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Abstract

Abstract

To fight climate change and pave the way for a carbon-neutral economy, the
European Union and its members have been implementing strategies that recognize the
potential of hydrogen to support the global effort to reach the goals of the Paris Agreement.
In the scope of this, innovation and improvement for systems that use hydrogen as supply,
fuel or energy carrier is needed.

Polymer Electrolyte Membranes (PEM) fuel cells are a type of fuel cell that
converts the chemical energy of hydrogen into electricity. Although these devices are
promising for the transportation industry, they present manufacturing and reliability
challenges.

Currently, the fabrication of fuel cells, which complies fuel cell stacks assembly,
involves tightly pressing together the components in order to guarantee proper sealing. The
fasteners used to keep the system in place, are not the most effective solution to insure
sealing, and, at the same time, also show corrosion problems with usage. To tackle this issue,
an alternative design, which discards the use of fasteners and demanding compression
systems, during fuel cells assembly, is envisaged.

This work proposes the use of a polymer structural frame, to support the Polymer
Electrolyte Membrane. This frame replaces the gasketed contact between the electrolyte and
the bipolar plates, typical of traditional fuel cell designs. The structural polymer to be used
in the fabrication of the structural frame is the polyetheretherketone (PEEK). Since the
Polymer Electrolyte Membranes are made of Nafion, developing solutions for the dissimilar
joining of the two polymers is of uttermost importance for the development of the new fuel
cell design.

Based on the above-described problem, the experimental work performed under
the scope of this investigation was planned with the objective of solving the challenge
associated with the dissimilar joining of the PEEK and PEM polymers by adhesive bonding.
Since the two polymers have low surface energies, its joining by adhesive bonding is an
engineering challenge, which comprises not only the selection of a proper adhesive for the

envisaged application, but also developing a suitable joint design.
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The work performed involved the selection of a suitable adhesive among a
cyanoacrylate, two different types of acrylic adhesives (one toughened and another one
modified) and a pressure sensitive adhesive (PSA) tape. The experiments enabled to
conclude that the use of a PSA tape is the best solution for achieving a strong bond and
satisfactory environmental resistance. The best joint design, for the selected adhesive, was
also determined by performing. mechanical testing, evaluating the joints strength, and
optical microscopy, to determine the failure mechanisms. For the tested joints it was found
that PEM fracture, or a combined failure mode, consisting of loss of adhesion and cohesion

of the adhesive, at different extents, were the main failure mechanisms.

Keywords Nafion, PEEK, adhesive bonding, pressure sensitive
adhesive tape, joining of dissimilar materials, polymer
electrolyte membrane.
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Resumo

Resumo

Para combater as mudancas climaticas e preparar o caminho para uma economia
de neutralidade carbonica, a Unido Europeia e 0s seus estados membros tém implementado
estratégias que reconhecem o potencial do hidrogénio para apoiar o esforco global de atingir
as metas do Acordo de Paris. Nesse sentido, € necessaria inovacao e otimizacao de sistemas
que utilizem o hidrogénio como fonte, combustivel ou portador de energia.

As células de combustivel com membrana de permuta proténica (PEM) sdo um
tipo de célula de combustivel que converte a energia quimica do hidrogénio em eletricidade.
Embora esses dispositivos sejam promissores para a industria dos transportes, apresentam
desafios de fabricacéo e fiabilidade.

A montagem das células de combustivel e dos stacks de células de combustivel
disponiveis atualmente envolve apertar firmemente os componentes para garantir a vedacgao
adequada. Os parafusos usados para manter o sistema a funcionar corretamente também
apresentam problemas de corrosdo com o uso. Para resolver esse problema, € considerado
um projeto alternativo que descarta a necessidade desses fixadores e sistemas de compressao
exigentes durante a montagem.

Este trabalho prop6e uma moldura estrutural polimérica para suportar a
membrana eletrolitica de permuta proténica (PEM). Esta moldura substitui o contacto
vedado entre o eletrélito e as placas bipolares num projeto tipico de célula de combustivel.
O polimero estrutural € uma poliéter éter cetona (PEEK). Uma vez que a PEM ¢ de Nafion,
o0 desenvolvimento de solucdes para a unido dos dois polimeros diferentes € importante para
0 desenvolvimento de um novo design de célula de combustivel.

Com base no problema descrito acima, o trabalho experimental realizado no
ambito desta investigacdo foi planeado com o objetivo de resolver o desafio associado a
ligacdo por adesivos dos dois polimeros. Como os dois polimeros tém baixas energias de
superficie, a sua ligacdo por adesivos constitui um desafio de engenharia, que inclui ndo so6
a selecéo do adesivo apropriado a aplicacdo, mas também o desenvolvimento de um design

de junta.
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O trabalho realizado envolveu a selecdo do adesivo apropriado, entre um
cianoacrilato, dois tipos diferentes de adesivos acrilicos (um reforcado e um outro
modificado) e uma fita adesiva sensivel a pressdo (PSA). O trabalho experimental permitiu
concluir que fita PSA é a melhor solucdo para se obter uma ligacdo adesiva forte e uma
resisténcia ambiental satisfatoria. Para o adesivo selecionado, foi encontrado o melhor
desenho de junta, para o adesivo selecionado, através da execucdo de ensaios mecanicos,
avaliacdo da resisténcia das juntas, e microscopia Otica, para determinacdo dos mecanismos
de falha. Para as juntas testadas, verificou-se os principais mecanismos de falha foram a
fratura da PEM, ou um modo de falha combinado, consistindo na perda de adesao e coesédo

do adesivo, em diferentes extensoes.

Palavras-chave: Nafion, PEEK, ligacdo por adesivos, fita adesiva
sensivel a pressao, ligacdo de materiais dissimilares,
membrana polimérica de permuta protdnica.
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INTRODUCTION

1. INTRODUCTION

1.1. Motivation

At the present, there is a strong demand on the search for clean and sustainable
technologies, as a gateway to meet the goals of the global warming mitigation agreements,
such as the Paris Agreement [1], within the United Nations Framework Convention on
Climate Change (UNFCCC). As a renewable and powerful fuel, hydrogen is deemed to take
an important role in the energetic transition to a more sustainable society.

The Polymer Electrolyte Membrane (PEM) fuel cells, in which the electrolyte is
a polymer membrane, are pointed as one of the most promising solutions for a variety of
applications ranging from heavy-duty mobility to stationary power generation [2], [3]. PEM
single fuel cells are usually a fastened compressed system with the following components:
an end-plate, a current collector, a flow field plate and the Membrane Electrode Assembly
(MEA) (that, in traditional systems, comprises of the polymer membrane, catalyst layers,
gas diffusion layers (GDL) and sealing materials) and again a flow-field plate, current
collector and end-plate [2], [4].

However, even though current fuel cell technology is proven, some issues have
held back its widespread use. Besides the hydrogen infrastructure needed, the manufacturing
of fuel cell stacks is a problem [5]. For optimal system performance and reliability, as well
as cost efficiency, it would be desirable to integrate the assembly and sealing of the MEA
components, or change the materials altogether [6], [7], [8], [9]. To tackle these issues, a
novel fuel cell design has been proposed introducing a structural PEEK frame that makes
the interface between the MEA and the plates of the fuel cell. This work focuses on the
joining of that PEEK frame to the PEM of the MEA through adhesive bonding, as an
alternative to the conventional fuel cell assembly through fasteners. The scope of this work
is to develop single-lap adhesive joints that can withstand temperatures up to 80°C,
continuously or intermittently, in water or high humidity. In addition, the adhesive also needs
to have the strength, in different loading modes, required for the resulting joint to withstand
a flow pressure of around 3 bar. The catalyst layer applied on the PEM may also create an

oxidative neighbouring area which needs to be taken into account when assessing the joint
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strength. To ensure air and water tightness, the adhesive should provide sealing.
Furthermore, it should be an electrical insulator to keep the current flowing appropriately.
For system cost, mass and volume considerations, the adhesive should be able to perform
with the least amount of material possible.

The used PEM is the state-of-the-art Nafion and because of its chemical
similarities to PTFE, adhesive bonding is a challenge due to its low surface energy [10]. The
PEEK frame and the PEM were bonded in single-lap joints. The joining of these two
materials has not been documented yet, so different adhesives, such as acrylics, modified
acrylics, cyanoacrylates and pressure-sensitive adhesive tapes were tested. Upon successful
bonding using a pressure-sensitive adhesive tape was achieved, a strength analysis was
carried out considering different overlap areas. The samples were also subjected to a

microscopic analysis to assess the failure mechanisms.

1.2. Layout

This work is divided in six chapters. Chapter 1 provides a brief introduction and
the motivation. A literature review of the materials and associated components in fuel cells
is done to provide context for design considerations. This chapter also gives an overview of
adhesive bonding. Chapter 3 explains the joint design. Chapter 4 describes the substrate
materials, experimental methodology and used equipment. Chapter 5 presents the results for
the lap-shear strength tests and microscopic observations along with their analysis. Chapter
6 closes this work with the conclusions and suggestions for future work.

2 2020



LITERATURE REVIEW

2. LITERATURE REVIEW

2.1. Polymer Electrolyte Membrane Fuel Cells

Fuel cells produce electrical power by fuel oxidation on one electrode, the anode,
and reduction on the cathode. On the anode there is a release of electrons that are consumed
in the cathode reaction and this causes a voltage that makes current flow. In other words, the
electrochemistry in a fuel cell is based on oxidation-reduction reactions, which are explained
in detail in literature such as [11]. Fuel cells classification can be based on the type of fuel:
hydrogen, methanol or methane. In terms of hydrogen fuel cells, the chemical reaction
involves the oxidation of hydrogen, which can be achieved in different ways. This can branch
many different types of hydrogen fuel cells according to the operating conditions, namely:
polymer electrolyte or proton exchange membrane (PEM) fuel cells, alkaline fuel cells
(AFC), molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC), or phosphoric acid
fuel cell (PAFC), according to [4], [11], [12].

PEM single fuel cells are comprised of an end-plate, a current collector, a flow
field plate, a Membrane Electrode Assembly (MEA) and, again, a flow-field plate, a current
collector and an end-plate [2], [4]. The MEA, in traditional systems, is comprised of the
polymer electrolyte membrane (PEM), catalyst layers, gas diffusion layers (GDL) and
sealing materials. These elements are tightly compressed together with fasteners to guarantee
that the gaskets are sealing the system appropriately [13], [14].

Current
Current PEM + collector
collector ~ Gasket  catalyst
I Gasket
ayers :

\

End-plate
\

\

@=L Fasteners

[

/ |
. /  GbL
GDL Gasket 2
Bipolar plate End-plate

Figure 2.1. PEM fuel cell assembly schematic (adapted from [15]).
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The operating pressure of PEM fuel cells can go up to 3 bar (300 kPa), although

larger fuel cell systems can operate at pressures lower than atmospheric pressure [2].

2.1.1. Polymer electrolyte membrane: Nafion™

In PEM fuel cells, polymer electrolyte membranes separate the electrodes from
physical contact and prevent the fuel to cross-over between the two sides of the electrolyte
(only allowing proton conductivity). Nafion™ is the state-of-the-art proton/cation exchange
electrolyte membrane from Chemourst. These membranes are widely used not only for their
unique electrochemical capabilities, but also for their excellent thermal and mechanical
stability [2], [4], [11], [16], [17]. Nafion™ is the brand name for sulfonated
tetrafluoroethylene fluoropolymer-copolymer. This polymer is special for its ionic properties
resulting from the inclusion of sulfonated groups at the end of perfluorovynil ether groups
on a tetrafluoroethylenebackbone, commonly known as PTFE?. It is this similarity with
PTFE that grants Nafion™ the chemical inertness, which has advantages but also presents
disadvantages. One, in particular, is the object of study in this work: the difficult adhesion
[10]. The fluorine atoms in the chemical structure provide fluoropolymers and copolymers,
like Nafion™, the “non-stick” properties [18]. Literature does not provide concrete values
for Nafion™ surface energy, but it is comparable to PTFE, which has one of the lowest
surface free energies for polymers with a value of 20 mN/m at 20°C [19].

In PEM fuel cells, the Nafion™ membrane should operate with low moisture

content, in order to prevent problems in conductivity and fuel cell failure [4].

2.2. Structural polymeric frame: PEEK

Polyetheretherketone (PEEK) is a sub-branch of polyaryletherketone polymers.
It has a semi crystalline structure that gives an excellent balance of thermal, mechanical and
chemical resistance. Furthermore, it can be easily processed as a thermoplastic [18]. It is a
tough and ductile polymer, with excellent fatigue properties, which can bear loads even at

high temperatures, due to its high melting point (around 334°C) and glass transition

! A spin-off from the chemical company DuPont
2 Or commercially known as Teflon
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temperature(143°C) (see ANNEX A). In terms of chemical and solvent resistance, it is inert
to organics, for the most part, highly resistant to acids and bases and, also, presents high
resistance to high temperature water and steam [20].

PEEK also has low surface energy (low adhesion capability) with a surface free
energy lying between 34-38 mN/m. However, the surface free energy can be raised to
approximately 60 mN/m with surface treatments, such as atmospheric plasma, corona

discharge, flame treatment, mechanical abrasion or chemical etching [21].

2.3. Adhesive bonding of polymers

Polymers are often more difficult to join than other materials, because of their
bulk and surface characteristics, which affect the surface ability to adhere to other substrates,
and, in this way, the joint strength [22]. For this reason, methods such as mechanical joining,
through fasteners and rivets, self-assembly or certain welding techniques are recommended
in alternative to adhesive bonding [18], [22].

The adhesive is the substance that creates the bond between two materials and is
typically polymeric itself. Adhesives are used for different goals. They can suitably replace
mechanical fastening for their ability to distribute stresses uniformly. At the same time,
adhesives can work as sealants by connecting the two surfaces very closely. Due to the
typical properties of the polymeric nature of adhesives, they can also provide thermal or
electrical insulation within a joint. When bonding dissimilar materials, adhesives may
protect against electrochemical corrosion and damp vibrations (which is also related to
fatigue resistance). Adhesives can be advantageous also for applications where aesthetics or
smooth contours are important, because they can remain invisible from the exterior and be
aerodynamically efficient [18], [22]-[24].

However, adhesives also display limitations and disadvantages. Generically,
adhesive bonded joints need to be carefully designed and fabricated according to the
operating conditions, since the success of the adhesive bond deeply relies on the surface
characteristics of the materials to be joined: the surface energy of the material is
preponderant. Some types of adhesives are particularly sensitive to the environment and to
the combined effect of the environmental conditions with the mechanical loading. Adhesives

usually can’t be used for high temperature operating conditions and the surface preparation
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of the elements to be joined is very important for the performance and durability of the joint.
Assembly usually requires heat or pressure systems, as well as jigs and fixture systems. A
strict quality control process should be in place for adhesive joints manufacturing [18], [22]—
[24].

In adhesive bonding, the two materials to be joined are called adherends or
substrates. H. Sharpe extended the ASTM definition of adhesive as “a substance capable of
holding materials together in a functional manner by surface attachment” [24]. When applied
on a substrate or adherend, adhesives wet the surfaces to form the bond, meaning that at
some point while forming the bond, they must behave like a liquid. Depending on its nature,
the adhesives then cure through mechanisms such as solvent loss, cooling from melt to solid,
cross-linking (or polymerization chemical reactions) or pressure [23]. If an adhesive is able
to cover and coat an adherend surface, the bond will happen more easily and the surface is
said to be “wet”. Making an analogy with liquids, when a solid surface is wetted by the
liquid, it means that the surface energy of the solid is greater than the surface energy of the
liquid. On the contrary, if the liquid forms beads on the solid surface, this means that the
surface energy of the liquid is greater than the surface energy of the solid [18], [23], [24].

The adherend and the adhesive can be linked by strong covalent bonds. This type
of bonding may be strong and durable, however it requires chemical affinity between the
materials. Alternatively, hydrogen bonding, van der Waals forces and induced dipoles, also
provide attraction between the adhesive and the adherend with medium strength. These
bonding mechanisms are important as well for the cohesive strength of the adhesive
polymers, since they provide some resistance to chain movements when the joints are loaded,
avoiding that the chains simply slide, disentangle and destroy the bond. Mechanical bonding
may complement the other bonding mechanisms, by allowing the adhesive to flow into
surface irregularities, locking the two surfaces together, and also allowing a better stress
distribution (more contact surface) [24].

The production of adhesive joints involves surface preparation, the application
of the adhesive and its curing. After the surface preparation, the adhesive is applied. If the
adhesive is a liquid or a paste, it can be applied by brushing, spraying, dip coating or with
the help of spatulas, applicator guns or rollers. The choice of the application method usually
depends on the viscosity of the adhesive, its composition (if it is a 2-part adhesive that

requires mixing, for example) and on the geometry of the adherends. Dip coating and
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spraying are useful for flat or contoured parts. Thin paste adhesives can be brushed. Film
adhesives can be cut to size, placed and tacked. Jigs and fixtures may be needed to maintain
the pressure during cure or restrict the bond area and control the bond line thickness. The
curing process should start after the application of the adhesive. Pressure is usually required
to help the adhesive to flow and fill in the gaps between the adherends, while keeping the
adherends in the right position. The curing process is usually time and temperature
dependent and may vary according to the type of adhesive [18].

The next subsections explore important considerations when designing for
adhesive bonding. On a primary basis, the joint configurations and the surface characteristics
that need to be considered when selecting an adhesive are discussed. An overview of the
different types of adhesives available for different applications is then given. Finally, in order
to assess the behaviour of the joints, an explanation on testing and failure analysis is also
provided.

2.3.1. Joint configuration

Joints should be able to withstand different types of mechanical loading, such as
tensile stress (normal to the plane of bond), shear stress (parallel to the plane of bond), peel
stress (combination of shear and tensile) and cleavage (combination of non-uniform shear
and normal stresses in the bond). Typically, adhesives display the highest and lowest load-
bearing capacity in shear and peel loading, respectively. A good joint design should
distribute the stresses as much uniformly as possible. Discontinuities, like edges, are stress
concentration areas that should be avoided [22]-[24]. Figure 2.2 shows examples of common

adhesive joint configurations.
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l

Single-lap

Scarf-idezl

Scarf-double

l

Stepped-simple

Stepped-recessed

i

Strapped single-sided

i

Strapped double-sided

Figure 2.2. Examples of adhesive joint configurations (from [25]).

2.3.2. Surface characteristics and preparation

Adhesion is not a material property, but a combined response of the properties
of the assembled materials to a destructive solicitation [24]. The surface characteristics of
the adherends are the key to the success of any adhesive bonding. Depending on the
wettability of those surfaces, different types of surface cleaning or preparation may be
required [18].

Because adhesives work by surface attachment, surface conditions and
chemistry, govern the surface energy, and therefore, adhesion. In polymeric materials, a
surface can be a three-dimensional region with a few millimetres of depth over an area [22].
For the purpose of this text, surface refers to the portion of material (in depth and area) that
contacts and interacts with another component or material. A plastic surface can include
different constituents and boundary layers, such as moisture, migrating additives, adsorbed
films or contaminants (low-molecular constituents and oxides), which are weak-links in
adhesive bonding and might lead to failure. So, surface cleaning is an important first step in
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adhesive bonding, even in materials with high surface energy. Contaminants at the surface
interfere with the bonding process by reducing the surface energy and the contact area
between the adherend and the adhesive, or by creating weak bond areas, and potential
corrosion spots, where stresses may be concentrated. Wiping or spraying the surface, as well
as dipping the material in a solvent, are common surface cleaning methods. The solvent must
be able to remove the contaminant without reacting with the adherend surface, being easy to
be rinsed from it. Vapour degreasing, for example, uses hot solvent vapours [18], [23], [24].

For some polymers with very low surface energies, simply cleaning the surface
may not be enough for the adhesive to wet the surface. In order to allow the adhesive to wet
the surface, some special treatments need to be carried out to increase the surface energy.
Examples of these treatments are the use of primers, chemical etching, flame treatment,
corona treatment or plasma treatment.

Primers are coupling agents that may be applied on the surface of the adherends,
before the application of the adhesive, with the goal of producing a more uniform bond,
although, in certain situations, it may also provide a stronger bond [24].

Chemical etching consists in applying a proper chemical that reacts with the
adherend, providing some micro-roughness, which increases the surface energy. The etchant
should be removed prior to adhesive application [22]-[24].

Polyolefins and some other plastics, such as polyethylene and polypropylene can be
flame treated to oxidise the surface. Similarly, passing an electrical spark (called corona)
over the surface can also promote oxidation. The corona treatment is more aggressive than
the flame treatment, since it can also erode the surface besides oxidising it. Among the
products of these reactions are OH and O groups that are very energetic, hence increasing
the surface energy [22]-[24]. Finally, the plasma treatment requires expensive equipment
and vacuum, but it can modify the surface by cleaning it, etching or reacting [22]-[24].

Mechanical abrasion is used, not because it raises the surface energy of the substrate,
but because it increases the contact area between the adhesive and the substrate. Abrasion
creates surface imperfections, such as roughness, cracks, pits and craters, where the adhesive
can flow into, creating a mechanical interlocking with the adherend and increasing the
surface area in contact, modifying the stress distribution. Mechanical abrasion does not
promote any improvement in wetting, nor any thermodynamic modification of the surface,

only enhances the mechanical forces helping in the adhesive bonding [24].
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The choice of the surface preparation method relies on the analysis of the cost and

effectiveness of the different techniques described above [23], [24].

2.3.3. Types of adhesives

There is a wide variety of commercially available adhesives, in order to fit the
needs for different applications and/or subtract materials combinations. Among the criteria
for selecting an adhesive are the ability of the adhesive to bond with the adherend, its
compatibility (related to the effects induced on other materials, such as corrosion) with it,
the cost, the joint strength provided, the environmental and chemical resistance in the service
conditions, the durability, as well as other properties, such as the sealing, electrical or thermal
insulation and vibration dampening properties, and process limitations (cure times,
necessary fixtures and jigs, joint configuration) [23], [24].

Adhesives are commercially provided in the form of liquids, pastes, films or
tapes. They can be classified in different manners, but performance and chemistry are the
most common systems. A summary of the different categories is provided in the following
paragraphs, and was based on the available literature [18], [22]-[24].

Structural adhesives are a category of adhesives suitable for applications in
which strength and environmental resistance are crucial. They are usually made of one or
two-part systems, which cure at room or higher temperatures, in order to accelerate or
improve the bond characteristics. They encompass different chemical families, mostly
thermosetting polymers. However, thermoplastic adhesives, like cyanoacrylates or
anaerobic adhesives, are also in this category. The main advantages of the structural
adhesives are their superior strength, and environmental and temperature resistance, when
compared to other types of adhesives. The limitations are related to the need for proper
mixing systems, for two-part adhesive formulations, and the need for heating systems, for
both one-part and two-part adhesives.

Epoxies are probably the most well-known group of structural adhesives. They
can be 1-part or 2-part thermoset adhesives. Meanwhile the first type is heat cured, the
second type cures when the epoxy is mixed with a hardener (hence 2-part). The curing
mechanism is ionic polymerization. When cured, structural adhesives are usually brittle,

providinge high strength bonds (even at temperatures above 60°C). The cost is relatively low
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and there are many formulations available with different additives. When used in the joining
of low surface energy plastics, structural adhesives may not be successful in providing
bonding, unless expensive surface treatments are done [26].

Polyurethanes generally maintain properties at low temperature but are more
unstable at high temperatures. These adhesives start curing by mixing two reactants, a polyol
and an isocyanate, without need for heat, thus pot life is very short. They come at moderate
cost and provide non-stiff, ductile joints at low temperatures. Even when cured,
polyurethanes are sensitive to moisture and heat.

Modified acrylics are usually 2-part adhesives consisting of a modified acrylic
and a surface activator. They are based on polymethyl methacrylate grafted to a rubber.
When the base and accelerator parts are mixed, it activates a free-radical polymerization
cure. Because of this cure mechanism, this type of adhesives can be used even when the
surface preparation is not exhaustive and can provide both ductile or fragile joints.

Cyanoacrylates have a moisture cure, i.e., the liquid monomer transforms into a
solid polymer in the presence of moisture, forming bond rapidly, without the need for heat
or catalysts. They are expensive, and cured durability in service conditions can be poor.
However, they have high tensile strengths, are typically brittle under shear loading, and its
application is simple.

Anaerobics are a subset of acrylic adhesives that also cure by free-radical
polymerization and are typically one-part systems. As the name might indicate, these
adhesives cure in the absence of oxygen, once the air is removed from the joint by pressing
the substrates against each other. Toughness and strength are moderate, providing brittle
joints. Some plastics are attacked by anaerobics.

Silicones are available in either one-part or two-part systems. Atmospheric
moisture is the curing agent for 1-part systems and can be acidic or non-acidic. In two-part
systems, cure is achieved by catalytic action. They are thermally stable, create non-stiff,
ductile joints and possess good resistance to solvents and weather. They are quite expensive
and do not provide high shear strengths even in metal-to-metal joining [24].

Phenolics and urea formaldehydes are inexpensive thermosetting adhesives that
can also be 1-part or 2-part. Both systems cure by condensation, creating a by-product. They
are strong and present good resistance to biodegradation and hot water. Shrinkage stresses

are an issue that leads to brittleness and can promote corrosion issues [24].
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Hotmelts are thermoplastic solid adhesives that are applied in a molten state,
using a proper heating and dispensing unit, and cure or harden by cooling off. They can form
bonds very quickly and have good gap-filling capability. As thermoplastics, their
temperature resistance is limited and since there is a rapid increase in viscosity with cooling,
fixture time is limited. The most common chemical formulations for hotmelts are ethylene
vinylacetate (EVA), polyvinyl acetates (PVA), polyethylene (PE), polyamides or
polyolefins.

Pressure sensitive adhesives are tacky layers of ductile adhesives, supported in
tapes or other backing material, with or without a release liner. Chemical families, for
pressure sensitive adhesives, include rubbers, polyacrylates and polyvinylalkylethers. They
are advantageous due to their uniform thickness, ease of application and for not requiring
any activation whatsoever. The main disadvantages are their limited heat resistance and poor
gap filling ability. To be able to flow and wet the adherend surface, these adhesives must
have a viscoelastic behaviour, when both surfaces are pressed together. However, at the same
time, they must avoid excess flowing and have some degree of elastic behaviour to provide
peel and tack resistance. The adhesive polymers have high molecular weight and chain
mobility, so they behave as a liquid when deformed at a low rate (or high temperatures), and
they behave as a solid, when deformed at high strain rates (or lower temperatures). This
happens since, at high strain rates, the chains do not have enough time to disentangle and
move.

Water-base adhesives are made of compounds combined with water, like latex.
Examples are starch-based adhesives, latex rubber, casein, animal glues, sodium silicate.
Non-natural compounds include polyvinyl alcohol, polyvinyl acetate, amino resins, block
polymers and many rubbers. Their performance is often worse than that of the other
adhesives already described but they are non-toxic and non-pressure sensitive (other joint
designs are allowed). They also present poor water resistance.

Radiation-cured adhesives are typically free-radical materials that cure when
placed between the adherends and subjected to radiation. Electron beams and UV light are
common radiation sources. They are fast cure, require no mixing and can be used with heat-
sensitive substrates. However, the use of these adhesives is limited to the transparency
properties of one of the substrates, besides being costly and providing poor resistance to

weather, in the case of UV cures.
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2.3.4. Testing of adhesive joints

Adhesive joints require testing specifically related to the application, to ensure
that the bond meets the desired requirements in terms of strength, environmental resistance,
and durability.

A test program for adhesive joints should start by experimenting different
adhesive formulations, in order to select the one that produces the most viable solution for
the envisaged application. After finding the most suitable adhesive, the test program should
continue by assessing the performance of the joint, in the worst-case scenario conditions, in
order to determine how it endures service conditions [22], [23].

Adhesive joints can be subject to destructive and non-destructive testing. In
terms of destructive tests, peel tests, lap shear tests, or even tests tailored according to
specific joint configurations may be conducted. Environmental tests, consisting of exposing
the joint to solvents, thermal cycling, radiation, vibrations or other service factors, are also
common. Among the non-destructive tests, proof-loading to the target loading requirement,
ultrasonic testing and other sorts of visual inspection can be useful. Despite non-destructive
testing is not adequate to control the bonding strength, it provides indicators on performance
issues [18].

Single-lap joints are very common in adhesive testing, because under shear
loading, they develop a non-uniform stress distribution along the lap which causes peak
stresses at the ends of the overlap. This behaviour is explained by the varying strain between
the adhesive and adherends, as well as the load eccentricity that bends the joint (because of
the thickness of the joint itself). This bending moment bends the adherends materials and
induces normal stresses at the ends of the lap length. The shear strain and stress will peak at
each end of the overlap in the length direction and be a minimum at the middle, and if the
adherends are made of different materials, the adhesive shear stress distribution will be
asymmetric. In plasticity, there more effects to consider. Premature failure can happen due
to the straining differentials within the adherends (that lead to increased stresses on the
adhesive) [24].
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2.3.5. Failure analysis

Upon adhesive bond failure, a forensic investigation should be conducted to
assess the cause of the failure. It should be determined if the joint was subjected to adverse
environmental conditions or loads that did not meet the design specifications. The type of
failure needs also to be determined. This will help in understanding whether failure was
promoted by an isolated problem or by service conditions, and, in this way, to determine
whether the problem can or not be solved. The investigation should include a review on the
preparation of the joint, application of the adhesive and curing procedures, to determine
whether any important step in joint production was disregarded. Ideally, in adhesive
bonding, the substrate should be the weakest link of the joint [18], [23], [24].

There are four modes of adhesive bond failure to be considered: cohesive,
adhesive, interfacial and mixed. Cohesive failure may occur within the adhesive system, in
the oxide layer or in the substrate. This mode of failure indicates that the joint is operating
at the ultimate performance and the only margin for improvement is replacing the weakest
link or redesigning the joint. Adhesive failure occurs between the adhesive or primer, and
the adherend, by loss of adhesion, and it means that the bond can be strengthened by
improving the interface. Interfacial failure is similar to adhesive failure, but rupture occurs
by separation of a thin oxide layer (or a contaminant layer) from the adherend. Mixed-mode

failure is a combination of the above-mentioned failure modes [23], [24].

———— C——— |
 — — I ]
Cohesive failure Adhesive failure Interfacial failure

Figure 2.3. Adhesive bonding failure modes: a) Cohesive failure; b) adhesive failure; c) interfacial failure
(adapted from [27]).

As it can be concluded from the analysis of the different failure modes, in
adhesive bonding, the strength of the joints depends on factors such as the adherend
properties, the distribution of voids in the contact interfaces and boundary layers, the joint
geometry and the loading mode itself [24].
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Visual inspection is useful and may be sufficient to determine failure mode in
some cases. Microscopy techniques can also be used for forensic analysis, depending on the

available instruments, the resolution required and the nature of the surface [24].
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3. OBIJECTIVE OF CURRENT WORK

3.1. Joint design

The goal of this work is to produce an adhesive bonded joint between a PEEK
frame and a state of the art Nafion PEM, as shown in Figure 3.1. For better comprehension,
the membrane will be always referred to as “PEM” from now on, except when referring
specifically to the Nafion material properties (in which case it will be referred to as Nafion).
The PEEK frame comes up as an interface component with the bipolar plates. The joining
of the PEEK to the bipolar plates is pre-defined and out of the scope of this work. The PEM
and the PEEK should be adhesive bonded in order to get assembly and sealing through the
same process. For the intended stage of development, the joint concept illustrated in Figure
3.1 can be translated into a single-lap joint. According to the planned joint configuration,
illustrated in Figure 3.2, the adhesive is spread or applied on the PEEK surface and the PEM
is placed to adhere to the other surface side of the adhesive, bonding the two substrates
together. For a perfect control of the thickness of the adhesive layer, a groove was made in
the PEEK surface. The depth of the groove was equal to the intended adhesive thickness.

Adhesive

N

PEEK

Figure 3.1. PEM to PEEK frame adhesive joint for the fuel cell system.
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For the joint design envisaged, the adhesive properties may be summarized as
follows:
e Be able to bond low surface energy materials;
e To have high strength (resulting joint should withstand around 3 bar);
e To operate at temperature up to 80°C (continuously or intermittently);
e To operate in an aqueous or moist environment (and also proximity to
potentially oxidative environment);
e To provide sealing;
e To be an electrical insulator;

e To provide a bond line thickness as thin as possible.

l\ | e
o \ Groove on the PEEK

surface for thickness
control of the adhesive

Figure 3.2. Joint design concept: exploded view (left) and assembly (right).

3.2. Selection of adhesives for experimental work

There are many adhesive products and brands on the market that meet varying
needs at different prices. From a theoretical point of view, very few commercially available
adhesives can be potential candidates.

Adhesive datasheets do not provide specific data concerning the adhesion
properties in PEEK or Nafion™ joints. Although, some data is available for PTFE, which
was used as reference, in this work, due to the similarity of this polymer with Nafion™.
After an extensive adhesive data analysis, four adhesives were selected to be tested for the
envisaged application, based on the described requirements:

18 2020



OBJECTIVE OF CURRENT WORK

e Cyanoacrylate adhesive meant for plastic and rubber substrates;

e Toughened acrylic adhesive for low surface energy dissimilar substrates;

e Acrylic-based adhesive meant for low surface energy surfaces;

e Double coated PSA tape specific for low surface energy surface.

The main characteristics of these adhesives are summarized in Table 3.1.

suppliers are provided.

Additional information is provided in ANNEX B, where the datasheets from the adhesive

Table 3.1. Summary of the characteristics of the pre-selected adhesives.

In-text reference Temperature
Characteristics Commercial product range
Cyanoacrylate Cyanoacrylate LOCTITE® 406™ + Up to 120°C
O ] primer LOCTITE® SF
Liquid adhesive 770™ [28]
Permabond acrylic 2-part adhesive Up to 80°C
1:1 volume mixing PERMABOND®
ratio toughened TA4610 [29]
acrylic adhesive
(methacrylate)
3M acrylic 2-part adhesive 3M™ Scotch-Weld™ Up to 80°C
10:1 volume mixing Structural Plastic
ratio acrylic-based AdheS|Ve DP8010 Blue
adhesive [30]
PSA tape double coated Up to 150°C
acrylic foam 3M™ VHB™ Tape in shorto-ter_m
pressure sensitive LSE-060 [31], [32] and 90°C in
adhesive (PSA) ’ long-term
tapes
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4. METHODS

4.1. Adherend materials

4.1.1. Nafion™ N115

Nafion™ is the state of the art for PEM fuel cell membranes. Nafion™
membranes are a whole family but, for this work, Nafion™ N115 was used since it is rather
cheap, without the need to order large quantities, and readily available online from different
stores supplied by Chemours.

Nafion™ N115 is an unreinforced PFSA (perfluorosulfonic acid) membrane
with 127 um thickness, chemically stabilized, permeable to protons and can absorb water.
Since water absorption decreases the Nafion™ thermal stability, the operating temperature
of the membranes is more limited by the requirement to be wet, than by the material’s glass
transition or melting temperatures [33]. It is a fragile product that requires care, so
environment-controlled storage conditions should be provided, i.e., shielding from sunlight
and control of relative humidity and temperature need to be provided in order to avoid
dimensional changes [33]. As previously discussed, Nafion™ has very poor adhesion
properties. There is no evidence in literature of successful surface preparation for adhesive
bonding, however its acidic chemistry can interfere with surface treatments that act on a
chemical level.

A summary of Nafion™ N115 properties, provided by the manufacturer, is
presented in Table 4.1. The mechanical properties are provided in the Machine Direction
(MD) and Transverse Direction (TD).
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Table 4.1. Nafion™ N115 properties at 50% relative humidity (RH) and 232C; MD stands for Machine
Direction and TD stands for Transverse Direction [34].

Nafion™ N115
(properties at 50% RH, 23°C)

Thickness [um] 127
Tensile Modulus [MPa] 249
Maximum Tensile Strength [MPa] 43in MD; 32in TD
Elongation at Break [%6] 225in MD; 310in TD
Thickness increase from 50% RH, 23°C 10
to water soaked, 23°C [%]
Linear expansion from 50% RH, 23°C 10

to water soaked, 23°C [%]

4.1.1.1. Procedure for tensile testing of Nafion™ N115

Tensile tests were done on the product, to assess any possible change in
mechanical properties during the storage in the laboratory. The Nafion™ N115 specimens
were designed following guidelines for specimen Type Il from I1SO 527-3 “Plastics —
Determination of tensile properties — Part 3: Test Conditions for films and sheets” [35]. The
specimen geometry is shown in Figure 4.1. The small length of the specimen was selected
in order to conciliate the high elongation at failure, that this material typically exhibits, with
the maximum grip displacement allowed by the tensile testing equipment.

According to the manufacturer recommendations, the dry Nafion™ N115 was
left horizontally in room temperature conditions, for 24h, to make sure that the specimen
dimensions would stabilize with the relative humidity and temperature conditions. This
procedure was also used in preparing Nafion™ N115 samples for other experiments. The
geometry was marked on the sheets with a marker, in order to obtain five samples for each
testing direction: machine or film extrusion direction (MD) — specimens MD01, MDO02,
MDO03, MDO04 and MDO05 - and transverse direction (TD) — TD01, TD02, TD03, TD04 and
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TDO05. Afterwards, the specimens were cut to geometry with a surgeon knife. To ensure

clean cutting, nitrile gloves and cleaning were used.

overal length

gauge length
50.00

width

initial distance between grips
100.00

Figure 4.1. Tensile test specimen geometry for Nafion™.

Based on ASTM D882-02 [21] guidelines for an elongation at break greater than
100%), the tensile tests were conducted in a Zwick/Roell Z020 machine, at a speed of 500
mm/min. The laboratory was at 23.6+0.1 °C and 37+1% RH. Given the dimensions of the
specimen and the very high ductility of the material, it was not possible to use an

extensometer and samples elongation was assessed by the displacement of the grips.

4.1.2. PEEK

The PEEK adherend, supplied by Rdchling, was a variant, with no reinforcement
called SUSTAPEEK. The material was acquired in 5mm thick plates. A summary of PEEK
properties, provided by the manufacturer, is presented in Table 4.2. Those properties are
very similar to other standard PEEK products, meaning that its adhesion properties should
be very similar, and the surface energy should be between 34-38 mN/m [36]. Additional
information on the PEEK properties is provided in ANNEX B, where the datasheet from the

adhesive supplier is provided.
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Table 4.2. SUSTAPEEK properties.

SUSTAPEEK
Thickness [mm] 5
Tensile Modulus [GPa] 4
Yield Stress [MPa] 110
Elongation at Break [%6] 20

4.2. Surface cleaning and preparation

PEEK was cleaned with isopropanol, abraded, cleaned again with isopropanol,
and rinsed, achieving good adhesion with this simple but effective surface cleaning, for all
the adhesives experimented [24]. Meanwhile, for the PEM, the chosen cleaning procedure
was rinsing with deionized water and leave to dry for 24h, according to manufacturer
indications [33]. The cleaning and adhesive application were conducted at room temperature
and humidity conditions, that is around 23°C and 30-50% RH.

4.3. Adhesive application

4.3.1. Cyanoacrylate adhesive

For the fabrication of joints with this cyanoacrylate (LOCTITE® 406™), after
PEM surface cleaning, some of the PEM samples were also brushed with the recommended
primer LOCTITE® SF 770™. The PEM started wrinkling immediately after applying the
primer, which made difficult the assembly and pressure application. Excessive wrinkling
was related to primer absorption and low thickness of the membrane. Other PEM samples
were used without any primer at all to assess if the primer would be effective.

The adhesive was applied on the PEEK surface [11]. A small droplet, 3mm wide,

was enough to cover the slot fixture. Since this adhesive has a fixture time® of approximately

3 Time until functional or handling strength is achieved
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10 seconds, application needed to be precise and quick. After the application, the joints were

clamped during the full 72h curing process.

4.3.2. PERMABOND acrylic adhesive

In order to determine the best procedure for the constructions of the joints, the
methacrylate adhesive was applied, in a continuous bead line, on the PEEK surface, for some
attempts, and on the PEM surface, for other attempts. In some trials, grooves of 0.2, 0.3 and
0.5 mm were milled on the PEEK surface to create a mechanical fixture that controlled the
bond line thickness. The PEM was then assembled to the PEEK, and the joint was clamped
at different pressures and different temperatures for 48h (at room temperature or inside an

oven).

4.3.3. 3M acrylic adhesive

3M™ DP8010 Blue was applied in a continuous bead line, carefully, in order to
avoid entrapping air, on the PEEK surface, for some attempts, and on the PEM surface, for
other attempts. Again, for some of the attempts, groves of 0.2, 0.3 and 0.5 mm were milled
on the PEEK surface to create a mechanical fixture that controlled the bond line thickness.
The PEM was assembled, and the joint was clamped with different pressures and different

temperatures for 24h (at room temperature or inside an oven).

4.3.4. Pressure sensitive adhesive (PSA) tape

After surface preparation, the desired tape overlap dimensions were marked on
the PEEK surface. A piece of PSA tape was tightly stretched and applied on the PEEK
surface with the help of a squeegee hand applicator to keep the tape aligned, avoid air
bubbles and ensure firm pressure and get tack. The portions of PSA tape that had been
touched were discarded. The edges were trimmed with a surgeon’s knife, when required, to
avoid stress concentrations [24]. The protective liner was then removed, carefully, from the
edge aligned with the PEEK edge, in the overlap direction. This was done with the help of

the tip of a surgeon’s knife, in order to avoid damaging the corners of the tape. The PEM
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film was attached with the help of the hand applicator to avoid entrapping air, as shown in
Figure 4.2. The assembly was clamped for 72h, until full strength at room temperature was

reached.

Figure 4.2. PEM to PEEK joint with 3M™ VHB™ Tape LSE-060.

4.4. Lap shear strength tests

The lap shear strength tests were carried out on single lap joint specimens
assembled with the PSA tape (only), as that schematized in Figure 4.3. The testing procedure
and specimen design was based on ASTM 1002-10 [37], but adapted taking into account
that the substrates are polymers with very different thicknesses. Specimens with different
overlap lengths (OL) were tested. In each joint, the PEEK substrate was a 13x130 mm
rectangle with 5 mm thickness and the PEM was a 90x25 mm rectangle cut in the MD. The
overlap width was 13 mm (the cross-section was the same for the specimens). The reason
for this difference between the width of the substrates is because there is a need to have
similar cross sections, since the PEM is too thin compared to the PEEK. A picture of some

assembled specimens is shown in Figure 4.4.
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Adhesive tape

PEM ttranslucid)

Figure 4.3. Single-lap schematic.

Figure 4.4. Single-lap joint picture.

The specimens were produced by the author. The tensile tests were carried out
at 24 °C and 37% RH, with a testing speed of 500 mm/min in a Zwick/Roell Z020 machine.
A spacer was used to clamp the PEM, so that the load would be aligned with the adhesive.

4.4.1. Effect of clamping pressure during cure

The influence of the clamping pressure during cure, on the joints’ strength, was
assessed by testing lap-shear samples with different overlap lengths. Table 4.3 shows the test
matrix, where one sample was used for each combination of parameters.

Three clamping force levels were used to produce specimens:
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1. f=0Kkg equivalent to no clamping pressure after the initial squeegee assembly
pressure;

2. =3 kg weight on the joint, which is equivalent to pressure values from 107
up to 235 kPa, depending on the OL.

3. 1=6 kg of weight, which is equivalent to pressure values from 214 up to 470
kPa, depending on the OL.

The overlap length (OL) values were 5, 8 and 11 mm.

Table 4.3. Test matrix to study the influence of the clamping pressure during cure.

Test/Parameter levels | Overlap length (ol) [mm] - Pressure during cure in weight (f) [kg]- B
A
1 5 0
2 5 3
3 5 6
4 8 0
5 8 3
6 8 6
7 11 0
8 11 3
9 11 6

4.4.2. Effect of overlap length on joint performance

Considering the performance of the adhesives cured under 3kg force, another
design of experiments was planned, in order to better assess the effect of the overlap length
on the joint strength. In these tests, the specimen design was the same described above, only

the overlap length was changed, assuming values of 6, 7, 8 and 9 mm.

Sofia Inés Fonseca Rodrigues 27



EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

Table 4.4. Test matrix to evaluate overlap length (OL) effect on the joint performance.

Test/Parameter | Overlap length
levels (ol) [mm]

10
11
12
13
14
15
16
17
18
19
20
21

OO O[O0 PV NN N |D

4.5. Optical microscopy

Forensic analyses were performed, on the tested specimens, in order to identify
the failure modes in the different adhesive joints. This analysis was carried out using Leica
/ Wild M420 APOZOOM Macroscope, Nikon Epiphot 200 microscope and Nikon DS2Mv
camera. The overall joint geometry, as well as some details of the corners and edges, were
analysed. The specimens were observed as is, without any preparation. Observing the PEM
by optical microscopy was not possible since this material is transparent to light.
Observations were performed on the joints surface, along the overlap area between the
adhesive and the adherends and on the cross-section of the joint, where it is possible to
observe the PEEK and the PSA (and the PEM in the situations where the PEM fractured
instead of peeling or losing adhesion). These observation directions are illustrated in Figure
4.5.
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Overlap area and
joint surface

Figure 4.5. Optical microscopy view orientations.

In 5.6 Optical microscopy analysis when describing the forensic analysis results,
“adhesive” and “adhesive layer” will refer to the actual adhesive coating on the surface of
the supporting (or backing) acrylic foam structure of the tape. PSA or generally “tape” will
refer to the combination of the adhesive coating and the support foam of the pressure

sensitive adhesive tape (PSA), referring to the whole structure in between the adherends.
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5. RESULTS

In this chapter the results and analyses for the experimental procedures explained
in the previous chapter are presented. It begins with the mechanical characterization of
Nafion. A summary of the visual inspections for the obtained joints for the different adhesive
products tested is provided in 5.2. Only the pressure sensitive adhesive (PSA) tape achieved
a successful adhesive bond, so the following subchapters refer to its geometrical features
(subchapter 5.3), the analysis of the effect of the clamping pressure and overlap length (OL)
on the mechanical performance of the joints (subchapters 5.4 and 5.5). At last, the optical
microscopic analysis is presented to aid the study of the failure modes of the tested joints, in

subchapter 5.6.

5.1. Mechanical characterization of Nafion™ N115

The raw force-displacement data, for the two testing directions, is presented in
Figure 5.1. The figure shows that, although the mechanical behaviour in tensile loading was
similar for all the specimens tested, the maximum elongation until failure was different. The
same type of results was observed for the two testing directions. The increase of the stress
with the elongation, is related to a work-induced increase in crystallinity of the polymer. The
difference in ductility, between the samples tested in each loading direction, could be related
to the presence of micro-cracks introduced during the cutting and trimming of the specimens.

The average engineering tensile strength values, for each testing direction, are
compared in Table 5.1. The difference in values between the two directions is related to the
manufacturing process of the Nafion membranes: Nafion is extruded into thin films, which
creates anisotropy in the material. The tensile strength is higher in the extrusion direction
(MD). Given the viscoelastic behaviour of Nafion [37], which is enhanced with water intake

[38], the tensile strength values are more critical than the yield strength values [38].
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Figure 5.1. Force-displacement graphs: (a) Machine Direction; (b) Transverse Direction.

Table 5.1. Nafion™ N115 PEM tensile strength.

MD TD

Engineering Tensile

Strength [MPa] 29.70 £ 6.51 23.88 £ 5.46

5.2. Adhesive joints inspection for the different adhesive
products

After the curing was completed, all the adhesive joints were visually inspected.
The visual inspection enabled to conclude that the joints bonded with the cyanoacrylate
adhesive, the PERMABOND acrylic and the 3M acrylic adhesives had important defects,
indicating that the different levels of heat and pressure applied for curing could not create a
bond. In contrast, for the PSA tapes, no important defects were detected, and, for that reason,
the joints made with this adhesive were subjected to further tests. Jules E. Schoenberg [39]
stated that acidic surfaces are poor at initiating cyanoacrylate polymerization. Given the
acidic chemical nature of the Nafion™ adherend, this is a plausible explanation for the poor
quality of the bonding with those adhesives However, no explanation was found on why the
acrylic pressure sensitive adhesives (PSA) worked and the other acrylic based adhesives did
not, the major difference being the underlying curing mechanism (details on the chemical
compositions of the adhesives are trade secrets).
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5.3. The pressure sensitive adhesive (PSA) tape

This pressure sensitive adhesive (PSA), supplied in the form of a tape, was
analysed using optical microscopy. The tape is comprised of a backing acrylic foam with an
adhesive film coating it on each side (hence double coated tape). Figure 5.2 shows the cross
section of the PSA tape without the protective release liner. The PSA tape was 0.6 mm thick,
meaning that each adhesive film layer was 0.1 mm thick and the foam backing 0.4 mm thick.
The micrograph of the foam layer, in Figure 5.3 (a), enables to observe that the foam had a
closed-cell structure, meaning that it is a flexible structure made of internal pores that are
very close to each other, but not interconnected. The size of these pores varies between 10
to 70 um. The micrograph of the adhesive layer, shown in Figure 5.3 (b), shows a plain

surface with some pores.

. adhesive

Figure 5.2. 3M™ VHB™ LSE 060 tape structure as seen from the cross section.
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100 um
(@) (b)
Figure 5.3. 3M™ VHB™ LSE 060 tape structure as seen from the surface: (a) backing foam; (b) adhesive
coating.

5.4. Effect of clamping pressure

The force-displacement curves for the specimens of joints produced using
different clamping pressures during curing are compared in Figure 5.4. Analysing the figure
it is possible to conclude that the joints which were subjected to a 3kg load displayed higher
strength and elongation at failure than the ones subjected to 0 and 6kg load. Applying
pressure plays an important role in pressure sensitive tapes bonding mechanisms, since
pressure promotes intimate contact between the surfaces to be bonded and makes it possible
for the adhesive to wet the substrates [23]. Based on this, it was expectable that applying no
pressure at all during cure would negatively affect the performance of the joint. Current
results also show that too much pressure, is also inconvenient. According to [40], excessive

pressure inhibits the flow of the adhesive, a phenomenon known as “glue starvation”[40].
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Figure 5.4. Force versus elongation plots for different overlap lengths at different curing pressures: a) f=0
kg; b) f= 3 kg; c) f=6kg; in the legend, the number between brackets refers to the specimen number,
followed by the respective parameters.

5.5. Effect of overlap length on joint performance

Figure 5.5 shows the force-displacement plots for the tested specimens, which
characteristics are described in Table 5.2. In the figure, it is possible to see that the joints
with the higher overlap length were the ones able to withstand the larger amount of strain
before failure. These differences in the strain of the PEM can be related to the cutting and
trimming of the PEM that causes micro-cracks and that is very difficult to control. However,
the figure also shows that the elastic behaviour was similar for all the samples, in spite of
the different overlap lengths.
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Figure 5.6 shows pictures of the samples after lap-shear testing. From the
analysis of the pictures, it is possible to identify whether the failure occurred at the interface
between the PEM and the adhesive or it was a PEM fracture. The results of these
observations are listed in Table 5.2. Although some samples showed PEM fracture instead
of adhesion failure between the PEM and the adhesive, the main failure mechanism was loss
of adhesion between the PEM and the adhesive, independent of the overlap lengths
considered, as summarized in Table 5.2.

When the failure mode was PEM fracture, the shear strength was disregarded for
the calculation of the average shear strength, for each overlap length level. The average shear
strengths are shown in Table 5.2. The table shows that a joint with an overlap length of 6
mm can already provide a shear strength of over 400 kPa, which is already above the

established 3 bar of internal pressure predicted for the operation of a fuel cell.

Force-displacement single lap joint
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=
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Figure 5.5. Force versus displacement plots for different overlap lengths — representative specimens.
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Table 5.2. Overlap length (OL) effect on the joint performance results.

Test/Parameter | Overlap length Failure mode Shear strength Average shear
levels (o) [mm] [kPa] strength [MPa]
10 6 PEM/édheswe 552.2
failure
11 6 PEM/édheswe 393.5 498.6424.7
failure
12 6 PEM/édheswe 550.0
failure
13 7 PEM fracture -
14 7 PEM/adhesive 479.1
failure 430.3+24.4
15 7 PEM/édheswe 381.6
failure
16 8 PEM/édheswe 385.8
failure
17 g | PEM/adhesive 380.4 437.3+25.56
failure
18 8 PEM/e.wdheswe 545.7
failure
19 9 PEM/z?dheswe 399.9
failure
PEM/adhesive 543.4 461.7430.9
20 9 .
failure
21 9 PEM fracture -

Sofia Inés Fonseca Rodrigues
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(c) OL=8mm (d) OL=9mm

Figure 5.6. Specimens after the lap shear test.
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5.6. Optical microscopy analysis

Figure 5.7 shows the three types of failures found in the specimens in a macro
level: (1) loss of adhesion with adhesive cohesion failure; (1) cohesive failure of the adhesive
and the backing foam; (I11) PEM fracture. Figure 5.7 (a), (c) and (e) are top views of the
adhesive tape still sticking to the PEEK surface. Figure 5.7 (b) and (d) show the matching
PEM surface. Figure 5.7 (e) shows the translucid PEM, adhesive tape on top of the PEEK
surface.

Specimen 16, corresponding to a joint with overlap length of 8 mm, is pictured
Figure 5.7 (a). The image shows that this specimen experienced Failure Mode A, i.e., it is
possible to see the abraded PEEK surface and the PSA. In Figure 5.7 (b), it is shown the
conjugate PEM surface (the black markings are ink from the geometry marking for cutting
and assembly). Similar results were reported for samples number 17, 18 and 19. The analysis
of failure surface enabled to conclude that there was loss of adhesion, between the PEM and
the adhesive, but also, some cohesive failure of the adhesive film, on the edge in line with
the PEEK substrate edge, within the overlap area. Most of the adhesive layer seems to have
stuck to the backing foam, but there is a linear remnant of adhesive on the PEM surface that
is evidence. The shear stress peaks, at the ends of the overlap area, in the length direction,
previously discussed in this dissertation, are evidenced in the images by this clear overload
of the adhesive layer at the edge. This same edge was the one from where the tape liner was
removed, which also contributed to make this area a weak link.

A more severe case of the previous situation is shown in Figure 5.7 (c) and (d),
where it is illustrated the Failure Mode B for specimen 14, with an overlap length of 7 mm.
In Figure 5.7 (c) it is possible to distinguish a more intense white structure on the overlap,
which matches a clean transparent area in (d). This is basically the previous situation but
with a wider failure area and a stronger cohesive failure, both in the adhesive layer and in
the foam backing, to some extent. At naked eye, the area where there seems that the adhesive
has been removed is matt, whereas the area where there just seems to have occurred adhesion
failure (with the adhesive layer sticking to the backing foam of the tape) is shiny. In the
image, the PEM is distorted because the strain was higher than that of the sample in Figure
5.7 (Failure Mode A). Since similar failure behaviour was registered for the samples number
10, 11, 12, 15 and 20, it could be concluded that this failure mode was independent of the

overlap length. This type of failure may have resulted from improper surface conditions on
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the PEM side, introduction of contaminants prior to adhesive application or because the
adhesive was not able to wet the PEM properly for other unknown reasons.

Finally, Figure 5.7 (e) represents the Failure Mode C, registered for the
specimens 13, with an overlap length of 7 mm, and 21, with an overlap length of 9 mm. In
Table 5.2, this failure mode was described as "PEM failure”. The picture shows the abraded
PEEK, on the lower plane, the adhesive tape in the middle, and the PEM on the top. It is
possible to see a circular feature in the image that suggests that the corners and edges of the
joint area were weaker than the centre. In this case, there was a slight adhesion failure
between the PEEK and the adhesive, in the corners, as evidenced by the PEEK brownish
edges that should be covered with PSA. The PEM fractured close to the joint, which could
mean that the bond was stronger than the substrate material. However, what might have
happened, was that the PEM started bearing more load than the joint at some point. This
could be due to substrate material defects or issues when cutting the specimen, which
promoted stress concentrations or load misalignment (0.1 mm misalignment would be

enough).
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Failure Mode A — Loss of adhesion and cohesive failure of the adhesive

(e)
Figure 5.7. Macro pictures to identify failure modes. Situation | — adhesive cohesion failure: (a) and (b),
Situation Il — adhesive and foam cohesion failure (c) and (d), Situation IIl - PEM failure (e)
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5.6.1. Failure Mode A

For specimens which experienced adhesive failure at the edge, the top surface
microstructure is as shown in Figure 5.8. In detail 1, where a magnification of the edge where
cohesive failure of the adhesive occurred is shown, it is possible to observe the presence of
adhesive in the upper-right corner of the image (brighter area with no visible voids). Contrary
to this, the foam structure, in the rest of the image, indicates that the adhesive layer was
missing in that location of the failure surface. In detail 2, corresponding to the opposite
overlap end, the adhesive layer is visible all the way. Detail 3 shows the same on the same
edge of 2, but at opposite width side. In detail 4, the loss of adhesive and maybe some foam,
is evidenced, as predicted from the macrostructural analysis. In this image is also possible
to see a fibre contaminant, probably from the laminate gloves used to handle the specimens.
Details 5 and 6 show the transition between a thinner lost section of adhesive and a thicker
one, as the observation moves towards the middle of the edge. These images suggest that the
loss of adhesion, at the adhesive-PEM interface, could be related to inadequate surface
conditions. Since no major contamination was found, the loss of adhesion should be related
to insufficient wetting of the surface by the adhesive. Actually, Figure 5.9 shows that, on the
PEEK edge plane, there was still some adhesive from the adhesive-PEEK interface, but

further away, there was foam and the PEM-adhesive layer was missing.
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Figure 5.8. Microscopy of Failure Mode A —adhesive failure: surface view.

2

& LR

(b)

Figure 5.9. Microscopy of Failure Mode A — adhesive failure: section view.

5.6.2. Failure Mode B

For the situation Failure Mode B, in Figure 5.10 it is visible at naked eye that
there was adhesion and cohesion failure (of the adhesive layer and foam), the microstructure
is very similar to Failure Mode A, but the affected area is larger. The transition between a
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darker area where the adhesive coating has been removed (and stuck to the PEM surface)

and a lighter area where that adhesive coating still covers the foam is pictured in Figure 5.10.

adhesive layer

Figure 5.10. Transition between foam and the foam covered in adhesive film.

5.6.3. Failure Mode C

Microscopic observation of the specimens with Failure Mode C was very
complicated because, in the points of interest, the depth variation was so high that made it
impossible to understand whether adhesive film or foam was being observed. A higher
magnification macrograph is shown in Figure 5.11.The image enables to observe that the
PSA tape was strained along the edges and in the corners, leading to localized failure by
adhesion, in both the adhesive-PEM and adhesive-PEEK interfaces, as well as cohesive
failure, in the adhesive and foam backing. This straining pattern shows a round area, within

the overlap area, inside which the bond is strong.
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Figure 5.11. Macroscopic detail of corner from joint where there was PEM failure: shiny surface is PEM,
adhesive is white foamy matt structure behind, PEEK is the brownish surface at the furthest depth.
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6. CONCLUSIONS AND FUTURE WORK

Throughout this work, different adhesive bonded single-lap joints were
analysed. These joints involved two different polymers, both with rather low surface
energies, which makes its adhesive bonding difficult. Upon finding a viable adhesive, the
mechanical performance of the joints was assessed, and a forensic analysis was conducted
to understand the failure mechanisms under loading.

It was possible to verify that Nafion is a polymeric film that needs to be
machined precisely to avoid the formation of defects conducting to stress concentration and
premature failure upon loading. The high demand in terms of cutting precision can be a
limitation in the manufacturing of components made from this polymer, since the tooling
required may be not always available or cost effective.

Only the pressure sensitive adhesive (PSA) tape was found to be able to establish
a strong adhesive bond with such a chemically stable surface like a Nafion PEM, without
expensive, complex surface preparation. The other cyanoacrylate, and two other acrylic
adhesives (one toughened and another a modified acrylic) did not achieve successful bonds.
The same chemical mechanisms that make it possible that only protons can cross the PEM
are, most likely, the same that inhibit bonding mechanisms. Although the struggle on the
PEEK side was not as demanding, it is worth noting that this polymer is also difficult to
bond.

It was possible to confirm that an adequate clamping pressure during the cure of
the adhesive joints is necessary. Too little pressure and the intimate contact between the
adherends and the adhesive is not enough and too much pressure, suppresses the materials’
ability to flow and wet the adherends surface and affects negatively the curing process.

Through the study of the overlap length variation on the mechanical performance
of the joint, it was not possible to establish a rigorous relation between the overlap length
and the lap-shear strength. However the results showed that a 6 mm overlap length, for the
given overlap area and cross-section could already handle a typical PEM fuel cell internal

pressure.
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It was also possible to understand how the joints failed through a forensic
analysis of the joint specimens. The optical microscopies shed a light on the possibility of
having either PEM fracture, probably related to defects in the adherend material, which have
already been discussed, or a mixture of loss of adhesion and cohesion of the adhesive
structure and the adherends. It was possible to find visual evidence that the loss of cohesion
and adhesion are localized nearby areas where the stresses are theoretically higher. It would
be interesting to face the technical difficulties of using SEM with two electrically insulating
polymers to complement this forensic analysis of the adhesive bonded joints.

To improve the system and tackle the manufacturing issues related to assembly
and sealing of PEM fuel cells, it would be interesting to test other less conventional PEM
materials that could keep up the electrochemical performance of the Nafion, while being
more processable. An example of this material would sulphonated PEEK.

If the material cannot be changed due to electrochemical performance and
durability, it would be interesting to try new processing techniques. Ultrasonic welding has
a major limitation regarding the need for a continuous weld to close the joint all around the
frame. Friction stir welding presents a challenge because of heat processability of Nafion.

Another proposal in the follow-up of this work would be environmental testing

of the joints in service conditions to assess the durability.
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ANNEX A

Technical Data Sheet
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Loctite 406 datasheet

E@CTITE.

Technical Dala Shest

LOCTITE® 406™

(TDS for new formulation of Loctie™ 405™) February 2012

FRODUCT DEXCRIPTION
LOCTITE®  205™ prowdes e following  product
chasracheristics:

[Teohnology |Syanoacryiate
[I=hemical Typs Eliyl Cyanocacryiats
lAppearance junoured)  [Transparent, cColodess o show
colored quid™
[Companents (Onge part - reguires no mixing
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ure HumidEy
[Eppilieaiion Bonding
[R=y Sbsirates Fiastics and Rubbers

Thic Teohnizal Data Shest lc valld for LOCTITE® 408™
marutssiursd  from the dates ouflined In  the
"Manutaoturing Date Refersnce™ ceotion.

LCCTITE® £05™ |5 gesigned for bonding of plasics and
elxsomenc materials when very Tast fisturing |5 required.

Commargial them Decorpbion A-&-2087:

LoCTITE® 406™ s besn qualified fo Commercial em
Dezcripbion A-A-3097.Hots: This 1= 3 regional appeowval.
Fliease coniad your local Technical Servoe Cenber for more
Irfcrmation and clarfcation.

TYFICAL PROFPERTIES OF UNCURED BATERIAL
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TYPICAL CURIMG PERFORMANCE
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I 3 refabvely short e, ouring conBnues for at kexst 24 hours
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Cure pesd ve. Bond Gap

The rate of cure wil depend on e bomsdine gap. Thim bond
Ines result in high cure speeds, InCreasing e bond gap will
decrease e rake of e,

Cure Epesd vi. Humlidity

The rate of cure will depend on the ambient meiabve
humidty. The best resuits are achisved winen the reiabive
humidty 7 T working environment 1= 40% 1o 50% at 22°C.
Lower RomidEy lesds o slower oure. Higher Ramidity
aCceierabes B, but may impair the final strengi of the bond.

Cure Bpead ve. Avtivator
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TDE LI}C-"ITI'E--'-IJ'E“'. February 2012
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Permabond TA4610 datasheet

Permabond

Engineering Adhesives

PERMABOND* TA4610

Toughened Acrylic Adhesive
Provisional Technical Datashest

Features & Benefits

Adhesion to 3 wide variety of substrates
Full cure at room temperatune

Bonds polyolefins

Mo primer reguired

Good impact strength

Good chemical resisanoe
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Additional information

This produdt 5 Aol Fessmimended fof e i oonbect with other Products Availah
sirany cxddidng materials This product may aflect somie H—”
thaimoplaitis and useds musl dhste coempatlivy of The Angerobics

product with sudh subdleatin n Thiead l=kess m Thiead sealans
infarmatiss regarding the safe hasd lisg of this matesial w Gaskel makers w Gealanls § o oetairers
mirp be chrained Eom the salery data sheset (205).

Usais afe feminded that all meteriab, whether infhoossis Cpanoocryiotes

of iol, thould be hasd lad B acordanos with the

prineiphes of good Indesral byghasa. o i mibe s

n For ragld Bondiag of metals, plastcs, fublsr

Thi Techniicsl Deteshsst (T affen puidsiins pfomstion snd and marry cther materisls
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Epowxies

W Pl'mi]ﬂ n  Two-gail foom Tempetalufe cure dhsibses
Surfsoes ibould be dean, dry and gFeae-Trae Belons w Single-part heat cune adbesbon .
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iy ioth (o sismilar | 1o removse the oxide layer. Polyur=thanes
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Directions for Use
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e bonding.
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3M Scotch-Weld DP8010 Blue datasheet

Scotch-Weld™ Structural Plastic Adhesives
DP8010 Blue #« DPS8010NS Blue

Taohnical Data Sheat Ootobar 2018

Product Description ApAr= Septoh-Weld™ Structural Plestl: Adhesivs DPE0I0 Blues ard DPA0I0ONE Blus are
teec-part, eorylio- based dbeesives (10:1 ratio by woluma) that cam bend many low surface

amangy plasthcs, irchuding many grades of Polypropylene, Polyethylene and TRO's
without special surfoce preparchon.

Thass adhashes can replace scrows, feats, plastic welding, and two-step processes
wihich include ohemical stchants, priming or surface treatments In many applications.

Eanturas = Abliity to sbructurally bond pobeolefins ®  Abliity to bond dissimilar Substrates
witthout spacial sudace prepamation
Raguler snd Mon-Sag Formulations *  Room temperature curs
Excallant water and humidity resistarce = Wary good chemical reslstance
Cires stap Drooass; no pra-treatrment of ®  Solvent-fres adhesfes svstom
polyclefin substrates recassary
= Comeanbant bhand-hald applicator s Awallable In bulk
Typlal Uncured Maola: Tha Fallowing echnical infermaton and dieta should ba considanad
Propartias raprammihElive of Vypecal only and aheiuld 51 ba wed for apacificalion

purpoim. Unlei sthanviae indicited, al proparties mamrsred al T2F (Z2°CL

AM™ Seotch-Wald™ AM™ Seotch-Wald™
Proparty Structural Plasti: Structural Plesti:
Adnashes DPO0I0 Blua Adbensive DPROONS Blus
Color B (E] Blus-Gresn
Arcelenator &) Cloar and neary colarioss
Viscasiy Bumsa [E) 7000 P &4 000 P
Accelenator &) 7,000 - 40,000 P 7,000 - 40,000 P
B (E] 8.5 Ibgal
Demalty Apcelenator &) 8.3 =27 lb'ga
By waluma i1
ol vutle By wenighit LH |
‘Wiork 18’ Aporox. B minaabes
Cpan time? 10 minutes
Skin Timad Aupproximataby 2 minates (Ses Bakow
Time fo handling strangti® B0 minutes
‘Wiscosty meamursd using Srcoktell HTY, ssirdls 800, S0 RO ST (200
el mese e fhed shee v can rETA R 0 SRt msong nocrks ans =il b srpsllel withoud unsdus foros on e applerion.

=

M= meee e mlowsd §fer appiying schesvs o ons suietrais befors bons mud be clossd mrd faed In plecs.

wre s wrnn W minsdss | hersfors, e sches s Rae 5 B menuts oosn Sme for melong bonde.
Aetirirwm bes reqursd to schism 50 pe of cmrisp shear sbrengh, measursd on HLEE

ik

& o C=md bra will show soms slonning n sperosimeisly 3 minuiss. B @ posslbis io bond parts with good sirength B B pers

Hoete: Tha dita in thia ahesd waie ganeriled iming B WM™ EFX Apgplicator Syatem aguigped with an EFX malic miser,

woordiveg to Fanulestuer's directiorn. Thoroug b heesd mising sl aMerd comparble resulta.

58

2020



ANNEX B

3IM™ Scotch-Weld™ Structural Plastic Adhesive
DP2010 Blue « DPE0O10NS Blue

Typical Mized

Typleal Cured
Phyalcal
Propartes

Serle: The Fellow ing technical infermatios aed dais shoukd b cmsideral reproseotain e o
Hyphizal only snd sbiuld ned b used for specalicaim paopasc. Dnkss sibersibe nilcaied,
all propertics measered ol TPF (2250

AM™ Lenich-Wald™ AR Gtk - Wald ™
Property Strucbural Flastic Struchonal Plastic
id beaghwe DP BN Blus Adhesiva DFE0I0 Blus
Calor Blus-{Gnean
Full curs tima 24 hours
Dispenss
Viscoalty (72°F) 25 Ol P A, OOl
AM™ Sontoh-Weld™
Proparty Strucbuaral Plaste
Bedbensive DPBIND Blus
Phiwslcal
Shore [ Hardnass B.lrsgf‘t;.
Storage Modulus [DMA] 00 PS5
Teralla Strength (ASTM DEIE) 77,000 BSi
Terslle Modubas (SETH DE239) IB;'.‘I'S-"'.
Stradn at Broak (ASTM DEZE)
Thessrrmial
T (Glass Traraftion
T pearatune)] (DA (17
Comfficlent of Below Tg i
Theasrmial Expanskan i bova 245
fin ins =) Tg
Elactrizal
Dialectric Stramgth (AETM D 45 B03 Vmil
Valume Raslstivity [ (ASTM D 2570 A DOE+11 (o)
Surfece Rueslstivity (RETHM D2ET) B ODE+10 (K3
Dlalectric Conatart (AST M D50} 4095 ot 1 KHz
DHaasl pation Factor (ASTRM D1S0) DOGE ot 1 KMz
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

AM™ Scotch-Weld™ Structural Plastic Adhesive
DPE010 Blue « DPE010NS Blue

Trypical Crared Mote:  Thea following techmical information and data showld be considered
P-“"-”“’l represantotive or typcal only ard should reot be waed for specifloation
[eonirusd) Ovarlap Shesar (pall, ASTM D002
AM™ Gookch- AM™ Senkoh-
Wald™ Structural | Weld™ Structural
Sabwiret Plagtic Adhashes Flastic Ad hasies
DEE010 Blus DFSOI0NS Bluas
Al minum (MEKS sbradas MEK] 1960 CF 17l CF
Codd-rolled 8% e TR0 CF
{MEEY abrades MEK) 1800 CF
Stainless Stesl [MEK  abrada’ MEK] 20 CF 1980 CF
Coppar (MEK/ abradas MEK) W0 CF 1500 CF
Galvamzed stesl [ 40 mibved
WIEEY abreed ad MEK) 1330 CF
PP P& wipa) 160 SF 1180 SF
LDPE (IPA wipa) 260 SF A0 5F
HOPE (I1FA wips] 1040 SF T SF
LIH WAV PE (1P wol pes] 770 CF TED SF
Gasdcoart (fiberg lass--smooth sida) Q00 5F T SF
Aoyl 100 SF 1180 5F
PC 170 5F 1740 5F
P Tih AF 740 AF
ARS 1260 5F 1240 5F
Pobestyrans (HIFS] 5080 SF D SF
FRP (Epoy) 2830 CF 250 CF
Acatal S0 AF 70 AF
SMC :'Fln-u-'Em:--rm.-Er alde] TEO SF 800 SF
Glaxs B30 &F &0 5F
PTFE {IPAS abraedas |PA) A0 AF 0 AF
Civarlap Shear (pall; Eiched Aluminum, ot Temparabure’, ASTR D002
AA™ Seoteh- ABA™ Geotoch-
Temparaturs Weald™ Structural | Wald™ Strscturs
Plastic fdbaaive Plastic fdbseshe
DPE0HD Blus DPAOIONS Blus
-30FF [-28°C) 2000 mrikwad 2000 mibosd
TIF (2X°C) 18030 CF 1700 CF
T20°F (49°C) 1000 Prbosd 00 mibead
1E0F (BEC) 450 AF 240 AF
PE0°F (232°C) 300 AF 100 AF

B Uwerlsn shesr v bss meaorss upng A5 1M D scheaves 5liowsd o curs for | deye st room ismpersfes;
%" owerisg; DUUND® bond Ine Shickness; ssmpiss pullsd st .1 v men for metsis snd 2 no'min foe plastics; sl
muriscsn preparad W |ght sbrason srd seleert clesr; subsirstes used wars 17 Srich ghe=num srd 170" ek
plEsticy; fllure modss: Al sdheares talurs LV cohsave fmlure 51 : substrels fsilors mosd: AFSLF

Page 3
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ANNEX B

3M™ Scotch-Weld™ Structural Plastic Adhesive
DP2010 Blue « DPE0O10NS Blue

Typdoal Cured Mote: The following technical Informiation ard dute should be consbdersd
Phiyscial Properties rapresantative or typlcal ondy and should not ke used for spacification
feantinued) Ersironmeental Reslstancs® Exprasssd as Percant Retentlonof Controd Strength
[ Masasured cn 18" thick HOPE via Overdap Shaar, ASTR D02}
Ap™ Seodch-Wald™ | 2™ Scotch-Wald™
Structural Plastic Structural Plastic
Comditlm Substrats | 4 ihesive DPBOT0 | Adhesive DPECIGNS
Elda Elda
Contral 1005 5F 100 % 5F
1G0°F winbar soak 805 CF 80% CF
180 F/BO RH 25 COF a7 CF
MaOH 105 by wit 100% SFACFE 10058 &F
HCI 6% by wolums 1005 5F 1008 SFACF
P soak HDPE 5% OF e CF
Dilggal Fusl scak 9% 5F/CF 83% SF
S0% AntHroezs 1008E 5F
soaki 100% SFACF
Gasoline sowk O CF 7O CF
LA LT SOl 2% AF 25% AF
B ¥Weluss irdcris oesriap shesr =f pericrmancs retsl ned 5fSer 14 ceys of con NP LUE fom
mmmps =it st room 5 for F deys st reom ismpersbors snd 50% relst ve humiddy
[
Floating Roliar Pesl (Ibfinch width)® AS5Tk DIGET
AM™ Seotch-Wald™ Strectursl Flastic fdbasive
Substrate DFE010 Blus ard 38A™ Soobeh-Wekd™ Structural
Plastic Adhasies DPEOIONS Blus
HOFE Substrate Fallure
¥ Flosting rcls: pes| veluss messorss ming B5T R 0208 Y, slowsd o cure For 24 foors st 'oom lsmperssors; 17 wids
mmmpes; O bond ine thokrses; smmpsss pulled 5t 20 ndcn Flasicds HCAE sae Tme thick sne nigi2 HLHL
WEE 4 fhich,
&b - pdheslve feore LF: cohsare fndurs Sl - subs it feilus
Directions 1L Toaobialm the highest stramgth structural bonds, paint, oxdde films, olls, dust, mold releass
For Usa mganis, and all othar sufoace contaminanis must ba complately removed. The amount of

surfaca preparation dapands on the required bond strength snd envirormental aging
reslstanos deslred by usar. For suggested surfecs preparations om common substratos, ses
the saction on surface preparaticn.

2. Mixing
For Duo-Pak Cartridges
Store cartridges with cap snd up to sllow sny alr bubbles to ries towards tha tip. To uss,
simiphy Insart the cartridgs Info the EPX spplicator and start the plungsr into the o ylindsrs
usireg light pressurs on tha trigger. Then remove the cap and axpsl & small smount of
wedbeissbve fo snsure matarial fiows fresly from both sides of cartridge. For sutometic mixdng,
witech an EFY mbcing nozzls to the cartridgs and begin dispensing the adhasies. For hand
miting, sspel the dasired amount of sdbesive and mix thoraughly. Mix spproximataby 15
saconds after obtalming a uniform calar.
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

3M™ Scotch-Weld™Structural Plastic Adhesive
DPE2010 Blue « DPE0O10NS Blue

For Bulk Cortalrars

Dilrections
Far Usa
[l antinged)

&

Wb thoroughly by walght or wobums in the proportion spacified on the product label or in
tha typleal uncured properties sectlon. Mix approximately 18 seconds after obtaining &
unbfarme ook,

Apply adhesive and join surfeces within ths opamn tims listed for the specific product.
Larger guantities andfor higher tamparatures will reduce this working time.

Allow sdbsaben to cure ot $0°F (1E*C) or abowe until completely firm. Applying haat up to
TE0*F (BE*C) will Increase curs spead.

Keap parts from mowing during cure. Apply contact pressure or fichure in place if
nocessary. Chptimum bond line thickress ranges from 0005 to 0.020 inchg shear strength
will b mandimized with thinnar bond lines, while peal strength reaches o macdmum with
theicionr bond e,

Excass uncured adhasive can ba cleaned up with ketons type solvents.®

*Heta: Whan whing solventa, axling ush all ioalion seuroes, Fcluding pilot light, and bellow tha

masstectiorars precaulions el dirscticns for e

Surface
Preparation

™ Scotch-Wald™ Structural Plastic Adbeasives are designed to be used on metal, wood,
and most plastic surfeces. The following cleaning methods are suggested for common
surisces:

Stast

1L Wipe fres of dust and dirt with pure solvent such & scetons or lsopropyl aleohal.®
2. Sandblast or abrade using clean fine grit abrasives.

A, Wips agaln with claan solvant to reamove lbose particles ®

Alurmlnwm:

1L Wipa fres of dust and dirt with pure solvent such & scetons or Isopropyl abookal.*
2. Sandblast or abrade using clean fine grit abrasives.

3. Wips again with claan solvent to remowe loose particles ™

4. ‘Whean using a primer, apply adhesive within & hours of primer application.

Flastics Rubberns

1L Wipes with [sopropyl alcohol

2. Abrade using fine grit abrasives.
A, Wips with bopropyl alcohol®

Gilaas
1L Solwent wipe surfece using sostane or MEK®
2. Apply & thin coating of & slanrs sdhesion promoter to the glass surfaces to be bondad

ared allow 1o dry complataly before bonding.

*Hetn: Whan waing sclventa, sstingush all i5ntion scoross, induding pile! light, asd ballew tha

marutectorars precallions el dirscticns for i
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ANNEX B

3M™ Scotch-Weld™Structural Plastic Adhesive
DP8010 Blue ¢« DPS80O10ONS Blue

Storage Store product at 40°F (4°C). Do not freeze. Allow product to reach room
temperature prior to use.
Shelf Lite AM™ Scotch-Weld™ Structural Plastic Adhesives when stored In unopened
original containers kept at recommended storege conditions have a shelf life of 3
months for S5 gal. drums, 9 months for § gal. pails and 18 months In duo-pak
Precautionary Refar to Product Label et Materisl Sufaty Dats Sheet for health and sefety
Information nfocmution before using this product. For adcScnal hoe'™ and sefety information,
cul 1:800-384-3677 or 861.737-6501
For AddRional To request sdditionsl product information of 1o srrange for ssles sasistunce, cell toll free 1-800-
Information 3623560 cr visit waww.IM com/stroctorsindhesives.
Technical Information The technical i=& k o arc cther ined in this & or ctherw:
MMSAWMW cha, Sents, or wxperh that IM el 1o be winble, bt the
and e rve nature of such nformation s not guar d. Such ixformas
hWhMﬂWW”W“Mb—-MMMMW
g % the Irf on. No & wncer ary 3M or thisd party inted rights is grant
ovndbd-.nrbiiw-dol.
Product Selection Mary factors b e e ‘Amhu-mmmmmmm‘-m
and Use pﬂwmo’lﬂnﬂ:ﬁ:&nnumm A wrwndt, - wchaly for
onﬁ‘mﬂn uomﬂ -ndaom'f-lh-v ite wbﬁo anc satatie for customess application,
s 3 Epponr s ik ubamdhanc
w-mmnu lﬂlnbww-mmlu.dd.-mm-ﬂmvd-m-ﬁu
products, o 1o mwet ol sppiicabie safety regulstions, may et iy njury, sickness, desth, and/or Seem o
property.

Warranty, Limited
Remedy, and
Disclalmer

Urdens o dferset warrarty (s specifics bty statec on S spplcabie IM oroduct peckaging or product
IReratire (in which cane such warranty goverral, SM warrarts that esch 3M product meets the sopicabie
M procuct specfication st the time SM shipe the product. M MAKES NO OTHER WANRRANTIES O
CONDETIONS, £XPRESE OR IMPLIED, INCLUDING, BUT NOT LIMTED TO, ANY IMPUILD WARRANTY
OR CONDITION OF MERCHANTASILITY, FITNESS FOR A PARTICULAR FURPOSE, OR AISING OUT OF
A COURSE OF DEALING, CUSTOM, OR USAGE OF TRADL If » 3M product cows not cordorm to this
warranty, then the sole snd sxciusve remedy i x! SW s option, repiscement of the SM procuct or redund
of the purchase price.

LUimitation of
Liability

Lxcept for the kmioed remecy statec sbove, and sxcept 50 the srient Drotitstec by ww, 3M wil not be

Mhhvwh-ouhwnddmhmummv-ﬂm Whetiner o rect, ind bect, soec i,
or bad Mnﬂ‘ ed 20, lont peod s or business cpportunity), regerdises of

10 legel 07 e theory ! S, but not fmted i, s =1 or sirict

fanity.
(T

T haicm Abanives ael mms Cmntes s’ wen v e bow) b 8 IV Gl I saie s mpnimed le Sl MU Uar e en

Industris! Adhesives and Tapes Diviscn
3M Center, Building 226-35.08

St Paul, MN 66144-1000
800-362-3550 « 877-368-2923 (Fax) e e oo 27
www. IMcom/ structuruledhesives oM 30T
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

3M VHB 5952

fcionce.
-

April, 2019
IM™ VHE™ Tape 5952

Praduct Description

Firite Ciemann {FLA) dut b wenButds for this prodect ot Smucemd FLA

AR VHE™ Tazs S0EZ I o DLOHE ok (L1 rere)thick Black Seabds coated sl Fosen tnps with PE Flm Bnar,
Thae mezaiifised sorpils sohestbes on Bath sbdaa b 50 i brosed ot high, dham and 1o ALl
SRy Wi batrwieg ncheding rmetaly, plas sns 6 wids variety of plastics ar-d peint, e udng mEny powider
cxited palrtn Tha sory confeerralzle. foarm proslses pocd coavinct bttt s dabairabeg svsn whas thay sre
allpihsy rimmabchad, J04™ WHE™ Taps 5952 b part of She 5953 ssce femily. Eech prodsct In this Semdly hes
mexEbied szrylic sedboabvs and vy cordfarmebds Fote bus serbe e chickressm, ©olor wnd Dine T,

Product Features

* Faart EFY mwthid prevides Righ arangth Bes avg-nan Zueak By
* YWirualy reinbbs tusteni ng kesgs worisces smeacth
* T reiacs Irisma, &l 1 o gk ed hatatis

# Dlack, 0088 In L7 merd, medifed woryls sdheslves wnd vwary corfonmabls ecrplc fosm cors basda ma 8 wide
it iy EF duizieriedl. Incleidin g poswicks cioabth s oa v B2 Imeg sk wariecad

# [lrd nwrim driling, sanbdirgg ar-d clese-ue
® CraEtes & ik degu 1 Wed e Dy 0T Ny bl D SR CapE b
#Pr Feuilen Boridd on ConbecT i Fisezlin

+ Al thes cae ol thinnar, ghvier wdzhe 5o2 Shairber ranecisla
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ANNEX B

AM™ VHE™ Tapas 5352

Technical Information Note

Tha Pedlicasing maechin kol e Feerration snsl Zate abaald b covislfared rapressntathes o typbz ol ordy sred abaoiald ros b caes dor apes Flortion pairp-sd.

Typical Physical Properties

Prapsrty WaluEn

Do 3 b

Tas Thkzkzam LA mrami TLOAE I
Thickr-sa Toleruzcs il %

Adrmalies Typs Bl ced Pl Bezrplic

Festiri Trzs Wiy Conformabile Acorylic Foam

Curaly EED kgdmit 3T s
Liremr PE BN
Livimer T iy sl O3 mmn LD |n
Linear Cabar R [porim buadi

Typical Performance Charscteristics

[DwalliTore Taat

Propecty  Valisa T Ciandiion Subatuis Matsa
B0" Pas ¥ Msom B fin ASTH T2 b 8 Reom S sl Juew wp-eied T s i (3040 mmeimda ], Becar
Adrunr D Hoom Temiparanss | Coas raTed W ekl Lnid

THmEanki e
Marms 430 k's T ™ ASTRADOEET | T2 i@ Rezam Al emiiram i A5 e, Jaw Spasd T ieoreln 1508 s’ redn L
Taruulls Ao Temiparsnsrs Panpic Fosrom to el pdra e s madasned.

TRmpdniea e
Coyraimds 580 kP [l ASTR T2 kb @ Rezam i ribaiad e 2 AE e, Jow spaasd 08 kndmde (LT mmvmdn L
Chariap ] e ird Ao Tampsranours | S Prmtdes Fioeros fo s pairats: 8 meassre=d.
Crelir TRmpaniea e
St 1&g IODF [ P PET IR paranur s dynamik ieear
Term prapecies following 4 bour conditbaning b irdicaie=d
TaTizaraturg AT e w with 100 glatais boed. [Bssressnts
Telamncs rrdresiag, Feoure IE i poOSEdl Ty b 1R PATTINE

Supeiral

Leavg B ol B Em T TS N W T S dE P ST T Ml
Tam B0 g esied e OUS I e sknitle abaar dor W0, 000
TaTEanrE Frdrestai (R S5l #0200 O S ol Esoda e 10T SiyE of
Telaruncs RSN
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

AM™ VHE™ Tape 5352

Typical Performance Characteristics (continued)

00z Rocer Temparstate
5003 6o°C (B0F)
205 03C (200°F)
Proparty: S2etc Sheer
Mathod: ASTW DOos4
Sabatrate Duairiess Steel
nates Teated ot vark e gram lsecdinga O 10 (D23 cre’l. Wi hold Bemed weight for 10,000 mirctes (spproadmately 7 daye)
Available Sizes
Smandard Lengty 2an 26 yd
Miabram Asslabie Wides &4 oo 03 h
Maximum Avelisbie Wizth 2% men 40
Nommal Sittng Toleansce 200 men. =22 s
CoreSoe (D) T2 mn an
Available Sizes:
Axvlable S20s | Vawwe Pl |
oot | oradinge | wmens | mewss | SECSSE | SSSSS | SOSNS
Bl - et e ey v e w Ll anail Lol e
ELUUY L nms wn LR L) LR Tow Ny B
vase 0s 7N mwe @ s o 7 omn 0
mes nms me i Tmy m-s " N
wRen omn me ann Tunn - s N
o N » my ure ann e LB i) W
tosnl » s oee @ My - = e
wRns - mue wme Kow Tn nen e
e on s Gie - pua 3L =N e

Slaaacbon - S ) s A 46 nates 200 nad SRIC ) o oD 47 e O et
Bote BT dwwle buper Senny B G005 10 4 wwd s . beng S0 o (1292 wCAoe e 1o 25w € § 10 007 sond e 150 of (045 i o of ofew e

Converted Parts
In s2dition 2o derd end rof aloes avell from IM throsgh the dlatridetion netwark, IM™ V™ Tapas are aao svelabia in Dmitess shapes and aloes
eI C rarwork. For sedtions! MC 82 H000-223-TAZT or on the wad 82 www IN. com/zorvarter.
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ANNEX B

AM™ VHE™ Tape 8252

ULTASC Listings

L i BT
_ﬂ- =
= Temi. Frpeyerd Fired S Somird

£
I
i
i

B
|

I
f
F

A
W A A || sy | @€ | BT
CE
BT
T

Salvent and Fuel Resistance

- .
= ]
LJ ]
i m
- L]
L ]
L L]
L ]
= =
o &
= 1
= — i
o ma e
i b
[ —
Tttt
i

+ g b e el ] ke v Bl
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o lochann vy 3 Ty
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

ApA™ YHE™ Tapa 8352

Additicnal Typical Performance Characteristics

Prapsrts Waluan Wainod Teat Conditlan

Wewier Wazor Trrdmiasen, IT.] g’ B e AITW FIaae & TN B

Facs

Sreunr Modulua 3= WE Pa

Paiassa’s Rt Lol ]

Clicewr¥ic b o Tharmi B0 = 08 mim™C D = BB e F

Epabi T
Electrical and Thermal Propearties

Prapsrts Waluan Wainod Teat Conditlan
Dhslscwric Coratunt LM AETR D20 1 KMz, Baom Tampsnamurn
Cislecric Coraisnt LEE. AITR OEED P iz, Raomr T par wiars
Dol fpal i Ftiznar [l L AITR OEED 1 iz, Baomr Tempantadrn
Dol fpal i Ftiznar [l e AITR OEED P iz, Raomr T par wiars
Cislscwric Strengrhi B W 458 & AETR DV

Thisrmisl Coraductivity ik [l LT B LT | e ]

wbual

Yzduma Realatiiny 28 10" O-cm ARETH OEET Aoeam Teampanine
Surtuca RealEtiiny S Dieg ARETH OEET Aoeam Teampanine
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ANNEX B

Design Considerations
Advasian % the I mpo in schlwving bassi Adr A Sow ORI the ALEATe sertaced |9 GrTer 10 aChieve INTimate ContEct ares and
Wlow the mamosler farce of amection 1o deveion. The Segres of Mo of the achaive on the In Jargely o by the aurtace aowrgy of Tue acbatrete.
IV VHD™ 5542 fardly 2aces bosd wel to 2igh (NST), mediare (MSE), snd madumfiow IM/LEE) surfece anergy materiain. The inage below shawe typicel matecals
hmm

aving goos .o T mummummu-mu.umnmmwmnw-w
Tauﬁlmu.cmmdwmmm-‘mhnﬂmmnnmlu“gm with scrmel M
mdmmm-md“nhﬂlmumMummmammmnm
Using e righs of el bn toharde e | INTWHID™ Tepas are viscoelsatic by raturs thair strangt® ans sti¥nem s s
Sunction of the rete at which thay are Thay bk wih relatualy faater rane of atrams lced (2yramic attesses) 6nd Wil tend 12 shaw Srees batavior

Wit etreas 0ad Scting sves 8 long paciod of thrma (%etc atreassal. A & genersl rule, for et c lcads, spproadmately foor ageane nchas of 2oe ahaould be vaad for sech
poend (57 o’ of 2pe per kgl of waight to be supparted In crder 20 prevent sscesiive creas. For dynamic ceds & wehu design factzr & 2 /02 (DS kPa) for moet
M-uul-mm

Allaw for ction. IM™ Vr™ Tepes cen walln wOATE TwO Zed narte may scpand and contract dMerentaly.
A pood schasizn 12 e the tapea can 1] I the abaar plane up 20 J Smas thalr thickaeas
MRMM&.- for many mm.maommm.mmmmummmmmm
daige o catk OF pacodic wae of g fertenans o e eres ey De nestad f sddmorel k1M reas b
Fartormance o Seswrs Colz Tarmps can be chalengin WhCR Tegu e partarmance o seeare cold st e h dby
uuvnm.—muﬁunommuwmmunuumwwrrmmrmnm {ro-omoT-
206%0) s sveladie for acdMacel Ind
L] R
— R VRS e
R T T
L S eon vy

Thes Bestiatoe GOesTas 1o ot o Surkacs S0argy 01 A Wsm BROLON CORg. HIg Arkes sy nasrck
Swa D adhwave e for high Lond e

Rolatoectin of AMverios and Surface Erergy for JUT V™ Taga Adiveeive Fars s

ke e
L Tpony Pure [ L 2
Aadow N o L Towchs Pt
Den
REER e 00 4 e wainly of D, A Do, ol 0 WAL e b B0 G W ADCT a1 0] Dt T AT X e
e L e i e e T e e Ly Y

Comt Wt T T IV STAT M et
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

3™ YHE™ Tape 5552

Handiing Application Infsrmation

Application Techniques

Chasterc M cat s bt by chiskiningg sth b SOES0 mibwtare of aprasyl aloabol (PR ard swisr prar to apelyving J04™ VIHE™ Taped.

Escepdora ma thea ganesrn] procssins that mdep ridg sirs sddiban el suirlscs prepse rtion nciede:

= Mty Olla: & Sagreses oo Sabetrt-baaaed clusnsr may B8 Ira=d b rerroees b p &l ar greaes Froen s aurfecs ard should B Salosed by chanie g with P b,
- B sarfacs, -5 with PR wWEIET, Cln nemows Badyy Sin or coddathan ans e s redes aurfiecs arsd 1o Imiprovs sdhiesion.

+ fighiasl on Pramoten: Piming @ audecs can sgrdfiosntiy inkdnl nne 1 My amch sh plesics ard painta

# P driosic Mot pone B2 Tk res WS B WO, PalT d, w18, $ho. Na-kd b beb BEakd b prowids 0 snfed surlecs.

& Urdges Wacsriab: Soacksl sordess prasantias may e saaedes for glias ard plis-lke mmteckly, coppesrared coppd coavinindeg meinl, snd plessies or robizar st
cantmin (TR

Rafar iz I Techrdosl Bulleds "Suiecs Prepanscien for I™ YWHO™ Taps Appdlcacicra”™ for sdditians| Setall ard sspgesdornad. (o004 -0T01-8]

“Ferin: Thaes cheassr scluthons coninin greaces than S350 571 of solaclls crgasic compoands 700 ) FMeses conedt poer ool Sir Seality Begunitcrs to b sare she
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ANNEX B

AM™ YHE™ Taps 5252
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atcrsgs conditions am TEF [EC and S0% releclve e rmddiby.

Parformaincs of tipesl @ reri propecing iz chissgs = an sher ahad Fe sipires howswar, B dosa suggem that 3™ Y™ Tapsa s uaed pricr ic o abal He deis
b Eear oan Ela.

Tha fachurisg Zats & 1 ] ™ ™ Tapesl dal the bt pambwr, Typically meresd onihe ook or o0 & lizel oncthe cuter relllap T lon surmbesr,
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

3M VHB LSE060/110

oMV

VHB™ Tape LSE Series

Dotobsr 2318
Supsrcedec: Auguct 2018

Produot Decoription

IM™ VHE™ Tape LSE famiy are witite comformable double comied
acrylic foarm Bapees with a high inital Bk and a soft foam.

H= design snables bomding of many o sarface snemgy

S Ik s m Aberial s,

3M WHB LEE whi= Bapers are avallabl= In thres different thicknesses
with a 3M bramded red sliconissd poipethyiens s iner

Ky Faaharss s Doubl=-coated acndlc foarm s
s 100% cicsed o=l acryic *oam
L Multl maberial bondirg for high, medium or low suface snemgy
subsiraies mcudineg many melals (=0 shinkess sheel)
mmposkes amd plastics (e.g. PP, PA]
" Erables bondirg of many L2E subsirabes wiou! primer
s Good low bermpeeraiune tack
" B0 foarm enables siress relabdon & an =asy applicabon
s Higini Infial @k
s For Indoor and oubdoor apedlcasons
Applloatione £ L Capablity ko bond to LEE substrafes without primer makes i a good T8
Banmsfitc for appliications In many imdusres such as plestios. prooessing,
transporaion, appllances and sgnage
Phyloal
L& E-sE0F L3E-110%WF LEE-180'WF
Pro petrtisg
Mh"-r“ - - = "
L Ca ModHed Acmyilc on Conformable Aoyilc Foam (chossd cell)
Thinknsee
== 0.60 mm 1.10 mm 1.60 mm
ASTH C-305
De=niG ity 716 kgim?
m::“ 3k brarmdsd red slconlssd poiyethyiene e
Taps
Conlour White
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ANNEX B

WHE ™ LIE Bariem
De=inbar 20710

Type:

LBEEONW F

LEE-11OWF LEE"IE[IIHFI

S0 ™ Peal adheskon o
Shakiess Bheed
acc o ASTM 03330, o0 ped
angie §) RT, afier T2hiy RT

30 Nicm 44 Micm

acc. 1o ASTM D330, 0" pesd
angie (3 BT, % 7T2h @ AT
=l

24 Micm 42 Micm

E1 Micm

30 " Peel adhesion o Glass

acc to ASTM D330, S0° pesl

angie j AT, % T2h g AT
]

259 Micm 43 Micm

E1 Miem

50 ° Peel adh=sion by ABE
3Cr 10 ASTH CEIE0, 90° pas

ange 3 FT, afer T2had AT
e =T ]| 9

24 Micm 40 Mficm

4T Micm

Sialic Sihear Strenghi on
Stanless S
a0 ASTIA D554 alter T2h
i5) AT che=d (Weight hesd for
0000 minuies, 3 20F
(0.50F), werdcal =t direcion

23°C-1000 4
To"=-5004q
SO"C-z50q

e LimiiED Oy SUEtTE

Siafic Shear Strengthi on
Polypropyiene
L 10 AS T D3e5L, alter 72h
i5) AT dhe=d (Wedght hesd for
0000 minuies, 3 X0F
(0.5}, werdcal =t direciion

23" c-10004g
mC-s00q
SO C-5004

Cymamic Shear
a0C. o ASTR D00z
0N Sainieos sheel, ater T2h
AT vl

2SN
g.54om?

382N
I5.580mr

Hommial Tensdle (T-Biock)
BorC. o ASTIIDEST

o Alurinkam § BT, afer 726
& AT ceesil, best speed S0
Fmimin

IES M
i5.S4cm?

NS H
J5.58rm

250 N
J5.5aomE

Temperabae Peformance

Shart ferm (milmebes, hourst 150 "G

Long ber [days, wesksk

30 °C

Appllaation Temperahoare

Idzal appication empemalure ange 10 "< 0 32 °C. For certain

applicabons and subsirabes 3™ WHE ™ LEE can be applisd at
Emperyiures as low a5 0 "G T the suface s frost free.
Tesiing on applicaticr-speciic substabes ks ecommemced o conflrm
adhesion af fempeatures <{0"C.
Pragsure sensitve sdheshes. use viscous flow 1o achieve subsirate
contact area. To obdain Qoo peerfomrmance, iis important o =nsure that
the sufaces ane chean, dry amd free of condensad mokshure.
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EVALUATION OF SOLUTIONS FOR ADHESIVE JOINING OF PEEK TO POLYMER ELECTROLYTE MEMBRANE

Y¥HE ™ LS Serism
Ci=finbar 2010

Zhedf Life

1& merrths from dabe of producion when shored &t 16 "C— 25 "C
and 4065 % relathee humidey.

Ferfomance of @pes s not projech=d o change even afier shell He espires;
Feoawever, 3 does suppesh that 3™ VHE™ Tapes are used prior o the shel

IHe= dale whenever posshies.

Imipicrtant Kot e

Al stabermiemts, bechnical imformaiion and recommendations conisined In this document

ar e bxsed upon ests or expeience: Tial 3 beleves are nellabie. However, many faciors
beyorad T's confrol can a®ect e use and perffomance of a 3 product ina partcuksr
application, incheding the condBons under which the product b= wsed and the tee and
envirommiental condiions in which e product s expescied o perfonm. Sinoe e

fachors ane uniquely within the user's enowiedge and contmol, | Is =ssenbal @l the

U Evaluabe B 360 product fo detemmine wiheier s TR Sor 3 particular punpcese and sulat
for Fe user's method or appdicaion. Adl guesions. of EabdllEy redabing io this product are
powerned by the tems of the sake subject, where applicable, o the prevalling law.

iales preseried R Deen getemined by standam et methods and ans Feerage vaiues not 10 be umed far

specoaion parpoeses. Cur recommendations. on e use of our producs. are fesesd on Geals befieved by be rellshie,

bt wee woid 2k that you conduct your cen s o debemime ther suftshiity for your applicaions.

This & becauss 34 cannct accept any nesporsibilty of [BtEy drect or coressquertial for oss o damage: caussd as

3 FESUR of our e commendabions.
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