 mm-min—?.

Regarding the fracture characterization, double cantilever beam (DCB) tests were
performed in order to determine the fracture toughness in mode I, at 0.2 mm-min~".

In terms of the single lap shear strength, single lap joint tests were completed to
determine the bonded joints’ strength, and to analyse the corresponding fracture surfaces.

For each condition at least three specimens were tested.

3.2.1 Strength tests
Bulk specimen tensile test

Bulk specimens are obtained by machining cured adhesive plates, which are manufac-
tured by following the French standard NF T 76-142 [31], with a thickness of 2 mm.

These were machined to a doghone shape, according to the British standard BS 2782
[32], which is represented in Figure 16.

The tests were conducted at a quasi-static speed of 1 mm-min !, and the displacement
was measured utilizing an extensometer. For each test, the load-displacement (P—¢) curve
was registered until failure occurred, and the tensile strength and the Young’s Modulus
were calculated.

Three specimens were tested for each condition.

150

50 50

T
ﬂg

Figure 16: Representation of bulk specimen’s geometry, dimensions in mm.

10

3.2.2 Mode I fracture tests
Double cantilever beam (DCB)

DCB specimens, which consist of two bonded beams with the same thickness and

length, were tested to determine the critical energy release rate in mode I. The specimens’
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geometry is shown in Figure 17.
The term ag refers to the pre-crack length, the length of an initial region without
adhesive, h is the thickness of the adherends, and ¢ corresponds to the adhesive’s thickness.
The testing procedure consists of applying a tension load to the specimen, which is

also represented in Figure 17.
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Figure 17: Schematic representation of DCB test.

For each test, the load-displacement (P —¢) curve was registered until failure, and the

critical energy release rate in mode I, Gy, was then calculated.

3.2.3 Single lap shear tests
Single lap joint with high strength steel

SLJ specimens with an adherend made of high strength steel (DIN C65 heat treated)

were manufactured, according to the geometry represented in Figure 18.
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Figure 18: Representation of single lap joint specimens’ geometry, dimensions in mm.

For each test, the load-displacement (P —d) curve was registered until failure, and the
fracture surfaces were analysed.
Single lap joint with mild steel

SLJ specimens with mild steel were manufactured, according to the geometry repre-

sented in Figure 19.
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Figure 19: Representation of single lap joint specimens’ geometry, dimensions in mm.

For each test, the load-displacement (P —d) curve was registered until failure, and the

fracture surfaces were analysed.
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4 Numerical details

In this chapter, a succinct description of the numerical procedures followed for the
appended paper C is presented. A more meticulous explanation will be displayed in the

corresponding paper.

4.1 Finite element method

Single lap joint specimens with mild steel adherends were tested experimentally, for
different amounts of hollow glass beads, and for a quasi-static speed of 1 mm-min ~*.

Three numerical models were created, with the single lap joint’s geometry represented
in Figure 19, and for the cases of neat Adhesive A, and Adhesive A with 5 and 10% volume
of glass beads, since experimentally, these SLJs configurations already allow to behold not
only a transition of the failure pattern but also the effects of introducing glass beads in the
bonded joint’s mechanical performance. These models were created for a quasi-static and
implicit analyses, and the P - § curves and the crack’s propagation path were thoroughly
analysed. Afterwards, the numerical results were compared to the experimental ones.

The numerical models were created in ABAQUS© (Dassault Systems, Providence,
USA), adopting elements which support the XFEM technique. A triangular traction-
separation law was adopted to model the adhesive behavior, and assuming a linear soft-
ening. This type of law is created with tY and ¢, which represent the cohesive strengths
in tension and shear, respectively, 62 and 62, which are the corresponding displacements,
and ¢/ and &/, which are associated to the tensile and shear displacements at failure.
The triangular traction-separation law considers an initial linear elastic behaviour, until
reaching 62 and ¢%. Then, a linear evolution until damage follows, which is associated to
5/ and &7 [28].

During this study, a triangular traction-separation law was adopted to model the
adhesive behavior, similar to the one which is portrayed in Figure 4, and assuming a linear
softening. This type of law is created with t2 and ¢2, which represent the cohesive strengths
in tension and shear, respectively, 62 and 62, which are the corresponding displacements,
and 6/ and 67, which refer to the tensile and shear displacements at failure. The triangular
traction-separation law considers an initial linear elastic behaviour, until reaching §° and
89, Then, a linear evolution until damage follows, which is associated to §/ and §/ [28].

The boundary conditions which were defined during these simulations were the ones
that follow in Figure 20. The restraining and loading conditions were set and consisted in

a restriction of the horizontal and vertical movement in the clamped end of the joint (in
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the left adherend). The opposite adherend was subjected to a horizontal displacement,
and the vertical movement was restricted, closely resembling the loads applied during

testing.

Figure 20: Boundary conditions established for the simulation of the SLJ behavior.

It should also be noted that the model does not consider the presence of defects in
adhesive layer nor in the interfaces between the adhesive and the substrates.

Moreover, and to create the geometry of the SLJ model, a script in MATLAB ©
(Mathworks, Massachusetts, USA) was developed, which plots glass spheres with random
sizes and locations along the adhesive layer. The coordinates generated by this script
were introduced in AutoCAD ©, and the model geometry was imported into Abaqus ©.

In terms of the properties attributed to each material, an elasto plastic isotropic re-
sponse was considered for the mild steel adherends, since a considerable plastic deforma-
tion of the substrates was encountered experimentally. This plastic deformation had a
significant influence on the SLJ’s performance. For the adhesive and the glass beads, the
quadratic stress criterion (QUADS) was used as the crack initiation criterion.

The model was meshed with plane strain solid elements, with QUAD (quadrilateral)
structured shapes. The meshes were constructed with bias effects towards the adhesive
bond, as these regions are expected to exhibit larger stress gradients, which require finer
meshes.

Besides, and although the XFEM methodology implemented in Abaqus © allows to
define a pre-crack for damage initiation, the models developed for this study did not
use this feature. This approach aimed to allow the crack to freely propagate along the
adhesive layer.

All of this information is described in more detail in paper C.
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5 Summary of appended papers

Below follow the titles and the corresponding abstracts of the papers that compose this

work and present the results and the respective conclusions associated to the developed

studies. These papers can be found in the appendices of this document.

Paper
A

Title: Characterization of the effect of inorganic fillers on adhesives
properties

Abstract: Adhesives are extensively used in the automotive and the
aeronautical industry as they enable durable and light weight joints,
with exceptional strength to weight ratios. The constant search for
ways of improving the adhesive’s mechanical performance led to the
use of reinforcements as an attempt of enhancing their properties.
This work focuses on the effects caused by the introduction of inor-
ganic fillers in the adhesive layer, in terms of its mechanical proper-
ties. To that end, the tensile behavior of the adhesive as well as its
fracture properties were thoroughly analysed, by performing bulk and
double-cantilever beam tests, at a quasi-static speed. The specimens
were manufactured with different amounts of glass beads, an inorganic
filler, for two different adhesives. Both adhesives have shown a negli-
gible effect on the tensile strength, a decrease of the strain at failure
and the critical energy release rate in mode I, and an increase of the
Young’s modulus, by increasing the % volume of hollow glass beads.
The properties’ variation with the amount of glass beads was then

analysed, and the corresponding trend lines were obtained.
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Paper | Title: Experimental study of the impact of inorganic fillers on adhe-
B sive joint strength and its failure mechanism

Abstract: The use of modern structural adhesives provide a
lightweight, practical and high strength joining methodology which
is increasingly being adopted in the automotive and aeronautical in-
dustries, among many others. However, the strict mechanical perfor-
mance’s standards that must be met in these sectors require a constant
search for ways of improving the adhesives’ behavior, which has led to
the growing use of reinforcements as a way of improving the capabili-
ties of bonded joints. The aim of this work is to analyse how adding
inorganic fillers to the adhesive layer affects the joint’s strength and
its failure mechanism. To this end, single lap joint specimens with
mild steel and high strength steel substrates were tested, at quasi-
static speeds, for different amounts of glass microspheres reinforcing
two different structural adhesives. The experimental results indicate
that the addition of glass particles reduces the joint performance for
both substrates under study. Furthermore, the failure pattern was
found to evolve from adhesive failure to a cohesive type of failure as

the amount of glass particles present in the adhesive increased.
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Paper

Title: Numerical model of the damage mechanism in joints bonded
using adhesives reinforced with inorganic fillers

Abstract: The use of adhesive bonding in the diverse industries, such
as the automotive and aerospace sectors has grown considerably. In
structural construction, adhesive joints provide a unique combination
of low structural weight, high strength and stiffness, combined with a
relatively simple and easily automated manufacturing’s method, char-
acteristics which are ideal for the development of modern and highly
efficient vehicles. In these applications, ensuring that the failure mode
of a bonded joint is cohesive rather than adhesive is important, since
this failure mode is more controlled, easier to model and to predict.
This work presents a technique which enables the precise prediction
of the bonded joint’s behavior, regarding not only its failure mode
but also the joint’s strength, when inorganic fillers are added to the
adhesive. To that end, hollow glass particles were introduced into an
epoxy adhesive’s layer in different amounts, and a numerical study
was carried out to simulate the behavior of single lap joint specimens.
The numerical results were compared with experimentally obtained
ones, not only in terms of the joint’s strength but also the failure pat-
tern. Both results showed that, by adding glass beads to the adhesive,
the crack tends to propagate cohesively, through the middle of the
adhesive, and that the joint’s performance was generally negatively

impacted by the presence of these particles.
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6 Conclusions

The strength, the fracture energy, and the bonded joints’ strength and failure mode
were established for two different adhesives, and for different amounts of hollow glass
beads.

The strength was obtained by performing bulk tensile tests. These tests were carried
out for both adhesives under quasi-static conditions, and for different amounts of hollow
glass beads.

The fracture energy was defined using the energy release rate in mode I, obtained
from double cantilever beam (DCB) tests. These tests were performed for both adhesives
under quasi-static conditions, and for different amounts of hollow glass beads.

The bonded joints’ strength and failure modes were investigated by manufacturing
and testing single lap joint specimens with mild steel and high strength steel substrates.
Tests were carried out at quasi-static speed, for different amounts of glass micropsheres,
and for two different adhesives.

A numerical model was developed, where hollow glass particles were introduced into
an epoxy adhesive’s layer in different numbers, simulating the behavior of single lap joint
specimens. The numerical results were compared with the experimental ones, in terms of
the joint’s strength and the corresponding failure pattern.

The main conclusions drawn from this work are:

- The tensile strength of the adhesives showed a negligible variation with varying

amounts of glass microspheres.

- The strain at failure exhibited a continuous decrease with the growing number of
glass beads, while the Young’s modulus increased, which showed that these make

the adhesive more rigid and more brittle.

- The critical energy release rate, G¢, decreased by increasing the % volume of hollow
glass spheres. Therefore, these make the adhesive less tough and reduce its capacity

for energy absorption.

- Testing SLJs with high strength steel substrates showed that adding glass beads
to the adhesive generally worsens the bonded joint’s mechanical performance, for
both adhesives. Besides, and for Adhesive B, adding particles to the adhesive layer

makes the fracture mechanism to evolve from adhesive to cohesive failure.
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- The SLJs specimens with mild steel substrates were found to be more susceptible
to the introduction of hollow glass spheres to the adhesive, showing decreased per-
formance. In the case of Adhesive A, doing so causes the crack to propagate in the
middle of the adhesive rather than in the interfacial region, due to the formation of

local stress fields in the periphery of the particles.

- Generally, the hollow glass beads do not work as tougheners of the adhesive, since
they clearly do not establish strengthening or toughening mechanisms within the
adhesive. In fact, they weaken the adhesive, since adding these particles has a

negative impact on its mechanical performance.

- The numerical models developed show that by adding glass beads to the adhesive,
the crack tends to propagate cohesively, close to the middle of the adhesive, and
the joint’s mechanical performance gets reduced by the presence of the spheres.
Furthermore, the numerical models provided satisfactory estimations of the SLJs
failure loads, as well as its maximum extension values, showing good agreement
with the experimental results. The developed numerical models were also able to

simulate the plastic yielding of the substrates accurately.

6.1 Future work

In the future, it would be interesting to determine the impact of hollow glass beads
on other adhesive formulations, with very different properties, allowing to assess if the
impact of such fillers is the same as the one observed during this study.

Regarding the influence of adding glass beads to adhesives in terms of the strength
and failure mode in bonded joints, it would be interesting, again, to perform a similar
study for other adhesives, and to use other percent volumes of glass microspheres. Also,
testing different joint geometries would be compelling, particularly specimens with thin
adhesive layers. This would allow to analyse the effect of the glass beads when these are
the ones to establish, through their sizes, the adhesive’s thickness.

Additionally, and regarding the numerical simulation, it would be interesting to repeat
this study for multiple spheres’ distributions, seeking to understand how the location of

the spheres influences the crack’s propagation path and the bonded joint’s performance.
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