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I.  Kurzfassung

In der vorliegenden Arbeit wurde der Einfluss des Klebstofftyps auf die Gesamteigenschaften
von Faser-Metall-Laminaten untersucht. Kernidee der Arbeit ist die Umsetzung eines
funktionalen Eigenschaftsgradienten in der Klebschicht. Derartige Gradienten helfen
intrinsische Spannungen der Klebschicht abzubauen, sowie Spannungskonzentrationen unter
Belastung zu vermeiden. Dieses Konzept wurde aus der Natur abgeleitet, wo es in
Grenzphasen von Materialien mit unterschiedlichen Eigenschaften ubiquitar vorkommt.

Drei Klebstofftypen wurden untersucht: Steife duroplastische Epoxidklebstoffe,
warmehartende Elastomerklebstoffe und thermoplastische Klebstoffe auf Basis von
Polyolefinen. Der Arbeitsansatz erméglicht einen Uberblick tiber die Effekte der Klebstoffe,
wahrend gleichzeitig innovative Ansatze der Klebstoffentwicklung- und Modifikation
untersucht und entwickelt wurden. So umfasst die Arbeit die nachtragliche Modifikation von
kommerziellen Klebstoffen, die vollstindige Neuentwicklung eines wasserbasierten
Klebstoffsystems mit Nanokompositverstarkung sowie den Test eines neuartigen elastischen
strukturellen Klebstoffes, basierend auf EPDM-Kautschuk. Thermoplastische Klebstoffe zur
strukturellen Verklebung stellen ebenfalls ein Feld mit hohem Nutzungspotenzial dar, das
jedoch zum Zeitpunkt der Erstellung dieser Arbeit noch auf seinen Durchbruch in der
Anwendung wartete.

Ein groRer Teil dieser Arbeit lag in der Entwicklung eines Klebstofffilms, dessen wesentlicher
Rohstoff wasserbasierte Polyurethandispersionen sind. Um die Eigenschaften des Klebefilms
zu verbessern und die Steifigkeit zu kontrollieren, wurde ein Nanokomposit aus einem
hochverzweigten Polyesterpolyol und dem Schichtsilikat Montmorillonit hergestellt. Das
Schichtsilikat hat Uberraschenderweise eine Wechselwirkung mit dem hochverzweigten
Polyol und beeinflusst dessen Dispergierbarkeit. Die Einflihrung des Nanokomposits in den
Klebstoff fiihrte zu wesentlichen Verbesserungen der mechanischen Eigenschaften.



[I. Abstract

The effect of the choice of adhesives onto the properties of fiber-metal laminates (FMLs) was
examined around the core idea of introducing a gradient of properties into the adhesive. Such
a gradient can be helpful in reducing intrinsic stresses and stress concentrations under load.
This concept was derived from nature, where it is ubiquitous at the interphases of dissimilar
materials.

Three fields of adhesives where examined: Rigid thermosetting epoxies, elastomeric
thermosetting adhesives and thermoplastic adhesives based on polyolefins. The work’s
approach gives an overview of effects of the different adhesive classes and looks into
innovative adhesive developments. It explores new concepts of modifying properties of
existing adhesive types, the formulation of a water based elastomeric adhesive that
incorporates nano particles, the testing of a new type of EPDM-based thermosetting adhesive
and the use of thermoplastic adhesives for structural car body applications.

The findings of the work are diverse, as the implementation of a material gradient in the
adhesive is not superior per se to other tested modifications. An influence of an elasticity
gradient was not evident in all tested systems, but very pronounced in others, especially those
including elastomeric adhesives. The application of elastomeric adhesives bears a high
potential for the introduction of special properties into the FML. In a combination of an
elastomeric PU-based adhesive with a rigid epoxy-based adhesive, the order of the adhesives
had a massive influence and the combination itself gave a significant advantage.

A large part of this work was the development of an adhesive film that uses waterborne
polyurethane dispersions as the binder. To reinforce the adhesive and control its stiffness, a
functional nanocomposite filler based on hyperbranched polyester polyols and
montmorillonite clay was introduced. A surprising interaction of the clay with the polyol
results in its influence onto the dispersibility of the hyperbranched polyol. The incorporation
of the nanocomposite in the adhesive leads to a great enhancement of the mechanical
properties of the adhesive.
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1 Introduction

Lightweight materials offer high potential in aerospace-, automotive-, ship building,
architecture and many other areas. Fiber metal laminates have less density (leading to less
weight) and better mechanical properties when compared to conventional materials or parts
made purely from fiber reinforced plastics. Parts made from FML are also less expensive than
those made entirely from CFRP.

This work investigates the adhesive bonds of this special class of hybrid material: “fiber metal
laminates” (FMLs). FMLs are hybrids consisting of alternating staples of fiber reinforced
plastics (FRP) and metal sheets. The thickness of the metal sheets is usually around 0.5 mm,
the fiber composite sheets around 1 mm. The adhesive layers are usually in the thickness
range from 100 um to 150 um. They are in many cases the weakest point and thus a
predetermined breaking point of the laminate. As this work shows, the adhesive layers are
also an area where the properties of the whole laminate can be influenced greatly.

fiber composites

metal sheets

Figure 1: Structure of a fiber metal laminate (Adaptation from )

In practice the adhesive layers are often formed by the matrix material present in the FRP
sheets. Introducing another distinct adhesive constitutes an additional production step and
more costs. The adhesive layer is often also not considered prominently in simulations of fiber
metal laminates. In this work, it is shown that the role of the adhesive layer is eminent in the
system FML. It can be used as a set screw for properties and to introduce new functions into
the FML. This is what is meant by the term “functional adhesive” in the title of this work.

Furthermore the idea to transfer a principle from nature, that has already successfully been
applied to adhesive bonding of single-lap joints?! to FMLs was investigated in this work:
Applying a gradient adhesive layer to mitigate the stress disparities in the adhesive layer and
the laminate itself.



fiber composite  gradient layer

metal sheet

Figure 2: One of many adhesive layers inside a fiber metal laminate and the gradient layer approach
(adaptation from!Y)

The idea of functionally graded adhesives was first applied in the 1960sB! even before the
term functionally graded material (FGM) was coined. In the following decades there was not
much research on the topic. It has, however, become an active field again recently. This is
partly due to the upcoming of new technologies which enable to the production of graded
materials, such as 3d printing. This has also inspired research in the field of adhesives. During
the making of this work in 2017 the International Journal of Adhesion and Adhesives dedicated
a special issue on the topic “Functionally Graded Adhesively Bonded Systems”®.. Fiber metal
laminates are an active field of research and development themselves but functionally graded
adhesives have not been covered in any research so far. Because of their many interphases,
FMLs are especially interesting to adhesive research. Because of their high potential in
lightweight construction they are a field that should not be neglected.

This work also explores the application of very different types of adhesive in Fiber Metal
Laminates, such a novel EPDM- and polyurethane based adhesives. Also, methods for the
combination of different adhesive types were developed and tested. A lot of effort was put
in the application-oriented modification of a commercial epoxy-based adhesive.

A major driving force for the development in lightweight materials is the focus of regulators
on the environmental impact of materials. Within this trend, the development of adhesives is
no exception. Regulations of coatings, adhesives and sealants with regard to volatile organic
compounds are a challenge that formulators face around the world. Based on polyurethane
dispersions, an adhesive was formulated that can be applied in FML and beyond. Using a self-
developed multifunctional filler material, mechanical properties were enhanced greatly- and
the necessity of an additional thickener made obsolete.



2 Motivation

A hybrid material draws its advantages from the fact that it combines the useful properties of
different materials. A fiber metal laminate, which is a special array of hybrid material, contains
very different materials in terms of mechanical and interfacial properties.!!

When two dissimilar materials are joined, the result is a huge gap of material properties. This
gap leads to a build-up of internal stresses and contact damages. During loading premature
failure below the expected capacity of the joint typically occurs at such interfaces. Fiber Metal
Laminates possess large interfaces between dissimilar materials. Therefore, this central
problem of bonding hybrid materials is especially prominent in fiber metal laminates.

Biological organisms of a certain complexity contain hard and stiff parts embedded into soft,
elastic tissue material. Nature has to deal with the same problem that material science faces
in joints of dissimilar materials for automobile or aircraft applications. To solve or at least
mitigate the consequences of sharp interfacial property changes, nature evolved graded
interfaces. This way property dissimilarities are bridged smoothly.

In this work graded interfaces between different materials in fiber metal laminates are
explored. The attempt is to be understood as a bionic approach, without being bound to this
model. The difference of the field to nature must be considered, but still remains a major
source of inspiration. In the “State of the Art” section, it will be detailed that this has been the
case in similar approaches in the field of adhesives before.[®!

As will be described in detail in the following, the concept of functionally graded materials and
functionally graded adhesives is suitable to intermediate and reduce stresses between
dissimilar materials.

Although one might assume the contrary, the influence of the adhesive onto fiber metal
laminates is not self-evident, as FMLs can also be “glued” by part of the matrix material of the
FRP. The introduction of an adhesive into the production process of FMLs is an additional time-
and resource consuming step that requires rationalization in the eyes of (many) engineers. It
is therefore also the aim of this work to elucidate the usefulness and potential of using an
additional adhesive that is purposely introduced. The interphases of an FML are many and are
a point of intersection for additional functions, features and for the tuning of properties.

2.1 Controversy about the Importance of Light Weight Construction

A large degree of this work’s motivation and rationalization is the further development of the
technology of lightweight materials. The importance of lightweight construction for fuel
consumption reduction in combustion engine powered cars has so far been the undisputed.
With the increasing speed of the introduction of battery powered electric vehicles, even
during the 3-year period of this work the question of the importance of lightweight
construction in the automobile area came up.

A study on the topic of lightweight construction by McKinsey from the year 2012[2] projects
the share of lightweight materials in cars to increase from 29% in 2010 to 67% in 2030.
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Controversy was sparked by a study conducted at the University of Duisburg-Essen at the
Center Automotive Research (CAR) in 2017.[3] The study tested two battery powered electric
cars (BMW i3, Tesla Model S) under the same conditions, but with added loads of 100, 200
and 300 kg. With increasing weight, the cars had only a minimal increase in power
consumption of maximally 0,6%. The measured increase was within the detectors’ tolerance
for inaccuracy. The reason for the low impact of the vehicle’s weight, so the study’s authors,
lies in the recuperation of energy that is possible with electrically powered vehicles. The
study’s conclusion was that lightweight construction in battery powered electric cars is nearly
meaningless and therefore has lost its justification. It received much attention in German
press and among industry experts.

The study was followed by commentaries such as one by Ulrich Schiefer, a long-time developer
at BMW, implying incompetence in the evaluation of the study’s data [4]. According to
Schiefer the BMW i3 is much more efficient than the tesla model3 (13 kWh per 100 km
compared to 18 kWh) because of its body being based on carbon fiber reinforced plastics
(CFRP). The i3 therefore needs almost a third less power for the same distance.[4]

Many Industry leaders [5] and members of the scientific community agree that lightweight
construction is important to increase electrically powered car’s efficiency and extending the
range with a better cost-benefit calculation than simply adding battery capacity [5,6].
Additionally, to the effect that is generated by the lowering of the vehicle’s weight it is often
possible to simplify a component’s production process, for example using a one-step process
with new lightweight material compared to multiple step processes with conventional
materials.

Carbon fiber reinforced plastics have 50% of the weight of conventional steel used in car
construction but cost 570% its price [2]. Hybrid materials combine various cheaper lightweight
materials such as aluminum and high strength steel with fiber reinforced plastics where they
have the most impact. This way, with hybrid materials it is attempted to gain the highest
possible weight reduction while maintaining a moderate price increase.
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3 State of the Art
3.1 Fiber-Metal-Laminates

A fiber metal laminate (FML) is a hybrid material that is made up of alternating layers of metal
and fiber reinforced plastics. Many definitions exist, but to the least an FML has to consist of
one FRP and one metal layer. FMLs that are produced with the matrix material of the FRP as
the bonding agent to the metal sheet(s) are called “intrinsic hybrid laminates”.!”]

To overcome the problem of poor fatigue strength of aluminum alloys and poor impact- and
residual strength of carbon fiber reinforced composites, starting in the 1950s the development
of hybrid materials that combine both metal and fiber reinforced plastics began. It was found
that in laminates of alternating layers of metal and composite material, the adhesive layers
behave as crack dividers, if the crack start in one of the sheets of the laminate only.

In 1978 the Faculty of Aerospace Engineering at the Delft University of Technology introduced
the first fiber metal laminate material called ARALL (Aramid Fiber Reinforced Aluminum
Laminate). Later developments include the use of carbon fibers and high strength glass fiber
instead of aramid fiber.!

As already mentioned, the main advantage, which leads to the development of fiber metal
laminates is their high fatigue resistance. This is due to the behavior of cracks and the restraint
of crack opening. The fracture toughness of the combined materials (metal alloy and fiber
reinforced plastics) is higher than the individual fracture toughness of the components alone.

Another advantage of FMLs is their excellent moisture resistance, due to the barrier effect of
the metal. The moisture absorption of FMLs is lower compared to fiber reinforced plastics.
The high melting point of the fibers inside the hybrid material leads to an overall high fire
resistance of FMLs. The low density of FMLs is the reason why this material is used in light
weight construction. Because a structure made up of FMLs usually requires less parts and
reforming steps, it is possible to save costs in the manufacture and the operation of, e.g. a car
or machine that comprises FML parts. The overall cost of FML-parts is still higher than parts
that consist purely of metall!

Table 1: Advantages and Disadvantages of FMLs[5]

Advantages Disadvantages

High fatigue resistance Process circle times compared to pure
metal parts

High strength Overall costs

High impact resistance
Moisture resistance
Fire resistance

Low density
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The most prominent example of FML commercialization is the Airbus A380, whose fuselage is
made in part of the material “GLARE” (Glass Laminate Aluminum Reinforced Epoxy) As the
name suggests, GLARE is made of alternating sheets of thin aluminum alloy and glass fiber
reinforced epoxy. Like ARALL it originates at the University of Delft. (&

- Carbon fiber reinforced plastic (CRFP)

[ Glassfiber reinforced plastic (GFRP) 25% of Structure weight
Il Quartz fiber reinforced plastic (QFRP) ﬂ /

[ Glass Reinforced Aluminium Laminate (GLARE) -

Figure 3: Composites in the airbus A380"

Current developments in the FML field include automating the production to reduce costs and
integrating electrical diagnostics to monitor structural health.[20! [11]

Challenges include surface treatment, missing testing standards, thermal residual stresses and
machining. A problem is the use of FMLs as a replacement for metal parts without change of
the geometry of the part. This approach is called “black metal approach” and is still widely
used despite of benefits that come with a change in geometry.l7/11,12]

3.2 Structural Adhesive Bonding

Structural bonding is a key technology in lightweight construction, especially via hybrids: It
allows the joining of highly dissimilar materials, the design of individually shaped joints and
the distribution of loads over a large area. Mechanical fastening is expected to only provide
half the tensile strength of its weakest adherent. A single lap joint can provide the same tensile
strength as the weakest adherent. This is due to high stress concentrations in mechanical
joints.[13]

The disadvantages of structural adhesives (and adhesives in general) are: no disassembly
without damage possible, high sensitivity to environment, very hard damage monitoring and
abrupt failure. The uncertainty regarding its long-term stability is the biggest disadvantage of
adhesives today.3!

It is not clearly defined what a structural adhesive is. The “Encyclopedia of materials: Science
and Technology” defines it via its use:

“A structural adhesive can be defined as a material used to transfer loads between adherents
in service environments that are typically load bearing [...]”[4
13



This definition differentiates the adhesive’s use from other very common fields of adhesive
application, such as attaching signs, ornamentation or parts that are not contributing to the
stability and integrity of a structure. Intuitively an adhesive that is used in load bearing of a
structure should be strong. When selecting the adhesive under this primary attribute the
choice will probably be a rigid two-part epoxy or a cyano acrylate. Such adhesives however
have very little strain capability (<0,3%) and might cause severe failures in the designated
application. The ultimate bond strength can also be increased by changing the geometry of
the bond, e.g. increasing the bond area. An adhesive with higher strain capability can then be
chosen over a strong one.[*] Except for strength and maximum strain, other important criteria
for the selection of adhesives can be surface preparation effort, substrate compatibility, initial
bonding strength, cure time, chemical and water resistance, sound characteristics and
aesthetic properties.!1>16l

There are hundreds, if not thousands of adhesive types that come in two components, one
component, thermoset, thermoplastic, liquid, tape, UV-, heat-radiation and room
temperature cured. The most abundant chemistries in use arel*>!:

e Epoxies

e Polyurethanes
e Acrylic

e Cyanoacrylate

A new trend that is currently underway are structural thermoplastic adhesives based on
polyolefins and polyamides.
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Figure 4:” Landscape of adhesives” from Bernd Burchardt, Sika Adhesives. LSS is the lap shear strength,
the most common value to classify an adhesive’s strength.[*!

Figure 4 shows the attempt of an overview of available elastic properties of adhesives. Of the
available adhesives polyurethanes show the largest spectrum of properties, ranging from rigid
to elastic. The lap shear strength in most cases decreases with higher elasticity, although this
is not a law of nature. Many factors increasing the tensile strength of an adhesive however
decrease the elasticity, for example the amount of hard segments in a polyurethane.[!”]

3.3 Adhesive Bonding of Hybrid Materials

Hybrid materials in this context are joints of fiber reinforced plastics and metals. Many hybrids
are produced as local reinforcements of components. Another common technique is to patch
components using RFP. Common bond types are shown in Figure 5.
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Figure 5: The most common bond types of hybrid materials**!

Adhesive joints of hybrid materials show unfavorable stress distributions and tensions
because of the dissimilar properties of the adherents. The tensions arising from the mismatch
of elastic properties is explained in more detail in section 4.1. Another reason for tensions in
hybrid materials is the difference of the thermal expansion coefficient of FRPs. This is
summarized as the Aa-problem (a is the coefficient of thermal expansion). This problem can
occur whenever a hybrid bond is subject to temperature changes. If the bond is part of an
aircraft component it might go through extreme temperature variations due to its changing
altitude, heating due to friction of air or simply different climates of the aircraft’s area of
operation. Most adhesives and FRPs with thermosetting matrix are cured at elevated
temperatures (typically at 150-180°C). Components used in automobile bodies will be exposed
to the heat used to cure electrophoretic deposition (EPD) coatings. In practice the heat of EPD
curing is used to post-cure the adhesive.

When an adhesive is subjected to thermal curing, the two adherents with different thermal
expansion coefficients will expand or even compress if the coefficient is negative. Depending
on the adhesive’s own thermal coefficient and rigidity three scenarios are possible: The
adhesive will slip between the two adherents, one of the adherents deforms or one of the
adherents stretches. When the curing completes the adhesive is no longer fluid and the matrix
of an FRP becomes rigid. The consequence again can be threefold: A failure of the bond occurs
if the stress is larger than the adhesive can sustain. If one of the adherents is the weakest part,
it will fail instead of the adhesive. Most commonly a permanent deformation of the structure
is observed.!3]
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Figure 6: Emergence and problems of tensions between the adherent and adhesive due to different
thermal expansion

Many attempts have been made to solve this problem, however, even if temperature
differences in the production are eliminated, problems with tensions can still occur because
of the environment the component is subjected to.

3.4 Functionally Graded Materials

Functionally graded materials (FGM) possess a gradual variation of composition and thereby
properties in one direction of the material’s volume. For example, the materials stiffness
increases gradually along one axis within the material.

a b

Property

Position Position

Figure 7: Concept of functionally graded materials: gradual or stepwise property distribution*®!

The concept of functionally graded materials was proposed around the year of 1984 by the
Japanese NKK Corporation. They were developed as thermal barrier coatings for aerospace
applications. [192020] Figyre 8 shows an FGM that serves as a thermal barrier. It consists of
ceramic on the surface and increasingly of metal towards the bulk. This way a sharp transition
of the thermal expansion coefficient is avoided.!2!
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In a paper published in 2009 Kashtalyan et al. from the university of Aberdeen!??! examined
the effect of a functionally graded interlayer integrated into a coating between the top coat
and the substrate. The aim was to find out if such an interlayer could help reduce tension
between the substrate and the coating. The effect of a functionally graded interlayer on the
bending response of coated rectangular plates subjected to mechanical loading was modeled
mathematically. The Young’s modulus of the interlayer was assumed to vary exponentially
through the interlayer. The work concludes that a graded interlayer eliminates the gap in the
in-plane normal shear stresses in the interface without increasing stress values in the topcoat.
In single layer functionally graded coatings it was found that the stresses throughout the
thickness of the coating were decreased while stress levels at the interphase increased. For
stiffer coatings protecting much softer substrates intrinsic tensile strains that cause cracks and
failure of the coating were eliminated.??

3.5 Functionally Graded Materials in Nature

“When trying to imagine the early life forms that populated our planet, even without having
a specific picture in mind, we probably think of strange creatures that have the consistency of
slimy pudding or tofu”.[®l When evolution lead to the occurrence of scaffolds, baskets, shells
and bones, adaptation also occurred with regards to the main mechanical problem when soft
matter is in contact with a stiff material: “contact deformation and damage” (%3]
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Figure 9: SEM Picture [source: Wikipedia commons] of a diatom. This primitive kind of algae developed
a stiff silica-based scaffold. This type of organism is contributing around half the organic material in
the ocean and is responsible for 20% of oxygen produced on the planet each year'?¥

The scientific examination of many interfacial boundaries and zones in biological organisms
found that nature’s answer to the problem of contact deformation is gradient interphases.
They have been examined in detail in worms’ jaws and in mussel byssi. The mussel byssus is a
well-examined object in adhesive technology. At the end of the byssus is one of nature’s top
performing adhesives that helps mussels stick to various surfaces underwater with strength
unmatched by man-made adhesives. But the byssus itself is also interesting, if it is regarded
as a large macroscopic interphase or at least a mediator between the hard and stiff surface
that the mussel is attached to and its soft tissue.
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Figure 10: Functional gradient in a mussel byssus!®

The idea of applying gradients with nature as the model is not new. It was for example
discussed in a detailed publication by Liu et al. in 2017. ('8 The history of the idea of a gradient
layered adhesive is discussed in the following section.

3.6 Functionally Graded Adhesives

Functionally graded adhesives where first developed even before the term FGM was coined
in the early 80s for heat shield coatings. Like the heat shield application, functionally graded
adhesives were also first tested in the context of space aviation. In 1961 the Republic Aviation
Corporation of Farmingdale, USA applied a graded adhesive in bonded rocket motor cases.
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With an increased interest in functionally graded materials in general in the 1990s, 2000s and
until recently, research has also been conducted in the field of functionally graded adhesives.[!

3.6.1 Functionally Graded Adhesives in Single-Lap Joint

Adhesive bonding offers a number of advantages over other types of bonding such as welding,
screwing and riveting. The load stress can be distributed over a large area, avoiding stress
concentrations; corrosion can be avoided. When combining composites and metals it is the
bonding type of choice, because other kinds of bonding such as welding do not work at all.

In some joint configurations, such as the single-lap joint, there are, nonetheless, unfavorable
stress configurations present.[?]

X
Figure 11: Deformation of a single-lap-joint under tensile loading’®’

The single-lap joint has been studied extensively with early theoretical work done by
Volkersen as early as 1938[26], Modern modeling by finite element analysis shows the stress
distribution in the adhesive layer of the single lap joint (Figure 12).

stress distribution (/p)

x/c position

Figure 12: Longitudinal stress distribution along the centerline of the adhesive layer of a single lap joint
(case of two composite materials)?!

The stress level increases significantly towards the edges of the adhesive layer due to the
deformation of the joint (Figure 12), before dropping again at the very edge of the layer (“stress
free” condition at the end of the joint!?7)). This non-uniform stress distribution leads to a lesser
bond strength?”]

Efforts were made to compensate the stresses in the regions at the edges of the single-lap
joint by changing the geometry of the joint[?8l, Others focused on changing the adherent
composition at the joint interface, such as by fiber placement.[?°!
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Recent studies investigate the use of functionally graded adhesives (FGA) in single lap joints.
The elastic modulus of the adhesive is altered to balance the non-uniform stress distribution
of the joint. For example, Carbas et al.?”! used carbon black nano-particles to vary the modulus
of epoxy based adhesives. By adding an amount of up to 20% of particles the adhesive’s
modulus was adjusted between 1.4 GPa (20 Volume-% particles) and 1.7 GPa (0%-Volume
particles). The addition of the carbon black also reduced the yield strength of the adhesive by
up to ca. 15% for the highest filler grades.
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Figure 13: Adjustment of the adhesive modulus in the single-lap joint by Carbas et Al.?”]

The modulus of the adhesive was adjusted in the joint according to the stress distribution. The
adhesive layer has a lower modulus towards the joint’'s edges, where higher stress
distributions are located according to theory and modelling. According to the published data
this method leads to an increase of the joint’s performance of 20%.130

A similar, yet more sophisticated approach was developed by Chiminelly et al. at the Aragon
Institute of Technology in Zaragoza, Spain. Instead of modifying an adhesive, a so-called
adhesive mixing approach was used.!]

A major challenge of functionally graded adhesives is the efficient application. To deal with
this problem, an adhesive mixing apparatus was constructed that allows a seamless
application of a gradient adhesive single lap joint.

Figure 14: Application apparatus for a functionally graded adhesive by Chiminelli et al. (3M Scotch Weld
DP490 tough-elastic epoxy (blue), 3M Scotch Weld DP190 (red), flexible epoxy adhesive and green 1:1
mixture of the two adhesives)3
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In the study the Spanish group reports a load improvement of 70% in a single-lap joint of a
carbon fiber composite material to aluminum, compared to the optimal monolithic
adhesive.?7:31
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Figure 15: Load improvement by a functionally graded adhesive in a single-lap joint according to
Chiminelli et al.?4

The aforementioned studies all focus on the optimization of single-lap joints. In Fiber Metal
Laminates however, the joint between the layers of the laminate are planar. Another study by
Apalak et al.l3? investigated the effect of a functionally graded adhesive in a single-lap joint
between a ceramic (Al;03) layer and a pure metal (Ni) layer by finite element analysis. In this
system the effects of the fringes of the overlap were again critical for the performance and
failure of the system and the influence of the gradient was little.

In a fiber metal laminate, the bond is not characterized by fringe zones. The joints are planar
and do not overlap on the edges. The stress distributions are dependent on the loading and
field of installation of the fiber metal laminate. Section 4.7 describes the behavior of FMLs in
three-point bending tests. The loads applied in these tests are much more suited to analyze
the performance of FMLs and their adhesive layers. The principle of using a functional gradient
to equal out stress concentrations in the adhesive layer and the methods are however similar.
The stress concentrations and derived orientation of the gradient are different on the other
hand.

3.6.2 Functionally Graded Adhesives in Planar Joints

A thorough research of the available literature did not outcrop any publications on the
application of a functional gradient adhesive in fiber metal laminates. A study conducted by
the United States Army Research Laboratory in 200933! investigated the application of a
functionally graded adhesive in the joint of a rubber (neoprene) and a metal. As stated in the
published work the idea for this procedure was taken from the structure of squid beaks. Squid
beaks are made from very rigid, stiff organic material that is surrounded by soft tissue.
Nonetheless, they can transfer strong forces without the soft tissue being damaged. This is
due to the fact that a functional gradient exists between the beak and the soft tissue material.
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In the approach a nitrile rubber-based flexible adhesive (3M 847) was modified by addition of
CaCOs, talcum and fumed silica. Layers of the adhesive containing 1, 5, 10 and 15% of the filler
were then applied to the rubber substrate and bonded to the metal. After curing the joint was
tested by clamping a holder to the rubber substrate and subsequently loading it with weights
of 5, 10 and 12,5 pounds. The respective heavier load was applied when the joint could
withstand loading for 3 minutes. Further testing was done with an Instron material testing

device.

Figure 16: Substrates and substrate testing of rubber and metal joints as described by Stabler et al.?*!

In the tests, interfaces with three layers of 0, 1 and 5% of either filler material yielded the

strongest bond.[33!
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4 Analytical and Theoretical Background
4.1 Mismatch of Materials and Contact Damages

A structure consisting of two different materials suffer from contact deformation when under
load. The degree of contact deformation depends on the difference in the materials’ stiffness.
This difference is called the mismatch. In simple systems, the contact deformation can be
calculated if geometry and elastic properties of the materials are known. Such a simple system
is a butt joint of two Materials A and B.®!

Closely tied to the stiffness of the materials is the Poisson ratio v. When a material sample
with a given length | is stretched by longitudinal forces F the Poisson ratio indicates if and how
much the volume of the sample changes. The Poisson ratio is defined as follows:

v=—2 (1)

With &, the axial strain and gy, the transverse strain. If the tension is constant over the cross
section of the sample the Poisson ratio becomes:
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F F
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Figure 17: A sample is stretched by longitudinal forces F

A Poisson value of v= 0,5 means the volume is constant, v < 0,5 means the volume increases
(e.g. metals) and a Poisson ratio of v < 0 means the sample’s thickness d increases.3*
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Figure 18: The graphs show the radial stress in relation to the stiffness of one material (B) in a butt joint
consisting of two materials with different stiffness E. In the first graph the Poisson ratio v is fixed at 0,4;
in the second graph the difference between the Poisson ratios varies at a fixed stiffness ratio of 1 °/
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In the case of a butt-joint (Figure 18), loading with a force F leads to overall homogenous stress
oz. If the stiffness of A and B is not the same, the deformations £a and g will also differ. In the
contact zone the difference between the deformations leads to interfacial stresses: oe
(circumferential stress) and o (radial stress). They act normal to the applied stress oz and can
be calculated according to formula (3):

09 = 0 = [vg — U4Ep/E4lloz/(1 — vp)] (3)

The determining variables for interfacial contact damages are the stiffness values of each
material Ea and Eg and the Poisson ratios va and vs.

The radial stress or reflects the mismatch and plays a crucial role for the structural failure in
the contact zone of two materials.

4.2 Mechanical and Microscopic Analytics

The performance of an adhesive joint in FMLs depend on a complicated interplay of many
interdependent factors. These factors are mainly the different load situations such as tensile
and peel stresses that are superimposed. The situation becomes even more complicated when
a multi-layer laminate or even a whole component is being investigated. A material and
component also have a history, because of the manufacturing, reforming and curing that takes
place. During the production processes, stresses are introduced by thermal curing and
reformation. On the other hand, the adhesive can influence the manufacturing. For example,
the viscosity of the FRP material is reduced extremely when heated which also leads to the
fibers being set in motion. Especially during reformation uneven stresses have to be applied
that can lead to an unwanted displacement of fibers. The adhesive can act as a barrier for this
fiber floating or reduce stress levels locally if applied correctly.

The following microscopical methods served the purpose of surveying the modifications made
on the adhesives, such as the distribution of additives in the adhesive joint and the interaction
of combined adhesives joints. They were also used to find out about the influence of the
adhesive onto the neighbouring materials.

Scanning Electron Microscopy (SEM) was used to visualize the distribution of adhesive
modifiers inside the joint. In combination with Energy-Dispersive X-ray spectroscopy (EDX) it
was possible to gather information on both, the combined adhesives and the adhesive
modification approach, by mapping chemical distributions.

Mechanical analytical methods were used to examine the impact of the modifications on the
adhesive, on simple binary laminates and on more complex multi-layer laminates.

The foremost aim of this work is to examine the effect of gradient distributions of the modulus
in the adhesive joint on the mechanical performance during load of fiber-metal-laminates. To
find and verify the effect of inorganic fillers on adhesives’” modulus, tensile stress tests were
performed.

For the elastic adhesives used in this work the dynamic mechanical analysis proved to be a
proper tool.
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The lap-shear test was used to investigate the effect of the adhesive modifications on their
performance in bonding.

To simulate typical load and failure incidents of the metal-fiber-laminates, virtually static- and
dynamic three-point flexural tests were performed. The outcome of these tests was used to
gain evidence for the influence of the adhesive modification on the performance of the fiber-
metal laminates.

4.3 Tensile Test

The tensile test is a basic test to determine the material properties “tensile strength”,
“breaking strength” and “maximum elongation” directly. Young’s modulus, Poisson ratio and
yield strength can be obtained from the analysis of the results of the measurement. 33 361 The
test specimens and test procedures are standardized. The most common standard is ATSM
D638 “Standard Test Method for Tensile Properties of Plastics”. Following this standard, the
modified adhesives in this work were tested.
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Figure 19: Stress-strain curves of fiber, matrix and composite (the si unit of stress is N/mm?; adaptation
from 7))

Tensile testing is usually carried out on a universal testing machine (Figure 20). The test
specimen is placed between two crossheads, one of which can move and thereby apply a
tensile force. The applied force and distance are measured electronically. The force is
increased until the test specimen breaks. A machine designed for high forces and small
elongations should not be used for a material whose expected properties are not in the
machine’s effective range. Otherwise the measurement is unprecise or in extreme drowned
in the measurement’s noise. The recorded data are usually displayed in a stress-strain
diagram.[3!
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Figure 20: MTS Universal Testing Machine (MTS)

4.4 Lap-shear strength test

The lap-shear strength is the standard value that is commonly used to compare the adhesive
strength of adhesives. This is due to its simplicity and the fact that single-lap-joints are the
most common type of bonding. Even though an adhesive might not be intended to be used in
a single-lap-joint, it is therefore helpful to find out general characteristics and produce a test
value that is comparable.

The thickness of the substrate is an important factor in this test that influences substrate
yielding. Very high strength structural adhesives are therefore tested with special
arrangements, which are based on thick blocks rather than thin sheets, as in the lap shear test.

The lap shear test is performed in accordance with the US standard ASTM D1002 “Standard
Test Method for Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal
Species by Tension Loading (Metal-to-Metal)”. Other substrates can be tested according to
the same or similar procedures. An important factor influencing the result is the surface
preparation of the substrate. In fact, the ASTM D1002 is used to compare surface preparation
techniques.

The test specimens are prepared as depicted in Figure 21. They are then placed in a material
testing machine and pulled at a rate of 80-100 kg/cm? of the shear area per minute. The
loading is continued until failure occurs.
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Figure 21: Test specimen of the lap shear test according to ASTM D1002. Dimensions given in inch as in
the standard and in SI. [Adaptation from©®]

The failure can be adhesive, cohesive or substrate and is sometimes expressed in grades, such
as substrate near cohesive failure to describe the quality of the failure. The normally preferred
failure mode is cohesive.l??

4.5 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis uses small deformations of a material to study its response. The
deformations are applied in a cyclic manner. Stress, frequency of the deformation and
temperature can be varied during the analysis. It is frequently used to study the behavior and
properties of polymeric materials such as rubber, plastics, coating free films and adhesives.
DMA allows to get information about important material properties such as range of possible
working temperatures, glass transition temperature, viscoelastic behavior, stiffness and
toughness.[*0!

A DMA works by generating a sinusoidal movement by means of a force motor and
transmitting it onto a sample via the so-called drive shaft. The “Linear Variable Differential
Transformer” (LVDT), a sensor to measure distance, controls the movement of the drive shaft.
The user can predetermine the stress or strain the sample is subjected to. A thermo sensor
close to the sample fixture controls the temperature. Figure 22 shows the schematic of the
Perkins Elmer DMA 8000.
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Figure 22: Schematic of the Perkins Elmer DMA 8000%% LVDT stands for “Linear Variable Differential
Transformer”, a sensor that measures the movement of the driveshaft.

The received values are stiffness and damping, expressed as modulus and tan 6. Because the
applied force is sinusoidal the DMA gives an in-phase component of the modulus called the
storage modulus E’ and an out of phase component called the loss modulus E”. The storage
modulus gives information about the material’s elastic properties. The ratio of loss and
storage modulus gives tan 6:
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En
-, = tan 10) (4)

The damping is a measure of the energy dissipation of the material.

The DMA is a very powerful tool that allows an experienced user to find out many things about
a material, even more so if he is adept in mathematics also. For everyday use it is the method
of choice for determining a value of the stiffness of thin films, such as adhesive films.

4.6 Quasi-Static Flexural Testing

The three-point flexural test is used to examine the flexural stress-strain response of a
material. It provides information about the elasticity of the material in bending. The attribute
“quasi-static” is related to the rate of the loading, which is slow compared to a dynamic
flexural test. The test is used to characterize the material’s behavior under load and the failure
behavior.

The quasi-static three-point flexural test was done based on DIN EN I1SO 7438 (2016-07-00)1!
since there is no standard for fiber-metal laminates. The test method is very simple and
straight forward. Because FMLs are anisotrope, it is important to regard the fiber directions
of the sample, especially if the FML contains a unidirectional tape. Figure 23 shows the
arrangement of the test.
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Figure 23: Arrangement of a 3-point flexural test
[courtesy of Deviprasad Chalicheemalapalli Jayasankar, LiA University of Paderborn]

The bending test is often used to analyze fiber reinforced plastics, because they are more
often exposed to bending loads rather than axial loads. In bending the sample beam is subject
to both compression and tension, so both types of stresses can cause failure. In an elastic
beam the maximum tensile stress and compressive pressure are equal in magnitude.#?
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Figure 24: Microscopic failure that leads to the failure of FMLs in 3-point bending tests*?

The metal in FMLs normally deforms plastically, so the tension is transmitted to the fiber parts
of the FML, which is comparably brittle. Figure 24 lists various microscopic failures that occur
in the FRP. The majority of these failures leads to the formation of cracks. These cracks are
deflected and caged by the metal parts of the FML and to a degree absorbed by the adhesive.
The management of these cracks in the FRP are therefore an important field where FMLs and
FRP material can be improved.

4.7 Dynamic Three-Point Flexural Test / Charpy Impact Test

The Charpy impact test is a standard test method to determine a material’s notch toughness.
In the test arrangement the sample is mounted in a holder. The holder is in the patch of a
pendulum that has a specially shaped hammer at its end (Figure 25).

Figure 25: CEAST pendulum impact tester for Charpy tests

In some cases, the sample is notched before the impact to assure its complete failure. This is
not done with fiber metal laminates, however. The hammer is released from its position thus
hitting the sample. The energy absorbed by the material can be calculated from the hammer’s
mass m, the height of its release position (h1) and the maximum height the hammer reaches
after the impact (h,).1*3!
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In state-of-the-art test equipment this analysis is done automatically. Such apparatuses
usually give the peak force and energy as well as total energy absorbed and a relation of the
force and the deformation.

4.8 Scanning Electron Microscopy (SEM)

The fillers used to modify the adhesives to get the desired properties are in the micro- and
nanometer dimension. The thickness of the adhesive interlayers created and the interphases
of different adhesives that occur are as well in the micrometer scale. For the objective of this
work it is essential to observe the local distribution of micrometer- and sub micrometer sized
phenomena and objects.

To analyze the constituency of the material in the necessary depth and resolution, the
scanning electron microscope is the first choice.

The scanning electron microscope was invented by Manfred von Ardenne in 1937 and
commercialized for the first time by Cambridge Scientific Instruments in 1965. As the name
suggests the principle that differentiates the SEM from its preceding electron microscopes is
that fact that the image is produced by scanning the substrate instead of taking a picture of
the whole at once.

The scanning process reduces a problem that plagues both light- and electron microscopes,
the spherical aberration: electrons that enter the lens with a large angle towards the optical
axis are scattered stronger than electrons entering the lens centrally. This increases the
resolution of the pictures taken. The second error in both light- and electron microscopy is the
so-called chromatic aberration. This error arises because refraction of lenses is dependent on
the wavelength of the entering waves. With light microscopes this problem is solved by
introducing diverging lenses. In electron microscopes this problem was solved only in the
1990s with overlaid magnetic fields produced by multipole elements.[#4 [45]

Electrons interact with the substrate in various ways that can be used to extract information.
The electron beam that is sent towards the sample is called primary electron beam. The first
source of information is so called secondary electrons that are released by collision from the
sample. These electrons have a low energy and originate from the sample surface and a few
nanometers of the surface-near phase of the sample. They give information about the
topography of the sample. The picture’s contrast is due to the angle of a sample’s surfaces
and to a high degree on the sample’s material composition. Conducting material that is not
grounded is charged over time and appears brighter, isolating material appears darker.
Materials with a higher density of heavy elements appear brighter.

Another type of electrons is the backscattered electrons (BSE) that originate from the primary
electron beam and are scattered back elastically from the sample. BSEs penetrate the sample’s
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volume to some micrometers (1-2 um, depending on the primary electron beam’s voltage).
Lighter elements scatter the primary electrons to a lesser degree than heavier ones and
therefore appear darker in the detected picture. Because of these two facts BSEs are more
useful to get information about the sample’s material composition than secondary
electrons.[4®]

Variants of the scanning electron microscopy are:
e “Environmental Scanning Electron Microscopy” (ESEM)
The electron beam is only produced in high vacuum which allows the sample to
remain in light vacuum and without a sputter coating.

e “Scanning Transmission Electron Microscopy” (STEM)
A variant of transmission electron microscopy (transmitting single high energy
electrons through thin samples) combining the raster scanning technique to produce
images.

e “Scanning electron microscope with polarization analysis “(SEMPA)
A special detection method allows to measure the secondary electron’s spin. This
method allows the display of magnetic domains in magnetic materials.
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Figure 26: The figure shows the same sample (a polyurethane based adhesive with mineral fillers)
region mapped by the SE2-detector and the In-lens detector. The upper section of the figure shows the
placements of the lenses inside the SEM and the regions the different types of detected electrons
originate from. (471

4.9 Energy-Dispersive X-Ray Spectroscopy (EDX)

If an electron is removed from an inner shell of an atom, an electron of higher energy
immediately replaces it. In the process the electron assuming the lower energy state releases
the energetic difference. This energy is transmitted via a photon in the x-ray spectrum and is
characteristic of the atom, or element that it is released from. The intensity (Z—i) of the emitted

energy is proportional to the element’s abundance.

Since the characteristic x-ray radiation can be stimulated by the collision with a focused
electron beam, EDX is naturally combined with SEM in most cases. There are however stand-
alone versions and even hand-held devices that allow, for example, quick identification of
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metals. These systems are normally described with the acronyms XRF but rely on the same
mechanisms of analysis. The excitation of the electrons is achieved via x-ray in these cases. To
increase the spatial resolution, EDX can be combined with TEM. Thinner substrates and higher
accelerating voltage cause less scattering of the electrons and thus a make for higher spatial
resolutions.[46:48]

Figure 27: Handheld XRF and stand-alone XRD-device [Dongguan Hongtuo (left) and Wikipedia
commons (right)]
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5 Experimental part

The experimental work consists of three different approaches to realize a functional gradient
of stiffness in the adhesive bond between metal and FRP sheets of the fiber-metal laminate.
The effect of different types of adhesives without a gradient was also examined along, as
different types were used to realize the gradient.

In the first attempt a commercial epoxy adhesive as a representative of the most commonly
used structural adhesive type was modified. The gradient was implemented by stacking layers
of modified adhesive. The stiffness was modified by adding inorganic particles to the adhesive.

The second part deals with the combination of different adhesive types such as epoxies,
polyurethanes and EPDM-based elastomeric adhesives. The latter classes of adhesives are an
innovation in the field of structural adhesive bonding and especially in the field of fiber-metal
laminates. A polyurethane adhesive was completely developed in this work and tested
together with similar commercially available adhesives by Lohmann GmbH & Co. KG, Neuwied.
The EPDM adhesives were provided by Gummiwerk Kraiburg GmbH & Co. KG, Waldkraiburg.

In the third part thermoplastic adhesives based on polypropylene and polyethylene with
different stiffness were combined stack wise. Because the laboratory at the university lacks
the ability to extrude such adhesives, they were made with the help of a commercial adhesive
manufacturer: Nolax AG, Switzerland. The thermoplastic adhesives were tested in
combination with FRP-material based on a thermoplastic matrix, so called organic sheets. This
combination is especially interesting for the reforming and because organic sheets allow very
short process times in the production of parts.

Before starting the experimental work, simulations of the FRP/metal joint in a fiber metal
laminate with and without a gradient were carried out. The simulations were done at the chair
for “Leichtbau im Automobil” by and with the help of M.Sc. Alan Camberg.

5.1 Simulation of the FRP/Metal Joint in FML

As pointed out in section 4.6 bending is the most common load scenario for fiber metal
laminates and bending tests the common method of evaluation.

Because the stress state in 3-point bending is more complicated, 4-point bending is used in
many numerical approaches. In the experimental 3-point bending was used, because it is more
common in literature.

The joint of FRP and metal in fiber metal laminates is characterized by the adherent’s
dissimilarity. Figure 28 depicts the modulus inside the fiber metal laminate in the interphase
of the joint materials. The values are typical for the materials and, vary slightly according to
the materials used. In reality the interphase of the FRP and the adhesive interlayer (or
interlayer produced by intrinsic bonding) is not as definite. During curing the matrix materials
flow and a transport of fiber happens to some degree.
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Figure 28: Modulus in a fiber meal laminate in the interphase of the adherents and interlayer

One of the consequences of the materials’ dissimilarity is depicted in the following figure:
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Figure 29: %-model of a 4-point bending of a fiber metal laminate with two layers (one FRP, one steel
as in Figure 28). The gap of modulus in the interlayer leads to a stress- and strain distribution that acts
as a notched bar impact.

In a bending experiment, the gap in the materials’ modulus leads to a peak in the strain
distribution. It is very adverse for the materials’ performance as it acts as a notched impact in
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the system under load. Failure of the material below its basic strength is often the
consequence.

To get a two-dimensional distribution of the stress and strain in the FML during bending a
finite element analysis was done:
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Figure 30: FEA-Analysis of a fiber metal laminate’s interphase between the steel (top) and FRP
(bottom) parts

Figure 30 shows the stress and strain concentration in the middle of the interlayer between
the metal and the FRP part of the FML. This was compared to a graded interphase with a
gradient factor of 1.6 in the joint. The factor was chosen from a literature research on epoxy
modifications with recycled milled carbon fibers.*?! This approach was later tested and used
in the realization of a gradient adhesive layer (cf. section 5.2).
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Figure 31: Stress distribution in the FLM’s joint with a gradient interlayer. The gradient factor is 1.6 and
trends linearly between the joints. As in the preceding figures the steel is in the bottom and the FRP in
the top.

Figure 31 shows the stress distribution in the FML-joint with a gradient interlayer. The overall
stress is higher compared to the ungraded approach. This is not problematic if it is below the
basic strength of the material. The gradient is suitable to distribute the stresses inside the joint
more equally, avoiding adverse stress concentrations.
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5.2 Modified Adhesives Approach
5.2.1 Evaluation of Fillers for Modification

To insert a gradient of modulus into the bond in this approach an adhesive was modified by
fillers. A typical structural adhesive was chosen. Then various ways of modifying it were tested
and some fillers screened to find the best method.

Betamate 1630 is a full solid epoxy based one-component adhesive that is used primarily to
bond automobile body parts. It represents a typical structural adhesive. Properties are listed
in the table below.

Table 2: Table 2: BETAMATE 1630 properties list according to the technical data sheet[50]

Basis Epoxy resin
Color red

Solid Content >99%
Viscosity 30 Pas
Standard Curing Condition 180°C, 30 min
Tensile Strength (DIN EN ISO 527-1) 29 MPa
Elongation at break (DIN EN I1SO 527- Ca. 11%

1)

E-Modulus (DIN EN ISO 527-1) 1500 MPa

Lap Shear Strength (DIN EN 1465) on 29 MPa
cold rolled steel (CRS 1403)

25 mm x 10 mm bonding dimension

Adhesive layer thickness 0,2 mm

Betamate 1630 is a viscous, extremely tacky fluid. Because it contains an active curing agent
it needs to be stored in a freezer compartment. The material used was packed in cartridges
containing 360 g.

Because the adhesive is viscous and tacky it was tested to thin the adhesive using solvents.
The adhesive is soluble in acetone and loses its tackiness when diluted by a solvent. However,
because any residual solvent might mitigate the adhesive strength it was decided to modify
the adhesive without the use of solvents. This was achieved by means of a dissolver unit. The
adhesive was poured into a mug and stirred at 2000 rpm. The modifiers were then added, and
the adhesive stirred for 15 minutes until a homogenous blending was achieved.

The fillers used as modifiers were:
e Titanium Dioxide (KRONQOS 2043 titanium dioxide)
KRONOS 2043 is a pigment designed for systems filled above the critical particle
volume.

e Brass chippings
Brass chippings were taken from the shop where they accumulate during machining.
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They have an average size of 200 um and an oblong shape. The brass chippings were
tested to represent other kinds of metal chippings (e.g. steel)

o Sigrafil milled carbon fiber C M80-3.0/200-UN
Sigrafil milled carbon fibers are made in the same process as long carbon fibers
(Oxidation, Carbonization, Sizing) but subsequently milled. Milled carbon fibers can
also be produced as a recyced/ downcycled product of CFRP composites. Properties
are listed in the table below.

Table 3: Material data of SIGRAFIL C M80-3.0/200-UN[51]

Mean fiber length 80 pm
Filament diameter 7 um
Tensile strength 4 GPa
Tensile modulus 240 GPa
Elongation at break 1,7%

e HBPE-modified Sigrafil milled carbon fiber C M80-3.0/200-UN
HBPE stands for hyperbranched polyester, a highly branched molecule with a vast
number of functional groups. To investigate its effect on fiber-matrix interaction and
mechanical properties of the blend, Sigrafil milled carbon fibers were surface-modified
with hyperbranched polyester molecules of pseudo generation 4 (64 primary OH-

groups).

It is known from literature that hyperbranched polymers can increase adhesion. The high
amount of hydroxyl functional groups is likely to build H-bridges. Incorporating hyperbranched
polyester polyols into epoxy resins also increased toughness while maintaining the modulus.

HO /’g P
HO 0 0 OH
HO

HO Ho OH OH

Figure 32: Hyperbranched Polyester polyol, 64 primary OH groups®¥
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The grafting was analogous to the procedure described by Sui et al.>?! Instead of a polyglycerol,
a hyperbranched polyester polyol was used. The procedure consisted of an oxidization of the
carbon fiber surface with a mixture of sulfuric acid and nitric acid and subsequently
chlorination with sulfuryl chloride. Finally, the hyperbranched polyol was grafted.

3:1 H,S0,/HNO, o012 76°C 721 DMF / HBPGs
60°C4h » —-COOH - > —COC|2 100°C ‘24 h
washing and drying drying drying »
& HO OH
H
2 OH
—C-Owvvn
HO OH
HO OH

Figure 33: Sui et al: Grafting of hyperbranched glycerols onto carbon fiber surfaces?

The milled carbon fibers were analyzed by SEM and EDX after the washing and drying- and
after the polymer grafting step and compared with untreated milled fibers.

untreated oxidized polymer grafted

Skalierung, Counts: 105532 Unbehandelt(1)_pt1 Skalierung, Counts: 76705 Oxidiert(1)_pt1 Skalierung, Counts: 9633 Polymer(1)_pt1
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Figure 34: SEM pictures and EDX of Sigrafil 200-UN milled carbon fiber. The different count rates of
oxygen and carbon as well as residual chlorine together with slightly changed morphology indicate a
chemical grafting of the polymer
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Figure 35: Morphology of the milled carbon fiber in different stages of the treatment. After the
oxidization step the number of fiber debris particles on the surface has diminished. The contours of the
fiber after the grafting procedure are less sharp. The prominent furrows seem to have been partially
filled.

The analysis of the treated milled carbon fibers shows a changed morphology and surface
chemistry after the grafting procedure. Because the grafted polymers do not contain different
elements than the fibers themselves it is hard to directly prove the grafting from the data. The
residual chlorine and different count rates however indicate that a chemical change happened
on the surface. The changed morphology also supports this conclusion.

To produce specimens with constant dimensions, plates of the adhesive with a constant
thickness were produced. A mold was made by covering two metal plates with a Teflon film.
To adjust the thickness metal bars were used at the edges of the plates as spacers. After curing
the adhesive in the mold into plates, the specimens were milled out. Ten specimens were
produced each, the ones showing flaws like pores and cracks were sorted out. Table 4: Test
specimens of modified BETAMATE 1630Table 4 shows pictures of the test specimens.

Table 4: Test specimens of modified BETAMATE 1630

Additive Amount Optical appearance
(% by weight)
none
Sigrafil milled carbon fiber 1

(C M80-3.0/200-UN)

10

HBPE-modified Sigrafil 5
milled carbon fiber
(C M80-3.0/200-UN)
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Titanium dioxide 5
(KRONOS 2043 titanium
dioxide)

10

brass chips 10

Some properties were observed from the specimens during their production: Many specimens
containing brass metal chips had to be discarded, because of pores in the adhesive. The
titanium dioxide made the adhesive somewhat dry and harder to work with.

To evaluate the effectiveness of the different fillers, quasi-static pulling experiments were
used. The following graphs show the results. The milled carbon fiber modified by
hyperbranched polyester polyol molecules was regarded separately:
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Figure 36: Comparison of the results of tensile experiments of modified and unmodified Sigrafil milled
carbon fiber. 5 samples each were tested. The filler amount for the comparison was 5%.

The resulting averages for the modified milled carbon fiber material is 24% above the
reference in force at breakage and 5% in displacement. Because of the high effort of producing
the modified milled carbon fiber this approach was deferred for the following experiments,
which are meant as a proof-of-principle.

In the following graphs the results of the tensile tests of all the other modification attempts
are displayed:
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Figure 37: Comparison of the force at breaking of the modified adhesive specimens
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Figure 38: Comparison of the displacement (proportional to the elongation) of the modified adhesive
specimens
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Figure 39: Graphs of the tensile testing of Sigrafil milled carbon fiber- modified BETAMATE 1630

Figure 39 shows the resulting graphs of several tensile experiments with different amounts of
Sigrafil milled carbon fiber.

To investigate the influence of the modification on the elastic modulus of the adhesive, the
slope in the linear section of the pulling diagram was used. The following graphs show the
slope as a function of the filler (modifier) concentration.
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Figure 40: Slope in the linear section as a function of the brass-chip concentration
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Figure 41: Slope in the linear section as function of the concentration of titanium dioxide
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Figure 42: Slope of the linear section as a function of the concentration of milled carbon fiber

Because of the better workability and better performance, it was decided to use the milled
carbon fiber to create the gradient system in the following experiments. Another advantage
of the milled carbon fiber is its availability as a downcycled product of cured FRP material.

To test the effect of the adhesive modification on a fiber metal laminate, a test series was
made. The test series consisted of one dual layer and three reference laminates. The modified
adhesive was spread on the substrates and furnished with glass balls of a maximum size of
150 um. The glass balls ensure that the layer thickness is constant. All excess adhesive material
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was pushed out of the bond line during pressing of the laminates in a hydraulic hot press. Both
the CFRP and steel substrates were coated with adhesive.

0% 1% 5% 10%

Figure 43: 15 x 15 mm steel sheets covered with adhesive of different modifier ratio

In the case of the graded bond, the adhesive of the steel plate was coated with adhesive
containing 10% milled carbon fiber, while the CFRP plate was covered with non-modified
adhesive.

I - -

Figure 44: Sketch of the production of 2-layer bond lines with liquid adhesives

After curing sample specimens were cut out of the plates by water cutting. From each plate 8
specimens were cut, 4 for static bending and 4 for dynamic bending tests.

'--_k::v; - : : 3

Figure 45: Hybrid plates after water cutting. The bigger specimens are for static 3-point bending, the
thinner specimens for dynamic bending (impact) testing.

To investigate the general quality of the bond and whether the gradient layer was still intact
after curing the plates in the hydraulic hot press, a SEM-study was conducted. Figure 46 shows
SEM-pictures of the bond with the milled carbon fiber fragments visible in the adhesive. The
picture on the right of Figure 46 shows adhesive material that was pushed out of the bondline
in order to establish a constant bond thickness. Although the material was subject to the
pressure of the hydraulic press as well as flow when leaving the gap between the substrates,
the layer structure was still intact.
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)

during pressing displaced adhesive material

steel

CFRP

Figure 46: REM images and sketch of the bond line. Red arrows mark the added milled fibers in the
adhesive. The picture at the top right shows material that was displaced during the curing process in
the press. As can be seen the layers remain intact even after flowing out of the bond line.

To visualize the distribution of the milled carbon fiber within the adhesive layer, an EDX-scan
was performed on the sample. The milled carbon fiber is composed almost exclusively of
carbon and is therefore highlighted in the EDX image. Figure 47 shows the EDX-mapping of a
part of the adhesive layer. The distribution of carbon indicates an intact layered structure.

150 um

Figure 47: EDX-mapping images of the bond with a 10% filler ratio on the left and a graded bond (10%
at the steel interface, 0% at the CFRP interface) on the right. A deeper red signifies a higher carbon
concentration. The arrows mark some of the milled carbon fiber fragments within the adhesive layer.
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As can be seen from the material that flew out of the press at the side of the sample plates
(Figure 46) the modified and unmodified adhesives do not mix but form two distinct layers.
The EDX mapping in Figure 47 confirms this.

The cut-out samples from the plates were tested in 3-point bending experiments:
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Figure 48: Comparison of 3-point bending results of the graded and ungraded adhesive samples

Looking only at the comparison of the gradient adhesive and the unmodified adhesive, the
gradient adhesive shows a better performance. This is however put into perspective when
looking at the references with modification, but without gradient layers.
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Figure 49: Comparison of the results of the bending test of the unmodified- and gradient adhesive with
the reference FMLs (bending strength)
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Figure 50: Comparison of the results of the bending test of the unmodified- and gradient adhesive with
the reference FMLs (elongation at break)
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Figure 51: Line-up of the results of the bending test results

As the comparison shows, the modification lead to better performance in the experiments,
independent of the gradient layer structure.

1.1.1 EPDMe-based approach

In this approach two EPDM-rubber based (ethylene propylene diene methylene rubber)
adhesives were tested and their effects on FMLs investigated. The EPDM rubber adhesive is a
novel product by Gummiwerk Kraiburg that is sold under the brand “Kraibon”.
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Figure 52: Comparison of structural epoxies to rubber bases adhesives, according to KRAIBURG data
sheets

Kraibon is a thermosetting adhesive based on EPDM rubber. It comes as an un-vulcanized
rubber imbued with a curing agent. Its distinctive feature is its adhesive strength that is
comparable to structural adhesives based on epoxies. Like other thermosetting adhesive films,
the shelf life of Kraibon at room temperature is limited. Figure 52 shows the tensile shear
strength of two KRAIBON products based on EAM rubber (Ethylene-acrylic rubber) and EPDM
compared to Reedux 677 and Betamate 1630 (two common high strength epoxy adhesives
used in structural bonding) bonded to aluminum and steel.

In this study KRAIBON was used to bond CFRP with an epoxy-based matrix to steel. Therefore,
a lap-shear test was performed to test the adhesive strength in this constellation.
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Figure 53: Lap shear test with EPDM-based adhesive KRAIBON, in the case of HAA9275/45 (0,4 mm) on
prepreq (sigrapreg) and steel

Kraibon was at the time of the studies available in two grades, the properties of which are
listed in the table below.
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Table 5: Properties of Kraibon HVV9632/59

E-Modulus 143 MPa
Tensile strength 15,4 MPa
Elongation at break 88%

Film thickness 0,5 mm

Table 6: Properties of Kraibon HAA9275/45

E-Modulus 275 MPa
Tensile strength 14,9 MPa
Elongation at break 55%

Film thickness 0,4 mm

The film thickness is above the desirable thickness for FMLs. It is possible to extrude the EPDM
to a lower thickness, unfortunately during the study the listed grades were the only ones
available. The EPDM and the curing agent are both soluble in chloroform. Several tests were
made to dissolve and doctor blade the EPDM at a lower thickness. However, lap-shear tests
did not confirm an acceptable performance of these films. It was therefore decided to perform
the tests with thicker substrates to compensate the effects.

To avoid any fringe effects the laminates were pressed as 15 x 15 mm plates from which
specimens were cut out by watercuttig.

Figure 54 shows a picture taken with a confocal microscope of the bond gap. The two grades
of Kraibon, though hard to distinguish at first sight, display a slightly different structure. (EPDM
2 has elliptical shapes that are a little brighter than the background). The adhesives are very
stable dimensionally, especially in comparison to some epoxy-based adhesives.

E-Modulus: 275 MPa
thickness: 0,4 mm

0,9 mm

x1,9

E-Modulus: 143 MPa
thickness: 0,5 mm

Figure 54: Confocal microscope picture of a laminate bonded by a stack of two EPDM-grades. The
difference of the elastic moduli can be described by a gradient factor of 1.9
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Table 7: Results of the 3-point bending (flexural) test of Kraibon-bonded laminates

sample number Sample number
Maximium Force [N] Gradient reverse Gradient Elongation [mm)] Gradient Reverse Gradient
1 2193,589 2720,561 1 5,534 10,048
2 3071,208 2243,943 ) 55337 7,621
3 2908,703 2943,275 3 8,812078 10,782
4 2370,058 2689,789 ] e g
5 3037,562 2692,705 2 -
6 2744,821 n/a H CHEE R 2L
2720,99 2658,05 6 9,4309 n/a
mean mean 7,868446 9,3666
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Figure 55: Graphic representations of the 3-point bending tests of Kraibon-bonded laminates

From the results, no significant difference can be observed that are due to the sequence of
the gradient. The graphs of the bending experiments show two distinct failure modes:
Breaking of whole unidirectional layers of the CFRP part (big steps) and breaking of fiber
bundles (small zig-zag steps). A mixed form also exists. All types occur in both sample types.
The breaking of fiber bundles seems to be favorable.
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5.2.2 Polyurethane Based Approach
6.1.2.1 Formulation of a Waterborne PU-Adhesive and Production of Adhesive Tapes

In this section the effect of using an elastomeric polyurethane adhesive is investigated. The
polyurethane-based adhesives tested are all made from waterborne dispersions. They contain
isocyanate dimers that react similar to blocked isocyanates. The advantage of this technology
is the absence of volatile reaction products during curing. Such volatile products can cause
bubbles inside the adhesive, as there is no way of leaving the bonding area.
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Figure 56: Chemical equilibrium of isocyanates and uretdione. At high temperatures the equilibrium is
on the side of the more stable isocyanates. The reaction speed can be increased by catalysis>..

It is a concern in the field of adhesives as well as in the field of coatings to find capable
technologies that decrease the use organic solvents. Waterborne polyurethane adhesives
have been used to bond textiles, shoe soles and automotive interior.> In this part of the work
it was the aim to investigate the usefulness and capability of adhesives based on waterborne
dispersions as structural adhesives. An adhesive tape based on a waterborne dispersion and
a nano-composite functional filler material was formulated to investigate their usefulness.

An adhesive film can be obtained by applying an adhesive dispersion onto release paper and
subsequently drying it.>®! As the binder, an anionic dispersion was used. Such dispersions are
commercially available by Covestro, Alberding-Boley and others. As the curing agent, a
commercially available TDI dimer dispersion (sold under the trade name Dispercoll XP 2514
BL) was used.

The release paper is a siliconized paper that leads to a poor wetting of the dispersion. To
obtain a homogenous film, the viscosity of the dispersion needs to be elevated to a degree
that hinders dewetting. For preliminary testes the adhesive was applied to galvanized metal
sheets. The metal sheets were alkaline cleaned with the product “Gardoclean” (Chemetall).

Xanthane, Bentonite and various thickener additive brands by Borchers and Byk were used to
increase the viscosity. It was found that high viscosity of the material alone did not necessarily
lead to dewetting being stopped. Some thickeners were less effective although their effect on
the viscosity of the dispersion was stronger. Many thickeners work by building up a network
of secondary interactions such as H-Bonds as well as card-house structures. This is of interest
as the hyperbranched molecules as well as layered silicates used to reinforce the adhesive at
a later point have some similar attributes. This will be discussed later in this section.

Table 8 lists raw materials used and tested in the formulation of the adhesive.
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Table 8: Raw materials tested in the development of the water-based adhesive tape

Name Function

Dispercoll U53 binder

Dispercoll U54 binder

Alberdingk U 400 N binder

Dispercoll XP 2514 BD latent reactive curing
agent

Borchi Gel PW 25 thickener

Borchi Gel 0620 thickener

Borchi Gel 1420 thickener

Xanthan thickener

polyethylene glycol (My = adhesion promoter

500)

polyethylene glycol methyl Maodifier,

ether adhesion promoter

(Mw = 500)

PVA (polyvinyl alcohol) modifier,

adhesion promoter
EVA (ethylene-vinyl acetate elastomer
rubber)

Figure 57: The picture shows different attempts at blading a film onto siliconized paper. The film in the
upper left shows little dewetting, while the films on the upper and lower right show almost no wetting
of the surface.

To cure the adhesive, it was placed in a hydraulic hot press. The sample preparation and
testing were done in accordance with ASTM D1002 (lap shear test). Once the performance of
the adhesive reached an acceptable level, it was tested in joints of prepregs (Sigrafil) and
galvanized steel.
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Figure 58: The hydraulic hot press used to prepare the samples. The press has a maximum pressure of
31 MPa and maximum temperature of 600°C.

Figure 59 gives an overview of the different factors that influence the adhesive performance
and that were varied (partly) during the formulation. To eliminate factors and reduce
complexity, the surface preparation of the metal sheets was kept the same during all tests.

| external factors | internal factors

-

cooling

* binder
* thickener
* (functional)filler

* alkaline cleaning
¢ hydraulic press

* 140°C/ 10 Minutes * adhesion promoter
* 1lbar * curing agent
* catalyst

* wettingagent

Figure 59: Factors influencing the performance of the adhesive investigated during the formulation
process

In the process of development of the adhesive many raw materials were tested and naturally
most of them did not give the wanted results. In the following section some of the more
interesting failures and effects are shown before switching to the part that gave positive
results.

The first attempts were tested on 10 x 150 mm steel cuts and cured under various conditions
to get an idea of the best parameters. Figure 60 shows some of the earliest attempts that were
hand-tested to save the effort of a time-consuming lap-shear test.
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Figure 60: First attempts of joining steel cuts after hand-testing

In one attempt milled carbon fibers (same as used in the epoxy modification, Sigrafil C M80-
3.0/200-UN) were used to modify the polyurethane dispersion. After raising the viscosity, the
fibers could be dispersed in the binder. Figure 61 shows a photograph of the adhesive film with
and without the milled carbon fiber.

Figure 61: Two adhesive tapes, one without fillers, the black film contains milled carbon fiber

The films were cut into dimensions according to ASTM D1002. They were then used to produce
steel samples and tested.

Figure 62: The picture shows lap-shear samples of adhesives modified by Sigrafil® milled carbon fiber.
The three samples are from the same series. The samples are stapled to enable direct comparison of
the lap areas.
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Figure 63: Results of the lap-shear test of milled carbon fiber filled adhesive in comparison to a
reference adhesive without filling. The reference without milled carbon fiber is shown in green.

Figure 63 shows the results of the adhesives tested. They show a high degree scattering that
might be due to inhomogeneities of the films and of the pressure during their production. All
samples share a sharper, less plastic failure. Except for sample 3 the shear modulus is higher
than in the neat sample.

To enhance the mechanical properties of the adhesive tape it was attempted to disperse
hyperbranched polyester and polyesteramide polyol polymers in the dispersion. The
hyperbranched molecules used are not soluble in water due to strong internal H-bonds. When
heated to 60°C the H-bonds are broken and the molecules show some solubility.
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Figure 64: Complete structure of the hyperbranched polymer used in the first tests. It is a hyperbranched
polyester polyol of the 4" pseudo-generation

When cooled down the molecules precipitate. It was found that a mixture of Cloisite Na*
(Montmorillonite clay with Na-counter ions) and one type of the hyperbranched polyester
polymers can be dispersed in water. The mixture of clay and hyperbranched polymer was
prepared according to the following specification that was developed based on
literaturel>6:57,571;

The hyperbranched polymer was heated to 150°C. Then water heated to 100°C was added and

the mixture vigorously stirred. When a homogenous dispersion had formed 10% by weight of

a Montmorillonite clay slurry was added and the mixture continued to stir. The slurry itself
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was prepared by adding 20% by weight of clay to deionized water which was then placed in
an ultrasonic bath until a gel-like slurry had formed. The clay/hyperbranched polymer
dispersion was vigorously stirred and then heated until the water had evaporated enough to
form another slurry. This was removed from the glass beaker and rolled onto siliconized paper.
After drying at 70°C in the oven for 3 hours the material was dry and had a glass-like
amorphous appearance. Finally, the material was milled to a fine white powder.

Figure 65 and Figure 66 show SEM-micrographs of a fast-ion-beam (FIB) cut that was made
through a piece of the hyperbranched/clay mixture.

1 ym

Signal A= InLens WO = 51mm 3 Apr 2017
F 11:36:47
Mag= 10.00 KX EHT= 200 kV Stageat T= 540° Aperture Size = 3000 ym 5.87¢006 mbar M Traut

Figure 65: SEM-micrograph of a cut through a particle of the hyperbranched (polyester pseudo gen. 4)
/clay mixture. The clay is mostly exfoliated. The larger white objects indicate stacks of silica clay that is
only partly intercalated or present as intact stacks.
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Figure 66: A section of the SEM-micrograph of Figure 65 at a higher magnification
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Figure 67: Survey of the layer thickness of the intercalated clay in the hyperbranched/clay mixture. The
thickness indicates exfoliation.

With a percentage of 10% by mass clay, the hyperbranched/clay mixture is overfilled by the
standards of other clay composites that are described in literature. The described mass
percentages are mostly in the range between 0,5 to 5%.[%8
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It was found that the hyperbranched/clay mixture of a hyperbranched polyester showed a
different dispersibility in water than the hyperbranched polymer alone, which, when dissolved
in water, shows agglomeration and sagging.

Compared to linear polymers of the same compositions, hyperbranched polymers usually
show a higher solubility®®®l. The poor solubility of the hyperbranched polyesters in water is
probably due to the high intramolecular H-bonding. As mentioned earlier, when heated to
60°C the hyperbranched polyesters readily dissolve in water. This behavior is similar to some
polyvinyl alcohols (PVA/PVOH). After heating in water, they undergo breakage of hydrogen
bonds and from new hydrogen bonds with the water; forming viscous fluids in the process.
The hyperbranched polyesters however precipitate when cooled down, returning to their
initial state. During the production of the clay/hyperbranched composite, in the dispersion
step of montmorillonite clay, water and the hyperbranched polyester are also heated above
the point where hydrogen bonds are broken (60°). The water is subsequently removed but the
clay with its large surface remains dispersed inside the polymer.

If the montmorillonite clay disturbs the hyperbranched polymers’ intramolecular H-bonds, a
DSC measurement should show an effect similar to a study that was performed by Thomasson
et al.l% |n their measurements they partially modified the functional groups of a
hyperbranched polyester similar to the material used in this work with para-tolylisocyanate.
This resulted in removing hydroxy groups. Figure 68 shows the effect of the removed OH-
Groups and consequential decrease of intramolecular forces in the molecules.

-
(5]
—

heat flow (W/g) (exo up)

Temperature ('C)

*OH-groupsin the polymer decrease

Figure 68: DSC curves for pristine and variously modified pseudo generation 4 (HB40) samples, from
bottom up decreased number of OH: pristine HB40; HBpT14, HBpT18; HBpT119; HBpT140 (adaptation
from/®%)

The peak at 70°C (the melting point of hyperbranched polyesters) is diminished as the number
of hydrogen bonding partners decrease with the converted hydroxy groups.
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A DSC analysis of the pure hyperbranched polymer (hyperbranched polyester pseudo gen. 4)
and the clay-mixture showed the decrease of a large peak at the region where hydrogen bonds
are expected.

50 100 150 200

mw (exo up)

——H40
HA0/MMT

Figure 69: DSC curves of pure hyperbranched polyester pseudo generation 4 and the
hyperbranched/clay mixture. The peak at 70°C is diminished.

The graph shows a double peak in the region near the melting point (70°C). The clay/polymer
composite shows an overall diminished energy absorption. The largest peak of the pure
polymer is gone and the second peak at lower temperature slightly smaller. The effect of the
clay could be explained by a disturbance of the H-bonding of the hyperbranched polyester.

Large monovalent ions act as so called chaotropes, disturbing H-bonds and weakening the
hydrophobic effect. The interaction of these ions in solution with surrounding water molecules
is lower than the interaction between two water molecules. Kosmotropes on the other hand
show stronger interaction with surrounding water molecules. The interaction between salts
and other internal H-bond forming is well known from biological molecules such as proteins,
which can be denaturized by addition of salts. %]
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Figure 70: Classification of ions as kosmotropes (from Greek kdouoc = (world)order) and chaotropes
(from Greek ydoc =void, emptiness, disorder) as published by Collins et al in 1997 (6%

By using Shannon-Prewitt Values of effective ion radii®?, the surface charge density of ions is
estimated in table 9. The value for montmorillonite was regressed using atom force
microscopy and the DLVO theory by Yu et al. This value is a mean value and depends on the
particle size.[®3l Compared to other ions that are characterized as chaotropic agents such as
iodine, the charge density of montmorillonite particles is expectedly low. It should be noted
that a montmorillonite particle is neither an ion nor monovalent.

Table 9: Calculated charge densities of anions and regressed charge density of montmorillonite
particles (based on effective ion radii found in®%)

Anion Surface charge density
[mC/m?]

F 971,2

Cl 456,6

Br 384,4

I 300,0

MMT* 6,3(63]

Nonetheless the DLC clearly shows an interaction between the montmorillonite and
hyperbranched polymer that decreases its enthalpy of melting in the region where H-bonds
are expected to be the primary cause of molecular cohesion. It is therefore postulated that
the montmorillonite disrupts the intramolecular H-bonds of the hyperbranched polymers in
a similar fashion as chaotropic agents disrupt intramolecular H-Bonds in biological
molecules. 6264

Two other polymer/clay nanocomposites were made in the same procedure as described:
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Table 10: Structures and solubility of hyperbranched polymers tested as clay-polymer composites
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amide, pseudo generation 1

Soluble in n-butyl alcohol,
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Table 10 lists the hyperbranched polymers that were tested with unmodified montmorillonite
clay (Cloisite Na). The lower pseudo-generation hyperbranched polyester showed no
difference to the higher generation one. The hyperbranched aromatic polyester amide can be
dissolved in solvent of lower polarity than the hyperbranched polyesters. However, its clay-
composites showed no tendency to dissolve at all. Therefore, for the modification of the

adhesive the hyperbranched polyester were used.

It is known from literature that waterborne dispersions can be reinforced by addition of clay.
Rahman et al. used clay to produce polyurethane adhesives. Compared to the material
without clay, the composite showed increased strength and strain in tensile tests. T-peel
strength and modulus can be increased dependent on the amount of clay added and the
surface characteristics of the clay. Lit et al. used montmorillonite clay to modify waterborne
polyurethane dispersions and found a dramatic increase of tensile properties. (6%

To test its effect the clay/hyperbranched composite was added to the following formulation:

Table 11: Optimized Adhesive Formulation

Ingredient

Dispercoll U 53 71,38
Dispercoll XP 2514 14,3
Poly (ethylene glycol) methyl ether mPEG 14,3
average Mn =500 g/mol

Borchi Gel PW 25 0,02
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Figure 71: Lap shear strength of adhesive films with varied HBP/MMT-portions

Figure 71 shows the results of a test series of the Dispercoll U53-based formulation with
modified weight percentage of the HBP/MMT-modifier. Compared to the standard
formulation adhesion and lap shear strength are increased. A big influence onto the toughness
of the bond is visible. The performance of the adhesive film with the largest amount of the
modifier added is contradicting the trend of the other adhesive films (better mechanical
properties at lower amount added).

During the tests of the formulation shown in Table 11it was found that the MMT/HBP-
composite had a strong effect on the dispersion’s viscosity. More tests were conducted with
a similar Dispersion, Dispercoll U 54. The effect of the composite on the viscosity was enough
to leave out the thickener additive altogether. It was also tried to leave out the PEG also, that
was included because it had shown increased adhesion to the metal substrate in the first place.

The resulting formulation only included the Dispersion as the base, the hardener and the
composite:

Table 12: Simplified adhesive formulation

Dispercoll U 54 72 %
Dispercoll XP 2514 14 %
HBP/MMT-composite 14 %
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Figure 72: A photograph of the simplified formulation doctor bladed onto a siliconized paper

As can be seen in the photograph, films could be made from the simplified formulation
without an additional thickener.

Films with varied concentration of the composite were made and tested in a DMA-experiment.
The storage modulus was measured in a frequency shift. The aim was to find out about the
effect of the composite on the cured adhesive’s stiffness. As a reference a film without the
composite was used which included thickener in order for a free film to be formed.
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Figure 73: Results of the DMA frequency sweep of 5 different films based on polyurethane
dispersions. For comparative reasons a film of the EPDM-based adhesive Kraibon was included
in the tests

Figure 73 shows the results of the frequency sweeps. As a further reference, the elastomeric
adhesive Kraibon was also included. Figure 74 shows the storage modulus plotted against the
composite content:
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Figure 74: Plot of storage modulus against the additive (composite) content

In the area between 0 and 21% the relation between the modulus and the filler content is
apparently linear. The comparison with the material It is shown that the very flexible material
can be made much stiffer, the modulus increased by a factor of 6 by the addition of the
composite.

To evaluate the adhesive applicability in fiber metal laminates further lap-shear tests were
performed. The substrate was the standard alkali-cleaned steel and prepregs made by Sigrafil.
As a reference the prepregs were also bonded intrinsically, using the matrix epoxy resin. The
second reference was the polyurethane adhesive Duplotec 690 SBF by Lohmann. For the tests
a composite content of 14% was chosen, because this made a film with a similar modulus as
the Duplotec 690 SBF. Figure 75 shows the results of the lap-shear tests:
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Figure 75: Lap-shear test of PU-adhesives and intrinsically bonded prepreg (Sigrafil)

The graphs in Figure 75 show the results of lap the shear-tests. The failure mode was a brittle
break-off with the intrinsically bonded prepregs. The debonding happened in all cases on the
metal substrate (adhesive failure).

The adhesive strength of the HBP/MMT-nanocomposite samples was 18% above the
commercial samples and 30% above the intrinsically bonded samples.

In the next step, simple fiber metal laminates were produced with the same prepregs and
metal. Because the production of the composite was not at a scale enough for experiments
comparable to previous section, smaller laminates were produced. The production was
successful, however 3-point bending experiments on the DMA did not give satisfying results
and could not be reproduced.

Because of the better availability of the commercial polyurethane adhesive Duplotex 690 SBF,
it was used in the following section “Combined Adhesive Approach”. The 690 SBF is identical
in its application and very similar in many properties.

5.3 Combined Adhesive Approach

In the combined adhesive approach, it was investigated what effects the application of
elastomeric adhesives in combination with much more rigid epoxy-based adhesives has on
fiber-metal laminates. It was also of interest if a functionally graded approach could help
increase the performance of elastomeric adhesives while maintaining the interesting benefits
such as damping and increased deformation of the laminate.

Simple fiber metal laminate samples were prepared by bonding the CFRP part (2 mm) to a
steel plate (2 mm) with a stack of two different adhesive tapes: First, an epoxy adhesive
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(E-modul 1050 MPa) with internal mesh to provide a stable thickness. The steel was treated
in accordance with the standard procedure with Gardoclean®. The second adhesive was a
reactive polyurethane elastomer film (E-Modul 20 MPa). Because the PU-tape should not be
cured above 160°C it was kept below, but the process prolonged by 5 minutes.

Table 13: Comparison of SAT 101 epoxy adhesive and Duplotec 690 SBF polyurethane adhesive

3m, SAT 101 Lohmann, DuploTec 690 SBF
Modulus 1050 MPa 20 MPa
Standard curing 165°C. 15 min Max. 160°C

The joint gap was kept at 200 um. To avoid a spill of the epoxy, the plates were wrapped in a
release tape and cured in a concealed mold. The gradient in accordance with the model
derived from bionics was prepared by stacking the adhesive tapes with the epoxy facing the
steel plate and the polyurethane facing the CFRP. To verify the effect of gradient’s direction a
plate was prepared with the epoxy on the CFRP and the polyurethane adhesive on the steel
side. Samples using only the epoxy and polyurethane adhesive alone were prepared as
references.

Figure 76: Cut sample to allow lap-shear testing

The samples were comparably large: 200 mm in long and 25.4 mm wide. This allowed cutting
them (Figure 76) and testing them in both lap-shear and bending.
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Figure 77: Results of the lap-shear tests of laminates with mixed adhesives and purely EP as reference.

As can be seen from the results in Figure 77, the lap-shear strength of the reference epoxy
exceeds the other two samples by far. In a lap-shear test this is to be expected, since the
structural epoxy is optimized for this conditions and the polyurethane’s lap shear strength is
much lower. Although the curing conditions were not within the standard boundaries of the
SAT 101, the measured lap-shear strength is much higher than would have been anticipated
from the material data sheet (14 MPa on steel). This might have been due to surface treatment.
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Rev_Gradient

Figure 78: Photographs taken after the lap-shear test. The Gradient and Rev-Gradient samples have
the PU-adhesive facing the steel (Rev_Gradient) and FRP (Gradient). PUR and Rev_Gradient metal sides
are blank (photo may be unclear because of reflection)

The sample failure mode in the lap shear tests was:

Table 14: Failure mode of lap-shear samples

PUR adhesive, metal debonded
EP cohesive

Rev-Gradient adhesive, metal debonded
Gradient mixed, CFRP debonded

The failure mode mirrors the expectations: adhesion of the pure PUR film is better on CFRP
than on steel. The failure mode of the gradient samples shows that the apparent adhesion of
the epoxy adhesive is slightly higher towards the PUR film, than the PUR film’s apparent
adhesion to the metal, since the failure mode is mixed in this case, with a tendency to adhesive
debonding at the CFRP side.
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3-point bending test
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Figure 79: Results of a series of the 3-point bending tests of the gradient adhesive and 3 references.
While the pure epoxy specimen shows a high total bending strength, the mixed gradient adhesive shows
the highest yield elongation and a higher bending strength than the reversed direction reference and
polyurethane-only specimen

EP FRP intralaminar failure Gradient

REV
Gradient

7

Figure 80: Photographs of the samples after 3-point bending.

All bending samples failed by breaking of the carbon fibers at the outmost layer. The only
exception is one sample that was made with the PUR facing the metal and epoxy facing the
FRP (reversed Gradient). The differences of force and displacement of these samples are only
due to the different adhesive layers and in the case of the gradient and reversed gradient the
order of stacking of the adhesives.
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One EP-only sample showed signs of intralaminar delamination of the FRP.

As is pointed out in the theoretical part (about stress in single lap joints in section 3.6.1 and
stress in 3-point bending testes in 4.6) the lap-shear joint is dominated by stress
concentrations at the outer fringes where the overlap ends. The dominating stress in the test
is of course shear stresses. Failure in the tests were all due to failure of the adhesives, not the
substrate.

In the 3-point bending test both compression and tensile stresses are present. Failure of the
laminate usually occurs either by delamination of the laminate layers or breakage of the
carbon fibers.

In the bending test epoxy-only specimen shows the highest total bending strength, the mixed
gradient adhesive shows the highest yield elongation (92% above the epoxy and 24% above
the PUR reference) and a higher bending strength than the reversed direction reference and
polyurethane-only specimen. The reversed direction gradient specimen is slightly above the
polyurethane reference in both elongation and yield strength.

5.4 Thermoplastic Adhesives Approach

Thermoplastic adhesives are commonly referred to as hot melt adhesives and widely applied
in the fields of textiles, shoes and book binding where only low adhesive strength is required.
They are also widely applied in non-structural automotive application in the interior and
exterior. Examples are usage in bumpers, lamps, car skirts and glass roofs.[6¢!

Common thermoplastic adhesives in automotive are based on polyamides, polyurethanes,
EVA (ethylene co-vinyl acetate copolymers) and polyolefins. Polyolefins are prevalent because
of their high chemical resistance against acids, bases and alcohols as well as against moisture.
The main advantage of thermoplastic adhesives is the short process time, which is seconds
compared to 30- 45 minutes for most thermosetting epoxies. Other advantages are storability
without cooling and shelf life as well as potential recyclability.®®!

Today’s thermoplastic adhesives have adhesive strength required for structural applications,
as was discussed with representatives of adhesive and automotive supplier industries during
this work. Nonetheless, they are still not widely accepted.

In this part of the work thermoplastic adhesives were tested as the bonding agent in fiber-
metal laminates based on CFRP with a thermoplastic matrix.

The thermoplastic adhesives used in this work were obtained from the Nolax AG. They are
based on polypropylene and high-density polyethylene. The films are modified to get a wide
spectrum of elasticity. Although the vocabulary is not clean elasticity will be expressed in
terms of hardness in this context to avoid bulky connotations.
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Table 15: Adhesives used in the thermoplastic adhesives’ studies, obtained from NOLAX AG

Film

Nox 17-2
Nox 18-5
Cox 391

Nox 20-3
Nox 20-4
Nox 21-1

Basis

PP
PP
PP
HDPE
HDPE
HDPE

Modification

soft
normal
hard
soft
normal
hard

T-Peel
(N/mm)  strength

3,5
4,9
51
3,1
4,6
2,8

Lap-shear

(MPa)
51
11,9
18,8
15,5
16,4
13,5

E-Modulus

(MPa)

20
150
300
80
180
200

Elongation
at break (%)

1090
870
830
1260
1240
660

The adhesives are not tacky, their outward appearance is that of regular polyolefin films. The
film thickness of individual films was 30 um. This is the lowest possible thickness without
deteriorating the film properties. It allows stacking of the films by 3 to 90 um, which is
desirable in FMLs.

5.4.1 Complex Fiber Metal Laminate with Thermoplastic Adhesive

The gradient was tested in a laminate that consisted of three layers of steel combined with
two layers of organic sheets based on polyamide as the matrix and glass fiber as the fiber part.
This gives 4 interfaces into which 3 adhesive films each were stacked. The laminate was then
put into a hot press at 200°C for 5 minutes. Figure 81 shows the structure of the produced

fiber-metal laminates.

Adhesive

3
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1

Organic Sheet

Steel

Steel
Adhesive

Adhesive
Steel
Adhesive

Organic Sheet

Organic Sheet

Adhesive

Steel

Figure 81: Structure of the Fiber-Metal-Laminate produced with a stacked adhesive layer. The adhesive
segments are shown in blue, an example of the adhesive set up is shown on the left. In the reference
laminates all adhesives were stacks of the same grade.
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Table 16: Samples and the setup of the adhesive stacks in the laminates

Sample Adhesive Code

HDPE 1 2 3
Gradient NOX 21-1 NOX 20-4 NOX-20-3
Reference 1 NOX 21-1 NOX 21-1 NOX-21-1
Reference 2 NOX 20-4 NOX 20-4 NOX-20-4
REV-Gradient NOX 20-3 NOX 20-4 NOX 21-1
Reference 3 NOX-20-3 NOX 20-3 NOX 20-3
PP 1 2 3
Gradient COX 391 NOX 18-5 NOX 17-2
Reference 1 COX 391 COX 391 COX 391
Reference 2 NOX 17-2 NOX 17-2 NOX 17-2
REV-Gradient NOX 17-2 NOX 18-5  COX 391

The laminates were made in the dimension of 100mm x 150 mm. Samples were taken by water
cutting to avoid any disturbances induced by thermic effects.
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Figure 82: Dimensions of the laminate; the samples marked blue were tested in quasi-static 3-point
bending, the samples marked green were tested in an impact-test (dynamic 3-point).

To test the influence of the adhesives on the laminates behavior two strain experiments were
conducted: quasi-static bending and a dynamic impact test. Figure 82 shows the sample
geometry.

The quasi static test gives more information about static loading of the sample than the
dynamic test, which is closer to an actual crash situation. In both tests the failure of the
laminate is analyzed. The bending test gives information about the applied force at breakage
and the maximum displacement at breakage of the laminate. The dynamic impact test gives
the peak energy, peak force and total energy during the impact.

In the following two sections the results of the bending and impact tests of the laminates are
compared according to the adhesives used. In a discussion of the test results after the tests
with the adhesive supplier it was concluded that with a higher process temperature used for
the PP-based adhesive, its performance might have been increased. Therefore, in these
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sections the HDPE-based and PP-based adhesives will be analyzed for themselves and not
compared with each other. In the production of the angular component a higher process
temperature was used.

5.4.2 Bending Test Results
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Figure 83: Force at the breakage of the laminate samples during the bending experiments. In blue on
the left are laminates produced with adhesive based on HDPE, in orange on the right are samples
produced with adhesive based on PP.

Among the HDPE-based adhesives the medium adhesive shows the highest force at breakage
followed by the soft and reversed gradient adhesive. The gradient adhesive shows the lowest
force. The PP-based adhesives show a somewhat different picture, the hard and soft modified
adhesives show the highest force while the gradient adhesive shows a slightly higher force
than the reversed gradient adhesive.
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Figure 84: Displacement at breakage of the laminate samples during the bending experiments: on the
left are the results of HDPE-based adhesives, on the right those of PP-based ones.

The results of the displacement at breakage show the best performance for the soft modified
adhesives. The gradient adhesives perform slightly better for both HDPE and PP adhesives.
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If the adhesives are regarded without the context of the laminate, the softer adhesives show
a lower tensile strength and higher elongation. The lap-shear strength of the HDPE-adhesives
is quite close to the PP-adhesives. The soft PP-based adhesives have a bigger difference to the
hard-modified PP adhesive of more than three times higher lap-shear strength (Table 15).
These characteristics do not translate to the laminate directly. This means a softer, more
flexible adhesive does not necessarily imply that the laminate having a higher displacement in
the bending experiment. A less flexible (harder) adhesive will not necessarily have a lower
displacement. This is not surprising given the highly complicated nature of the laminate and
its performance.

The failure of the FML-laminates in bending experiments is either due to delamination of the
adhesive to either substrate or breakage of the fiber component. The metal substrate, within
the boundaries of the quasi-static bending experiment, does never break but deforms
proportionally to the displacement. The interaction between the adhesive and the FRP part
of the laminate is therefore the determining part in the laminates produced with the flexible
adhesives’ performance in bending experiments.

5.4.3 Impact Test Results

In the following section the results of the impact testing are analyzed. The samples were
tested on a Charpy impactor (impact energy 50) maximum force: 4kN, impact velocity 3,8m/s)
in accordance with I1SO 179-2.

As Figure 85 shows the failure behavior of the laminates is very diverse. In some cases, a high
degree of interlaminar delamination occurred. Other laminates failed very differently by a
local fracture.
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Figure 85: Photo of a selection of samples after impact testing. The samples on the left show an optimal
failure behavior, the samples on the right show a poor failure behavior. The samples on the left were
produced using the soft HDPE adhesive, the samples on the right with a reversed gradient using PP-
adhesives.

Figure 85 shows a photo of some of the samples after the impact test. The choice of adhesives
is making a huge difference on the performance of the laminate. The samples showing the
lowest performance delaminated on both sides. Samples with a high performance broke
adjacent to the impact area or had signs of folding of the outer metal layer but no
delamination at all.
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Figure 86: Measured peak forces in the impact test. PP-based adhesives in orange on the left, HDPE-
based in blue on the right
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Figure 87: Measured peak energy

Figure 86 and Figure 87 depict the peak force and energy the laminates bear during the impact.
The performance of the gradient is around 44% above the reversed gradient sample for the
PP but only about 1 % for the HDPE series. An influence of the order of the adhesive stacks is
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visible for the samples bonded by PP but negligible for the HDPE-bonded samples. Laminates
bonded together by soft adhesives show higher energy peak energies.

IMPACT: TOTAL ENERGY [J]

Figure 88: Total energy during the charpy impact tests of the laminates

In Figure 88 the total energy absorbed during the impact before failure is depicted. The soft
samples’ performance is best, both with PP- and HDPE based adhesives. An influence of the
stack order is again low with the HDPE samples with the reversed gradient even performing
slightly higher than the gradient (2% difference). In the PP-series the gradient is again visibly
performing better with a 15% difference.

5.4.4 Fiber Metal Laminate Component with Thermoplastic Adhesive

To model the entire production cycle of a component made of a fiber metal laminate with
thermoplastic fiber sheets and stacked gradient adhesive a less complex variant was used.

The laminate consisted of:

e DP K30/50 steel sheets with 0.55 mmm thickness
e Tepex Dynalite 102-RGUD600 2mm thickness
e Adhesive layer 0,1 mm thickness or 3x 0,03 mm

Adhesive  Organic Sheet Steel
Adhesive

Organic Sheet
Adhesive
Steel

Steel

Figure 89: Structure of the fiber metal laminate produced for the reformation and strain experiment.
The laminate was produced in the same way as in Figure 81, however less complex with a single fiber

ply.
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The laminate was produced as before by simple stacking of the material and fusing by pressing
at 250°C for 13 seconds and 5kN. In a subsequent step the laminate was heated in an
automatic hot press and reformed with an angle of 90°. To generally increase the adhesion to
the metal plies of the laminate two samples were laser-treaded to increase their surface area.

Table 17: Sample composition of the angular component

Sample Metal Adhesive 1 Adhesive 2 Adhesive 3 Fiber
Name
1 Normal steel = Cox 391 18-02 17-02 GFRP
2 Normal steel 17-02 18-02 Cox 391 GFRP
3 Normal steel @ 21-1 20-4 20-3 GFRP
4 Laser treated Cox 391 18-02 17-02 GFRP
steel
REF 1 Normal steel 17-02 17-02 17-02 GFRP
REF 2 Normal steel | 20-3 20-3 20-3 GFRP
REF 3 Normal steel = Cox 391 GFRP
REF 4 Laser treated Cox 391 GFRP
steel

In the following paragraph, the results of a pressing experiment are shown. The angular
component was placed in the material testing machine and pressed perpendicular to the fiber
direction of the CFRP ply (Figure 90). This was done to model a crash situation without the
high complexity of an actual crash experiment. The velocity of the deformation is not
comparable to an impact experiment, but information about the adhesion and failure of the
laminate can be generated similar to quasi-static bending experiments.
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Figure 90: The setup of the pressing experiment. The angular component is placed in an indentation
and then pressed against the counter plate.

With increased pressure different modes of failure will occur:

e delamination of the fiber- and steel parts of the laminate
e delamination of layers within the organic sheet

e breaking of fibers within the organic sheet

e bending and folding of the steel part

Compared to epoxy-matrix composite materials the organic sheets based on PP and PA are
much less brittle and show different failure modes. Because the sheets contain glass fiber,
they are tailored towards high impact strength. Carbon fibers are used to tailor a laminate
towards high stiffness. As the modulus of an FRP part is a function of its matrix and fibers, a
glass fiber reinforced polyamide has a lower overall modulus than a carbon fiber reinforced
plastic.

Due to the high number of samples and reference samples this section contains several figures
to filter out the information contained in this series. As in the impact and bending experiments
in the section before, the gradient layered adhesive does not show the best performance
compared to other systems. The order of the adhesives in the stack show a huge impact on
the result, however.
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Figure 91: Complete overview of the results of the pressed angular component. A high peak force and
large integral is a desirable outcome of the strain experiment. The high modulus PP adhesive COX391
(red graph) on laser treated steel followed by the same adhesive with normal steel (green) shows the
best results. As in the bending/impact series with the double laminate the hard HDPE adhesive (purple)
comes close but does not show the same peak force.

e The laminate with layers of the high modulus adhesive COX391 and laser
treated steel shows the highest peak force, at a sharp peak at
(43,41 kN|14,38 mm) followed by the same adhesive without laser treated
steel at (43,14 kN| 17,67 mm).

e The gradient layer adhesive based on polypropylene Sample 1 reaches
(36,43 kN|10,78 mm) and the same adhesive in a laminate with laser treated
steel Sample 4 (33,1 kN|13,48 mm).

e The reversed gradient adhesive reaches (18,79 kN|7,39 mm)

e The monolithic hard HDPE reaches (37,37 kN| 14,28 mm)

e The gradient HDPE reaches (31,1 kN|9,09 mm)

The gradient adhesive is obviously not superior under the tested circumstances. Probable
reasons will be discussed at the end of this section and in the “Discussion and Conclusions”
section. To find out more about the effect a graded layer adhesive has on fiber metal laminate
systems, the graded samples will be compared against the reference samples in the following
sub-section.

In Figure 92 the gradient layer adhesive based on PP (blue) is plotted against the PP adhesive
with the highest modulus (green), the PP adhesive with the lowest modulus (grey) and the
reversed gradient layer adhesive which has the modulus gradient set against the preferential
direction (hard at the steel surface, soft at the FRP surface, orange).
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Figure 92: Comparison of the graded and reversely graded PP adhesive sample with the two references
of maximum and minimum modulus adhesives contained within the graded samples

As can be seen the performance of the gradient PP is below the monolithic hard PP adhesive,
but above the monolithic soft PP and reversed gradient adhesive.

In the gradient adhesive the highest modulus PP (COX391) faces the steel surface while the
lowest modulus PP (NOX 17-02) faces the FRP surface. In the reversed gradient adhesive, the
COX391 faces the FRP surface and the soft NOX 17-2 faces the steel surface.

As the reversed gradient layer adhesive’s performance is below all other variants tested here
it can be concluded that there is an inherent effect that is due to the direction of the gradient
and not simply because the overall performance e.g. of COX391 is better than that of NOX
17-2.

This directional effect is superimposed by the overall better adhesive properties of COX391
compared to the other in means of peel strength and lap shear strength.
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Figure 93: Graphs of gradient HDPE (brown) and reference hard HDPE (NOX 21-1) (purple)
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The gradient layer adhesive based on HDPE compared to the reference monolithic hard HDPE
adhesive shows generally the same trend that was observed with the PP-based adhesives. The
shape of the gradient adhesive’s graph (brown) has a similar shape with a blunt, broader peak.
Again, the performance of the hard adhesive (purple) surpasses the performance of the
gradient adhesive. Unfortunately, there is no reference sample of the monolithic soft HDPE
sample present.

During the production of the laminates the adhesive stacks of the gradient adhesive are placed
in a hot press and heated to 250°C. The thermoplastic adhesives are in essence hot melts in
the form of films. During the time they are in the molten state their viscosity is very much
reduced and therefore it must be assumed that they are subject to flow. The matrix material
of the organic sheets is also in a molten state during the production and reformation of the
laminates.

To find out more about the state of the adhesive layers and possible imperfections that a
stacked approach might produce, samples of the angular component were taken after the
reformation at different positions of the component. At the tip of the angle the fibers are
subject to great forces that thin down the thickness of the organic sheet and press the matrix
material in the direction opposite to the tip. The glass fibers, which are held together by the
matrix are subject to flow also.

Figure 94: The SEM pictures show two sections of samples taken away from the angular component’s
tip. The layer between the steel and GFRP part is up to three times bigger than the original adhesive
layer at this section. There are two phases visible in the organic, fiber-free phase of the laminate.
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Figure 95: Section of a sample taken close to the tip of the angular component. The material was subject

to pressure and subsequent flow. As can be seen the fibers are separated from their matrix material
and the adhesive layer is compressed.

The REM analysis shows the effect of the reforming process on the fiber- and adhesive parts
of the sample. Both parts are subject to pressure and flow. The adhesive is pressed from one
part (Figure 95) leading to higher bond thicknesses in other parts of the sample.

The matrix’s polyamide and adhesive’s polypropylene do not mix. This was examined in an
EDX mapping (Figure 96).

steel

Figure 96: EDX mapping of the section depicted in Figure 94, left. The carbon content is slightly higher
in the lower section, while the nitrogen content is higher in the top section. This indicates that the
adhesive layer has retained its thickness (higher carbon content = PP, nitrogen -> PA) while matrix
material was separated from the fibers and displaced into this part of the interphase between steel,
adhesive and GFRP.

It can be concluded that the bond line seems to remain homogenous with regards to the
matrix material, which is subject to a high degree of flow. The interface in the examined parts
of the sample is PP (adhesive)|PA (matrix) rather than the fibers of the organic sheet
encountering the adhesive.

The adhesive stacking does not have any visible consequences on the bond line, as there are
no flaws visible that might be caused by the procedure.
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6 Summary

In this work the influence of different adhesives in fiber metal laminates were studied. The
idea of an adhesive consisting of stacked layers with an inherent gradient of the elastic
properties was studied. This concept can be found in nature and has been examined in other
adhesive applications, with the same goal but very different application situations. The stress
distribution and effect of a gradient layer adhesive in a FML was simulated prior to the
experimental work.

Because adhesives are a wide field and currently a field of fast innovation three classes of
adhesives were chosen and studied:

1. Modification of structural epoxy adhesive
The so to say classical structural epoxy adhesives that have been used extensively
in the bonding of metal and CFRP material were modified using inorganic additives.

After testing several possible materials as modifiers, milled carbon fiber dust
proved to be a very useful material. Its effect could be much enhanced by surface
modification.

The built up of a gradient in adhesive was achieved and verified by SEM and EDX
investigations. In bending experiments, the gradient set up proved advantageous
for the fiber metal laminate. An adhesive layer with only modified epoxy however
proved to be just as beneficial.

2. Elastomeric adhesives and combination with stiff adhesives
A reactive hotmelt adhesive based on latent reactive polyurethane, the use of
which is an innovation in the field of lightweight construction, was tested in FMLs.
A complete formulation of such an adhesive was successful. Its properties,
toughness and tensile strength, were greatly improved by the addition of a
functional filler made from montmorillonite clay and hyperbranched polyester
polyol.

A commercial elastomeric polyurethane adhesive was combined with a stiff epoxy
adhesive. The sequence of the adhesives in between the CFRP and metal sheets of
the FML proved to be critical for the failure behavior of the FML. With the stiff
epoxy facing the metal and the elastic PU facing the CFRP a much higher
displacement in bending experiments was achieved.

Another innovation in adhesives, EPDM rubber-based adhesives made by
Gummiwerk Kraiburg under the name KRAIBON, were tested. This kind of adhesive
is characterized by an adhesive strength comparable to structural epoxies and an
elastic behavior. The combination of different kinds of EPDM was successful,
however no significant benefit could be measured. The combination with epoxies
was not successful.
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3. Thermoplastic Structural Adhesives
The third class of adhesives examined in this work are thermoplastic adhesives
based on polyolefins PP and HDPE. They are characterized by their very fast and
easy application.

A gradient layer was produced by stapling of adhesive films. SEM investigations
showed the absence of probable flaws such as bubbles between layers. It was
however impossible to verify that mixing of the adhesive’s material did not happen
to an extend where the gradient had disappeared.

Bending and reformation experiments showed an effect of the sequence of the

adhesive films. The proposed gradient was beneficial in some experiments. It was
however not the optimum for the application in any of the experiments.
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7 Discussion and Conclusions

As was shown, the modification of structural epoxy adhesives and realization of distinct and
continuous layers that survive heating under pressure is possible. Although the modified
adhesive’s performance was above the blank reference, the modified non-graded adhesive
showed the same level of improvement.

The brittleness of epoxy-based reinforced plastics is a problem that is especially undesirable
in crash relevant components. In materials development there is often a trade-off between
high stiffness and less brittleness. By introducing an elastomeric adhesive into the fiber metal
laminate, the brittleness was reduced. The failure behavior was changed dramatically, as the
elastomeric adhesives seem to act as traps for the crack propagation. Because adhesives with
a higher elasticity tend to be lower in their adhesive strength, their use seems to be restricted
in structural applications. It was shown that polyurethane adhesives with high elasticity can
be formulated that are significantly higher in strength and multiple times higher in toughness
than the matrix material used in intrinsic laminate production. The tested EPDM-based
adhesives even come close to structural epoxy adhesives.

It was also tested to combine different types of adhesives with a big difference in elasticity.
The tested EPDM adhesive could not be combined with the tested epoxide adhesives. The
combination of an elastomeric polyurethane adhesive with a structural epoxy gave a
significant change in the performance. Maximum displacement and force at breakage were
dependent on the order of the adhesives.

The history of continuous fiber reinforced plastics began with thermosetting matrix materials
such as epoxies. Thermoplastic materials offer a great number of advantages such as faster
cycle times, greater variety of cheap plastics, recyclability and shelf-life. Thermoplastic
structural adhesives are a logical choice when producing fiber metal laminates with
thermoplastic matrix. They offer advantages in handling and storage and enough strength for
structural applications. A gradient of elasticity within the range of available PP and HDPE-
based adhesives however did not prove useful. An influence of the stack order (direction of
the gradient) was visible in the tests. The stacking technique was very easy in its application
and did not cause any of the potential problems such a stacking might have caused. Problems
might have been interfacial tensions, mixing problems and introduction of air bubbles
between the stacked layers. The stacking technique could be useful to produce asymmetrical
adhesive films with other properties than e-modulus.

Montmorillonite clay is an extremely cheap but powerful resource for the enhancement of
plastics. A drawback is the increase of viscosity that comes with high filler concentrations. For
the formulation of waterborne adhesives an increased viscosity is in most cases desirable.
Often a thickener is used to raise the viscosity. The developed hyperbranched polymer/clay
nanocomposite proved very useful and effective in the formulation of an adhesive. The effect
of the clay on the hyperbranched polymer’s dispersibility came as surprising as useful. It is
postulated that the clay disrupts the hyperbranched polymer’s H-bond similar to a chaotropic
agent.
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7.1 The functional gradient of modulus and functional adhesive in bonding FMLs

One major aspect of this work was the exploration of a functional gradients of modulus in the
adhesive that bonds fiber metal laminates. The impetus of implementing the gradient was to
control the mechanical causes (stress concentrations) that lead to the adhesive layer being in
most cases the weakest link in the chain in the FML.

The weakest link can be:

e the adhesive (intrinsic)

e the CFRP matrix

e theinterphases metal/adhesive
e the CFRP/adhesive

e the galvanized layer/metal

e the fiber/matrix

The metal substrate was never the weakest link in the conducted tests. Optimizing the
adhesive leads to the weakest link changing within the laminar structure of the FML, for
example, from the adhesive layer to the galvanized layer of a steel interphase.

From the tests conducted in this work, the first conclusion to be drawn is, that the
effectiveness of an adhesive is always to be looked upon in its frame of reference. The
performance of the adhesives is dependent on the loading, which ultimately depends on the
function of the FML.

The mechanical effects that this work set out to explore are part of a complex interplay within
the FML. This includes the surface characteristics of the substrate (substrate type,
galvanization, sanding, cleaning and etching), the adhesive (electromagnetic interaction in the
interphase, mechanical interlocking) and the laminar structure of the FML (crack propagation).
Exploring the solely mechanical effect of modulus requires it to be isolated. Controlling it with
a meaningful outcome requires the effect to be the dominant effect in the system.

In the examined systems, especially the tested thermoplastic systems, the gradient system
was referenced against ungraded samples and samples with a reversed gradient (having a
supposedly adversary effect). The functionally graded adhesives perform either on the same
level as one of the reference systems (section 5.2) or underperform (section 5.4.2). In some
cases, the order of the gradient had a large impact (e.g. in the part made using thermoplastic
adhesive and CFRP system, section 5.4.4).

The exception is the behavior of the system including an elastomeric adhesive based on
polyurethane (section 5.3). The modified adhesives attempt, and the thermoplastic attempt
come closest isolating the purely mechanical effects. However, as table 15 (section 5.4) shows
for the thermoplastic adhesive, it is hardly possible to change the modulus of an adhesive
while keeping parameters such as T-peel and lap-shear strength constant. These properties
are not independent of the modulus.

The system containing the polyurethane-based elastomer is an exception from the other
systems in that it combines completely different chemistries. The effects in this system are
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most certainly a combination of mechanics and physiochemical reasons. A large part of the
effect is probably due to the crack propagation. Another aspect is pure electromagnetic
interaction of the adhesive’s binder material with the substrate. During the experiments, the
similar behavior of toughening in plastics came to mind.

7.2 Perspectives for further work

This work pioneered the applications of different and to some extent exotic adhesives in fiber
metal laminates. Its results are therefore not the finish line but more of a home base for future
work in the field.

One aspect is the effect that clay has on the heat capacity and interaction with water in
nanocomposites with hyperbranched polymers. In this work, the practical aspect of this
dynamic was used. A theory was proposed but is to be verified.

As already pointed to, the process of stapling thermoplastic adhesives is a straightforward and
easy way to introduce properties into a single film with a preferential distribution. The
modification of other properties than elasticity could lead to worthwhile applications. This
principle is already in use in some areas of adhesive development and could be further
investigated in fiber metal laminates.

The use of elastomeric adhesives has some interesting effects, when it comes to vibrations,
crack propagation and crash resistance. Both the development of stronger elastomeric
adhesives, such as the ones demonstrated in this work (EPDM-based, nano-particle reinforced
PU) and their targeted use in FMLs are interesting fields of research and development.

The idea of introducing a functionally graded adhesive into fiber metal laminates could be
further assessed with a different premise: Disregarding the dissimilarity of the joint materials
and focusing on the stress distribution in the joint that comes from the much higher
dissimilarity of the adhesive from the joint partners.
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Figure 97: Proposed “sandwich” FGM in analogy to the FGM developed by Chemelli et al. and others

Following the approach of introducing a functional gradient in single lap joints, a similar
“sandwich”-like FGM could be tested in fibre metal laminates as well. Figure 97 compares the
stress situation in an FML and a single-lap joint in their most common load situation.
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9 Appendix

9.1 List of commonly used abbreviations in this work

CFRP Carbon fiber reinforced plastic
EDX energy-dispersive X-ray spectroscopy
FEA finite element analysis

FGA functionally graded adhesive
FGM functionally graded material
FML fiber metal laminate

FRP fiber reinforced plastic

GFRP glass fiber reinforced plastic
HBP hyperbranched polymer

MMT Montmorillonite

SEM Scanning electron microscopy

9.2 Publications and Patents

Top-down-Entwicklung von Faser-Metall-Laminaten Alan A. Camberg, Katja Engelkemeier, Jan
Dietrich, Thomas Heggemann, Lightweight Design, Ausgabe 2/2018

DE 10 2017 123 788 A1 2019.04.18 Hybridmaterial aus Metall und Faserverbundkunststoff
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9.3 Technical Data sheets of used commercially available adhesives

9.3.1 DuploTEC® 690 SBF

DUpIOTEC® 690 SBF — TOpaZ TeChnOlogy - Vorldufiges Datenblatt -

Art. No. 11 16 96

|\ | /[

&

Lohmann GmbH & Co. KG
Iicher Str. 55

D-56567 Neuwied

Phone: + 49 (0) 26 31 34-0
Fax: + 49 (0) 26 31 34-6661
www.lohmann-tapes.com

Materialbeschreibung

DuploTEC®690 SBF (Superior Bonding Film) ist ein reaktiver Klebefilm auf Polyurethan-Basis.

Er ist geeignet fiir schnelle Klebeprozesse mit niedriger Hartungstemperatur. Der hitzeaktivierbare
Film verbindet die Vorteile einer einfachen Handhabung mit den Leistungen struktureller
Klebeverbindungen. DuploTEC®690 SBF kann zur Verklebung unterschiedlichster Materialien und
\Bauteile verwendet werden.

Material Farbe Dicke in ym
Abdeckung Silikonpapier gelb 80
Klebstoff Warmehartender PU-Film mit Inlay transluzent 100

Eigenschaften & Vorteile

v' Vor-applizierbar auf den meisten Materialien
v" Hohe Festigkeit nach Vernetzung

v' Starke Klebkraft auf einer Vielzahl von
Substraten

v" Schnelle und saubere Applikation
(pick & place; manuell, halbautomatisch
oder vollautomatisch)

v Bei Raumtemperatur (ca 25°C) nicht klebrig

v" Handfestigkeit erlaubt schnelle
Weiterverarbeitung im Prozess

v" Die konstante und gleichmaRige Filmdicke N
ermdglicht optimale Klebefugen

v' Exzellente Stanz-, & Schneideigenschaften

v DuploTEC®690 SBF kann sowohl als Rolle,
Spule oder Prazisionsstanzteil in
Produktionsprozesse integriert werden

v" DuploTEC® 690 SBF ist benzol-, phenol-,
toluol- und formaldehydfrei

v DuploTEC® 690 SBF ist frei von APEO’s und
Styrol gemaR dem aktuellen GADSL Richtwert

Verarbeitungshinweise

Oberflachenvorbereitung: Kleben und Aushérten: \
+ Die Oberflache muss sauber, trocken und freivon ~ * Empfohlene Hartungstemperatur:

Staub, Fett, Ol und groben Verschmutzungen sein. 100-150°C
» Die Reinigung sollte mit einem sauberen Tuchund ~ * Empfohlener Druck bei Hartung:

geeigneten Lasungsmitteln erfolgen. 15-75 Niem?

« Die Oberflachenenergie sollte mindestens 38 mN/m
betragen.

Wir empfehlen die Temperaturbestandigkeit der Materialien

vorher zu (berpriifen. Gangige Methoden zur Optimierung

der Oberflachenenergie konnen angewendet werden.

Vorapplikation (optional):

+ Anfangshaftung erfolgt durch Warmeeintrag
ab ca. 55°C (Optimaler Bereich ca. 60-70°C)

* Empfohlener Druck: 15 - 75 N/iem?

« Empfohlene Zeit: 3 - 10 sek

\

« Zur Vermeidung {ibermaRigen Ausblutens des
Klebstoffs, empfehlen wir eine Klebstofftemperatur
von 160°C beim Ausharten nicht zu Uberschreiten.

Nachhartung (optional):

= Wir empfehlen die Fiigepartner nach dem
Klebeprozess unter Druck auf < 50°C
abzukuhlen.

Die Wérmeiibertragung (Zeit) hangt von der Dicke des
Substrates und dessen Warmeleitfahigkeit ab. Das Kleben
kann in einer Vielzahl von Maschinen stattfinden, wie zum
Beispiel in Laminiergeraten, Warmepressen
Verschmelzungsanlagen, Pressformen und vergleichbaren
Geraten.
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DuploTEC® 690 SBF - Topaz Technology - veraues atntiat-

Art. No. 11 16 96

Technische Daten Methode Wert
Glas(ibergangstemperatur (nach Aushartung) DSC -30°C
L - Erweichungstemperatur ca. 55°C
Hartungstemperatur min. 100°C
,.":-' Dynamische Scherfestigkeit (23 £ 2°C) Gemal N/312,5 MPa
DIN EN 1485 mm?
Polycarbonat (3 mm) 2900 9.3
CFK (3 mm) 5000 16
(S Aluminium (2 mm) 1600 5
Temperaturbestandigkeit, langfristig Interne Priifmethode | <140°C
\Temperalurbesténdigkeit, kurzzeitig Interne Priifmethode | <170°C
Aufbewahrung / Lagerzeit Sicherheitshinweise
« Lagerung und Transport des Films hat bei\ « Bitte beachten Sie die allgemeinen N
unter +30°C (fiir max. einen Tag = +35°C) Sicherheitshinweise bevor Sie
und normaler Luftfeuchtigkeit (50-70 %) zu DuploTEC® 690 SBF das erste Mal verwenden
erfolgen
* Die Lagerfahigkeit betragt 1 Jahr nach » DuploTEC® 690 SBF erfilllt die Anforderungen
Auslieferung der Direktive 2011/65/EU - RoHS und dieses
* Nach Vorapplikation auf ein Substrat mit Produkt enthélt keine SVHC Substanzen nach
< 60°C ist die Lagerfahigkeit drei Monate Artikel 57 der Verordnung (EC)
[ nach Vorapplikation Nr. 1907/2006 - REACh
b ~
Anmerkungen
Die in diesem Datenblatt beschriebenen physikalischen Eigenschaften sind typische Messwerte oder
Durchschnittsmesswerte. Alle anwendungsbezogenen Beurteilungen, Informationen und
Empfehlungen beruhen auf unserem besten Wissen und praktischen Erfahrungen. Viele
Einflussfaktoren liegen aulerhalb unserer Kontrolle allein im Bereich des Kéaufers und kénnen den
Gebrauch und die Wirkungen unserer Bander in der konkreten Anwendung beeinflussen. Sofern nicht
ausdriicklich schriftlich vereinbart, iibernehmen wir keine Haftung fiir die Geeignetheit oder
Gebrauchsfahigkeit unserer Bander flr bestimmte Einsatzzwecke und Anwendungen, die in der
speziellen Verwendung der Bander durch den Kaufer liegen. Soweit gesetzliche Regelungen nicht
entgegenstehen, ist unsere Haftung fiir unmittelbare oder mittelbare, materielle oder immaterielle
Schaden des Kaufers, die durch die Verwendung unserer Bander entstehen, ausgeschlossen. Die
Verantwortung fiir die Geeignetheit fiir den vom Kéufer beabsichtigten Einsatzzweck liegt allein in
dessen Verantwortungsbereich. Bei speziellen Fragen wenden Sie sich bitte an unsere
| anendungstechnik. Stand: Juli 2016
-
Bei Anfragen bezlglich Produkisicherheit (Bestétigungen, Konformitaten mit Richtlinien, REACh, etc.)
verwenden Sie bitte folgende E-Mail-Adresse: product.safety@lohmann-tapes.com

Lohmann GmbH & Co. KG
Ificher Str. 55

o <JLohmann

Fax: + 49 (0) 26 31 34-6661 The Bonding Engineers.
www.lchmann-fapes.com i' ing tng.
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9.3.2 3M™ Structural Adhesive Tape

- Oct2014

Technical Datasheet

3M™ Structural Adhesive Tape

SAT 1010

Description

3M™ Structural adhesive tape (SAT) is a one layer-epoxy based adhesive tape for the Automotive industry
(BIW) formulated for metal bonding applications. The tape delivered structural bonding strengths for
various application but specially for hem bonding on metal closures. Besides the bonding performance the
tape had gap filling properties due to expansion function. Tape should be applicate in BIW and run through
the automotive paint pre-treatment& E-Coat process. In E-coat oven the tape expand and cure under the
below describe conditions.

Tape has good compatibility to stamp oils and features broad adhesive gap and bake tolerances.

The tape will be delivered on level wound rolls , geometries see below .

Note : Using a BIW oven can leads to performance defects of SAT1010. The Tape don’t need a pre-cure
process e.g. Induction or BIW oven. Hem bonding tape application should be conduct in close
communication with the responsible 3m TechService engineer.

Construction
Protection
Liner
[—————————— ]
Epoxy based
structural adhesive
tape

N\

Product Features Performance Advantages Customer Benefits

Product Liner

High bond strength with cohesive failure mode  Robust, structural bonding

Epoxy Chemistry on metal substrates performance

Provides good bond strength

Compatible with press and stamp oil’s : %
PRI WIELP o P ol under various process conditions

Excellent long-term durability (to heat, humidity, salt water)

Anhang 3 zu DHOG-7S3BCU Seite 1von 2
Rev.03
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Technical Datasheet GT6008

Process Wash out resistance Broad handling and dispensing
windows
Gap closing properties via expansion Sealing and corrosion protection

Contain glass-beads/mesh (M-version) for bond  Safe application
line control

Final Heat Cure In E-coat oven w broad over-bake tolerance no extra curing process
Shelf Life six months from dispatch of 3M warehouse when stored at room temperature.
99+% Solids Reduced emissions/vapours/odour Low regulatory concern

Performance Properties (Typical Values)

Tape geometries (uncured tape)

Thickness tape 0.2- 0.4mm (depend on application)
Width of tape 10-30mm (depend on application)
color White
Length Level wound roll up to 800 m
Liner: Release Liner (red) plus Top-Liner: PE
Curing
Curing conditions min .15 min at 165 °C max. 40 min at 195 °C
M
3M Deutschland GmbH
Automotive Laboratory
Carl-Schurz-Strasse-1 SAT1010_E_01/bk
D-41453 Neuss Date: 10/ 2014
Tel. (+49)-2131-14-3580 Revision: 01
Fax: (+49)-2131-14-12-3580
Seile Zvon 2
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9.3.3 BETAMATE™ 1620 MB

<>

Dow Automotive

BETAMATE™ 1620 MB

Crashresistant Structural Adhesive

Technical Datasheet

Description / Application:

BETAMATE™ 1620 MB is a one component, epoxy based adhesive especially developed for the body shop.
The adhesive is used in the car to increase the operation durability, the crash performance and the body
stiffness.

Properties:

- Excellent adhesion to automotive steels, including coated steels and pretreated aluminium with good tolerance to
oil and drylubes.

- Helps to increase the stiffness and the crash stability of the entire car body.

- High durability of the adhesive and the adhesive bond.

- Due to its sealing capability the metal and weld points are protected against corrosion.

- Compatible with other mechanical and thermal joining techniques.

- Compatible with the electrocoat process.

- Precureable and pregelable.

- Until four weeks open time in the uncured bond

Application:

The product is cold pumpable, swirlable, streamable and applicable as a bead. It can be applied with the
following parameters:

application speed Until 500 mm/s

temperatures: recommended:

follower plate unheated

follower plate - doser Unheated possible, Maximum
temperature at doser 55°C

nozzle 55 -65°C

For an optimum tack of the adhesive, the parts to bond should be stored at 15°C or higher. In case of an
application break longer than 30 minutes the heating of the application equipment should be switched of.

All Dow Automotive products are primarily developed in co-operation with the automobile
manufacturers, according to their needs and their specifications; they are approved for the specific
applications as defined by the customer.

The use of the product other than approved application have to be released in written form by the
Technical Service of Dow Automotive.

Dow Europe GmbH,Edition 02, 29.06.2010, Page 1
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Technical Data:

Basis

Color

Density 23°C (DIN 52451)
Solid Content

Viscosity/Yield Point
(45°C, Bohlin, Casson)

Curing Condition
Standard Curing

Tensile Strength
(DIN EN 1SO 527-1)

Elongation at Break
(DIN EN ISO 527-1)

E-Modulus
(DIN EN ISO 527-1)

Lap Shear Strength (DIN EN 1465)
(CRS 1403, 1.5mm)

(Bonding dimension: 25mm x 10mm
Adhesive layer thickness: 0.2mm)

T-Peel Strength (DIN EN ISO 11339)
(DX56 D Z100 MB, 0.8mm)

(Bonding dimension: 25mm x 100mm
Adhesive layer thickness: 0.2mm)
T-Peel Strength (DIN EN ISO 11339)
(H340 LAD + Z 0.8mm)

(Bonding dimension: 25mm x 100mm
Adhesive layer thickness: 0.2mm)
Impact Peel Strength (ISO 11343)
(CRS 1403, 1.0mm, 23°C, 2m/s)
(Bonding dimension: 20mm x 30mm
Adhesive layer thickness: 0.2mm)

Bonding Surface Preparation

Application Tool

Cleaning

Containers

Shelf life

The given data are standard values.

epoxy resin
red

1.22 g/ml

> 99%

30 Pas /130 Pa

> 140°C / 30 minutes
180°C / 30 minutes

31 MPa
approx. 12%
1500 MPa

31 MPa

TN/mm

10 N/mm

40 N/mm

The material has been designed to tolerate up to 5 g/mgof
surface oil.

Cartridges: hand-operated or pneumatic heated gun with
mechanical piston.
Drums, pails: heated pumping system.

Uncured material can be removed with BETACLEAN 3510.
Attention: The contact with bonded areas should be avoided.

Drums, pails: 20 kg, 45 kg and 200 kg (re-usable pails with PE-
liner).
Cartridges: 0,36 kg

Storable at temperatures below 30°C for four month.

Dow Europe GmbH,Edition 02, 29.06.2010, Page 2
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