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Resumo

Validação de uma ligação adesiva

Nos dias de hoje, cada vez mais, a tecnologia automóvel evolui a um ritmo crescente
e acelerado. Com isso, a exigência das OEMs para com os fornecedores é extremamente
elevada, levando a que a tecnologia aplicada a cada produto seja bastante avançada. Assim,
displays centrais com uma espessura reduzida são cada vez mais comuns e, devido a esse
facto, as ligações dos seus componentes necessitam de ser realizadas por adesivos.

Esta dissertação vem no seguimento de um projecto da equipa de ECM2, pertencente à
Bosch Car Multimedia, cujo objetivo é validar uma ligação adesiva para um display central,
de forma a que a mesma cumpra os requisitos impostos pelo cliente. A solução pretendida
deve incluir a escolha da fita adesiva e, também, do uso do tratamento superficial. Assim,
numa perspetiva geral, e após a revisão de literatura acerca deste tema, foram feitas várias
medições e testes, com o intuito de encontrar a melhor solução para o produto.

Inicialmente, foi necessário produzir todas as amostras a utilizar (single lap joints)
de forma minuciosa, quer com tratamento superficial de plasma atmosférico quer sem
este tratamento. De seguida, foi realizado um estudo sobre a influência do tratamento
superficial, analisando a variação do valor da energia superficial e dos seus componentes
nos substratos utilizados. Foi avaliado, também, o comportamento de amostras tratadas
em comparação com as não tratadas. Posteriormente, foram analisadas três fitas adesivas
(dos fornecedores: tesa; Lohmann; Saint-Gobain) ao longo de 1000h de envelhecimento
com o objetivo de verificar que estas não perdem a sua performance mecânica (analisando
as forças de corte máximas obtidas pela junta colada) e, de entre as três, verificar qual
a melhor para o produto, tendo em conta uma análise de performance/custo. Com os
resultados obtidos, foi possível chegar à melhor solução para o produto. Assim, a fita
adesiva da tesa foi selecionada para ser enviada para os testes de validação do produto, por
ser aquela que, geralmente, demonstrou ter uma melhor performance ao longo de todos
os testes de envelhecimento. Quanto à escolha de utilização do tratamento de plasma
atmosférico, esta passou por enviar para os testes de validação amostras do produto com
a fita adesiva da tesa com e sem o tratamento superficial de plasma. Esta escolha surgiu
após verificação dos resultados obtidos nas amostras que não utilizaram o tratamento,
que foram realmente bons e promissores, demonstrando uma boa performance e grande
estabilidade. Por fim, decidiu-se proceder a uma validação do produto tendo em conta
a ausência e a presença do tratamento superficial. Com os resultados desta validação, é
possível decidir se o tratamento é ou não preponderante na resposta aos requisitos impostos
pela OEM.
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Abstract

Validation of an adhesive bonded connection

Nowadays, the automotive technology evolves at a high and growing rate. With that,
Original Equipment Manufacturers (OEMs) require more and more from the suppliers,
making the technology that is applied to the products even more advanced. Vehicle central
displays with lower thicknesses are more common and, because of that, the connections of
their components must be made by adhesive bonding.

This dissertation comes from an ECM2 team project, part of Bosch Car Multimedia,
with the aim to validate a vehicle central display’s adhesive bonded connection, making
sure that this connection fulfills the requirements of the customer. The ideal solution had
to include the choice of the adhesive double-sided tape and the choice on the usage of the
surface treatment for the adhesive bonded connection.

On a general perspective, and after the literature review regarding this theme, several
measurements and tests were performed, with the intention to find the best solution for
the product. Initially, it was necessary to produce the samples (single lap joints) carefully,
the ones with the atmospheric pressure plasma surface treatment and the ones that were
not submitted to this treatment.

After, a study on the surface treatment influence was conducted, analysing the vari-
ation of the substrate’s surface free energy value, as well as its components, and the
mechanical performance of both cases was also evaluated. Three double-sided tapes were
analysed (from the suppliers: tesa; Lohmann; Saint-Gobain) during 1000h of aging, with
the aim of verifying that these would not lose their mechanical performance (analysing
their failure loads) and, between the three, which one would suit the product best. A
performance/cost analysis was also taken into account.

With the obtained results, it was possible to reach the best solution for the product.
The tesa double-sided tape was chosen for the product’s validation tests, being the one
that had the overall best performance on the several aging tests. With regard to the
atmospheric pressure plasma surface treatment, the choice was to send for validation both
treated and non-treated products with tesa double-sided tape. This choice came from the
verification of the non-treated samples’ results, that were very good and promising, having
a good performance and very stable behavior.

Finally, it was decided to proceed to a validation taking into account the absence
and the presence of the surface treatment at a product level. With the results from this
validation, it is possible to decide if the surface treatment is preponderant or not when
responding to the OEM requirements for this product.
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Chapter 1

Introduction

Initially, the project framework and motivations are presented in section 1.1. In this
first chapter, a brief description of Bosch Group in section 1.2 and Bosch Car Multimedia
Portugal in section 1.3 is presented. Afterwards, in sections 1.4 and 1.5 the main goals of
the project as well as the methodology are addressed, respectively. Finally, the structure of
the project is described in section 1.6.

1.1 Project Framework and Motivations

This Internship was performed in the XC-CI2/ECM department that develops the me-
chanical architecture of central displays, instrument clusters and head-up displays for the
vehicles’ interior. Besides the automotive area, these products are also used in 2-wheelers
[1]. Moreover, the project that will be developed is integrated in the ECM2 team, that
develops and supports projects of central displays and instrument clusters for automotive
leading companies such as VolksWagen, Audi and BMW and has ongoing projects for
other OEMs. This team works in an Agile Methodology where the Scrum Master, the
P.O. (Project Owner) and the Dev Team together make up the Agile Team. The Dev
Team has the responsibility to conduct research, design and prototyping and implement
the desired functionalities in a requirement driven process. With the collaboration of the
Product Owner, the Dev Team has to create and refine the user stories and acceptance
criteria and to confirm the correctness and scope of the desired functionality. The Team
also participates in the program increment planning and creates integration plans and
objectives. With that said, in XC-CI2/ECM2, the Dev Team works in a 2 week sprint [2].

This project will focus on the adhesive bonded connections’ development and study of
the center display’s components for a new Bosch customer. Before approaching the theme
itself, it is important to understand what the main parts of a central display are. The main
components of a central display are the display, the cover glass, the display carrier, the
design frame, the back cover, the PCB and other parts such as the shielding components
and the protection foil. It is crucial to know how to join all these components in the best
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possible way. In a display assembly, the usual joining techniques are mechanical fastening,
adhesive bonding and snap-fitting.

For this project, the adhesive bonded connection will be studied and validated with the
support of mechanical tests, so that it is possible to understand what is the best suitable
adhesive for the connection and if a surface treatment is necessary to obtain the desired
functionality.

1.2 Bosch Group

The Bosch Group (Figure 1.1) was founded by Robert Bosch in 1886. The “Workshop
for Precision Mechanics and Electrical Engineering” was created in Stuttgart. Nowadays,
it is a globally operating company, established in more than 60 countries.

Figure 1.1 Bosch Group Logo.

With approximately 394,500 associates worldwide (as of December 31, 2020) the Bosch
Group is a leading supplier of services and technology in the world. In 2020 the company
obtained a value of 71.6 billion euros in sales. These interesting numbers and other achieve-
ments of the year 2020 can be seen in Figure 1.2. The core business of the company is
divided in four sectors:

• Mobility Solutions

• Industrial Technology

• Consumer Goods

• Energy and Building Technology

Improving the life quality in the world with innovative and enthusiastic products is
one of the Bosch Group main objective and, as they say, it creates technology “Invented
for life” [3].
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Figure 1.2 Bosch Group figures in the year 2020 [4].

1.3 Bosch Car Multimedia Portugal, S.A.

Bosch has three main production facilities in Portugal. Thinking about the future
and in the technological innovation, the Bosch Car Multimedia Portugal, in Braga, the
Bosch Thermotechnology, in Aveiro, the Bosch Security Systems, in Ovar, develop and
produce vehicle sensors and multimedia systems; hot water solutions; and safety and
communication systems, respectively.

The portuguese HQ is based in Lisbon, where all the activities related to sales, mar-
keting, accounting and communication are performed. With around 6300 employees
(31/12/2019), Bosch is one of the biggest industrial employers and, in 2019, generated
1.8 billion euros in intern sales [5].

Bosch Car Multimedia Portugal is the largest unit of the Car Multimedia division in
Bosch and the biggest of the Bosch Group in Portugal. Focused in the development and
production of multimedia solutions and car sensors, the company exports almost the total
quantity of its production. Thus, it is one of the most exporting companies in Portugal
and one of the largest employers in the Braga region.

This unit has around 3300 employees from which around 330 are engineers who develop
solutions that contribute to a safer and more comfortable mobility, from Braga to the
world. It has the XC division that stands for Cross-Domain Computing Solutions and this
will be the main section where this thesis will be developed [6].

1.4 Main Goals

The main goal of this project is to study the adhesive bonded connection in order to
know which is the best adhesive to use and the one that allows the required functionalities.
As important as choosing the best adhesive, is the choice on whether to use a surface
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treatment or not. This will be done in order to validate the adhesive bonded connection,
meaning this central display will be able to work when submitted to extreme temperature
and/or humidity conditions and several temperature cycles.

To perform this study, the following steps were taken:

• Analysing the surface energy of both substrates, with and without surface treatment,
using the Ink Test and the MSA (Kruss) test;

• Analysing the failure modes and performance of one type of double-sided tape, with
and without surface treatment;

• Analysing the failure modes and performance of three different double-sided tapes,
with the same surface treatment;

• Comparing the results on whether to use or not a surface treatment in order to
understand what will be the best option for this product;

• Comparing the three different double-sided tapes to understand which one is the
best option, regarding performance/cost, to obtain the desired functionalities.

1.5 Methodology

Firstly, it was necessary to understand the product and how its connections were made.
Another important aspect was to comprehend what were the possible double-sided tapes
to use in the adhesive bonded connection and what surface treatments could be used.
Moreover, it was important to understand the timeline and plan scheme of the project.
Therefore, the first days in the company were used to gather all the possible information
in order to be prepared and ready for the task.

For a deeper understanding of the theme, the first phase of the dissertation, chapter 2,
was focused in the literature review approaching topics such as: Joining Methods, Types
of Adhesives, Surface Treatments, Surface Free Energy, Aging conditions, Adhesive Failure
modes and Mechanical Tests.

The second step was to produce all the samples that would be loaded in different
environmental conditions, with and without surface treatment. The third step of the
process was to submit the samples to the different testing environmental conditions.

Following this, on the fourth phase, lap shear tests were performed.
The fifth step focused on the data analysis from the lap shear tests and, with that,

it was possible to compare the different double-sided tapes and to analyse the use of the
surface treatment.

Finally, the choice on the double-sided tape to use for this product was made and also
the decision on whether to use a surface treatment.
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It is important to refer that the planning of the dissertation structure was made by
specifying critical deadlines and milestones as well as dividing the project in several work
packages.

1.6 Outline

In this Section, the contents of the remaining Chapters of this document are the following.

• Chapter 2 - Intends to introduce the reader to appropriate information about the
relevant technologies and topics applied in this thesis. The chapter starts with a
Literature Review about adhesive bonding and a comparison between this technique
and other joining methods as well as a review on the existing adhesive types. This is
followed by an explanation about the surface treatments used in adhesive bonding.
An overview about the study of surface energy is presented in this chapter. The effect
of aging conditions on adhesive bonded connections is also approached. After that,
a description of adhesive failure modes is introduced. Finally, a section regarding
the lap-shear tests performed on adhesive bonded connections is also available.

• Chapter 3 - This chapter summarises the experimental details within the thesis
and the project. Beginning with the samples production, the used adhesive double-
sided tapes are presented as well as the substrates. After that, still on the topic of
samples production, the surface treatment that the substrates are submitted to is
provided and, of course, the samples assembly sequence is introduced. This topic is
followed by the aging conditions, where the validation path is presented as well as
an individual explanation of each aging procedure. All details about this process are
explained. Finally, an experimental analysis is made where the explanation about
how the surface energy is measured and how the lap shear tests are performed within
the company is provided to the reader.

• Chapter 4 - Aims to exhibit the progress and results obtained throughout the
experimental phase of the thesis. Firstly, the effect of the surface treatment on
the adhesive bonded connection is studied by measuring the substrates’ surface free
energy and, after that, the behaviour of a double-sided tape with and without the
surface treatment is provided. Following this, the results on the behaviour of three
different double-sided tapes are also presented to the reader.

• Chapter 5 - Conclusions about the project are presented in this chapter.

• Chapter 6 - Some considerations about future work are provided in this chapter.
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Chapter 2

Literature Review

This chapter has the intention to provide to the reader a better understanding of the topics
that will be studied in this thesis. The chapter starts with an overview of the most used
joining techniques in Bosch Car Multimedia. This is followed by an explanation on the
types of adhesives and their possible classification. Afterwards, an overview of the surface
treatments is presented. A section about the measurement and the properties of the surface
free energy comes ahead. Following, a description about the aging effects on the adhesive
bonded connections is given. A description and explanation of the adhesive failure modes
and, in particular, adhesive tapes failure modes are also presented in this chapter. Finally,
a section regarding the tests that are used to evaluate the mechanical performance of an
adhesive bonded connection is provided.

2.1 Joining Methods

To better understand the usage of adhesive bonded connections, the reader will be
presented with the most common joining techniques used in the ECM department at Bosch
Car Multimedia. The department uses adhesive bonding, snap fitting and mechanical
fastening as the joining methods for the central displays and instrument clusters that are
developed. To select the joining technique it is necessary to address several factors such
as mechanical requirements, production (scalability, speed and flexibility), base material,
design complexity, the environmental conditions that the joint will be subjected to and so
forth. There is no absolute ideal method but instead a suitable technology to use regarding
the joint geometry and the service conditions [7].

Starting with the mechanical fastening technique, it is one of the most used methods
in industry. A mechanical fastener is a device that is used to join or, in this case, fasten
two or more pieces together locking them mechanically [8]. It is an indirect (because it
uses an external body to make the connection between the bodies), permanent or non-
permanent joining technology. The typical joint designs in ECM at Bosch Car Multimedia
are threaded mechanical fasteners such as bolts, screws and studs (Figure 2.1).
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Figure 2.1 Differences between threaded fasteners: a) Bolt; b) Screw; c) Stud. Image based
on [9].

On the other hand, snap-fitting uses a protruding part and this, belonging to one of
the pieces to be connected, deforms itself for brief moments, during the joining operation,
and then returns to its normal position locking the mating part to the piece where it be-
longs [10]. After suffering stresses during the assembly, the connection becomes vibration
resistant and possibly stress free. Due to the variety of designs that parts can have, there
is also a spectrum of designs for the snaps such as cantilever snap joints, u-shaped, cylin-
drical, among others (Figure 2.2). It is important to state that in Bosch Car Multimedia
there are internal guidelines that control the geometry and quantity of connections that
should be made.

Figure 2.2 Schematic illustration of the basic principle of a cantilever and cylindrical snap-fit
locking feature [10].

Addressing the adhesive bonding technique, it is widely used in all sorts of industries
such as aeronautical, where it represents an important role in structural joints, the auto-
motive industry and so on. Adhesive bonding is very useful for thin connections and the
joint design is very flexible. These connections provide a uniform stress distribution in
comparison with fastened joints. This technique also reduces the overall product’s weight
[11]. A representation of a single-lap joint can be observed on Figure 2.3.

Figure 2.3 Schematic representation of a single-lap joint configuration.
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A brief comparison between these three joining techniques is presented in Table 2.1:

Table 2.1 Joining techniques comparison: design and technological features.
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2.2 Types of Adhesives

In this section, the various types of adhesives will be presented as well as the different
categories they can be addressed. Adhesives should be classified concerning several aspects
such as:

• Function;

• Chemical Composition;

• Physical Form.

These aspects will be explained in further detail during this section. There can be other
classification categories, such as the methods of application and the hardening processes,
but those will not be addressed in this section [12], [13], [14], [15], [16], [17], [18], [19], [20].

2.2.1 Functionality and physical form

Starting with their functionality, adhesives are usually designed in order to have different
properties and to be used in distinct situations, although the polymeric materials they are
formulated in are often the same.

In this section, some of these functionalities will be addressed, although there are more
that will not be presented. The physical characteristics of the various types of adhesives
will, also, be presented.

2.2.1.1 Heat activated adhesives

Heat activated adhesives are extremely versatile and they are often used to bond various
types of adherends, such as, metals, polymers, glass, ceramics, rubbers and so on. These
adhesives represent all thermoplastics and are 100% solids. They are used in industrial
applications and some other bonding assemblies such as general household usage. In Bosch
Car Multimedia heat activated adhesives are limited to a maximum temperature due to
the displays maximum temperature resistance.

As said before, heat activated adhesives are, normally, rapid setting thermoplastics,
100% solids, not requiring cure. To obtain tack and increase wettability, they are com-
pounded with additives. After melting rapidly into a liquid with low viscosity, they can
easily wet the adherend’s surface. With that said, the obtained viscosity with these types
of adhesives after melting must be taken into account when using them.

The main advantages of this type of adhesives are the good gap filling capability, good
deformability and the fact that they do not require any solvents. The disadvantages focus
on the low resistance to high temperatures, the limited wetting due to the fast increase in
viscosity when cooling and limited toughness.
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2.2.1.2 Structural adhesives

As the name suggests, structural adhesives are high performance adhesives and nor-
mally used to transfer high loads between substrates in their service. Although, some
thermoplastics, like acrylics, are used in structural applications, structural adhesives are
normally thermoset polymers, for example epoxy adhesives or resins.

Regarding the physical form, normally, structural adhesives come in one or two com-
ponent thermosetting resins. Their curing can be done at room temperature or elevated
temperatures. The biggest advantages of these adhesives are their high-temperature re-
sistance and creep strength. On the down side, when using two components, there is the
need for a sophisticated system for the mixture.

2.2.1.3 Water based adhesives

Natural polymers, like cellulosic or synthetic, such as rubbers, are used in the making of
water based adhesives. These materials can be dissolved or dispersed in water. In terms
of applications, water-based adhesives are normally used in packaging systems and have
a very small applicability in structures.

As mentioned before, water based adhesives are dispersed or dissolved in water and this
water needs to disappear (evaporated or absorbed) before bonding. The main advantages
of water based adhesives are their long shelf life, low cost, low viscosity and good solvent
resistance. On the down side, these adhesives take time to dry and have a poor heat
resistance.

2.2.1.4 Pressure-sensitive adhesives

Pressure-sensitive adhesives (PSAs) are used to place objects together bringing their
surfaces into contact appliyng pressure, normally at room temperature. These pressure
should be applied uniformly on the bonded area. Normally, a machine is used to perform
it. The most used materials for pressure-sensitive adhesives are natural rubber, styreneb-
utadiene (SBR), rubbers, thermoplastics adhesives, polyacrylates and silicones.

The most common properties of pressure-sensitive adhesives are:

• Resistance to excessive flow (having enough flow to wet the surfaces);

• Ability to carry loads due to their elastic behaviour;

• Energy dissipation.

These adhesives are generally available in solvent-base, water-base or even hot melt
(heat activated) forms. Pressure-sensitive adhesives usually come in the form of film,
fabric, paper, two-face, or corrosion protection tapes.

Using pressure-sensitive adhesives has several advantages:

• Easy to apply;
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• Uniform thickness;

• Pressure activation (do not need heat, water or any solvent to be activated);

• Constant tack value at room temperature.

Their limitations are mainly related to the poor heat resistance and low ability to fill
the gaps on the substrates surfaces.

Pressure-sensitive adhesives will be widely addressed during these thesis due to the
fact that the adhesive bonded connection that will be studied is made with these kind of
adhesives.

Some other categories, such as UV-Curing adhesives, that, as the name suggests, are
reactive liquids that when submitted to radiation can be rapidly transformed into solids.
A distinction by working temperature can also be made, for example, polyurethanes are
low working temperature adhesives and, on the other hand, polyimides are high working
temperature adhesives. There are also the conductive adhesives, that have a metallic or
metal coated filler in order to perform as a conductive material.

2.2.2 Chemical Composition

2.2.2.1 Thermosets

Thermosetting adhesives can be found in several forms, such as liquid, paste or even
solid. However, these thermoset materials on their application are usually liquids, that
are submitted to a curing by heat or chemical catalyst process.

Being mostly used as structural adhesives, themosets have a very good mechanical
strength. They can be exposed to temperatures closely above their cure temperatures.

Maybe the most used and important structural adhesives are the epoxy adhesives. Be-
ing extremely versatile, they are very strong and brittle. Although, there is the possibility
to make them more flexible or ductile, without losing their tensile strength, using proce-
dures such as including nitrile rubber or thermoplastic toughening among others. Epoxies
can cure at different temperatures and in dry or wet environments. They are used in an
enormous range of substrates. Epoxy adhesives can perfectly work in conditions of tem-
peratures up to 130◦C, but higher temperatures can also be acceptable for short periods
of time.

Other thermosetting materials that are widely used in structural applications are phe-
nolics, polyesters, etc. The use of these will depend on the chosen substrates for the
bonded connection.
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2.2.2.2 Thermoplastics

Thermosplastic’s tensile modulus and strength values and also their impact resistance
show a wide variation. Unlike thermosets, these only come in liquid or solid form; within
the first form, a solution of the base thermoplastic with a compounding ingredient is used.

Some of the most used thermoplastic adhesives are polyurethane, acrylic, polyvinyl
acetate, polyimides and aromatic polyimides.

Regarding polyimides, these are probably the most important thermoplastic adhesives.
Polyimides have an outstanding resistance to high temperatures (>220◦C) and, due to
that characteristic, they are used in high-temperature applications. Adding to this high-
temperatures performance, these adhesives also provide toughness, low flammability and
high radiation resistance.

2.2.2.3 Elastomers

From the name of these adhesives it is possible to understand that they have "rubber"
properties. "Elastic" refers to the ability of the material to return to its original position
after being loaded, and the term "mer" represents the polymeric material. Thus, the
elongation rates for elastomers varies from 100% to higher values and these materials have
a high resilience.

Elastomers are widely used in a high toughness, high impact and flexibility appli-
cations, under cold temperature environments. Some examples of elastomeric adhesive
materials are nitrile, polybutadiene and silicones that are commonly used in Bosch Car
Multimedia.
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2.3 Surface Treatments

There are several ways to improve adhesion, such as increasing the substrates surface
free energy (that will be explored in detail in the next section), increasing the bonding
area (by increasing the surface roughness), among others. To do so, there are a lot of
possibilities to treat the adherend’s surface and each of them can improve the bonded
connection in different ways. Normally, the black printed glass adherends have a high
surface free energy so an assessment on the need of a surface treatment must be made. On
the other hand, most plastic substrates have a low surface free energy usually leading to
a weak adhesion and to change this status, surface treatments are recommended. These
substrates are lacking polar groups/functions.

It is important to understand that a surface treatment depends on the bonded connec-
tion requirements and its conditions. Thus, each case will most likely be different. Other
factors such as the geometry, adhesive type and process costs will also have an important
weight when making the decision on which surface treatment to use.

Most substrates are contaminated and this problem leads to adhesion issues. So, to
obtain a better adhesion, it is important to remove this contamination. This problem is
often ignored and it should not be, because, the removal of the contamination combined
with the use of other methods such as plasma treatments, is essential for a good adhesion.

Regarding polymers, wiping the surface with a solvent will be sufficient to remove some
contaminants like mold-release oils and some material that come from the manufacturing
process. On the other hand, it is necessary to take into account that some solvents are
not compatible with polymers, so the choice is something that must be taken in attention.

With that said, a simple solvent cleaning might not be enough to reach the surface
free energy value required.

After the surface contamination removal, there are several surface treatments that
the substrate’s surface can be submitted to. These can be divided in three main groups:
mechanical, physical and chemical.

2.3.1 Mechanical Treatments

Mechanical treatments affect mainly the surface roughness and, due to that fact, me-
chanical interlocking is very important in adhesive joints. This roughness plays an im-
portant role in the existence of a connection between an adhesive and an adherend. The
adhesion mechanism which is more related to a mechanical surface treatment is the me-
chanical interlocking. The mechanical interlocking between a substrate and an adhesive
can be seen in Figure 2.4.

With the increase of the surface roughness, pores and irregularities are created. These
allow the mechanical bonding to happen when the adhesive penetrates in them. This
penetration is easier if the adhesive has a good flow-ability to not only wet the surface of
the adherend, but also penetrate the surface irregularities [21].
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Figure 2.4 Mechanical Interlocking between two surfaces [21].

Mechanical treatments can go from a very simple hand abraded treatment using some-
thing like an abrasive pad or paper to create irregularities on the substrate’s surface to
more sophisticated ones such as grit-blasting. This should be followed by a solvent wipe
to remove some residues that can appear in the surface. A method that is widely used and
a lot more controlled than the previous mentioned is grit-blasting where the abrasive ma-
terial is applied on the surface by pressurized air. The vast majority of these methods are
not compatible with some industries, and due to that fact, these mechanical treatments
have to be performed by the suppliers either on a piece by piece process or by creating
texture on the mold.

The influence of this mechanical methods to treat a surface prior to perform an adhesive
bonded connection was studied in [22], where grit-blasting being applied at 2 (GB2), 4
(GB4) and 6 (GB6) bar and Scotch Brite (SB) abrasive paper were used to increase
the surface roughness and with that the overall joint performance. In this study, three
adhesives were studied, a silicone based adhesive (Ad-Si), a polyurethane (Ad-PU) and a
silane-modified polymer (Ad-Ms).

In Figure 2.5 it is possible to verify the influence of the mechanical treatments in an
ABS substrate when submitted to a lap shear test. It is possible to observe that the
mechanical treatments increase the adhesive joint strength and with the increase of the
pressure in the grit-blasting process, there was also an improvement of the joint strength
[22].

Figure 2.5 Effect of mechanical treatments on the lap shear strength [22].
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2.3.2 Chemical Treatments

Regarding chemical treatments, the adhesion theory that is attached to it is the "Chemi-
cal bonding theory". The surface chemical treatment forces the creation of covalent bonds
that are reported to be the strongest and most durable bonds. The base treatment or
simplest chemical treatment is cleaning a surface with a solvent, in order to remove oils,
dirt or other agents that can be located in the surface.

There are several cleaning solvents such as methyl ethyl ketone (MEK), acetone, and
methanol. It is important to take into account the polymer’s chemical resistance to pre-
vent its degradation. Primers and adhesion promoters are widely used chemical surface
treatments. By adding a new functional layer to the interface, they provide a connection
between the adhesive and the substrate.

With a lower viscosity than adhesives, primers can fill the irregularities in the sub-
strate’s surface. Adhesion promoters can also be used in the adhesive formulation. It is
important, when using these, to have a low thickness in order to reduce the probability of
it becoming the most vulnerable part of the joint [21].

This surface treatment was studied in [23], where aluminium alloy substrates were
submitted to three different surface treatments that are connected, meaning that the first
treatment was a degreasing with a trichloroethylene solvent (Al-SD), the second was the
first method followed by an immersion in an FPL etch solution (Al-SDFPL) and finally the
third method was the second method followed by a coating with a primer (Al-SDFPLP).

After performing lap shear tests to samples submitted to each treatment they concluded
that the Al-SDFPL obtained the highest shear strength, while the Al-SD had the lowest.
The Al-SDFPLP has a shear strength value close to the highest value obtained, but it was
expected to be the one with the best performance. This lower value may be attributed to
factors such as surface roughness of the substrates. In Figure 2.6, it is possible to verify
what was previously stated.
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Figure 2.6 Effect of chemical treatments on the lap shear strength [23].

In [22], the use of chemical surface treatments is also studied. ABS substrates were
submitted to two surface treatments. The first consists in a simple cleaning of the sub-
strates with methanol (C). The second treatment was a primer coating (P) (it is important
to refer that this coating was performed in order to obtain a low primer coating thickness
to avoid becoming the weakest part of the adhesive joint).

In Figure 2.7 is possible to verify the achieved results on the shear strength of the
substrates without surface treatment (NoT) and with both surface treatments. Three ad-
hesives were used to join both substrates, a silicone based adhesive (Ad-Si), a polyurethane
(Ad-PU) and a silane-modified polymer (Ad-Ms).

Figure 2.7 Another example of the effect of chemical treatments on the lap shear strength
[22].

From the investigation, it is possible to understand that the solvent cleaning had a
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very low effect on the increase of the shear strength and, on the other hand, the use of a
primer coating on the substrates had a positive effect on the lap shear strength making it
increase exponentially.

Finally, it was possible to understand that chemical treatments are very effective on
removing contamination and other agents that prevent a good adhesion, and obtaining
the desired chemistry. On polymers, it is critical to take into account that there is the
possibility of over-treatment. With that said, these treatments should be optimized for
each application [21].

2.3.3 Physical Treatments

In polymers or other low surface free energy substrates, after the removal and cleaning
of the surfaces, it is very important to create new functional groups (containing oxygen
mostly). These functional groups appear through the usage of physical methods.

2.3.3.1 Flame Treatments

The flame process in polymers surfaces is a thermal oxidation. The flame temperature
can exceed 2000◦C and, using a series of gas burners, it treats the polymers surface. It
cleans the surface and removes weak boundary layers that may be in it [24].

2.3.3.2 Corona Discharge Treatments

Gas discharges where the ionization processes of gases in a high-field ionization envi-
ronment are controlled and confined by electrode geometries.

These treatments create a drift region between the ionization zone and the passive
electrode. The surface free energy will increase with the oxidation of the ionized air [25],
[26].

2.3.3.3 Plasma Treatments

The most important and also used physical method is the plasma treatment. It is a
very effective method to modify a polymer’s surface. Free radicals are formed on the
surfaces, which activate the adherends surfaces and this activation improves, significantly,
the polymers adhesion performance. The plasma treatment has a lot of advantages, such
as modifying uniformly the surfaces, affecting the surface layer of the substrates without
changing their bulk properties. It is very important to choose the adequate gas for the
chemical modification and, also, the correct parameters for the procedure. All polymers
can be submitted to this process regardless their chemical reactivity and material structure.

The plasma mixture is composed by excited electrons and atomic/radical species that
can be obtained when certain gases are submitted to strong electrical fields. Making the
gas molecules break down into conducting species, this field turns them to an elevated
energy state.
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The result is an environment that is very reactive and that generates reactions on the
surface. When there is enough energy passing through the gases, electrons are ejected
which forms ionic species that will constitute the bulk of the plasma.

A very important aspect to take into account when using a plasma treatment is the
working gas, because this plays a critical role and with different working gases, other
surface properties can be achieved. In spite of existing a wide variety of gases that are
able to be used in a plasma treatment, the more commonly used are oxygen, argon, air,
nitrogen, ammonia, etc. These gases are mainly used due to their availability in the
market, non-toxic behaviour, easiness to use and greater impact on surfaces [27], [28].

In Figure 2.8 is possible to see how the lap shear strength of an adhesive bonded
connection is influenced by the type of plasma gas. With that said, in [27] PEEK samples
are treated with plasma, using different types of gases. It is possible to see that with the
use of a plasma treatment, the lap shear strength of the joint increases, and ,when using
argon (Ar) as plasma gas, the highest value of shear strength is obtained.

Figure 2.8 Effect of different plasma gases on the lap shear strength [27].

Not only the plasma gas is important to perform these treatments, but also its source
is something that will affect the surface properties after treatment.

The plasma treatments can be separated in two main groups, the near-equilibrium
plasmas (hot plasma) and the non-equilibrium plasmas (cold plasma).

Regarding hot plasmas (near-equilibrium), there are several technologies used such as
electric arcs and plasma jets. These types of plasma treatment technologies are very useful
although, in the automotive area where Bosch Car Multimedia is inserted, they are only
used to treat materials like metals, because for polymers, hot plasmas are not the best
solution due to the high temperatures of the process. In Bosch Car Multimedia, a plasma
Diener machine is used on metal parts and on some resistant polymers.
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In Figure 2.9 the hot plasma’s influence, of a Plasma Diener machine, in a PC sub-
strate is verified. After the contact angle of the surface (the contact angle will be further
presented in more detail in section 2.4) was analysed, it was observed, by [29], that this
treatment had a positive effect in the surface free energy increase.

Figure 2.9 Hot plasma treatment effect in the contact angle of a surface [29].

As said before, polymers are heat sensitive and have to be worked on at low tempera-
tures. So, the most used plasma treatments for this type of material are the cold plasmas
(non-equilibrium). These can be divided in two main groups, the low pressure or vacuum
plasma and the atmospheric pressure plasma.

For the low pressure plasmas, the main technologies are:

• DC discharges;

• Low frequency AC discharges;

• High frequency plasmas.

And, regarding atmospheric pressure plasmas, the most used processes are:

• Dielectric-barrier discharges (DBD);

• Glow discharge;

• Atmospheric pressure plasma jet.
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When choosing the right plasma treatment, the required modification, the sample size
and the speed of the process must be taken into account. Low pressure plasma has a
high stability and uniformity during the process. Being a process with high costs, the
low pressure plasma treatment prevents its use in a large scale industrial processes. The
alternative is the atmospheric plasma treatment that is a competitive process regarding
overall costs. In Bosch Car Multimedia, a PlasmaTreat machine is used to perform the
atmospheric plasma treatment, normally, in polymeric parts.

This treatment is studied in [30], where, using a PlasmaTreat machine, the contact
angle of a PC substrate is measured. Therefore, in Figure 2.10, it is possible to understand
that with the use of this surface treatment, the surface’s contact angle decreases and, with
that, the surface free energy increases.

Figure 2.10 Effect of a cold plasma treatment in the contact angle of a surface [30].

Having a lot of advantages, plasma treatments also have their down sides. To imple-
ment these kind of technologies in an industrial scale involves a lot of investment. Another
aspect is the fact that the short duration of the plasma effect on a surface makes the imple-
mentation in an industrial scale something quite challenging due to the efficient utilization
of this method [25], [21].
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2.4 Surface Free Energy

2.4.1 Wettability and Surface Free Energy

The surface free energy is a key aspect when addressing adhesive bonding [31], [32],
[33], [34], [35], [36], [37]. A good adhesion will only happen when the adhesive is able to
easily spread and wet the substrate surface. Therefore, the wetting capability plays an
important role in adhesively bonded joints [38].

A position of a liquid drop on a substrate’s surface can easily define wettability, using
the concept of the contact angle (θ). The Young’s equation 2.1 defines the contact angle
between a solid surface and a generic fluid. The generic representation of the contact angle
can be observed in Figure 2.11.

cos θ = γSV − γSL

γLV
(2.1)

Figure 2.11 Physical definition of the contact angle concept and associated quantities in the
wetting of a solid by a liquid. Image based on [39].

Where:

• γLV - Represents the surface free energy between liquid and vapor or the surface free
tension (SFT) of the fluid in equilibrium with vapor;

• γSV - Represents the interfacial energy between solid and vapor (does not represent
the real surface free energy (SFE) of the solid surface) or the interfacial tension of
the material (solid) in equilibrium with the fluid vapor;

• γSL - Represents the interfacial free tension (IFT) between the solid and liquid.

The real surface free energy (SFE) of a substrate is related with the solid-vapor inter-
facial energy by the equilibrium spreading pressure (πe) as:

γSV = γS − πe (2.2)
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With this, the Young’s equilibrium equation can be written as:

cos θ = γS − πe − γSL

γLV
(2.3)

However, this notion of equilibrium spreading pressure (πe) is often neglected for ma-
terials with a low surface energy such as polymers.

πe ≈ 0 (2.4)

Knowing that:

θcritical = θC = 0; γcritical = γC (2.5)

The critical equilibrium state will come as:

cos θC = 0⇒ γLV = γC = γSV − γSL (2.6)

With that, for spontaneous wetting to occur:

γLV ≤ γC = γSV − γSL (2.7)

In Figure 2.12 and Table 2.2, the relation between the contact angle and the adhesive
wetting behavior is schematically illustrated and detailed, respectively:

Figure 2.12 Physical and practical meaning of the contact angle value and its influence in
the wetting behavior.
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Table 2.2 Relation between contact angle and wetness level, contact angle as an inverse
measure of wettability.

2.4.2 Surface Energy Components

There are several interactions between the solid surface and the fluid that can explain
the phenomenon previously mentioned [40].

2.4.2.1 Polar and Dispersive Interactions

Different types of interactions can explain the cohesion that causes the surface ener-
gy/tension of a substance. The most important interactions and the ones that must be
differentiated are the dispersive and the polar interactions. Dispersive interactions are
caused by variation of the charge distribution in the atoms/molecules. On the other hand,
interactions between permanent dipoles and interactions between permanent and induced
dipoles are called polar interactions.

There is no substance with a surface energy/tension solely polar due to the fact that
dispersive interactions can occur between all atoms and molecules. The opposite is not
true, some substances don’t have any polar groups, meaning that, their surface tension/en-
ergy is purely dispersive. The main difference between the two interactions is that, for
the polar interactions, these need both molecules to excite simultaneously and, for the
dispersive interactions, these only need a passive partner to occur.

2.4.2.2 Polarity Compatibility

More important than knowing the differences in a chemical and mathematical perspec-
tive, is understanding the practical implications of the surface’s energy different compo-
nents. The applications of these concepts have typical examples:

• Typically non-polar adhesives such as elastomer-based, some silicone based and some
rubber based PSAs adhere well to non-polar substrates such as silicones, polyolefins,
etc. Some polar substrates such as polyacrylates do not bond well with these kind
of adhesives.

• Polar adhesives such as epoxy and polyurethanes tend to adhere well to metals,
glass, polyesters, polycarbonates and neoprene, that are polar substrates.

• Acrylic adhesives follow the behaviour of polar adhesives, but they are less sensitive
to the nature of the substrate, bonding with most substrates.
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2.4.3 Influence on wettability

The wettability of a substrate can be determined by:

• Surface energy - The higher the substrate surface free energy the more ideal will
be the wetting. A low surface tension of the liquid will also lead to a good wetting.
With that said, a low-energy adhesive will easily wet high-energy materials such as
metals but will have a worse performance with low energy substrates like PE.

• Adhesive Properties - The viscosity of the adhesives is something that influences
the wettability of the surfaces. The lower the viscosity the easier will be for the
adhesive to wet the substrate surface. In order to improve the viscosity of some
adhesives (adhesives that have high viscosity such as sealants), formulations should
include agents that will allow this improvement. Due to several dependencies of
wettability, its behaviour is not so linear. For example, silicone sealants have a high
viscosity but with their low SFT, the wetting of several substrates is possible.

• Applied Pressure - Applying pressure on the adhesives will force them to spread
and penetrate in the imperfections of the surfaces such as porous, roughness and so
on. Therefore, the behavior of an adhesive under pressure influences its wettability
(this is a relevant topic regarding PSAs tapes);

• Substrate nature and surface conditions - The SFE is highly influenced by the
type of material of the substrates, although differences can appear even in substrates
from the same material family. Compared with theoretical values, the real value for a
substrates SFE is often significantly lower due to the surface conditions and material
microstructure.

The surface upper layer often contains releasing agents, handling grease, lubricants,
etc. This upper layer has a direct link with the substrates SFE. It is known that
surface treatments increase the surface free energy. Some methods of preparation
are:

– Surface contaminants removal - increasing the substrates SFE by removing low-
energy layers;

– With surface treatments such as plasma, corona, flame treatments, etc, the
surfaces chemistry and microstructure can be modified.

2.4.4 Measurement of the Surface Free Energy

2.4.4.1 Ink Test

The ink test is a widely used technique to quickly measure the surface free energy
(SFE). The principle behind this test is very easily understood: a series of inks with a
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well characterized liquid are used. The surface tension for each liquid is different but
well-known. After wiping the ink on the substrate’s surface, two possible situations can
occur:

a ) The ink surface tension value is lower or equal to the substrate critical surface free
energy; therefore, the ink will wet the surface of the adherend. A stable film will be
formed;

b ) The ink surface tension value is higher than the substrates surface free energy,
therefore, the ink will not wet the adherend’s surface. This will result in it breaking
into small droplets.

The ink test is only an estimation, but the aim is to move throughout the range of
inks (increasing or decreasing the values of the ink test fluid according to the adopted
strategy) and look for the surface free energy where the drop equilibrium state changes
from wetting to non-wetting. The previous can be observed in Figure 2.13.

Figure 2.13 Surface free energy measurement procedure with ink test [41].

Being an approximated test, the ink test has some disadvantages and errors that are
introduced by the operator that must be taken in account.

• Ink’s liquid evaporates at some point, therefore the energy of the ink will change
overtime;

• The shelf life of the ink can be exceeded. Therefore, factors like the fluid evaporation,
time and storage should be controlled to avoid the ink’s modification phenomenon;

• The inks brush can get contaminated due to the several wipings that can be made in a
variety of surfaces. Since the ink is wiped across a surface, it can pick contamination
from the adherend’s surface and then pass this contamination to the next surface,
which may affect the output of the test;
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• The applied pressure during the wiping is also a factor that can influence the out-
come;

• Other factors such as the human knowledge, a limited resolution and spectrum of
measurement and a small sample area for carrying this kind of test may influence
the ink test result.

To help minimize the highlighted errors, some aspects to take into account are: keep
the inks capped when not in use, use a different area of the substrate’s surface for each
ink test and keep records to track the age and number of times the ink has been used.

In Bosch Car Multimedia, the ink test is regularly used in several production lines
in order to verify if the substrates surface free energy is according the value that was
stipulated during the product development. The inks are stored with the caps on and
there are records of the amount of times each ink was used and records of each ink life-
time.

2.4.4.2 Mobile Surface Analyser test

The wettability condition and, with that, the surface free energy is commonly measured
with the drop shape test (the contact angle measurement). Due to the time that takes to
perform this test and to the sophisticated equipment that is needed, it is normally used
in industry on the development phase of a product, in order to parameterize the process
and not on a production line where the ink test is used, due to the shorter time it takes
to perform.

After proceeding with the contact angle measurement, the wettability issue is analysed
together with the use of Table 2.2.

This procedure is based on the principle of releasing a drop, near the substrate’s
surface, of a specific fluid - usually water, 72(mN/m), or/and diodomethane, 51(mN/m)
- using a syringe or an automatic system.

Then, two situations can occur: the water will spread out and wet the surface or it
will ball up, depending on the adherend’s surface energy.

Finally, the angle can be measured with different techniques, one of them being almost
manual or semi automated, where there is a camera that records the drop over the surface
and the image is loaded onto a computer where the contact angle can be more accurately
measured.

Other process, and the one that will be used in this thesis to measure the surface
free energy, is the fully automated method (MSA) where a sophisticated equipment like
Kruss’s, Figure 2.14, can proceed to make the full measurement, including the contact
angle, surface free energy of the substrates and even the polar and dispersive components
of it.



28 Literature Review

Figure 2.14 Kruss MSA machine to measure the surface free energy of a substrate [42].

2.5 Aging Conditions

Environmental conditions and forced aging influence the performance of adhesives. In
this section, a brief explanation about the aging effect on pressure sensitive adhesives will
be presented.

2.5.1 Aging effect on pressure sensitive adhesives

Pressure sensitive adhesives (PSAs) are no longer used for temporary bonding applica-
tions such as packaging, but are becoming more and more important in mobile telephones
and automotive industries. Their use in manufacturing has increased and developed a lot
in the past few years.

This type of adhesives has also been developed so it can work in a wide range of tem-
peratures. They usually can support temperatures from -40◦C to 120◦C. For applications
such as automotive and construction industry, the pressure sensitive adhesives might have
the need to perform at even higher temperatures.

Some of the most common properties of PSAs are peel resistance, shear resistance and
tack. These properties can be determined by tests and they are affected by temperature.
Being normally a thermoplastic bond, when submitted to temperature, PSAs soften at
elevated temperatures and become more brittle at lower temperatures. With the temper-
ature increasing, the adhesive mass becomes softer and can easily wet the surface of the
substrate. Properties such as tack and peel will increase.

Exposure to humidity has also an important role on the performance of an adhesive
bonded connection, being considered one of the most aggressive aging conditions.

On [43], an acrylic pressure sensitive adhesive was submitted to an aging condition of
50◦C and 80% RH for two, four and eight weeks. After being put through these conditions,
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the PSA was tested on a tensile test. The tensile stress-strain curves of those tests are
presented in Figure 2.15.

Figure 2.15 Stress-strain curves after aging conditions [43].

From the graph above, it is possible to verify that, after two weeks of aging, the tensile
stress increased. Additionally, after four weeks of aging, not only there was an increase on
the tensile stress but, also, the strain got bigger.

Finally, when submitted to eight weeks of aging, the adhesive still had a better tensile
performance than the one that had not been submitted to aging conditions and the one
that was two weeks under those conditions.

However, it had a worse tensile performance than the sample that was under aging
conditions for four weeks.

2.6 Adhesive Failure Modes

To understand an adhesive joint failure root cause, it is important to classify and observe
its failure mode.

There are three important/basic failure modes in adhesive bonding:

• Adhesive Failure;

• Cohesive failure on the adhesive;

• Cohesive failure on the adherend.

When the adhesive load capacity is much higher than the one on the substrate, a
cohesive failure on the adherend will occur (this is considered a good adhesive bonded
joint); when the adhesive load capacity is lower than the one of the substrate, a cohesive
failure on the adhesive will occur (this is also considered a good adhesive bonded joint)
and, finally, when the adhesion is not optimized the failure will occur on the interface
between the adhesive and the substrate (this is considered a poor adhesive bonded joint).
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The previously mentioned failure mode can happen due to a lot of reasons such as
surface contamination, substrates low surface energy, poor wettability, bad surface prepa-
ration, inadequate choice of the adhesive, etc. The failures are represented bellow (Figure
2.16).

Figure 2.16 Failure modes in adhesive bonded joints - a) on the interface between the adhesive
and the substrate - b) the failure propagates in the middle of the adhesive area - c) the failure
propagates along the adherend [44].

The failures that were presented above can also be mixed (represented on Figure 2.17),
for example, an adhesive bonded joint can have a 50% cohesive failure in the adhesive and
a 50% failure in the interface (adhesive failure). This can be justified by the same factors
that explain the appearance of an adhesive failure. Another joint failure that can occur is
a oscillatory failure; a cohesive failure in the adhesive where the crack does not propagate
in a straight line [44],[45].

Figure 2.17 Mixed failure mode [46].
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2.6.1 Failure modes on adhesive tapes

Adhesive tapes, have a complex structure. Thus, it is important to understand the
various failure modes that can and will be considered. A double-sided tape is composed
by adhesive on both sides and a foam carrier in the middle, as it is represented in Figure
2.18.

Figure 2.18 Adhesive Tape structure [47].

On this type of adhesive tapes, there are several adhesive failures that can occur,
similar to the ones that were previously mentioned. The difference to the failures that
were presented is the fact that a cohesive failure in the adhesive can be more complex.

A cohesive failure on the adhesive can happen on the foam core, like a perfectly centered
crack of the tape (represented by "a)" in Figure 2.19), and it can also appear has a cohesive
splitting of the adhesive that bonds the foam core to the substrate (on Figure 2.19 appears
as "b)"). This phenomenon was studied in [14] as it can be seen in Figure 2.19, where the
previously mentioned failures happen in the same adhesive bonded joint after test.
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Figure 2.19 Adhesive Tape failure modes [14].

2.7 Joint Tests

There are several joint tests that can be performed to understand the mechanical prop-
erties of an adhesive bonded joint. Among others, the most common and important used
tests are the tensile tests, where bulk specimens can be tested (butt joints are also com-
monly used in this kind of tests), the compressive tests, maybe the less common tests where
parallelepipedic bulk specimens are compressed, and the shear tests that uses either bulk
specimens or single-lap joints.

Tensile shear tests are performed in single-lap joints, like the ones that will be used in
this thesis. Due to the previously mentioned, a more detailed explanation about the lap
shear tests in single-lap joints will be presented next.

2.7.1 Lap Shear Tests

In this project, the main study will be focused on lap shear tests of single-lap joints
(SLJ). When using thin sheet substrates with single-lap joints, the lap shear tests are very
common in industry. The single-lap joint for rigid polymers is described in ASTM D 3163
and ISO 4587. The recommended dimensions for this joint are presented bellow in Figure
2.20.

In industry, the tested single-lap joints may not have these dimensions, due to fact
that the substrates dimensions are limited to what the suppliers can deliver. A lap shear
test puts the SLJ in a complex stress state that will represent non-uniform peel and shear
stresses.
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Figure 2.20 Scheme of a single-lap joint according with the ASTM norm [48].

After performing the test, reports on the average shear stress/load at failure should
be given. It should be taken in account that the choice of adherends is very important for
this test. The chosen substrates must not yield or enter in a plastic deformation process,
otherwise, the strength that is being measured will be the one from the substrates and
not the one from the adhesive.

Being a simple and cheap method, the use of single-lap joints has advantages. Due to
the fact that lap shear tests give a good impression of what the adhesive’s shear strength
is, these tests are widely used. To have an accurate idea of an adhesive shear strength, a
single-lap joint should be submitted to loads. This single-lap joint must use rigid substrates
in order for the adhesive to be the only component that enters in plastic deformation.

Some aspects that should be taken into account when aiming for a high shear strength
value are the adhesive overlap and also the adhesive thickness. These aspects should be
analysed and improved for an optimal result. Other key aspect is the use of supporting
plates or non centered jaws to hold the single-lap joint straight. This arrangement is
represented in Figure 2.21 [49],[50].
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Figure 2.21 Lap Shear Test representation [49].

In the next chapter, an explanation about the experimental details will be presented.
The assumptions that will be made in that section are all based in the theoretical infor-
mation that was addressed in this section.
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Chapter 3

Experimental Details

This chapter explains in detail all the performed experimental procedures in the experi-
mental phase of this thesis. Starting with the single-lap joint, in section 3.1, the used
adhesives as well as the substrates, and their characteristics, are presented. Then, a de-
scription of the used surface treatments methods is given. Following, it is possible to
observe the single-lap joints assembly sequence. An explanation of the aging conditions is
also given in this chapter. Finally, the equipments that were used to test the single-lap
joints and the materials are presented.

3.1 Samples Production

3.1.1 Adhesives

For this thesis, three double-sided tapes from three different suppliers will be studied.
One from tesa, another from Lohmann and, finally, one from Saint-Gobain. These tapes
will be applied to single-lap joints and, to evaluate their mechanical performance (through
the failure loads’ analysis) and failure modes, they will be tested with lap shear tests.
Moreover, these are PSAs double-sided tapes, so in order to activate them, it is necessary
to apply pressure on the bonded connection.

The price per piece of each double-sided tape is confidential, so considering that the
tesa double-sided tape has the intermediate value, this will be considered 1. With that
said, Lohmann’s double-sided tape will be 1.12 per piece and, lastly, the double-sided tape
from Saint-Gobain will cost 0.94 per product.

Each tape will be assembled in single-lap joint samples, with the same dimensions for
every sample, being 12.5mm wide and 25mm long, creating a bonded area of 312.5mm2.
The thickness of the adhesive double-sided tapes is 0.5mm on the tesa and Saint-Gobain
tapes and 0.45mm on the Lohmann double-sided tape.

The suppliers are asked to provide adhesive double-sided tapes that will fulfil Bosch
Car Multimedia’s requirements for the product. For this connection, and regarding the
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single-lap joint samples, the double-sided tapes have to overcome 25N in lap shear tests
(for an area of 312.5mm2).

Another important aspect is the material which the double-sided tapes are based on.
The tesa double-sided tape has an acrylic adhesive and foam, giving it a very ductile
behaviour. Regarding the Saint-Gobain and the Lohmann double-sided tapes, their adhe-
sives are acrylic and their foam carriers are PE based. Due to that fact, these are more
brittle double-sided tapes.

The double-sided tapes’ mechanical properties are confidential and will not be given
in this thesis.

Lastly, it is important to understand that these double-sided tapes have a complex
structure being it composed by three parts; on each side there is an adhesive layer that is
separated in the middle by a foam carrier material.

3.1.2 Substrates

In this project, two different substrates will be used for the adhesive bonded connection.
On one side, a PC sample and a black printed glass on the other side. The dimensions of
the polycarbonate are 100x25x2mm. The glass substrate with black print (polyurethane
based) has 50x50x2mm.

The single-lap joint is represented on Figures 3.1 and 3.2.

Figure 3.1 Substrates dimensions and single-lap joint.
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Figure 3.2 single-lap joint dimensions.

3.1.3 Surface Treatment

On the substrates’ surfaces two treatments were performed. Starting with the cleaning of
the surface contamination with isopropyl alcohol, this process of removing contamination
was performed on each substrate’s surface. The choice of the cleaning product was made
taking into account that the isopropyl alcohol does not react with polymers. It is also
considered a standard solvent commonly used in Bosch Car Multimedia.

The second, and the most important one that will certainly influence the surface free
energy of both substrates, is the cold atmospheric pressure plasma treatment. This was
performed with a PlasmaTreat machine, Figure 3.3, on both substrates (PC and black
printed glass) on the surface that will be bonded, in order to activate it.

The setup parameters in this procedure were:

For the PC samples:

• Nozzle speed = 100 mm/s;

• Nozzle height = 15 mm.

For the black printed glass samples:

• Nozzle speed = 100 mm/s;

• Nozzle height = 12 mm.

Finally, it is important to refer that the choice of these parameters was made by
the knowledge already acquired in other projects inside Bosch Car Multimedia, and more
specifically the development department, where the same materials were used. The plasma
parameters were optimized in order to obtain the best surface free energy value possible
as well as a cohesive failure of the adhesive bonded joint.
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Figure 3.3 PlasmaTreat machine.
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3.1.4 Assembly Sequence

It is necessary to follow several steps in order to produce a single-lap joint sample. These
steps have a functional order making it possible to assemble the samples in the right way.
Each one of these steps was carefully performed, using nitrile gloves during the whole
process. Therefore, no contamination is expected during the assembly procedure.

I . Clean the PC samples with isopropyl alcohol to remove the existing contamination
coming from the injection and cutting process;

II . Place the PC samples (5 per round) in a custom made jig, ready to be plasma
treated;

Figure 3.4 Plasma support jig.
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III . Run the plasma machine program, in order to activate the PC surface;

Figure 3.5 Running the program on the atmospheric pressure plasma machine.

IV . Remove the PC samples from the plasma machine and apply the double-sided tape
on their surface;

Figure 3.6 Applying the double-sided tape on the PC samples.
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V . Clean the black printed glass samples with isopropyl alcohol to remove the existing
contamination coming from the injection and cutting process;

VI . Place the glass samples (3 per round) in a custom made jig, ready to be plasma
treated;

Figure 3.7 Plasma support jig.
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VII . Run the plasma machine program, in order to activate the black print surface;

Figure 3.8 Running the program on the atmospheric pressure plasma machine on the black
printed glass samples.

VIII . Remove the glass samples from the plasma machine and stick them to the free side
of the double-sided tape;

Figure 3.9 Single-lap joint assembled.
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IX . Apply a pressure of 0.1MPa, for 10s, to the single-lap joint in order to activate the
PSA double-sided tape;

Figure 3.10 Activating the PSA double-sided tape.

X . Store the single-lap joint sample;

Figure 3.11 single-lap joint samples in their storing conditions.
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3.2 Aging Conditions

On the automotive industry, there are several validation requirements that can change
from application to application. On adhesive bonded connections, more precisely in adhe-
sive bonded connections for vehicles central displays, these connections must have a good
performance when submitted to several environmental conditions.

To evaluate that, during development, the single-lap joints have to be submitted to
several aging conditions that represent the lifetime conditions of an automotive central
display.

For the aging conditions, a test path was followed. The single-lap joint samples were
submitted to several aging tests that simulate the real life of an automotive product. The
single-lap joints experienced high temperatures, high humidity and severe thermal cycles.

The five used aging paths were:

I . No aging;

II . High Temperature Endurance - HTE;

III . High Humidity Storage - HHS;

IV . High Temperature & High Humidity Endurance - HTHE;

V . Thermal Cycles - TC.

On the following image (Figure 3.12), it is possible to acknowledge the 5 performed
test paths. Each test is performed for different hours and, for the thermal cycle tests, for
a different number of cycles.
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Figure 3.12 Aging test paths that the single-lap joints were submitted to.

3.2.1 Detailed validation path

In this section, each aging test path will be explained in detail. It is important to state
that, for each used tape, 5 single-lap joint samples were tested in each test.

This decision was taken to have a good mean value of the double-sided tapes perfor-
mance and, also, to have an idea of their standard deviation. So, in total, 220 single-lap
joint samples were produced to be submitted to lap shear tests after different aging con-
ditions.

3.2.1.1 No aging

As the name suggests, on Path number 1, "no aging", no environmental load is applied,
thus the lap shear tests are performed 24 hours after the single-lap joint sample is produced.

On Table 3.1, is possible to understand the number of single-lap joints that were tested
from each supplier of double-sided tapes.
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Table 3.1 No aging test path details.

3.2.1.2 High Temperature Endurance (HTE)

For this aging path, number 2, the samples were submitted to 85◦C for several hours
(100h, 250h, 500h and 1000h). 50 samples were submitted to these conditions and lap
shear tested afterwards.

On Table 3.2, the high temperature endurance test path details are presented.

Table 3.2 High Temperature Endurance test path details.

3.2.1.3 High Humidity Storage (HHS)

Regarding aging path number 3, high humidity storage, the single-lap joint samples were
submitted to an aging condition of 65◦C and 93% of relative humidity for several hours
(100h, 250h, 500h and 1000h). Due to the high relative humidity value, this is one of the
most extreme aging conditions that can be performed to an adhesive bonded connection.

Again, details about this test path are shown on Table 3.3.
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Table 3.3 High Humidity Storage test path details.

3.2.1.4 High Temperature & High Humidity Endurance (HTHE)

On test path number 4, high temperature and high humidity endurance, the single-lap
joint samples were introduced in the climate chamber and submitted to an aging condition
of 85% relative humidity and 85◦C for 100, 250, 500 and 1000 hours.

Following the same approach, the details on the high temperature and high humidity
test paths are presented on Table 3.4

Table 3.4 High Temperature & High Humidity test path details.

3.2.1.5 Thermal Cycles (TC)

For test path number 5, thermal cycles, the adhesive bonded connected samples were
submitted to several thermal cycles (150, 300, 450 and 600), each thermal cycle is the
temperature variation between 85◦C and -40◦C, that takes 25 minutes, as it can be seen
in Figure 3.13. Each temperature stage (-40◦C and 85◦C) is maintained for 50min.
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Figure 3.13 Thermal cycle test path.

On Table 3.5, the used quantities of the single-lap joint samples are presented.

Table 3.5 Thermal Cycles test path details.

3.2.2 Lab Conditions

The aging paths were performed inside Bosch Car Multimedia in two different labs. For
the high temperature conditions, a simple oven at constant 85◦C was used.

So, the heat chamber of QMM3 lab was used. The samples were placed on the 26th of
February and the latter single-lap joint samples to come out of the chamber (1000h) were
removed on the 8th of April.

Regarding the other three aging tests, were requested more complex climate chambers
from a different lab. And for these, the schedule of each test and their time periods are
displayed on Tables 3.6, 3.7 and 3.8.
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Table 3.6 High Humidity Storage schedule.

Table 3.7 High Temperature & High Humidity Endurance schedule.

Table 3.8 Thermal Cycles schedule.
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3.3 Experimental Analysis

3.3.1 Surface free energy measurements

To understand the influence of the cold atmospheric pressure plasma surface treatment,
surface free energy measurements on both substrates were performed.

These measurements were made on substrates that were not submitted to the plasma
surface treatment and substrates that were submitted to this process in order to really
understand the increase of their surface free energy.

3.3.1.1 Ink measurements

Initially, the surface free energy was measured using inks. This test allows an interesting
overview of the range of values that the real surface free energy is inserted in.

This test is very important to have a later comparison with the mobile surface analyser
test, and also because the ink test will be used in the production line to verify if the real
parts are according to internal specifications.

Nevertheless, the ink test only gives an approximated value or range of values for the
surface free energy, not allowing to obtain the values of the polar or dispersive interaction,
that are only obtained with the mobile surface analyser test.

The ink test was performed on both black printed glass and PC substrates (Figures
3.14 and 3.15).

Figure 3.14 Ink test performed on black printed glass.
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Figure 3.15 Ink test performed on PC substrates.

3.3.1.2 Mobile Surface analyser (MSA) measurements

Using a mobile surface analyser from Kruss (Figure 3.16), the surface free energy of the
substrates was measured. With this sophisticated equipment, a much more precise and
accurate value of the real surface free energy value can be obtained.

The mobile surface analyser drops two liquids, water and diodomethane. Measuring the
water fluid contact angle, the polar interaction of the surface free energy can be obtained
(due to the water’s polarity). The substrate’s surface free energy dispersive interaction is
given by the contact angle measure of the diodomethane liquid.

Therefore, this is a much more complete measurement where all the components of the
surface free energy are obtained and, most importantly, its precise total value.

After this test, it is possible to compare the obtained values with the ones measured
with the inks test and understand if the two methods complement each other and are
accordingly.
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Figure 3.16 Mobile surface analyser machine from Kruss.

3.3.2 Lap Shear Test

The adhesive bonded connections were submitted to lap shear tests in order to evaluate
their performance. These tests were performed in the QMM3 lab at Bosch Car Multimedia
in an universal tensile test machine. The tests were performed within 24 hrs after the
single-lap joints were removed from the climate chambers.

This machine has the ability to move each fixing point, in order to eliminate the torque
that would be created in the single-lap joint sample, if they were in a straight line.

The used machine can be observed in Figure 3.17 as well as an adhesive bonded single-
lap joint under testing in Figures 3.18 and 3.19.
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Figure 3.17 Universal Tensile test machine.

Figure 3.18 Tensile test machine in a detailed perspective.
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Figure 3.19 Ongoing lap-shear test.

From the lap shear test, it is possible not only to obtain the Load/Displacement curves,
but also, after failure, the single-lap joint failure mode. It is important to state that the
test speed on the lap shear tests was 5mm/min according to the norm.

On Figure 3.20, a representative graph of the lap shear test on 5 Lohmann double-sided
tapes (without aging) is represented. Moreover, in Figure 3.21 it is possible to observe the
representative failure mode (cohesive failure in this case) of the double-sided tapes.

Figure 3.20 Lap shear test Load/Displacement graph.
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Figure 3.21 Cohesive failure mode on a Lohmann double-sided tape, after the lap shear test.
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Chapter 4

Results analysis and discussion

This Chapter explores the results obtained from the various performed tests. Beginning
with the study on the influence of the atmospheric pressure plasma treatment, a section
regarding this topic is presented. An analysis on the surface free energy variation of the
substrates, on the single-lap joint’s performance and on the failure modes of these single-
lap joints, after being lap shear tested, is displayed. Finally, a comparison between the
three used double-sided tapes in this thesis regarding their performance and failure modes,
after several aging paths, is described. The main goal of this Chapter is to understand
if the various used double-sided tapes on the adhesive bonded connections do not lose
performance, after being exposed to several aging conditions. The performance analysis
that is made, in this Chapter, evaluates the single-lap joints’ average failure
loads, meaning that an improvement in performance, will correspond to an
increase in failure load of the single lap joint. On appendix B, the corresponding
shear strength graphs can be observed.

4.1 Surface treatment influence

On this section, the influence of the atmospheric pressure plasma surface treatment on
the adhesive bonded joint will be analysed. Firstly, the effect of this surface treatment on
the substrate’s surface free energy will be studied. Lastly, an explanation of this influence
on both failure modes and performance of the adhesive bonded joints will be presented.

4.1.1 Surface Free Energy

To study the influence of the performed surface treatment on the substrate’s surface free
energy, several measurements of surface free energy with two methods were made. The
first one, measuring the contact angle with a mobile surface analyser (MSA). The second
one consisted on the ink test.
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4.1.1.1 The black printed glass substrate

Ink test

Regarding the ink test, several black printed glass samples were tested. From these, 3
samples of black printed glass without plasma treatment were tested as well as 3 samples
that had been submitted to the atmospheric pressure plasma surface treatment.

Knowing that glass samples, even with a black print coating (polyurethane based),
normally have a high surface free energy value, it was expected that the surface free
energy value on the samples without plasma treatment to be relatively good.

Therefore, it was also expected that, after submitting the samples to the atmospheric
pressure plasma surface treatment, these would increase their surface free energy.

The obtained values from the several performed ink tests are displayed in Table 4.1.

Table 4.1 Black printed glass SFE, with and without plasma surface treatment.

As it is possible to observe on Table 4.1, the experimental values were according with
the expected results. On the 3 samples that were not submitted to a plasma treatment
the results were clear, as the 28mN/m ink could easily wet the surface and, on the other
hand, the 38mN/m ink was not able to constantly wet the surface.

With those results, it was possible to understand that the value for the surface free
energy would be < 38mN/m.

Regarding the 3 samples that were submitted to the atmospheric pressure plasma
treatment, the ink test obtained optimal values. The 72mN/m ink could easily wet every
sample.

With that said, it was concluded that, from the ink tests, the value for the surface free
energy of the black printed glass samples was ≥ 72mN/m.

MSA test

For the MSA test, 3 samples of black printed glass without surface treatment were
tested as well as 3 samples with plasma treatment.

As well as obtaining the surface free energy total value, it is possible to obtain its
dispersive and polar components with this test.

The results of these experiments are presented on Tables 4.2 and 4.3.
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Table 4.2 MSA results for black printed glass without plasma.

Table 4.3 MSA results for black printed glass with plasma.

From the tables, it is possible to understand that the atmospheric pressure plasma
surface treatment has a big influence on the surface free energy of the substrates.

It was possible to verify that the total value of the surface free energy has increased,
not as much as on the ink test though (the inks are less accurate and more volatile). It is
also possible to verify that the initial surface free energy had already a high value, as it
was expected.

After plasma surface treatment, there was an improvement of the total SFE and, most
importantly, the polar component of the energy had a big increase (more than 5x bigger)
having created, with that, more polar groups that help in the adhesion process.

On the following graph (Figure 4.1) it is possible to observe the total surface free
energy’s increase, as well as its polar component’s.

Figure 4.1 Surface free energy results for the black printed glass with the MSA tests.
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4.1.1.2 The polycarbonate substrate

Ink test

For the ink tests, samples of polycarbonate were tested. The same procedure as for
the black printed glass samples was used: 3 samples without and 3 samples with plasma
surface treatment.

Normally, the surface free energy value of this material family is not very high. Al-
though, it was required to the supplier to deliver them without contamination on the
surface, so the SFE measurements were expected to have a higher value than normal.

Of course, it was also expected that, after being submitted to the atmospheric pressure
plasma surface treatment, the surface free energy value would increase.

The obtained results after the various ink tests are presented in Table 4.4.

Table 4.4 Polycarbonate SFE, with and without plasma treatment.

From Table 4.4, it is possible to understand that the measured surface free energy
values were similar to the expected. The presented values were obtained following the
procedure that was explained in section 2.4.4.1 regarding the ink test.

It was possible to verify that the substrates not submitted to the surface treatment
had a surface free energy value between 38mN/m and 44mN/m, values that are very
interesting for a polycarbonate substrate without having any surface treatment. After
being submitted to the atmospheric pressure plasma treatment, the substrate’s surface
free energy increased to between 56mN/m and 66mN/m.

MSA test

Regarding the mobile surface analyser test, similarly to the ink tests, 3 samples of PC
that were not submitted to a surface treatment were tested as well as 3 samples with the
plasma surface treatment.

The obtained results for the samples that were not submitted to the plasma surface
treatment are presented on Table 4.5. Moreover, on Table 4.6, it is possible to observe the
values of the surface free energy for the atmospheric pressure plasma treated samples.
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Table 4.5 MSA results for PC without plasma surface treatment.

Table 4.6 MSA results for PC with plasma surface treatment.

Again, in the PC substrates, it was observed that the plasma surface treatment has a
positive influence on the surface free energy of the substrates and on its components.

The polar component of the surface free energy has had an increase, and the total
surface free energy value has increased as well.

On Figure 4.2, the increase of the total surface free energy is presented, as well as its
polar and dispersive components.

Figure 4.2 Surface free energy results for the PC with the MSA tests.

4.1.2 Performance of the single-lap joints

In this section, the atmospheric pressure plasma surface treatment influence will be
analysed. To do so, the performance and evolution of both treated and non-treated single-
lap joints using tesa double-sided tape will be evaluated, throughout all the aging tests.
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Finally, to better understand this influence, a visual study on the failure modes of each
case will be made.

4.1.2.1 No aging

To analyse the influence of the surface treatment on the behavior of the adhesive bonded
connections, firstly, the single-lap joints that were not exposed to any aging condition were
studied.

Single-lap joints’ behavior

These non-aged single-lap joints were lap shear tested and the obtained results for the
average maximum load to failure are represented on Figure 4.3.

Figure 4.3 Comparison between treated and non-treated tesa double-sided tape failure loads,
without aging.

It was observed that, in terms of average maximum load, the single-lap joints that
were submitted to the plasma surface treatment had a better performance than the ones
that did not suffer any surface treatment.

Although, the values of both cases were similar, the non-treated single-lap joints had
an average failure load 17% lower than the ones that did not experience plasma treatment.

Failure mode

Regarding the analysis of the single-lap joint’s failure modes, a visual inspection was
performed. As it can be seen in Figure 4.4, the non-treated single-lap joints had, mostly,



Surface treatment influence 63

an adhesive failure mode (90%). Only a small amount of adhesive could be found on the
PC substrate (10%).

Figure 4.4 Non-treated tesa double-sided tape representative failure mode, without aging.

On the other side, the single-lap joints that experienced the atmospheric pressure
plasma surface treatment had a cohesive failure, as it can be seen on Figure 4.5. This
cohesive failure has always occurred within the adhesive layer and the carrier foam interface
of the double-sided tape. Thus, it was considered a full cohesive failure, since the adhesive
foam interfaces can not be controlled.

Figure 4.5 Treated tesa double-sided tape representative failure mode, without aging.

4.1.2.2 HTE (High Temperature Endurance) test

The aging test that was first studied, was the high temperature endurance test. As it
was said before, samples were submitted to several aging periods (100h, 250h, 500h and
1000h), in order to understand the behavior of the tesa double-sided tape when submitted
to high temperature conditions.
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Single-lap joints’ behavior

Regarding the performance of the tesa double-sided tape, on Figure 4.6 it is possible
to observe the evolution of both single-lap joints, the ones that were submitted to the
plasma surface treatment and the ones that did not experience this surface treatment.

Figure 4.6 Comparison between treated and non-treated tesa double-sided tape failure loads,
during high temperature conditions.

From the graph, it was possible to understand that in both cases, the joint performance
increased. On the non-aged samples, the performance was very similar as both double-
sided tapes failed at a load of around 250N.

During the several aging periods, both cases performed very similarly as the two curves
follow a resembling path. Although, after the biggest aging period of 1000h, the single-lap
joints that had been submitted to the atmospheric pressure plasma surface treatment had
a big increase.

The non-treated single-lap joints had an increase in value, after the 1000h aging time,
but this increase was not as high as the one of surface treated samples.

An interesting fact, is that from the 250h aging time to the 500h both single-lap joint
samples had a similar behavior, they maintained a stable value.

In Figure 4.7, it is possible to understand the increase in performance on each of the
single-lap joint samples, after the 1000h aging conditions.
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Figure 4.7 Comparison between treated and non-treated tesa double-sided tape failure loads,
after 1000h of aging (HTE).

From the graph above, what was previously stated can be verified. The tesa samples
have had an increase in performance. For the single-lap joints that were not submitted to
any surface treatment, these had an interesting increase in performance of 66%.

Regarding the single-lap joints that experienced the atmospheric pressure plasma sur-
face treatment, the improvement in performance on these was even greater. The double-
sided tape’s load to failure had an increase of 106%, more than double of the maximum
load of the non aged single-lap joints.

The performance of both cases, after aging, was very interesting and promising values
were obtained.

Failure mode

One of the most important criteria to take into account when studying the influence of
a surface treatment is the failure mode of a single-lap joint, after it being lap shear tested.

So, for all single-lap joints, their failure modes were observed.

With that said, on Figure 4.8 and on Figure 4.9 the failure modes of both cases can
be verified. Throughout the aging time, the failure modes, on both, were always the same
for each case. On Figure 4.8, it is possible to conclude that an adhesive failure on the PC
substrate happened. This figure represents the non-treated single-lap joints.
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Figure 4.8 Non-treated tesa double-sided tape representative failure mode, after aging
(HTE).

Regarding the plasma surface treated single-lap joints, on Figure 4.9, their failure mode
can be identified. On this case, a cohesive failure occurred and, furthermore, the foam
carrier was split in its middle.

Figure 4.9 Treated tesa double-sided tape representative failure mode, after aging (HTE).

4.1.2.3 HHS (High Humidity Storage) test

The second aging test was the high humidity storage test. Here, as it was presented on
chapter 3, the single-lap joint samples were submitted to conditions of 93% RH and 65◦C
for 100h, 250h, 500h and 1000h.

Single-lap joints’ behavior

Regarding the single-lap joint’s performance, on Figure 4.10, it is possible to under-
stand the evolution of the samples during the aging time, the ones that were not submitted
to a plasma surface treatment as well as the ones that were.
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Figure 4.10 Comparison between treated and non-treated tesa double-sided tape failure
loads, during high humidity storage aging conditions.

From Figure 4.10, it is possible to understand that the behavior in both cases was very
similar. After 100h of aging, the average maximum load of the single-lap joints dropped,
but from this aging period until the maximum time of 1000h the maximum load increased.

As it was expected, the single-lap joints that had been under plasma surface treatment
had a better performance than the ones that were not submitted to a surface treatment.
However, the difference in performance was very small, since the single-lap joints that did
not have a surface treatment had a failure load only 5% smaller than the ones who did
have.

On Figure 4.11, it is possible to understand the improvement in performance on both
cases.

Figure 4.11 Comparison between treated and non-treated tesa double-sided tape failure
loads, after 1000h of aging (HHS).
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From the figure above, it can be seen that the single-lap joints that were not submitted
to the atmospheric pressure plasma surface treatment had the biggest improvement in
performance. These single-lap joints had an interesting increase in their performance of
34%.

Regarding the single-lap joints that had the plasma surface treatment, the improvement
was not so big, mainly because the performance of these single-lap joints without the aging
was already better than the ones on the other case. Here, an improvement of 17% was
obtained.

The final values for failure loads in both cases were not very high, however, they were
higher than the initial ones, which shows that, even with aggressive aging conditions, the
tesa double-sided tape has a very good behavior. The most important conclusion is the
fact that the single-lap joints did not lose performance.

Failure mode

To analyse the influence of the atmospheric pressure plasma surface treatment on the
failure mode of the adhesive bonded connections, a visual inspection was performed, once
again.

Starting with the single-lap joints that did not experience the surface treatment, from
Figure 4.12, it is possible to observe that a mixed failure happened.

It could be seen that approximately 40% was adhesive failure and 60% was cohesive
failure. The cohesive failure portion was defined as foam tearing or adhesive-foam de-
lamination and the adhesive failure percentage is visible in the interface between the PC
adherend and the double-sided tape.

Figure 4.12 Non-treated tesa double-sided tape representative failure mode, after aging
(HHS).

The failure mode representation of the single-lap joints that experienced plasma surface
treatment can be seen on Figure 4.13. A cohesive failure occurred on all the adhesive
bonded connection area. The failure was located on the double-sided tape (foam tearing).
A perfect adhesion to both substrates was verified.
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Figure 4.13 Treated tesa double-sided tape representative failure mode, after aging (HHS).

4.1.2.4 HTHE (High Temperature and High Humidity Endurance) test

The third aging test path was the high temperature and high humidity endurance test.
single-lap joints experienced these aging conditions (85◦C and 85% RH) in a climate
chamber for 100h, 250h, 500h and 1000h.

Single-lap joints’ behavior

Regarding the single-lap joint’s performance on the lap shear tests, it was possible to
verify that, in both cases, the tesa double-sided tape improved its performance with the
increase of the aging time.

The results of the failure loads from the lap shear tests can be seen in Figure 4.14.

Figure 4.14 Comparison between treated and non-treated tesa double-sided tape failure
loads, during high temperature and high humidity aging conditions.

As it can be seen, in Figure 4.14, after 100h the adhesive bonded connection lost
performance as the failure loads decreased. On the single-lap joints that did not suffer
any surface treatment, there was a bigger decrease than on the ones that had experienced
the plasma surface treatment.
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From 100h until 1000h of aging, the performance, on both cases, increased immensely.
Both cases had similar curves, although, the values obtained by the single-lap joints that
were submitted to the atmospheric pressure plasma surface treatment were considerably
higher.

When compared to their initial values (without aging), it is possible to understand
that the single-lap joints had an interesting increase in performance, something that can
be seen in Figure 4.15.

Figure 4.15 Comparison between treated and non-treated tesa double-sided tape failure
loads, after 1000h of aging (HTHE).

From Figure 4.15, the differences in performance can be observed, for each case, from
the initial values until the maximum failure load final values, after 1000h of aging.

On one hand, the non-treated single-lap joints had an increase in performance of 115%
which means that their performance more than doubled.

On the other hand, the single-lap joints that experienced the plasma surface treatment
had a performance increase of 230%, meaning that these had a failure load more than 3
times higher than the non-aged samples, which is a great improvement.

Failure mode

As it was said before, to analyse the influence of the plasma surface treatment on the
single-lap joints, their failure modes were studied by visual inspection.

Beginning with the single-lap joints that did not experience surface treatment, the
failure mode was totally adhesive, as it can be seen in Figure 4.16.

It was possible to verify a good adhesion to the black printed glass even without
plasma surface treatment. The failure was always 100% adhesive between the adhesive
double-sided tape and the PC interface.
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Figure 4.16 Non-treated tesa double-sided tape representative failure mode, after aging
(HTHE).

Finally, regarding the single-lap joints that were submitted to the atmospheric pressure
plasma surface treatment, the failure mode is represented on Figure 4.17.

A full cohesive failure occurred and this failure happened on the double-sided tape
(foam tearing). A perfect adhesion of the double-sided tape to both substrates was found.

Figure 4.17 Treated tesa double-sided tape representative failure mode, after aging (HTHE).

It was on this analysis that, on a treated single-lap joint, after 250 hours of aging,
a mixed failure was found on only one of the 5 samples evaluated for that aging period.
This might have happened due to human errors on the sample’s production (placing the
adhesive double-sided tape on the wrong side of the substrate for example), since all the
other surface treated single-lap joints had a cohesive failure. On appendix A.4 it is possible
to observe the lower performance of that sample when compared to the other single-lap
joints, highlighted in red.

The failure mode on that single-lap joint can be seen in Figure 4.18.

Figure 4.18 Treated tesa double-sided tape mixed failure, after aging (HTHE).
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4.1.2.5 TC (Thermal Cycles) test

The last aging test path was the thermal cycles test. The single-lap joints were submitted
to temperatures from -40◦C to 85◦C during 150, 300, 450 and 600 cycles (explained in
detail on Chapter 3).

As on the previous sections, a study of the single-lap joints performance and failure
modes was made.

Single-lap joints’ behavior

On Figure 4.19, the evolution of both samples can be witnessed.

Figure 4.19 Comparison between treated and non-treated tesa double-sided tape failure
loads, during thermal cycles aging conditions.

A great representation of the evolution on both cases is given in Figure 4.19. A similar
behavior during the several aging cycles can be observed.

The single-lap joints using the tesa double-sided tape had a big increase in performance
after the first 150 cycles, and, from there on, only a small improvement could be seen.
Anyhow, it was only a slight improvement, which gives an idea that the performance of
the double-sided tape was stabilizing.

The improvement, after the 600 cycles, of each case can be observed on Figure 4.20.
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Figure 4.20 Comparison between treated and non-treated tesa double-sided tape failure
loads, after 600 thermal cycles (TC).

From the represented on Figure 4.20, it is possible to understand that both cases had
a good improvement on the failure load.

The biggest increase was found to be on the single-lap joints that had experienced the
plasma surface treatment. These had a failure load 82% higher than the non-aged samples.
Regarding the non-treated single-lap joints, these had an increase in performance of 54%.

Failure mode

Focusing on the failure modes of the single-lap joints, the differences between both
cases were evident.

On the non-treated single-lap joints, the failure was mainly adhesive between the PC
substrate and the double-sided tape. Good adhesion to the black printed glass substrate
was verified. The cohesive percentage is visible in small adhesive spots on the PC substrate,
in Figure 4.21.

Figure 4.21 Non-treated tesa double-sided tape representative failure mode, after aging (TC).
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When looking at the single-lap joints that were submitted to plasma surface treatment,
it was possible to understand that the failure occurred on the double-sided tape (foam
tearing). A perfect adhesion to both substrates was observed (Figure 4.22).

Figure 4.22 Treated tesa double-sided tape representative failure mode, after aging (TC).

4.2 Influence of the aging conditions on the different double-
sided tapes

In this section, the influence of the aging conditions on all used double-sided tapes was
studied (four cases, considering adhesive bonded connections with tesa double-sided tapes,
with and without the plasma surface treatment).

This analysis focused on the double-sided tapes’ mechanical performance in lap shear
tests and on the failure mode of each single-lap joint, after those tests.

It is also important to refer that, the non-treated single-lap joints with tesa double-
sided tape will be used as the reference value on the performance analysis of the several
tapes.

Another aspect to take into account, is the fact that the aging tests are performed
on the single-lap joints in order to understand their behavior and to assure that these
do not lose performance. Any increase in performance is considered something positive,
although, a stable evolution is considered a good mechanical performance.

4.2.1 No aging

Firstly, it was important to understand the behavior of these double-sided tapes without
being exposed to any aging conditions.

For this, their failure load performance and their failure modes were analysed.

Single-lap joints’ behavior

The analysis takes into account the results presented on 4.1.2.1, where the two cases
of tesa double-sided tapes were approached.
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Additionally, it is possible to observe on Figure 4.23 the obtained results for the failure
load of the Lohmann and Saint-Gobain double-sided tapes.

Figure 4.23 Failure loads comparison between the 4 cases, without aging.

From the figure above, it can be understood that the performance of the Lohmann
double-sided tape was considerably better than the reference tape, when they were not
exposed to aging conditions, with a failure load 43% higher.

The tesa double-sided tape, in the single-lap joints that had been submitted to the
plasma surface treatment, had a 21% better performance than the reference double-sided
tape.

The worst performance was given by the Saint-Gobain double-sided tape, that had a
failure load 30% lower than the non-treated tesa double-sided tape.

Failure mode

After studying the performance of the double-sided tapes, a visual inspection on their
failure modes was made. As seen before, the majority of the failure of the non-treated
single-lap joints where the tesa double-sided tape was used, was adhesive (90%) and only
a small amount of cohesive failure was observed (10%). The representative failure mode
can be observed in Figure 4.24.
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Figure 4.24 Non-treated tesa double-sided tape representative failure mode, without aging.

Regarding all the single-lap joint samples that were submitted to the atmospheric
pressure plasma surface treatment, a cohesive failure on the adhesive was observed (Figure
4.25).

On the single-lap joints that used the tesa double-sided tape, as it was said before,
these had a cohesive failure that always occurred within the carrier foam and the adhesive
layer interface of the double-sided tape.

Figure 4.25 Treated tesa double-sided tape representative failure mode, without aging.

Finally, when looking at the failure modes of the single-lap joints where the Lohmann
and Saint-Gobain double-sided tapes were used, it is possible to understand that a cohesive
failure happened.

The failure occurred on the double-sided tape (foam tearing). Perfect adhesion to both
substrates and similar failure in all of the specimens was observed (Figures 4.26 and 4.27).
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Figure 4.26 Lohmann double-sided tape representative failure mode, without aging.

Figure 4.27 Saint-Gobain double-sided tape representative failure mode, without aging.

4.2.2 HTE (High Temperature Endurance) test

After the first aging test, the high temperature endurance test, where the single-lap
joint samples experienced conditions of 85◦C for 1000h.

Single-lap joints’ behavior

To first understand the effect of the aging conditions on the single-lap joints, their
performance, regarding the failure load, was studied.

Lohmann double-sided tape had a considerably better performance than the reference
double-sided tape, with a 53% higher failure load. Nevertheless, the single-lap joint with
tesa double-sided tape, and that had experienced the plasma surface treatment, had an
identical performance, 50% better than the reference.

Finally, the single-lap joints with Saint-Gobain double-sided tape, had the worst per-
formance of the 4, being 44% lower than the non-treated single-lap joints with tesa double-
sided tape. What was stated above can be verified by the data on Figure 4.28.
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Figure 4.28 Failure loads comparison between the 4 cases, after 1000h of high temperature
conditions.

On Figure 4.29, it is possible to understand the improvement of each case after 1000h
of aging (in all 4 cases the performance of the single-lap joints improved).

Figure 4.29 Evolution of each case after 1000h of aging (HTE).

From Figure 4.29, it is possible to understand that every single-lap joint had an im-
provement in performance, after the high temperature endurance aging test.

The most significant improvement was found on the single-lap joints with tesa double-
sided tape, that were submitted to the atmospheric pressure plasma surface treatment.
These single-lap joints had 106% increase in performance, something that was previously
presented, meaning that the double-sided tape’s failure load more than doubled.
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Following this, the Lohmann double-sided tape single-lap joints had also an interesting
improvement of 77%. On the case of the non-treated single-lap joints with tesa double-
sided tape, these had an increase of 66% on their failure loads. Finally, the smallest
increase was found on the single-lap joints with the Saint-Gobain double-sided tapes, that
have demonstrated an improvement of 34%.

Failure mode

Making the failure modes analysis, on the single-lap joints using tesa double-sided tape
and that did not experience a surface treatment, the failure mode was 100% adhesive, as it
can be seen in Figure 4.30. The weakest spot was the interface between the PC substrate
and the double-sided tape. A good adhesion to the black printed glass was verified, even
without plasma treatment.

When plasma surface treatment was applied, the failure occurred on the double-sided
tape (foam tearing). Perfect adhesion to both substrates, 100% cohesive failure, visible
on Figure 4.31

Figure 4.30 Non-treated tesa double-sided tape representative failure mode, after aging
(HTE).

Figure 4.31 Treated tesa double-sided tape representative failure mode, after aging (HTE).
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Regarding the single-lap joints that used Lohmann double-sided tape, a high variability
of the failure mode was found (Figure 4.32). Delamination on the adhesive-foam interface
was often spotted. Adhesion to the PC and to the black print varied even after optimal
plasma treatment parameters.

Figure 4.32 Lohmann double-sided tape representative failure mode, after 1000h of aging
(HTE).

Finally, regarding Saint-Gobain double-sided tape single-lap joints, the failure occurred
on the double-sided tape (foam tearing). Perfect adhesion to both substrates, as it can be
seen on Figure 4.33 (100% cohesive on the single-lap joints tested).

Figure 4.33 Saint-Gobain double-sided tape representative failure mode, after 1000h of aging
(HTE).

4.2.3 HHS (High Humidity Storage) test

The second aging test was the high humidity storage test. As before, on this section
the performance (failure load) and failure modes of the single-lap joints were studied.

Single-lap joints’ behavior

To study the influence of the aging conditions on the single-lap joints’ performance,
an analysis on their failure loads, after being lap shear tested, was performed.

It was verified that the best performance was obtained by the single-lap joints with tesa
double-sided tape that were submitted to the plasma surface treatment (321.8N ), only 5%
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better than the reference double-sided tape. Similarly , the single-lap joints with Lohmann
double-sided tape had a performance only 2% higher than the non-treated single-lap joints
with tesa double-sided tape.

Finally, the single-lap joints with Saint-Gobain double-sided tape had the worst per-
formance with a failure load 49% lower than the ones of the reference double-sided tape
(Figure 4.34).

Figure 4.34 Failure loads comparison between the 4 cases, after 1000h of high humidity
storage.

Figure 4.35, represents the evolution of the several single-lap joints, after being sub-
mitted to 1000h of high humidity conditions.

Figure 4.35 Evolution of each case after 1000h of aging (HHS).
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It is possible to verify, from Figure 4.35, that two different situations occurred. Re-
garding both tesa double-sided tape cases, an increase in performance was observed. The
single-lap joints that did not experience the surface treatment had the biggest improve-
ment (34%), followed by the treated single-lap joints that had an increase in performance
of 17%.

The second situation was found on both single-lap joints using Lohmann and Saint-
Gobain double-sided tapes, where a stable behavior was observed. Only a very small
decrease occurred. On the single-lap joints with Lohmann double-sided tape, the failure
load has decrease 4% and on the samples with Saint-Gobain double-sided tape a 2%
decrease in performance occurred.

Failure mode

Regarding the influence of the aging conditions on the failure modes of each tape, a
visual study was performed.

For the single-lap joints with tesa double-sided tape, this study was already presented
on section 4.1.2.3. It was found that the non-treated single-lap joints had a mixed failure,
where the cohesive part of it was represented by foam tearing and the adhesive failure was
visible on the interface between the PC substrate and the double-sided tape.

For the single-lap joints that were submitted to the surface treatment, a cohesive failure
occurred. Both can be seen in Figure 4.36 and Figure 4.37, respectively.

Figure 4.36 Non-treated tesa double-sided tape representative failure mode, after aging
(HHS).

Figure 4.37 Treated tesa double-sided tape representative failure mode, after aging (HHS).
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On the single-lap joints that used Lohmann and Saint-Gobain double-sided tapes, the
result was the same. A perfect adhesion between the adhesive and the substrates was ob-
served, meaning that a cohesive failure occurred. Figures 4.38 and 4.39 are representative
images of all the specimens.

Figure 4.38 Lohmann double-sided tape representative failure mode, after 1000h of aging
(HHS).

Figure 4.39 Saint-Gobain double-sided tape representative failure mode, after 1000h of aging
(HHS).

4.2.4 HTHE (High Temperature and High Humidity Endurance) test

On the high temperature and high humidity endurance test, the single-lap joints expe-
rienced conditions of 85°C and 85% RH for 1000h.

Single-lap joints’ behavior

The effect of this aging conditions on the single-lap joints’ performance was evaluated
by analysing the failure loads, after the lap shear tests.

It was verified that the single-lap joints, submitted to plasma surface treatment, using
tesa double-sided tape had a performance 86% higher than the reference double-sided
tape. Regarding the samples using Lohmann double-sided tape, this had a 33% lower
failure load when compared to the non-treated single-lap joints.
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The single-lap joints with Saint-Gobain double-sided tape’s failure loads were 65%
bellow the reference. On Figure 4.40, it is possible to understand what was previously
stated.

Figure 4.40 Failure loads comparison between the 4 cases, after 1000h of high temperature
and high humidity conditions.

The evolution of each case, after 1000h of aging, can be observed in Figure 4.41. It
must be referred that, on a general approach, none of the double-sided tapes has lost
performance.

Figure 4.41 Evolution of each case after 1000h of aging (HTHE).

Considering the samples where the tesa double-sided tape was used, on the single-lap
joints that did not experience the plasma surface treatment, this had an increase of 115%
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in performance. The treated single-lap joints improved in more than 3 times their failure
loads (230%).

Both samples with Lohmann and Saint-Gobain double-sided tapes had a stable evolu-
tion during the 1000h aging conditions. The first had almost exactly the same performance
and the last had a small increase of 7% on their failure load.

Failure mode

Regarding the analysis of the single-lap joints failure modes, this, as before, were
evaluated visually. Two situations occurred.

When observing the failure mode of the non-treated single-lap joints with tesa double-
sided tape, it was possible to clearly verify that an adhesive failure occurred.

A good adhesion to the black printed glass, even without plasma surface treatment,
was visible. The failure was always (on all the specimens) 100% adhesive between the PC
substrate and the double-sided tape interface, as it can be seen in Figure 4.42.

Figure 4.42 Non-treated tesa double-sided tape representative failure mode, after aging
(HTHE).

From Figures 4.43, 4.44 and 4.45, it is possible to understand that the second situation
was a cohesive failure. On all the single-lap joints that were submitted to the atmospheric
pressure plasma surface treatment, the failure occurred on the double-sided tape (foam
tearing). A perfect adhesion to both substrates was verified.

On section 4.1.2.4, the mixed failure on one of the twenty treated single-lap joints with
tesa double-sided tape was already presented and explained.

Figure 4.43 Treated tesa double-sided tape representative failure mode, after aging (HTHE).
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Figure 4.44 Lohmann double-sided tape representative failure mode, after 1000h of aging
(HTHE).

Figure 4.45 Saint-Gobain double-sided tape representative failure mode, after 1000h of aging
(HTHE).

4.2.5 TC (Thermal Cycles) test

The final aging test was the thermal cycles test. To understand the effect of the aging
on the single-lap joints, their performance and failure modes were studied.

Single-lap joints’ behavior

After the lap shear tests, the single-lap joints failure load was analysed, to better
understand the effect of the aging conditions.

When submitted to 600 thermal cycles, it was observed that the treated single-lap
joint samples using the tesa double-sided tape had a 42% higher performance than the
reference double-sided tape samples.

When looking at the results of the samples with Lohmann double-sided tape, these
had a similar performance to the non-treated single-lap joints.

Finally, the single-lap joints that used the Saint-Gobain double-sided tape’s failure
loads were 54% lower than the reference samples with tesa double-sided tape. The previ-
ously stated can be verified in Figure 4.46.
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Figure 4.46 Failure loads comparison between the 4 cases, after 600 thermal cycles.

It was also important to understand the evolution of the single-lap joint’s performance
after 600 thermal cycles. Those variations can be seen on Figure 4.47.

Figure 4.47 Evolution of each case after 600 thermal cycles (TC).

When analysing the single-lap joints that did not experience any surface treatment, it
was possible to see that these had an increase in performance of 54%. The treated samples
using tesa double-sided tape saw their failure loads increase 82%.

Regarding the single-lap joints using Lohmann and Saint-Gobain double-sided tapes,
these showed a stable behavior during aging. On the Lohmann double-sided tape, the
failure loads were practically the same, with only a small decrease of 1%.
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Evaluating the samples with Saint-Gobain double-sided tape, these also had a stable
behavior, varying in performance only 3% from the non-aged single-lap joints.

Failure mode

A visual analysis of the single-lap joint’s failure modes was performed. Two distinct
cases situations occurred, one for the non-treated single-lap joints and one for the ones
that had been submitted to the atmospheric pressure plasma surface treatment.

On the single-lap joints that did not experience any surface treatment, a mixed failure
occurred. The failure was mainly adhesive between the PC substrate and the double-sided
tape.

Again, as seen before, on the other aging paths, a good adhesion to the black printed
glass was obtained. The cohesive failure percentage is visible in small foam tearing spots
on the PC substrate, as it can be seen on Figure 4.48.

Figure 4.48 Non-treated tesa double-sided tape representative failure mode, after aging (TC).

Finally, on the plasma treated single-lap joints, a 100% cohesive failure occurred on
the double-sided tape (foam tearing). Again, a perfect adhesion to both substrates was
observed. Figures 4.49, 4.50 and 4.51 are representative of all specimens for each case.

Figure 4.49 Treated tesa double-sided tape representative failure mode, after aging (TC).
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Figure 4.50 Lohmann double-sided tape representative failure mode, after 1000h of aging
(TC).

Figure 4.51 Saint-Gobain double-sided tape representative failure mode, after 1000h of aging
(TC).
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Chapter 5

Conclusions

The purpose of this dissertation was to analyse a central display product’s adhesive
bonding connection, and to choose the best option with respect to the surface treatment
and adhesive double-sided tape. The scope of the thesis was the study of the atmospheric
pressure plasma surface treatment influence on the mechanical performance (through the
failure loads’ analysis) and failure modes of the adhesive bonded connection and the analy-
sis of the three double-sided tapes behavior, under several aging conditions, also regarding
their mechanical performance and failure modes.

There is a considerable increase on the use of adhesive bonding connections for vehicle
central displays, due to their lower thicknesses and high capability of joining dissimilar
materials.

That being said, in this Chapter, the general conclusions about the performed tests,
throughout this thesis, are presented in Section 5.1 and the main conclusions, about the
Bosch Car Multimedia’s product, are complied in Section 5.2.

5.1 General Conclusions

Regarding the atmospheric pressure plasma surface treatment influence, it was con-
cluded that:

• The plasma surface treatment increases the surface free energy of both substrates;

• The atmospheric pressure plasma surface treatment has an effect on the mechanical
performance of the adhesive bonded connections, being the treated single-lap joints
the ones that obtain the best results, although the evolution in both cases is similar;

• The atmospheric pressure plasma surface treatment has an effect on the adhesive
bonded connections’ failure modes. When used with optimal parameters, a cohesive
failure is always obtained;

• On the non-treated single-lap joints an adhesive failure always occurs, except when
submitted to high humidity conditions.



92 Conclusions

With respect to the aging conditions effect, the conclusions are:

• All studied double-sided tapes did not lose mechanical performance throughout the
aging tests;

• When submitted to any aging conditions, both cases of single-lap joints with tesa
double-sided tape improve their performance;

• Samples with Lohmann and Saint-Gobain double-sided tapes, when submitted to
aging tests, have mostly a stable behavior (increase their mechanical performance
with high temperature conditions);

5.2 Main Conclusions

The choice on which double-sided tape to use fell on the tesa double-sided tape. The
other double-sided tapes had a good performance, showing a very stable behavior, al-
though, tesa’s had not only a good performance but this behavior has improved under all
aging tests.

Regarding the choice on using the atmospheric pressure plasma surface treatment and
after observing the results from the non-treated single-lap joints, it was concluded that
these had to be tested on the product’s validation tests, due to their very interesting,
stable and low standard-deviation performance throughout the aging tests. Knowing that
the requirements from the customer for this product do not show a need for a cohesive
failure, this case might be the best when submitted to a cost/performance analysis.

Both treated and non-treated single-lap joints using tesa double-sided tape were chosen
to be included on the validation tests for this product, with the expectation for a good
performance from the non-treated samples, so that these can be the ones used in the
product.

In summary, due to the low standard-deviation and high safety coefficient regarding
the mechanical performance of the non-treated tesa’s single lap joints, the costs saving on
not investing in a new plasma surface treatment station on the product’s production line
and the likely positive validation tests results, the final product is expected to be produced
without the use of the plasma surface treatment.
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Chapter 6

Future Work

In this Chapter, suggestions for future works are presented in Section 6.1.

6.1 Future Work

After analysing the behavior of the several double-sided tapes and with an overall per-
spective of all the work developed, it is of interest to define some points to work upon in
the future. In particular, some suggestions are:

• To develop a numerical simulation model that recreates the double-sided tapes’ be-
havior, based on the performed practical tests in this thesis, in order to be used in
future Bosch Car Multimedia’s products;

• To study the behavior of the Lohmann and Saint-Gobain double-sided tapes during
100, 250 and 500h of aging, as well as for the thermal cycle tests for 150, 300 and
450 cycles;

• To study the single-lap joints with Lohmann and Saint-Gobain double-sided tapes
behavior without the atmospheric pressure plasma surface treatment;

• To analyse and verify the performance of the real products with the chosen solution
when submitted to the mechanical validation tests.
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A.2 High Temperature Endurance Test
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A.3 High Humidity Storage Test
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A.4 High Temperature and High Humidity Endurance Test
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Appendix B

Shear Strength Graphs

Figure B.1 Double-sided tapes’ shear strength during high temperature conditions (HTE).
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Figure B.2 Double-sided tapes’ shear strength during high humidity conditions (HHS).

Figure B.3 Double-sided tapes’ shear strength during high temperature and high humidity
conditions (HTHE).
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Figure B.4 Double-sided tapes’ shear strength during thermal cycles (TC).
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