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ABSTRACT

EXPERIMENTAL INVESTIGATION ON MECHANICAL PROPERTIES OF
ADHESIVELY BONDED AL-GFRP JOINTS REINFORCED WITH
NANOPARTICLES

KINAY, Didem
M.Sc. in Aircraft and Aerospace Eng.
Supervisor: Assist. Prof. Dr. Mehmet Veysel CAKIR
July 2018
83 pages

Aluminium and fibre reinforced polymers are widely used in the aerospace and
automotive industries due to their high strength/weight ratios. While the use of
adhesives in combination of different materials provides many advantages over
mechanical methods, efforts are being made to increase the strength of the adhesive
connection. In this study, the effects of adding Nano-particles such as Nano-silica,
Nano-clay and multi-walled carbon Nano-tubes (MWCNT) to commercial epoxy
adhesive (Araldite 2014) on the shear and impact strength of Al-GFRP single-lap
joints were investigated. Shear performance of bonding samples were researched by
universal tensile test machine in accordance to ASTM D 3039 international
standards. In addition to this, Charpy impact test was used to evaluate the impact
performances of samples in accordance to ISO 179 international standards. The
experimental results showed that addition of Nano-particles give enhancements in
the shear performance of Al-GFRP bonding joints by %38 to % 62. Impact strength
is increased by 10% to 14%.

Key Words: AI-GFRP, Adhesive bonding, Nano-Clay, Nano-Silica, MWCNT,
Shear strength, Charpy impact strength



OZET

NANOPARTIKULLER iLE GUCLENDIRILMIS AL-GFRP YAPISTIRMA
BAGLANTILARININ MEKANIK OZELLIiKLERIN DENEYSEL OLARAK
INCELENMESI

KINAY, Didem
Yiiksek Lisans Tezi, U¢ak ve Uzay Miih. Boliimii
Tez Yoneticisi: Dr. Ogr. Uyesi Mehmet Veysel CAKIR
Temmuz 2018
83 sayfa

Al ve fiber takviyeli polimerler, yiikksek mukavemet/agirlik oranlari nedeniyle
havacilik ve otomotiv endiistrisinde yaygin olarak kullanilmaktadir. Farkli
malzemelerin birlestirilmesinde yapistiricilarin  kullanilmasi1 mekanik yoOntemlere
gore pek ¢ok avantaj saglamakla birlikte, yapistirict baglantisinin mukavemetini
arttirmaya yonelik ¢alismalar devam etmektedir. Bu tezde, ticari epoksi yapistiriciya
(Araldite 2014) nano-silika, nano-kil ve ¢ok duvarli karbon nano-tiip (MWCNT) gibi
nano-pargaciklarin eklenmesinin AI-GFRP tek-bindirmeli yapisma derzlerinin kayma
ve carpma dayanimlarina etkileri arastirilmistir. Yapistirilan numunelerinin kayma
dayanimlart ASTM D 3039 uluslararasi standartlara uygun olarak tiniversal ¢ekme
test makinesi ile arastirilmigtir. Ayrica, yapistirilan baglantilarin - darbe
performanslarint ISO 179 uluslararas: standartlara uygun olarak hazirlanip Charpy
darbe testi ile test edilmistir. Deneysel ¢alismalarin sonuglari, yapistiriciya eklenen
nano pargaciklarinin AI-GFRP yapistirma baglantilarin1 kayma performansinda %38
ila % 62 oraninda iyilestirdigini gostermistir. Darbe dayanimlarinin ise %10 ila %14

oraninda artt1g1 goriilmektedir.

Anahtar Kelimeler: AI-GFRP, Yapistirma baglantisi, Nano-Kil, Nano-Silika,
MWCNT, Kayma Dayanimi, Charpy Darbe Dayanimi
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CHAPTER 1
INTRODUCTION

Nowadays, different techniques and applications are used to combine many materials
or constructs. The most common ones are riveting, welding, a method of bolted
joints, and mechanically fastened. Specifically, looking at the aviation sector, it is
clear how important it is to reduce fuel consumption and reduce the weight due to
other circumstances related to its regulations. This view thus opens up the possibility
of making connections with different methods, such as adhesively bonding joint
technique. As a conclusion, the key point here is improving the strength of

adhesively bonding joints and the work done in this direction.

1.1 Background

When considering joining and connections, the force and stress that affect the
strength of the connection is distributed. Stress concentration accumulates in the
joining areas and this affects the strength of the connection. For instance, if the
riveting connections are taken into account, it is seen that the force is not evenly
distributed. When adhesively bonding techniques are compared with riveting, it is
seen that the bonding force distribution is more evenly spread. In addition to this
advantage, when the results of the experiments and literature studies were examined,
it was observed that the added nano-particles significantly increases the bonding
connections. This thesis involves the experimental investigation of the increase in

bonding quality and bonding strength when nano-particles added into adhesives.

1.2 Overview of the Thesis

When looking at the literature, it appears that nano-particles are being added to
epoxy or polymer adhesives to study how they affect the mechanical properties of
nano-composites or direct bulk adhesives. However, the mechanical relationships of

the bonding connections and the degradation processes are very complex.



Moreover, the connection strength is affected by the type of adhesive, the length of
the overlap, the thickness of the adhesive, and so on. In the studies carried out, it
seems that fracture toughness in adhesive connections is also related to adherent

materials.

Since adhesive joints are frequently subjected to sudden dynamic loads, information
on how adhesive interconnects respond to impact loads, particularly those coupled to
different materials, such as aluminium (Al) to Glass Fibre Reinforced Polymer
(GFRP), is important. As a result, these effects need to be better understood by using
different adherent materials and different type of adhesives and additives as nano-

particles.

In this thesis, the adhesive bonding of Al to GFRP structure joints is investigated
with single lap joint. It was shown that a commercial adhesive is made stronger with

nano-particles.

First of all, a plan was done as shown in Figure 1.1. In numerical method it is
necessary to know numerically the mechanical properties of the last state of the
adhesive to make a correct analysis. Since it is not known how and in what way the
adhesion strength of the nano-particles in the adhesive will affect, the numerical
method is not considered in this plan. On the experimental path, the selection of
adherents, adhesives, and nano-particles is required. Aluminium is already chosen as
the adherent. Secondly, it is necessary to choose an aluminium alloy type. Thus, 3
different aluminium alloys were selected. The 1050 is an aluminium alloy, that is
rarely found in the literature for single-lap joints, has high electrical conductivity,
and can be used in various applications with GFRP in the future due to this feature.
Aluminium alloy 7075-T6 and aluminium alloy 2024-T3 are frequently encountered
in aerospace applications. Furthermore, two different commercial adhesives with

different properties have been chosen as adhesives.
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Figure 1.1 Plan of the experimental thesis

nano-silica, nano-clay and Multi-walled carbon nano-tubes (MWCNT) were selected
as nano-particles (see Figure 1.1). In the thesis, Firstly Mode | experiments were

conducted. Followings are mainly learned from it;
e Surface porosity quality in the adhesive bonding,
e Spew formation,
e Overlap area,
e Application method of adhesive,
e Experiences about adhesive applications,

e Weaker adhesive which is used rather than the other commercial one by
tensile testing with ASTM D-3039 international standards.



Secondly investigation was continued with different adherents and nano-particles
percentage in adhesive by weight. In Mode Il tests, effect of the nano-particles

adding into the adhesive with different percentage in weight was investigated.

Next, Mode IlI, 1V and V tests are the field in which the dispersion formulation in
the adhesive is understood and in which the mechanical properties of adhesives with
different ratios are investigated. These cases were examined by single-lap joints and
tensile tests were performed. Unlike the Mode 111 tests, in the Mode 1V and V tests,
adhesive joints were tested with 1SO-179 international standards by Charpy impact

tests.

Overall, 458 samples were prepared and 229 tests were carried out with tensile and

Charpy impact tests in this thesis.



CHAPTER 2
LITERATURE SURVEY
2.1 Introduction

This section includes the literature review. Firstly, a review of the literature on
adhesively joining and the related basic principles has been given in section 2.2.
Then comes the single-lap joining, which is the connection method used. Next,
literature review of Al to GFRP composite adhesively joining used in the
experimental process was carried out. Later then, nano-particles as an overview and
nano-particles specifically attached to the adhesive have been presented. Finally,
tensile and Charpy impact tests have been mentioned in order to better understand

which methods are used for the tests.

2.2 Adhesive Joining Fundamentals

Composite materials are widely used in the aviation and automotive industries as
well as in construction and marine engineering fields. In many applications, it is
almost impossible to complete the whole building in one single body. In this context,

the integration of different parts has great importance.

Bolts or rivets are commonly used in composite and metal assemblies. Their
assembly and disassembly processes can be done quite easily. However, when such
applications are applied to composite materials, micro or macro damage may occur
in the holes at the joining points. The adhesive joints, therefore, have advantages
over the bolt and the rivet, and their use as alternatives to these assemblies are

increasing.

Adhesives are, in a simple sense, fluid or semi-fluid liquids which adherent materials
using surface or chemical bonds, either natural or synthetic. Adhesion is basically the

atomic and molecular interaction between two surfaces [1].



Depending on the type of adhesive used, the bonding design, the application method
and the intended function of the final system, bonding with the adhesive may offer

one or more advantages. These are;

« Ability to combine different types of materials with different properties such

as composition, the coefficient of expansion, elastic modulus, and thickness,

» Uneven surface lines caused by fasteners, such as bolts, rivets, etc., can be
removed from the joint when joined with the adhesive to provide a permanent

improvement in the appearance of the final system,

« A more uniform stress distribution along the entire bonding area can be
obtained with the reduction of small stress buildups in small contact areas due

to bonding elements such as bolts, rivets, and spot welds,

» Fretting (micro-movement of the parts running on each other) prevents

corrosion,
» Prevents galvanized corrosion,

+ Due to the tensile absorber, uniform distribution or advancement, the
adhesive bonds of many adhesives provide higher strength and stretch
elongation ability against dynamic impact. In this case, the fatigue strength

improves and the vibration resilience and flexibility properties are improved,
» More precise rigid connections can be obtained,

» Provides lightness compared to welded and riveted connections when

considering structural integrity,

* In the production of small forces and torques, it is possible to reduce
machining costs, to use less material, and to work with higher tolerances [2,
3].

Along with these advantages of bonding joining, there are also benefits such as easy
portability and combining different components together. The fact that the bonding
processes can be easily automated makes it possible to make the bonding methods

with this method convenient and low cost.



Compared with conventional joining methods, the combination of composite
materials with other materials has become very popular due to its ease of application,
low cost and light weight. They are also preferred for repairing damage to composite
materials as they resist stress accumulation, are resistant to corrosion and have a long
fatigue life. For this reason, it is frequently used in automotive industry and
especially in the aviation sector [4-6]. For instance, the side walls of the aircraft and
the honeycomb structures used for the covering are usually joined together by

adhesives with aluminium plates [7].

Adams and Comyn [9] noted the importance of bonding connections and said that
they are an alternative to the other joining techniques. Also, they emphasized that
proper surface treatment and proper adhesive selection must be selected for bonding

composite materials.

Lees et al. [10] focused on the issues to be considered in the bonding process. In
addition, within this context, the chemistry of the adhesive has stated that the
advantages and disadvantages of using adhesives, the length of overlap of the
bonding, the effect of the thickness of the adhesive, and the appropriate loading
shapes have to be determined. Also, the surface preparation methods of the most

used engineering materials are emphasized.

Kinloch [11] has shown improvements in the use of adhesives, focusing on their use
in composite materials for the automotive and aerospace industries. This study also
explains the reasons for using adhesives and the factors that restrict their use,

principally the rules to be considered, adhesion, cohesion, and curing.

In addition, Kinloch [12] published a paper titled "Adhesion and Adhesives" which
explains the theories used in the description of the adhesion phenomenon and
concludes that it is not enough to explain the adhesion phenomenon with a single
theory. In this study, the preparation of the adhesion surface and the hardening
mechanisms of the adhesives were given, and the mechanical behaviors of the

adhesion bonds and the fracture mechanics were also explained.

Miiller and his friends stressed out that bonded joint strength is a phenomenon that is

technically affected by adhesion and cohesion [13].



Gediktas [14] also described adhesion and cohesion in his study. He stated that the
surfaces must be prepared appropriately in order for the bonding connection to be
good, and adhesion forces and surface roughness at a bonding interface are the most
important factors in transmitting force. It has been emphasized that the adhesive
should not be very smooth and the surfaces must be roughened and this process can
also be done with sandpaper. In addition, it has been emphasized that the surface

should be prepared in various directions for sanding tracks.
2.3 Single-Lap Joint

Because of the fast development of adhesive bonding technology, adhesive joints are
often used instead of earlier methods such as rivets in industry where aeronautics and
space. Bulk of adhesively bonded joint configurations can be used in different
bonding configurations. Because of its ease of preparation with basic principles, the

single lap connection is the most common [15, 16].

Due to the fact that, AA2024-T3 has lightness, workability, high corrosion
resistance, high strength, it is one of the important aluminium alloys used in the
aviation and automotive industries. Use of this alloy is also recommended when

evaluating the performance of many international standards adhesively joints [17].

In a study, Giiltekin et al. [18] used AA2024-T3, which is widely used in aviation,
and 3M-DP460, which is a commercial epoxy, as epoxy. For these single lap
experiments, samples of different thicknesses were cut to 100mmx25mm size plates
and for the 25mm overlap surfaces, 0.15mm thick adhesive was used. This
experimental study is also modelled in ANSYS. As a conclusion, comparison of
numerical and experimental results show good match. Also, transverse deflection
indirect peel stress reduction in the overlap region with adherent thickness was
observed in specimens from 1.6mm to 3.2 mm thickness. To sum up, this study

showed that adherent thickness is an important parameter affecting joint strength.

In a study conducted by Reis and his friends [19], single lap joints' tensile shear
strength was investigated using different materials. In this experimental study, 3
different materials were used and this study was investigated through the strengths of

the materials.



The results of the experiments showed that the value of the stiffness of the materials
affected the joints' shear strength. So it can be said that the strength in the joints can

be related to the increase in stiffness.

Pinto and colleagues [20] studied single lap joints' tensile strength by using adhesives
in ductile and brittle on using adherents of different thicknesses. One of the results of
the experimental work is that joint strength is observed to decrease as the adherent
thickness increases in the joint where the ductile adhesive is used. Another result is
that the strength of the joint increases as the thickness of the adhesive increases as
the brittle adhesive increases. These experiments have also shown that the adherents
at different thicknesses reduce the joint strength.

Experiments conducted by Aydin et al. [21] focused on lap shear tests on single lap
joints. Different adherent thicknesses and different overlap lengths have been
studied. Also, the fracture surfaces on the specimens after fracture were examined
with Scanning Electron Microscope (SEM). In addition, these tests were modelled in
FEM according to non-linear material properties and run non-linearly. As a result of
this study, the shear stress of the joint strength increased as the adherent thickness
increased. The other result is the equal stress and strain transfer from the both ends of
the bond to the centre of the overlap zone.

2.4 Metal to Composite Adhesive Joining

On one hand, fibre reinforced composite materials are far superior to metals in terms
of specific strength, hardness, corrosion resistance and formability. On the other
hand, metals are engineering materials that have high reliability and availability in
almost any environment and are still important for large structures. For this reason,
large structures such as airplanes and ships are made of metal and composites called
hybrid structures [22]. Metal to composite based hybrid constructions are key

technologies for high hardness, lightness, and reliability for other industries [23-27].

As mentioned before, there are two methods to combine metal to composite
structures. These are mechanical fastening, which has been used for many years, and

others that have been developed to a large extent in the last century.



The screwed and riveted joining technique from mechanical connections is a simple
configuration, with no thickness restrictions and high performance with small
connections possible. Hence, these connections are usually used in metal composite
joining. However, mechanical connections have disadvantages a side form these
advantages. The most important of these is the increase of the weight of the structure.
This is a very serious disadvantage as weight is considered to be an important
parameter in the aviation sector. In addition, the presence of holes in the mechanical
connections causes static stresses due to stress build-up around the hole, resulting in

damage to micro and macro dimensions.

Particularly in composite structures, when these holes are opened, the glass fibres
break apart [28], the higher layer are peeled off at the entrance of the hole, the fibres
are broken and the delamination of the final layers in the laminate occurs [29,30], so
the overall structure of the composite material deteriorates. Since these damages can
initiate fatigue cracks, they significantly reduce the strength of mechanical fastening.

2.5 Adhesive Bonding with Nano-Particles

Adhesive bonding is widely used in various industries such as aviation, automotive
and ship due to its advantages such as lightness, sealing ability, low cost, corrosion
resistance, and uniform stress distribution. Epoxy based adhesives, due to their
mechanical, electrical, thermal and chemical properties are often used in engineering

applications [31-33].

Increasing the quality and durability of adhesives using various methods is a hot
topic both in science and engineering. These methods include the use of nano-
particles such as nano-fibres, carbon nano-tubes and graphite. As well as the
method’s practical and low cost, mechanical, thermal and permeability of epoxy
adhesives offer promising developments in an adhesive’s properties. Studies have
shown that the addition of various low concentration nano-particles to the resins of
polymer composites is a good solution to improve mechanical and impact
performance without sacrificing toughness or manufacturing process. For instance,
Chavooshiana et al. [35] conducted a study on the effect of silicon carbide nano-
particles on adhesion strength of glass fibre composite links bonded with two-

component structural acrylic adhesives. They have reported that the use of nano-
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silicon carbide particles in this work resulted in a significant increase in the shear and
tensile strength of the composite connections.

2.6 MWCNT in Adhesive

Zielecki et al. [36] aimed at improving the fatigue properties of the adhesive with
MWCNT (30 nm diameter, few microns length) and experimentally applied the peel
loaded adhesive joints method. In these tests, 3 differently varied tests were applied,
3 different types of epoxy were used for each variation and it was planned to apply
the same test for each adhesive. In this literature review, the authors found that the
most effective results were achieved with adhesives containing 1% by weight of
additives. Therefore, they used only 1 wt. % MWCNT nano-particles in their tests.
For these tests, the epoxy was heated to 50 °C to reduce the viscosity. Subsequently,
the nano-particles were added with epoxies and mechanically mixed with ultrasonic
bath before homogenous dispersing was provided. The fatigue strength test results
showed that the fatigue life improved significantly. Fatigue life at the connections
with Epidian 57-PAC adhesive and MWCNT particles was 106.8%, fatigue life at
the connections with Bison named adhesive and MWCNT mixture increased by
69.3%.

In addition to that, the fatigue strength was 19.5 MPa at neat Epidian 57. Then, it
increased to 22 MPa at MWCNT adhesive. On the other hand, it increased from 12.2
MPa in neat Bison to 13.5 MPa. Araldite 2014-1 is a named adhesive it does not give
a good result as compared to the other adhesives. The authors explain the reason for
these successful results by increasing the energy absorption of MWCNT, and they
believe that such adhesives will be widely used in the future because of the increased

strength properties of bonded structural joints.

A study by Zhang et al. [37] found that C/C is frequently used in aeronautic and
astronautic fields due to its heat resistance feature, but due to their complex shapes
and sizes they cannot be used directly and they are used by being combined with
high-temperature resistant adhesives. On the other hand, they stressed the knowledge
that these adhesives have low mechanical properties even if they are resistant to high
temperatures. Therefore, in this study, which aimed to increase the strength and
stiffness of the C/C adhesive joining, the adhesive was mixed with 0.2 wt. %
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MWCNT (8-15 nm diameter, 50-micron length) particles. Compared to neat epoxy,
the stiffness is much higher. An increase in average shear strength of 27% to 31% is
achieved. In addition, it is emphasized that MWCNT provides strong interfacial

bonding in the matrix and stress transfer is high.

Yu et al. [38] investigated the effects of MWCNT (20 nm diameter, few microns
length) additives on the adhesive connections of aluminium plates
(150mmx25mmx3.2mm).

For the tests, MWCNTs in different percentages were determined and the
homogeneous dispersion, electrical and thermal properties of the adhesive was
mainly investigated. This research, unlike other researchers, investigated dispersion
as follows; The CNTs were first mixed with a hardener (Epicure 3274) and an
ultrasonic bath was first used after mechanical stirring to ensure good dispersing. On
the other hand, the CNTs were also mixed directly with the epoxy (Epikote 240) and
as a result, a poor dispersion was observed. To increase the quality, the mixture was
mixed again with a high-speed beater, but this time the bubbles appeared in the
mixture. The adhesive was placed in a vacuum oven to remove bubbles, but removal

was difficult.

Tests were carried out with the Boeing wedge test method and neat and CNT
samples were immersed in water at 60 °C. As a result, under these conditions, while
samples with neat epoxy failed, the samples of 1% CNT still showed fracture
toughness under the same test conditions. However, the electrical properties of the
adhesive have been studied. Despite being a very good insulating material when the
epoxy is on its own, it has an epoxy semi-metallic / metallic feature with CNT. That

is, the addition of CNT increases the electrical conductivity.
2.7 Nano-Silica Particles in Adhesive

When examining the work of adding nano-silica, Tutunchi et al. [45] reported a
significant increase in the addition of 1.5% by weight of nano-silica particles to the
shear and tensile strengths of steel glass fibre connections bonded with two

component acrylic adhesives.
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Meng et al. [49] mentioned that high performance adhesives are found in many
applications and therefore added 2.1 % by volume nano-silica (20.3+3.1 nm) to
develop a commercial adhesive. They explained that with this addition, they
increased the fracture toughness of the epoxy to 605%. In addition, nano-particles

have a higher toughening adhesive effect than the particles on the micron size.

Zhou et al. [50] studied nano-silica in their research. They mentioned that epoxies are
used in many engineering disciplines and therefore need to be improved. In the
study, 10-20wt. % nano-silica added to epoxy. Adherends were made of stainless
steel materials, and single lap joint’s tensile tests were performed. With this additive
contribution, joints strenght increased by 20%. In addition, surface morphology was
examined by SEM. To sum up, when the cyclic fatigue test is performed, it is

concluded that the adhesive has a longer life time than the neat epoxy.
2.8 Nano-Clay Particles in Adhesive

Recently polymeric clay nano-composite (PCN) has been academically and
industrially intriguing because of its strong impact between polymer and silicate
platelets, as well as the dramatic increase in mechanical and thermal properties of
molecules and low clay content on nanometer scale [51]. Montmorillonite nano-clay
particles; polymer nano-composites have been documented as the best reinforcing
materials because of their high aspect ratio, low cost and the formation of layered
silicates that can be placed in nano-dimensions separately with polymer chains [52].
Khalili et al. [53] have investigated the mechanical properties of glass fibre
composite to composite’s single bond connections combined with the nano-clay
addition to the epoxy adhesive under static and dynamic loading in a study they
performed, as a result, 1 wt. % of the nano-clay particles showed maximum strength

at tensile load.

Although studies on these new nano-composites called PCN are common, there are a
limited number of studies on the effect of nano-clay addition to the adhesive when
plate-like materials are combined with adhesive. In addition, it is observed that the

adhesive materials are generally uniform.

Khalili et al. [53] in their study, they added nano-clay particles to 1, 3 and 5% epoxy
adhesive (Araldite LY5052) by weight. The assemblies were subjected to in-plane
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and out-of-plane Charpy impact tests. The results show that adhesive joints with 1%
nano-clay particles have the maximum strength in tensile load and those with the

highest Charpy impact energy have bonded joints with 3% nano-clay particles.

Reis et al. [54] have added mushroom powder and nano-clay to epoxy resin to
improve impact behaviour of Kevlar/epoxy composite sheets. It has been shown that
the increase in impact energy in composite plates due to filler material and nano-clay
particle addition show better performance in terms of impact behaviour compared to

mushroom powder.

Rafik et al. [55] investigated the effect of Nano-clay addition on glass fibre
reinforced composites on impact response. They have shown that up to 3% by weight
of nano-clay addition improves impact resistance while 1.5% by weight of Nano-clay
addition is at an optimum level with an improvement of 23% at impact peak load and

an increase of 11% in hardness.

Jeyekumar et al. [56] have produced glass fibre composites using 1, 3, 5, 7% nano-
clay by weight. They pay attention to homogeny dispersion and observe it in SEM.
The samples were subjected to tensile and impact tests. With results of 5% additive
order; tensile strength and modulus 23.66%, flexural strength and modulus 53.86%,
impact strength 29.65%.

Galimberti et al. [57] have investigated mechanical, barrier and thermal properties of
composites produced using nano-clay in a study they have done. In addition, it has
been shown that the nano-clay minerals increase the glass temperature (Tg) of the

adhesive.
2.9 Tensile Testing

Bonding connections used to combine different types of materials; designers offer
significant advantages in terms of low number of parts used, light weight, installation
time, stress accumulation, sealing, cost, improved fatigue and corrosion resistance,

smoothness and aesthetics.

Epoxy adhesives are adhesives with excellent chemical and corrosion resistance as
well as high mechanical and thermal properties. However, such adhesives have poor

resistance to low fracture toughness and hence high crack formation due to their
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cross-linked structures. Micro fractures can cause disruption in service, resulting in

vibrations, weather conditions, or unexpected disaster.

Mechanical connections and degradation processes of adhesive connections are
typically very complex. The type of adhesive, the type of adherent materials, the
overlap, and the thickness of the adhesive affect strength of the connection.
Therefore, these effects need to be better understood by using different materials and
different adhesives by tensile testing [58].

In this thesis, a total of 129 tests were carried out with a universal testing machine
Shimadzu AG-X with a capacity of 300 kN in accordance with ASTM D 3039
standards.

2.10 Charpy Impact Test

Epoxy adhesives; can be said to be the most widely used structural adhesives because
of their good mechanical, thermal and chemical properties [59]. Such adhesives are
frequently preferred in the aerospace, automotive and naval sectors. These adhesives
also generally have low fracture toughness. In an airplane, structural parts are
subjected to various unanticipated impact loads during operation. On the other hand,
in the automotive industry, it is very important to transfer the load to the body under
impact load without damaging the body, thus ensuring the integrity of the car in the

event of collusion [60].

High strength materials such as aluminium and steel have been replaced by
laminated fibre reinforced composite materials with higher strength values in some
applications. As with all air vehicles, the use of composite materials is especially
important in high-speed aircraft because they are lightweight, durable and useful for
many applications in aeronautics. But these materials are very susceptible to impact
damage. Therefore, the impact tests are important for composite materials and/or

bonded composite materials with metals.

Impact resistance of a material is defined as the energy required for fracture along
the unit cross section during high-velocity loading. It is a measure of the ability of

the material to withstand the impact force.

15



The addition of nano-particles to the adhesive generally increases their mechanical
strength, which in turn increases the fracture toughness of the nano-particle depletion

without losing its inherent cohesive properties.

In this thesis, 10 different types of samples were prepared for each ratio of nano-
particles according to the ISO 179 standard using a Kdgel 3/70 Charpy impact tester
equipped with a 15 J hammer. Besides, a total of 100 tests were carried out. In the
impact test, the energy absorbed during fracture is used as a measure of the

brittleness or impact resistance of the material.

Hsieh and Liang [46] have worked with nano-fibres and nano-silica in their work.
These particles are added to the epoxy used to make the carbon fibre composite
material. Besides, they have examined the surface morphology with SEM. As a
result, impact absorption energy increased by 11% in nano-fillers used at 0.2% by

weight, and 8.7% at 0.1% used nano-silica.

Nassar et al. [47] investigated the force carrying capacity by adding silica and
alumina nano-particles to the single lap of magnesium to steel adhesive bonding.
Experimental results have shown that silica particles increase the force carrying

capacity of the joining when compared to alumina particles.

Zhou et al. [48] investigated the shear strength of single lap bonded steel joints
bonded with pure epoxy under semi-static load and epoxy bonded with nano-silica.
They stated that adding 10% and 20% by weight of nano-silica to the epoxy matrix

increased the adhesive strength by 20%.
2.11 Conclusions of Literature Review

Fibre reinforced polymer composites (FRP) are superior to metals in terms of
specific strength, hardness, corrosion resistance and formability. However, metals
have significant advantages in terms of their high reliability and their ability to be
used in almost any ambient conditions, impact resistance, wear and temperature
resistance, production costs. Moreover, in practical applications it is almost
impossible to make an entire body as a single body, so the combination of metals and
composites is inevitable. For this reason, large structures such as ships and planes are

made of composite materials and metals called hybrid structures. Composite and

16



metal hybrid constructions are key technologies for other industries in terms of their
high hardness, light weight and reliability. One of the main objectives is to reduce
the weight of the vehicles by using light building materials in the aviation and
automotive industry and thus to provide fuel consumption. New trends in production,
such as light weight, increased performance and functionality, increase the need to
use hybrid assemblies and thus to combine unique materials. In recent years, light
metals such as aluminium, magnesium and titanium alloys and various fibre
reinforced (glass, carbon, kevlar etc.) polymers have been combined for a very strong

and light hybrid structure.

Adhesively bonded joints used to combine different types of materials offer
significant advantages to designers in terms of low number of parts used, light
weight, installation time, stress accumulation, sealing, cost, improved fatigue and

corrosion resistance, smoothness and aesthetics.

Epoxy adhesives are adhesives with excellent chemical and corrosion resistance as
well as high mechanical and thermal properties. However, such adhesives have poor
resistance to low fracture toughness and hence high crack formation due to the cross-
linked structures. Nano-particles exhibiting many unique mechanical properties have
become one of the most attractive options in recent years to increase the strength of

polymeric materials and adhesives.

When we look at the literature, it is seen that Nano-particles are being added to
epoxy or polymer adhesives to study how they affect the mechanical properties of
Nano-composites or direct bulk adhesives. However, the mechanical connections and
the degradation processes of the adhesively bonded joints are very complex. And
also many factors such as the type of adhesive, the type of adherent materials, the
overlay length and the thickness of the adhesive affect the strength of the
connections. Therefore, these effects need to be better understood by using different
Nano-particles, different adherents and different adhesives. So, in this study, the
effects of adding Nano-particles such as Nano-silica, Nano-clay and multi-walled
carbon Nano-tubes (MWCNT) to commercial epoxy adhesive (Araldite 2014) on the

shear and impact strength of AI-GFRP single-lap joints are investigated.
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CHAPTER 3
EXPERIMENTAL STUDIES
3.1 Introduction

In this chapter, materials and their properties to produce single-lap adhesive bonding
joints for experimental studies are explained and how five different experimental

tests are carried out.

3.2 Adherent Materials

Adhesively bonded metal and fibre reinforced polimer composite joints are carried
out in this thesis. Three types of aluminium plates and glas fibre reinforced polymer

GFRP plates as adherents have been used.

3.2.1 Aluminium Plates

Due to fair physical and mechanical properties and high corrosion resistance,
aluminium alloys are frequently preferred in aviation and automotive industries. In
this study three types of Aluminium alloys (1050, 7075-T6 and 2024-T3) were used
as adherents. All plates are 2 mm thickness. 1050 Aluminium (Table 3.1 and 3.2) is a
1000-series aluminium alloy. This alloy is known for its excellent corrosion
resistance, high ductility, and highly reflective finish. It has low mechanical strength
compared to more significantly alloyed metals. Plates were obtained from the

company “Conrad”.

Table 3.1 Chemical composition of aluminium alloy 1050A

Component wt. % 0.5 0.5 3.8-4.9 0.1 0.3-0.9
' Mg Zn Zr+Ti Others Al
1.2-1.8| 0.25 0.15 0.15 Remain
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Table 3.2 Mechanical properties of aluminum alloy 1050A

Yield Strength Tensile Strength Elongation Hardness
(Mpa) (Mpa) (%50) (Brinell)
340 475 18 120

Aluminium 7075-T6 (Table 3.3 and 3.4) is a high strength material used for highly
stressed structural parts such as, aircraft fittings, gears and shafts, regulating valve

parts, worm gears, keys, aircraft, aerospace and defence applications. Plates were

bought from “Seyko¢ Aluminum Company”.

Table 3.3 Chemical composition of aluminum alloy 7075-T6

Fe Si Cu Cr Mn
Component | Max.05 | Max.04 | 3.8-4.9 0.18-0.28 | Max.0.3
wt. % Mg Zn Zr+Ti | The Others Al
2.1-2.9 5.1-6.1 0.25 0.15 Remain
Table 3.4 Mechanical properties of aluminum alloy 7075-T6
Yield Strength Tensile Strength Elongation Hardness
(Mpa) (Mpa) (%50) (Brinel)
503 572 11 150

The Al 2024-T3 Aluminium alloy (Table 3.5 and 3.6), also known as duralumin, is
one of the hardest aluminium alloys with the highest modulus of elasticity and
strength. It is widely used in automotive industry, wagon construction, aircraft
fuselage and wings, orthopaedic base, rivets and tractor wheels where specific
strength (yield strength / density) and specific elasticity module (elasticity modulus/

density) are important. Plates were bought from “Seyko¢ Aluminum Company”.

Table 3.5 Chemical composition of Aluminum Alloy 2024-T3

Fe Si Cu Ti Mn
0.-0.4 |0.-0.25 0-0.05 0-0.05 0.-0.05
Component wt. %
Mg Zn | The Others Al
0.-0.05| 0.-0.07 0-0.03 Remainder

Table 3.6 Mechanical properties of Aluminum Alloy 2024-T3

Yield Strength Tensile Strength Elongation Hardness
(MPa) (MPa) (%50) (Brinel)
85 105-145 12 34
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3.2.2 Glass Fibre Reinforced Polymer (GFRP) Plates

Fibre reinforced polymer (FRP) composite materials are widely used in aerospace,
civil and structural industries because of several favourable properties such as low
density, high specific strength and stiffness. In addition, the fatigue strength to
weight ratios as well as fatigue damage tolerances of many composite laminates is
excellent. Thus, FRP composites have emerged as a major class of light-weight
structural material. In this study, Glass Fibre Reinforced Polymer G10-FR-4 plate
with 2 mm thickness was used. G10-FR-4 glass fibre reinforced polymer (see Table
3.7) platters are thermosetting industrial fibreglass composite laminates made of
epoxy resin-bonded continuous filament glass fibre material. Initially marketed in the
1950s, this product has high strength, low moisture absorption, excellent electrical
properties and chemical resistance. Important properties are shown in Table 3.7.
Plates were purchased from company “Kupar Pompa, Kiigiikparmak Miihendislik
San. Tic. Ltd. Sti.”.

Table 3.7 Properties of GFRP

Properties
Density (g/cm®) 17.101
Buckling Strength (MPa) 357
Tensile Elastic Modulus (MPa) 23752
Pressure Resistance (N/mm®) 371.2
Notch Impact Strength (Parallel to Lamination) (kJ/m?) [117.79

3.3 Epoxy Adhesives

Epoxy adhesives contain an epoxy resin and a hardener. Due to the presence of many
resins and many different hardeners, they provide flexibility in the formulation.
Epoxy adhesives can be used to join most materials. In this study, Carbon Kleber
CG4 and Araldite 2014-1 (see Table 3.8), two component, room temperature curing,
environmentally sensitive, chemical resistant high viscosity epoxy adhesives, were
used as adhesives. These adhesives are particularly suitable for bonding metal to
metal, glass fibre and carbon fibre polymers. Their characteristics are given in Table
3.8. The Carbon Kleber CG-49, which is used only for Mode | Test, is bought from
company ‘Conrad’. Araldite 2014-1 used for Mode Il toV Tests was purchased from
‘Dost Kimya’.
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Table 3.8 Properties of adhesives

Properties Carbon Kleber CG-49 | Araldite 2014-1
Hardener- Epoxy Rate 1/2 1/2

Color Black Dark Grey
Curing Time (At room Temp.) |7 days 40 minutes
Viscosity (MPa s) 300 100

Tensile Strength (MPa) 26 19

Shear Modulus (MPa) 5 4

3.4 Nano-Particles

3.4.1 Multi Walled Carbon Nano-Tubes (MWCNT)

Carbon nano-tube, a carbon allotropic material, is a tubular nanometer-scale tube
(see Figure 3.1) with excellent electrical and optical properties. Multi-walled carbon
nano-tubes are a collection of tubes that are nested in ever-increasing diameters and
have diverse potential applications in different areas such as medicine, mechanics,
electricity-electronics, chemicals, energy. The MWCNTs used in this thesis are
functionalised as multi walled carbon nano-tubes (Purity > 96%, Outside Diameter:
8-18 nm) and are purchased from the company ‘Nanografen’. The properties are

shown in Table 3.9.

Table 3.9 Properties of MWCNT

Properties
Purity (%) >96
-COOH Content (%) 2.2
Out Diameter (nm) 8-18
In Diameter (nm) 5-10
Length (um) 10-35
Surface Area (m?/g) >210
Color Black
Ash (wt.%0) 1.5
Electrical Conductivity (S/cm) 98
Density (Tap) (g/cm?) 0.3
Density (True) (g/cm®) 2.4

21



Figure 3.1 Idealized multi walled CNT [61]

3.4.2 Nano-Silica particles

Nano-silica particles (purchased from the ‘Grafen Kimya Endustry’) are used in
99.5% purity, 15 nm dimensions. Silica (SiO) is widely used as filler in polymer and
rubber industry. Silica materials have water and thermal stability (up to 1500 °C),
good mechanical strength and toxic as well as excellent physical and chemical

properties. Their properties are shown in Table 3.10.

Table 3.10 Properties of nano-silica

Properties
Purity (%) 99.5
Bulk Density (gr/cm?) 0.05
Average particle size (nm) 15-35
Specific surface area (m?/g) 300

3.4.3 Nano-Clay Particles

The nano-clay particles used are montmorillonite nano-clay particles at 1-10nm sizes
with dimethyl dialkyl amine (properties are shown in Table 3.11). Montmorillonite
(MMT) is hydrated alumina-silica clay composed of a central alumina octahedral

layer and two tetrahedral layers.

The Na+ and Cay+ ions present at the interfaces become lipophilic by the ion
exchange reactions with organic cations, such as alkyl ammonium ions, whereby the

clay is dispersed in the organic polymer phase.

Table 3.11 Properties of nano-clay

Properties
Loss in Drying (%) <3
Mass Density (kg/m°) 200-500
Lateral Width (um) 0.5-2
Thickness (nm) 1-10
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3.5 Experimental Tests

In this study, five tests were carried out from Mode | to Mode V. In all test modes
shear strength of adhesively bonded joints were investigated. In last two group of
tests (Mode IV and V) Charpy impact test were applied to determine the impact
energy for nano-silica and nano-Clay reinforced adhesively bonded joints.

3.5.1 Shear Test

Single lap joint is a mostly used method in adhesively bonding joint and has been the
subject of significant research in the last decades. Due to simplicity and efficiency,
single lap joints (Figure 3.2) are often used to determine the mechanical properties of
adhesively bonded joints. So, for the aim of this thesis, the single lap joints
configuration was selected to bind Al- GFRP plates. Lap shear tests are quick and
economical way to assess shear strength.

Grip length

Shear area .
Bonding Length

Grip area

/‘

Adhesive thickness

Grip area

Figure 3.2 Single lap joint configuration
A universal testing machine Shimadzu AG-X (Figure 3.3) with a capacity of 300 kN
was used to perform shear strength of single lap joints. The lower head is fixed
while the upper head moves with selected constant speed. To measure the direct
shear strength of the parts subjected to the tensile test, 25 mm x 25 mm pplates of 2
mm thickness were affixed to the ends (grip area) as shown in Figure 3.4. Samples
were pulled at extension rates of 1.0 mm/min until failure, based on ASTM D 3039
standards. Force values and corresponded displacements were recorded through the
control unit of test machine. These values were used to evaluate shear strength of

worked samples.
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Figure 3.4 25mmx25mm GFRP for Samples’ Ends

After applying the tensile tests of the samples, the shear stress with respect to the

maximum tensile strength was calculated by Equation 3.1.

F

T = (3.1)

Where;

e Fisthe fracture force (N)
e W is the bond width (mm), and

e Dbis the overlap length (mm)

e T isthe shear strees (MPa)

3.5.2 Charpy Impact Test

The charpy impact test was used as a fast and cost-effective comparison tool to
investigate the impact energy of Al-GFRP adhesively bonded joints. The Charpy
impact test is a dynamic three-point bending test of a notched beam. The Kogel 3/70
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Charpy impact tester was used in this study; consisting of an anvil supported freely
by the sample and a pendulum with mass attached to a rotating arm fixed in the body

of the machine (Figure 3.5).
The Charpy impact test is carried out in four general steps. These;

e Calibrating the measurement scale to add the friction losses to the
account,

¢ Placing the samples horizontally in anvils,

e Giving the impact load to the sample by the pendulum and

e Measurement of the breaking energy with a constant gauge.

The breakdown energy is determined based on the difference between the initial
height of the pendulum (h,) before release and the potential energy of the maximum

height (h,) of the post-impact pendulum (Figure 3.5-a).

U=mxgx(ha-ho) (3.2)

starting position A \ /7
)

Figure 3.5 Charpy impact test illustration (a) Kogel 3/70 charpy impact device (b)

3.5.3 Specimens Preparation

Firstly, Al and GFRP plates were cut by guillotine in dimensions of 100mmx25mm
for tensile test and 55mmx10mm for Charpy impact test (Figure 3.6 and 3.7).

Then, the sample surfaces were abraded with Nikon 100-C silicon carbide abrasive

paper. Surface preparation of the substrates which have to be bonded is a very
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important step in the sample preparation as it directly affects the bond strength of the
adhesive and indirectly affects the failure mode. By preparing a bonding surface to
required specifications the bond strength can be at its full potential and hence
resulting in a longer structural life. The major role of surface preparation is to
remove macro and micro impurities from the surface of the adherent in order to,
increase the surface area of the adherent and thus improving the surface roughness.
To remove wastes such as oil, dirt and dust on the samples, they were cleaned with

pure acetone and allowed to stand until the acetone had completely evaporated.

Figure 3.6 Cutting of adherents’ plates by guillotine
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Figure 3.7 Aluminum and glass fibre composite samples: (Al & A2)- Samples for
tensile test, (B1&B2)- Samples for Charpy impact test
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3.6 Mode | Tests

Mode I test are conducted to select suitable commercial adhesive and to find suitable
input parameters that effect bonding quality such as overlap area, surface quality,
spew formation, etc. Two types commercial epoxy adhesive, name by Carbon Kleber
CG-49 and Araldite 2014-1, were compared (Figure 3.8) and four overlap lengths

were examined.

Mode | Test
I

Al 1050 - GFRP
CarbonKleber CG-49 Araldite 2014-1
—— Overlap: 15mm —— Overlap: 15mm
—— Overlap: 20mm - Overlap: 20mm
—— Overlap: 25mm — Overlap: 25mm
—— Overlap:30mm —— Overlap:30mm

Tensile Test

Figure 3.8 The roadmap of Mode I Test

Specimens were cut according to the measurements determined from GFRP and
aluminium 1050 plates, the surfaces of the specimens were sanded to make the
roughness suitable, and the surfaces were cleaned, glued and the bonded specimens

were subjected to tensile test.

3.6.1 Adhesive Preparation
For this Mode, Araldite 2014-1 and Carbon Kleber CG-49 adhesives were used. As
shown in Figure 3.9, these two adhesives were consisting of two-phase state which

are epoxy resin and hardener.

Figure 3.9 lllustration of epoxy and hardener
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Before the application, adhesive’s hardener and epoxy resin are prepared to be mixed
with % ratio of the mixture by hand for 10-15 seconds.

3.6.2 Sample Preparation

It is known that the adherent surface areas should not be very bright for adhesive
joints, and the wedge effect of roughness is left out in very bright places. This
information is shaded with first 100, then 400 grid sandpaper after cutting with
guillotine for lengths of different overlaps (15, 20, 25, 30 mm) in the region where
the adhesive (b= overlap length) applied (see Figure 3.10). The surfaces of the

samples were cleaned with the help of pure acetone (Figure 3.11).

A B

Figure 3.10 (A)- Sanded area on aluminum plate, (B)- Plate size
(100mmX*25mmx2mm)

Figure 3.11 (A) Acetone used for surface cleaning, (B) 0.2mm Plate used to adjust
the adhesive thickness, (C) Measured and ready to use samples

3.6.3 Application of Adhesive

0.2 mm thickness scale sheets were used to apply the adhesive (Figure 3.12 and 3.13)
by doctor blading method. Carbon Kleber CG-49 applied samples were completed at
room temperature (23°C) for seven days of drying time. Likewise, Araldite 2014-1
applied specimens were completed at room temperature for one day of drying time.
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Extra adherents were supported to the samples after application till the end of curing
time as shown in Figure 3.14.

Figure 3.12 0.2 mm scale sheets on 2 mm samples

Figure 3.14 (A)- Marking on samples, (B)- Two phase glue for end of samples

The samples were subjected to axial tensile testing with a universal testing machine
Shimadzu AG-X (Figure 3.15) with a capacity of 300 kN in accordance with ASTM
D 3039 standards.
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Figure 3.15 (A)- Shimadzu AG-X tensile testing machine, (B)- Test illustration

Samples are designated by adhesive name and overlaps. Carbon Kleber CG-49 and
Araldite 2014-1 (Figure 3.16) adhesives were prepared as a total of 24 specimens in
three pieces according to the overlap lengths of 15, 20, 25, 30 mm (Figure 3.17). The
coding of the samples is given in Table 3.12.

Figure 3.17 Test samples with different overlaps
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Table 3.12 The coding of the samples

Sample Code | Overlap Length (mm) Adhesive Type
C15 15 Carbon Kleber CG-49
C20 20 Carbon Kleber CG-49
C25 25 Carbon Kleber CG-49
C30 30 Carbon Kleber CG-49
Al5 15 Araldite 2014-1
A20 20 Araldite 2014-1
A25 25 Araldite 2014-1
A30 30 Araldite 2014-1

After the finish of curing time, spew formation on edges was observed (Figure 3.18).
It was normal when considering the samples’ weight and the curing condition with

supporting adherent. It was cut out with a knife.

The samples were tested at a feed rate of Imm/min. Experiments were performed at

room temperature (23°C) and the results were recorded.

Figure 3.18 Spew formation illustration on sample

3.7 Mode Il Tests

According to the test results of Mode | tests, Araldite 2014-1 was selected as an
adhesive and overlap length was taken as 25 mm for Mode Il test, so then the
roadmap (Figure 3.19) is figured out for this adhesive according to the percentage by
weight of nano-particles. In this test, one of the adherents was aluminium alloy 7075-
T6 plates, the surfaces of the specimens were sanded to make the roughness suitable
and the surfaces were cleaned (Figure 3.20). In Mode 1 tests, due to according to
measurement of adhesive thickness was differ £0.01 mm from desired thickness.
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Although this reduction is quite small, an adhesively bonding pattern was designed
and manufactured (see Figure 3.21) so that negative situations that might occur due

to this bonding condition would not affect the test results in Mode II.

Mode Il Test

AA 7075-T6 - GFRP ’_—,\| Neat Araldite 2014-1

Nano-Clay Nano-Silica
Overlap: 25mm

- 0.5% - 0.5%
L 1.0% - 1.0%
- 1.5% —— 1.5%

Tensile Test —I

Figure 3.19 The roadmap of Mode Il Test

—

- Bottom Adherent

) Top Adhere:\' »
(0.2mm Highewottom Place)"\

»

N,

Figure 3.21 Test pattern
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In this mode, adhesives were prepared with nano-silica and nano-clay particles by
weight of 0.5%, 1% of 1.5%. Three samples were fabricated for each percentage. To
mix nano-particles and Araldite 2014 firstly, the glasses were cleaned (Figure 3.22-
A). Then, Adhesive’s hardener and epoxy resin were prepared with % ratio of the
mixture in a clean glass. And then, according to adhesive weight and percentage rate,
nano-particles added. Precision scale (Figure 3.22-B) was used to adjust the weights.

Figure 3.22 (A) Cleaning of glasses by soap and water, (B) Precision scale
illustration

After that, acetone was added in the same weight with the adhesive to dilute the
mixture and mix the nano-particles better. Finally, nano-particles were added. They
were mixed for 50-60 minutes by hand till evaporation of the acetone. Such
evaporation also was checked by a scale. GFRP plates were placed on manufactured
pattern and the prepared adhesive mixture was applied to the surface of the samples
with a stick. Then, coding of the samples was employed as seen at Table 3.13. The
adhesive which is 0.2 mm thick was applied to the related section of the plate. After

that, aluminium plates were placed (Figure 3.23) then the curing time started.

Figure 3.23 Illustration of the samples on pattern
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Table 3.13 The coding of the samples

ADHESIVE

Adhesive
Weight (gr)

Nano-
Particle

Nano-Particles
Weight (gr)

Specimen
Code

ARALDITE
2014-1

10

CLAY

0.05

%0.5 NC-1

%0.5 NC-2

%0.5 NC-3

%0.5 NC-4

%0. 5 NC-5

ARALDITE
2014-1

10

CLAY

0.1

%1 NC-1

%1 NC-2

%1 NC-3

%1 NC-4

%1 NC-5

ARALDITE
2014-1

10

CLAY

0.15

%1.5 NC-1

%1.5 NC-2

%1.5 NC-3

%1.5 NC-4

%1.5 NC-5

ARALDITE
2014-1

10

SILICA

0.05

9%00.5 NS-1

%0.5 NS-2

9%00.5 NS-3

%0.5 NS-4

9%0.5 NS-5

ARALDITE
2014-1

10

SILICA

0.1

%1 NS-1

%1 NS-2

%1 NS-3

%1 NS-4

%1 NS-5

ARALDITE
2014-1

10

SILICA

0.15

%1.5 NS-1

%1.5 NS-2

%1.5 NS-3

%1.5 NS-4

%1.5 NS-5

Samples were cured at room temperature (23°C) for two days. After that, the samples
were removed from the pattern. No spew formation was observed as shown in Figure
3.24. The thickness was checked and it was made sure that there was a 0.2 mm
adhesive thickness. At the end, adhesively bonded samples were subjected to axial

tensile testing.
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Figure 3.24 Samples are ready to use without any spew formation
3.8 Mode Il Tests
Experience gained in Mode Il tests showed that the uniform distribution of nano-
particles in the adhesive is a very important parameter that affects the test results.

The roadmap (Figure 3.25) is used for this adhesive according to the percentage by

weight of nano-particles.
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Mode I, Tests

Neat Araldite -2014-1

Al 2024-T3 to GFRP
I

Nano-particles adding

MWCNT

- 05wt % - -
- lwt. % - -
- 15wt. % - -
- 2wt. %5 - -

Tension test

Figure 3.25 The roadmap of the Mode 111 Test with MWCNT

3.8.1 Adhesive Preparation
In the preparation of MWCNT additive adhesive, Araldite 2014-1 epoxy adhesive

and hardener (4 ratio) were added to the desired amount of 0.01gr precision scale in
a clean beaker glass (Figure 3.26-A). Nano-particles were added in the weight ratio
of 0.5%, 1%, 1.5% and 2%, respectively. The highly viscous adhesive was mixed
with a 1:1 ratio of Merck 100014 brand acetone (C3HgO) in 99% purity. It was mixed
with a light load homogenizer at 22,000 rpm for 30 minutes (Figure 3.26-B). The
acetone was left under the curing temperature until it completely disappeared from

the mixture, and it was controlled on the sensitive scale.
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Figure 3.26 (A) Presicion scale, (B) Homogenizer

As in case of Mode Il tests, specimens were cut to size; their surfaces were prepared
and cleaned. After the sample preparation, the adhesive prepared for the designated
areas in the samples was applied at a thickness of 0.2 mm. Curing time is also started

after the codes are exported to the samples (Table 3.14).

Table 3.14 The coding of samples of Mode Il Test

Adhesive Nano-Particle Specimen Code
Araldite 2014-1 | 0.25 wt. % MWCNT C0-1
Araldite 2014-1 | 0.25 wt. % MWCNT C0-2
Araldite 2014-1 | 0.25 wt. % MWCNT CO0-3
Araldite 2014-1 | 0.25 wt. % MWCNT C0-4
Araldite 2014-1 | 0.25 wt. % MWCNT C0-5
Araldite 2014-1 | 0.50 wt. % MWCNT Ci1-1
Araldite 2014-1 | 0.50 wt. % MWCNT C1-2
Araldite 2014-1 | 0.50 wt. % MWCNT C1-3
Araldite 2014-1 | 0.50 wt. % MWCNT Cl-4
Araldite 2014-1 | 0.50 wt. % MWCNT C1-5
Araldite 2014-1 | 1.00 wt. % MWCNT C2-1
Araldite 2014-1 | 1.00 wt. % MWCNT C2-2
Araldite 2014-1 | 1.00 wt. % MWCNT C2-3
Araldite 2014-1 | 1.00 wt. % MWCNT C2-4
Araldite 2014-1 | 1.00 wt. % MWCNT C2-5
Araldite 2014-1 | 2.00 wt. % MWCNT C3-1
Araldite 2014-1 | 2.00 wt. % MWCNT C3-2
Araldite 2014-1 | 2.00 wt. % MWCNT C3-3
Araldite 2014-1 | 2.00 wt. % MWCNT C3-4
Araldite 2014-1 | 2.00 wt. % MWCNT C3-5
Araldite 2014-1 | 1.50 wt. % MWCNT C4-1
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Araldite 2014-1 1.50 wt. % MWCNT C4-2
Araldite 2014-1 1.50 wt. % MWCNT C4-3
Araldite 2014-1 1.50 wt. % MWCNT C4-4
Araldite 2014-1 1.50 wt. % MWCNT C4-5
Araldite 2014-1 0.75 wt. % MWCNT C5-1
Araldite 2014-1 0.75 wt. % MWCNT C5-2
Araldite 2014-1 0.75 wt. % MWCNT C5-3
Araldite 2014-1 0.75 wt. % MWCNT C5-4
Araldite 2014-1 0.75 wt. % MWCNT C5-5

The samples were kept in the mold for 5 days at room temperature (23°C).
Subsequently, it has been verified that the thickness of the adhesive is 0.2 mm with

the help of a calliper.

3.8.2 Tests

The tensile test was applied to these samples. The test procedure is the same as in the
Mode | and Mode |1 Test.

3.9 Mode IV Tests

The theoretical and practical gains have achieved in Mode | and Il have been
finalized for Mode Il tests. In the desired direction, the results of Mode Ill were
quite satisfactory. For instance, the use of the sample preparation mould and the use
of a homogenizer significantly increased adhesive results in order to achieve the
required dispersion. Therefore, this test Mode was also followed by the Mode 111 test.
In addition to this mode, the Charpy impact test was added to see the effect of nano-
particles adding on impact behaviour of bonded joints. So, both tensile and impact
tests are done in mode 1V. The roadmap of Mode IV test prepared as in Figure 3.27.
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Mode |11, IV Tests

Neat Araldite -2014-1

Al 2024-T3 to GFRP
I

Nano-particles adding

Nano-silica
1 ]
- - 05wt % -
- - 1wt % -
- - 15wt. % -
= - 2wt. %5 -

Tension test

Charpy impact test

Figure 3.27 The roadmap of the Mode 111 Test with MWCNT

3.9.1 Adhesive Preparation

As seen in Figure 3.27, the procedure was continued with Araldite 2014-1. Nano-
silica particles were added into this adhesive in proportions of by weight 0.5%, 1%,
1.5%, and 2%, respectively, and 4 different mixtures were formed. In addition, a
mixture of epoxy and hardener of neat Araldite 2014-1 in a separate glass cup was
also prepared to compare the results. The codes for samples are given as in Table

3.15. The curing time and conditions were the same with those in Mode I11.
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Table 3.15 Codes of Mode IV test’s samples

Adhesive Nano-Particle | Specimen Code
Araldite 2014-1 | 0.5 wt. % Silica Al-1
Araldite 2014-1 | 0.5 wt. % Silica Al-2
Araldite 2014-1 | 0.5 wt. % Silica Al-3
Araldite 2014-1 | 0.5 wt. % Silica Al-4
Araldite 2014-1 | 0.5 wt. % Silica Al-5
Araldite 2014-1 | 1.0 wt. % Silica A2-1
Araldite 2014-1 | 1.0 wt. % Silica A2-2
Araldite 2014-1 | 1.0 wt. % Silica A2-3
Araldite 2014-1 | 1.0 wt. % Silica A2-4
Araldite 2014-1 | 1.0 wt. % Silica A2-5
Araldite 2014-1 | 1.5 wt. % Silica A3-1
Araldite 2014-1 | 1.5 wt. % Silica A3-2
Avraldite 2014-1 | 1.5 wt. % Silica A3-3
Araldite 2014-1 | 1.5 wt. % Silica A3-4
Araldite 2014-1 | 1.5 wt. % Silica A3-5
Araldite 2014-1 | 2.0 wt. % Silica A4-1
Araldite 2014-1 | 2.0 wt. % Silica Ad-2
Araldite 2014-1 | 2.0 wt. % Silica A4-3
Avraldite 2014-1 | 2.0 wt. % Silica Ad-4
Araldite 2014-1 | 2.0 wt. % Silica A4-5

3.9.2 Tests

In this mode tensile test and Charpy impact test was applied to these samples. The
tensile test procedure was the same as in Mode I, Il and 11l tests. The adhesive was
prepared in the same manner for the impact tests. After being controlled on the
sensitive scale, the adhesive was applied to the specimens in 55x10 mm dimensions
(Figure 3.28).

Figure 3.28 Preperation of samples for impact test
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For the thickness of the adhesive to be 0.2 mm, a mould with a height of 4.2 mm is
prepared. The bonded samples were stored in the mould for 1 day and then 4 days
out of the mold for curing. All samples thickness was measured with calliper (Figure
3.29).

Figure 3.29 Thickness control of bonded samples

In Charpy impact test, 5 different combinations were made, namely 0.5%, 1%, 1.5%
and 2% nano-silica added specimens combined with additive-free adhesive and ten
specimens were prepared for each type. Experiments were carried out on five of the
prepared specimens in the direction of facing aluminium (Figure 3.30 -b) and in the
other five in the direction of facing glass fibre polymer (Figure 3.30-c). All tests

were conducted at room temperature and standard humidity.

Figure 3.30 (A) The Kogel 3/70 charpy impact device, (B) Aluminum sample (C)
and GFRP orientation
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3.10 Mode V Tests

The methods used in this section are the same with the test Mode IV however nano-
clay is used as the nano-particle. Nano-clay particles were added into Araldite 2014
adhesive in proportions of by weight 0.5%, 1%, 1.5%, and 2%, respectively, and 4
different mixtures were formed. The roadmap of the Mode V test created with the
same criteria with Mode IV (Figure 3.31). Tensile test samples are coded as in Table
3.16. In this mode charpy impact test was also applied to 55x10 mm samples as in
Mode IV test.

Mode |1, V Tests

Neat Araldite -2014-1

Al 2024-T3 to GFRP
I

Nano-particles adding

I
Nano-Clay
A _ ..

- - - 05wt %
- - - 1wt %
- - - 15wt. %

- - - 2wt. %5

Tension test

Charpy impact test

Figure 3.31 The roadmap of the Mode 111 Test with MWCNT
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Table 3.16 Codes of Mode V Test’s Samples

Adhesive

Nano-Particle

Specimen Code

Araldite 2014-1

0.5wt. % CLAY

B1-1

Araldite 2014-1

0.5wt. % CLAY

B1-2

Araldite 2014-1

0.5wt. % CLAY

B1-3

Araldite 2014-1

0.5wt. % CLAY

B1-4

Araldite 2014-1

0.5wt. % CLAY

B1-5

Araldite 2014-1

1wt. % CLAY

B2-1

Araldite 2014-1

1lwt. % CLAY

B2-2

Araldite 2014-1

lwt. % CLAY

B2-3

Araldite 2014-1

1wt. % CLAY

B2-4

Araldite 2014-1

1lwt. % CLAY

B2-5

Araldite 2014-1

1.5wt. % CLAY

B3-1

Araldite 2014-1

1.5wt. % CLAY

B3-2

Araldite 2014-1

1.5wt. % CLAY

B3-3

Araldite 2014-1

1.5wt. % CLAY

B3-4

Araldite 2014-1

1.5wt. % CLAY

B3-5

Araldite 2014-1

2wt. % CLAY

B4-1

Araldite 2014-1

2wt. % CLAY

B4-2

Araldite 2014-1

2wt. % CLAY

B4-3

Araldite 2014-1

2wt. % CLAY

B4-4

Araldite 2014-1

2wt. % CLAY

B4-5
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CHAPTER 4
RESULTS AND DISCUSSIONS

In previous chapter, materials and methods used in experimental works were briefly
explained and classified. This chapter shows the results of all tension and impact
tests for all test modes and also obtained results are discussed.

4.1 Mode | Test Results

Mode | tests were the preliminary experiments. In this mode, the effects of input
parameters (i.e. adhesive’s types, overlap lengths) on tensile load and shear strength

of single lap joints were examined.

Maximum mean tensile load was observed as 3075.17 N with 15 mm overlap length
(Table 4.1) with Araldite 2014-1 adhesive used samples. It was also observed that
when the overlap length increases, the tensile load decreases by a ratio of 6%, 9%
and 23% respectively (Figure 4.1). Maximum shear strength was calculated as 8.2
MPa for Araldite 2014 adhesive type when overlap length was 15 mm (Table 4.1).

Test results of samples with Carbon Kleber CG-49 adhesive showed that when the
overlap length increases, the tensile load gradually increases. The maximum tensile
load according to the average tensile load values was observed at C30 (30 mm
overhang length) series as 5762.34 N.

Comparing the maximum tensile loads of two different adhesives, the maximum load
in the C30 series (5672.34 N) was 87% higher than that A15 series (3075.17 N)
(Table 4.1). When the shear strength values were compared, the maximum shear
strength at C15 (10.8 MPa) was 32% higher than that at A15 (8.2 MPa) (Figure 4.2).

Grant et al. [16] experimentally investigated the effect of the bonding area on the
bond strength. They concluded that when the bonding area increased, the shear
strength decreased similarly as seen in Figure 4.2 and 4.3. Accordingly, Figure 4.2

maximum shear strength values were obtained in samples A15 and C15.
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Table 4.1 Results of Mode | Tests

Overlap . Ma>§. Shear Max.

Adhesive type length Specimen | Tensile strength | Deformation
(mm) code Load (MPa) (mm)

(N)

Araldite 2014-1 15 Al15-1 3300.0 8.8 1.82
Araldite 2014-1 15 A15-2 3001.6 8.0 1.76
Araldite 2014-1 15 A15-3 2924.0 7.8 1.55
Mean 3075.2 8.2 1.71
Araldite 2014-1 20 A20-1 2751.0 55 1.63
Araldite 2014-1 20 A20-2 3065.4 6.1 1.80
Araldite 2014-1 20 A20-3 2851.6 5.7 1.45
Mean 2889.3 5.8 1.63
Araldite 2014-1 25 A25-1 2701.4 4.3 1.50
Araldite 2014-1 25 A25-2 2854.4 4.6 1.54
Araldite 2014-1 25 A25-3 2824.0 4.5 1.32
Mean 2793.3 4.5 1.45
Araldite 2014-1 30 A30-1 2511.8 34 1.27
Araldite 2014-1 30 A30-2 2394.3 3.2 1.70
Araldite 2014-1 30 A30-3 2202.5 2.9 1.34
Mean 2369.6 3.2 1.44
Carbon Kleber CG49 15 C15-1 4032.4 10.8 2.83
Carbon Kleber CG49 15 C15-2 4116.0 11.0 3.86
Carbon Kleber CG49 15 C15-3 3999.1 10.7 2.29
Mean 4049.1 10.8 2.99
Carbon Kleber CG49 20 C20-1 5438.6 10.9 3.42
Carbon Kleber CG49 20 C20-2 5462.8 10.9 3.23
Carbon Kleber CG49 20 C20-3 5216.9 104 1.64
Mean 5372.8 10.7 2.76
Carbon Kleber CG49 25 C25-1 5478.4 8.8 1.46
Carbon Kleber CG49 25 C25-2 5650.7 9.0 2.89
Carbon Kleber CG49 25 C25-3 5549.6 8.9 3.56
Mean 5559.6 8.9 2.64
Carbon Kleber CG49 30 C30-1 5712.5 7.6 4.42
Carbon Kleber CG49 30 C30-2 5813.7 7.8 4.58
Carbon Kleber CG49 30 C30-3 5760.9 1.7 4.85
Mean 5762.3 7.7 4.62
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Figure 4.1 Average tensile load vs. overlap length for Mode | Test
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Figure 4.2 Average shear strength vs. overlap length for Mode | Test
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After the tensile tests the damage photos of the samples bonded with Araldite 2014-1
type adhesive are examined, it is seen that generally the adhesion type damages
occur (Figures 4.4, 4.5, 4.6 and 4.7). It means that, the adhesive remained on either
the aluminium plate or the GFRP plate. However, both adhesion type and cohesion
type failure were seen on the damage photos of bonded samples with Carbon-Kleber
type adhesive (Figures 4.8, 4.9, 4.10 and 4.11). These results suggest that Carbon-
Kleber type adhesive is very strong. Furthermore obtained tensile load values of
C20-1, C30-1 and C30-3 samples were 5438.6, 5712.5 and 5760.9 N respectively.
However, the breakage occurred not from the adhesive but from the aluminium
plates (see Figure 4.8, 4.9 and 4.11) at those samples. This result shows that Carbon-
Kleber adhesive was stronger than aluminium plates. In order to determine strength
in single lap bonding joints, not only adhesive but also adherent strength must be
taken into account. Consequently, it can be said that the adhesion strength (Carbon-
Kleber) is higher than the strength of Al-1050.
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Figure 4.4 A15 Samples after tensile tests
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Figure 4.11 C30 Sams after tensile tests

Mode | test results showed that the Carbon-Kleber type adhesive was very strong, so
it was decided to investigate how the nano-particle addition to Araldite-2014 type
adhesive would affect the strength of Al and GFRP bonded joint.

4.2 Mode Il Test Results

In Mode 11 tests, aluminium alloy 7075-T6 and G10-FR-4 plates were used as
adherents with adhesives of Araldite 2014-1. In these experiments, a mould that was
designed and constructed was used for properly adjusting the adhesive thickness and
overlap length (25 mm). The specimens were prepared by adding 0.5%, 1% and
1.5% by weight of nano-silica and nano-clay particles to the adhesive by hand
mixing. Obtained tensile loads and calculated shear strength results are given in
Table 4.2.

Average tensile load, shear strength and deflection values were 2793.3N, 4.5 MPa,
1.45 mm with pure Araldite 2014 samples when overlap length was 25 mm (Table
4.1). The best tensile loads were obtained at a ratio of 0.5% by weight for both nano-
particles (Figure 4.12). The maximum values of tensile load, shear strength and
displacement were 3121.4 N, 4.99 MPa and 1.55 mm, for nano-silica reinforced
samples. However, these values were 3941.9 N, 6.31 MPa and 1.80 mm for nano-
clay reinforced samples. The maximum values were observed at 0.5% weight for
both nano-particles. It was observed that as the ratio of nano-particles added to the
adhesive increased, the tensile load decreased. Nano-clay reinforced samples have
better tensile load, shear strength and displacement values than the nano-silica
reinforced samples for all weight ratios (Figures 4.12, 4.13 and 4.15).
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Table 4.2 Results of Mode Il Test

Nano-Particle | Specimen 'V'a’“”?“m Shear Maximgm

and Ratio Code Tensile | Strength| Deflection
Force (N) | (MPa) (mm)
Nano-Silica | 0.5% | 0.5%NS-1| 1813.46 2.90 1.63
Nano-Silica | 0.5% | 0.5%NS-2 | 3612.66 5.78 1.29
Nano-Silica |0.5% | 0.5%NS-3 | 3323.13 5.32 1.26
Nano-Silica |0.5% | 0.5%NS-4 | 4036.57 6.46 1.43
Nano-Silica | 0.5% | 0.5%NS-5 | 2821.06 451 2.14
Mean 3121.4 4,99 1.55
Nano-Silica| 1% | 1%NS-1 2339.13 3.74 0,80
Nano-Silica| 1% | 1%NS-2 2669.72 4.27 0,98
Nano-Silica| 1% | 1%NS-3 2324.53 3.72 1,19
Nano-Silica| 1% | 1%NS-4 2688.93 4.30 0,73
Nano-Silica| 1% | 1%NS-5 2576.83 4.12 1,03
Mean 2519.8 4.03 0.95
Nano-Silica | 1.5% | 1.5%NS-1 | 2052.88 3.28 0.50
Nano-Silica | 1.5% | 1.5%NS-2 2166.7 3.47 0.67
Nano-Silica |1.5% | 1.5%NS-3 | 561.571 0.90 0.16
Nano-Silica | 1.5% | 1.5%NS-4 | 1740.12 2.78 0.60
Nano-Silica | 1.5% | 1.5%NS-5 | 1986.57 3.18 0.65
Mean 1701.57 2.72 0.61
Nano-Clay |0.5% | 0.5%NC-1| 2867.03 4.59 1.24
Nano-Clay |0.5% |0.5%NC-2| 4796.65 7.67 3.10
Nano-Clay |0.5% | 0.5%NC-3| 4851.77 7.76 1.52
Nano-Clay | 0.5% | 0.5%NC-4 | 354257 5.67 1.90
Nano-Clay |0.5% |0.5%NC-5| 3651.43 5.84 1.23
mean 3941,9 6.31 1.80
Nano-Clay | 1% | 1%NC-1 2848.58 4.56 0.92
Nano-Clay | 1% | 1%NC-2 3441.05 5.51 1.14
Nano-Clay | 1% | 1%NC-3 2576.21 4,12 0.63
Nano-Clay | 1% | 1%NC-4 2663.66 4.26 1.05
Nano-Clay | 1% | 1%NC-5 2197.7 3.52 2.64
Mean 2745,4 4.39 1.28
Nano-Clay |1.5% | 1.5%NC-1| 2050.35 3.28 0.66
Nano-Clay |1.5% | 1.5%NC-2| 1853.42 2.97 0.67
Nano-Clay |1.5% | 1.5%NC-3| 2738.67 4.38 0.57
Nano-Clay |1.5% | 1.5%NC-4 | 2419.76 3.87 0.96
Nano-Clay |1.5% | 1.5%NC-5| 2541.59 4.07 1.18
Mean 2320,8 3.71 0.81
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Figure 4.12 Average tensile load vs. nano-particles ratio for Mode | Test
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Figure 4.13 Shear strength values vs. nano-particles ratio for Mode | Test
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Figure 4.14 Average displacement values vs. nano-particles ratio for Mode | Test
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Figure 4.15 shows the images of the samples pasted with neat Araldite 2014-1, after
the tensile test. When the bonding surfaces are examined, it is seen that adhesive
either adhered to the glass fibre plate or the aluminium side, that is, adhesion type
breakage. However, nano-clay doped samples after tensile tests have cohesive type
failure (see Figure 4.16). Moreover, when the damaged surfaces of nano-silica added
samples are examined, both adhesive and cohesive type deterioration are seen
together (Fig. 4.17). Cohesion-induced damage (detachment of the adhesive layer)
indicates that the nano-particle addition to adhesive enhances the adhesive's ability to
adherent plates. It was seen that in Mode Il test, adding more than 0.5% of the nano-

particles to adhesive causes agglomeration in the adhesive due to manual mixing.
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Figure 4.15 Appearance of bonding surfaces with pure Araldite bonded samples
after tensile tests

Figure 4.16 Appearance of bonding surfaces of nano-clay doped samples after
tensile tests
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Figure 4.17 Appearance of bonding surfaces of nano-silica doped samples after
tensile tests

4.3 Mode Il Test Results

In Mode 111 test, it was aimed to increase the mechanical properties of bonding joints
of Aluminium 2024-T3 and GFRP sheets by using MWCNT (multi-walled carbon
nano-tube) added to commercial adhesive Araldite 2014-1. The single lap joints
specimens were prepared by adding 0.25%, 0.5%, 1%, 1.5% and 2% by weight of
MWCNT to Araldite 2014 epoxy adhesive. To prevent agglomeration, the highly
viscous adhesive was mixed with a 1:1 ratio of Merck 100014 brand acetone
(C3HgO) in 99% purity and it was mixed with a light load homogenizer at 22,000
rpm for 30 minutes (Figure 3.26-B). Firstly, adhesively bonded samples with neat
Araldite 2014-1 were tested to compare the effect of MWCNT addition and results
are given at Table 4.3. The results of the tensile tests of MWCNT added samples are
seen at Table 4.4.

Table 4.3 Test results of samples pasted with pure Araldite-2014-1

_ Nano- | Specimen Maxim_um Shear Max _
Adhesive Particle Code Tensile Strength | Deformation

Force (N) (MPa) (mm)

Araldite 2014-1 None P1 4697.8 7.5 1.20
Araldite 2014-1 None P2 5141.7 8.2 1.80
Araldite 2014-1 None P3 5915.2 9.5 2.20
Araldite 2014-1 None P4 4749.3 7.6 1.60
Araldite 2014-1 None P5 5633.3 9.0 1.20
Mean 5227.5 8.4 1.60
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Table 4.4 Results of Mode 111 Tests

. Specimen | Tensile SInEly IED .
Nano-Particle Code load (N) Strength | Deformation

(MPa) (mm)

0.25wt. % MWCNT Co0-1 7856.85 12.57 1.51
0.25wt. % MWCNT C0-2 7329.37 11.73 1.49
0.25wt. % MWCNT CO0-3 7907.15 12.65 1.86
0.25wt. % MWCNT Co0-4 6990.86 11.19 1.55
0.25wt. % MWCNT C0-5 8528.33 13.65 1.76
Mean 7722.51 12.36 1.63

0.5wt. % MWCNT Cl-1 8569.34 13.71 1.62
0.5wt. % MWCNT C1-2 8683.73 13.89 2.07
0.5wt. % MWCNT C1-3 8154.63 13.05 1.92
0.5wt. % MWCNT Ci1-4 8657.69 13.85 2.02
0.5wt. % MWCNT C1-5 8333.25 13.33 1.72
Mean 8479.73 13.57 1.87

lwt. % MWCNT C2-1 7243.78 11.59 1.8
lwt. %0 MWCNT C2-2 8333.25 13.33 1.89
lwt. % MWCNT C2-3 7633.35 12.21 1.46
lwt. %0 MWCNT C2-4 8055.21 12.89 1.93
lwt. % MWCNT C2-5 7441.04 11.91 1.96
Mean 7741.33 12.39 1.81

1.5wt. %0 MWCNT C4-1 6902.79 11.04 0.95
1.5wt. %0 MWCNT C4-2 7610.46 12.18 1.46
1.5wt. %0 MWCNT C4-3 7372.28 11.80 1.32
1.5wt. %0 MWCNT C4-4 5656.05 9.05 1.18
1.5wt. %0 MWCNT C4-5 7439.14 11.90 1.88
Mean 6996.14 11.19 1.36

2wt. % MWCNT C3-1 7197.38 11.52 1.6
2wt. % MWCNT C3-2 6272.55 10.04 1.27
2wt. % MWCNT C3-3 6515.22 10.42 1.15
2wt. % MWCNT C3-4 5067.4 8.11 1.09
2wt. % MWCNT C3-5 6401.54 10.24 1.27
Mean 6290.82 10.07 1.28

In 0.25% by wt. MWCNT reinforced connections, the tensile load increased at about
50%. Maximum tensile load (8479.72 N) was obtained as 62% at 0.5% by wt. After
this ratio, the tensile load has reduced (Table 4.4).

As seen in Figure 4.19, the shear strength increased up to maximum 13.57 MPa (at

0.5% by wt. MWCNT) and after reaching the maximum value, the improvement
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begun to decrease. Furthermore, when the results of displacement are taken into

consideration, it is 1.6 mm in the pure adhesive joints, while it is 1.87 mm in the
adhesive joints with 0.5% MWCNT by weight. This demonstrates that the addition
of MWCNT also improves the ductility of the adhesive.
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Figure 4.18 Graph of average tensile loads vs. adhesive types for Mode 11 test
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Figure 4.19 Graph of average shear stress vs. adhesive types for Mode |11 test

When the bonding surfaces after tensile test are examined, it is seen that the adhesive

remains on a single surface of pure Araldite samples (Figure 4.20). It means that,

adhesion type failure was realized. After the tensile tests, when the specimens of the
MWCNT doped joints are visually inspected, both adhesion and cohesion type
failure were observed together (Fig. 4.21). In between 0.25 to 1% by weight
MWCNT doped connections, it was observed that the adhesive penetrates better into
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both Al and GFRP sheet, so that the cohesion type breakage increased (Figure 4.21-
a, b and c). After 1.5% additive ratio, it was seen that there were pores in the form of
air gaps in the connection surfaces. These pores reduce the adsorption and thus the
fracture strength decreases. This is due to the increase in surface tension of the CNTs

and the adhesion of the adhesive to the CNT surfaces rather than the plates.

Figure 4.20 Views of adhesive type failure on pure Araldite samples
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Figure 4.21 Views of bonding surfaces of MWCNT doped samples after tensile tests
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4.4 Mode IV Test Results

In this mode, effect of nano-silica particles on shear strength and impact behaviour of
AL-GFRP bonding joints was investigated. Shear performance of bonding samples
were researched by universal tensile test machine in accordance to ASTM D 3039
international standards. Charpy impact test was used to evaluate the impact
performances of samples in accordance to 1ISO 179 international standards.

4.4.1 Results of the Tensile Tests for Mode IV

Tensile test results are given at Table 4.5. It is seen that the nano-silica additive
generally improves the bond strength (Figure 4.22 and 4.23). While the average shear
strength of the unadulterated samples is 8.36 MPa, shear strength of samples with
0.5% by weight reaches 10.04 MPa. Samples doped with 1.5% by weight have the
best tensile load and shear strength values with an increase of 43.3%. When the
nano-silica added samples are visually inspected after the experiment, it is
understood that the damage is due to cohesion (detachment of the adhesive layer),
that is to say the adhesive is well fastened on the glass fibre and Al plates (Figure
4.24). Addition of 0.5% to 1.5% of nano-silica particles to the adhesive creates a film
structure that increases the effective contact area and causes the adhesive to increase
the cohesion resistance. However, adding 2% by wt. nano-silica contribution causes
agglomeration of the particles. This agglomeration can lead to a sudden break in the
bond, caused by stress concentration and cracks in the adhesive layer even under low

stresses.

59



Table 4.5 Tensile test results of Mode IV test

Nano-Particle | Specimen vl SInEly Deformation
and weight rate Code HEEle] | SIET (mm)
(N) (MPa)
0.5wt. % Silica Al-1 6148.3 9.8 2.0
0.5wt. % Silica Al-2 6357.5 10.2 2.1
0.5wt. % Silica Al-3 6450.5 10.3 2.3
0.5wt. % Silica Al-4 6268.5 10.0 1.8
0.5wt. % Silica Al-5 6154.9 9.8 1.7
Mean 6275.9 10.0 2.0
lwt. % Silica A2-1 7938.7 12.7 2.3
1wt. % Silica A2-2 6953.0 11.1 1.9
1wt. % Silica A2-3 7012.9 11.2 2.2
lwt. % Silica A2-4 6897.7 11.0 2.1
1wt. % Silica A2-5 6006.0 9.6 1.9
Mean 6961.7 11.1 2.1
1.5wt. % Silica A3-1 7702.8 12.3 3.2
1.5wt. % Silica A3-2 6387.2 10.2 2.5
1.5wt. % Silica A3-3 7663.7 12.3 2.4
1.5wt. % Silica A3-4 7426.6 11.9 1.8
1.5wt. % Silica A3-5 8273.5 13.2 2.4
Mean 7490.8 12.0 2.4
2wt. % Silica A4-1 6950.2 11.1 2.8
2wt. % Silica A4-2 6548.0 10.5 2.3
2wt. % Silica A4-3 6268.5 10.0 1.9
2wt. % Silica Ad-4 7702.8 12.3 2.5
2wt. % Silica A4-5 6671.5 10.7 2.5
Mean 6828.2 10.9 2.4
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Figure 4.22 Graph of average tensile loads vs. adhesive types for Mode 1V test
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Figure 4.23 Graph of average shear stress vs. adhesive types for Mode IV test
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Figure 4.24 Apperances of damage surfaces of nano-silica doped samples on Al and
GFRP plates
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4.4.2 Results of the Charpy Impact Tests for Mode 1V

In this test, 5 different types of specimens were prepared and totally 50 experiments
were carried out by Kogel 3/70 Charpy impact tester equipped with impact load with
15J. In the impact test, the energy absorbed during fracture is used as a measure of
the brittleness or impact resistance of the material. The findings of the Charpy impact
tests are given in Table 4.6 (for Al direction) and Table 4.7 (for GFRP direction) as

mean impact energy and impact toughness.

Table 4.6 Charpy impact test results of nano-silica doped adhesive connections (Al

direction)
Impact Energy (Joule) Mean Impact | Impact
Adhesive type Sample No Energy Toughness
0 5 3 7 3 (Joule) acu (Kj/m?)
Pure Araldite | 3.6 | 3.3 3 43 | 35 3.54 15.32
0.5% Silica 31 | 40 | 37 | 3.2 | 38 3.56 15.41
1.0 % Silica 35 133 | 39 | 32 | 40 3.58 155
1.5% Silica 39 | 40 | 30 | 38 | 35 3.64 15.76
2.0 % Silica 34 | 35 | 37 | 36 | 35 3.54 15.32

Table 4.7 Charpy impact test results of nano-silica doped adhesive connections
(GFRP direction)

IFTEfIBE ey (Vo) Mean Impact | Impact
Adhesive type Sample No Energy Toughness
1 5 3 2 3 (Joule) | ag (kj/m?)
Pure Araldite | 43 | 43 | 43 | 3.6 | 3.6 4.02 17.4
0.5% Silica | 39 | 40 | 40 | 39 |45 4.06 17.58
1.0% Silica | 3.8 | 40 | 40 | 45 |45 4.16 18.01
1.5% Silica | 46 | 43 | 46 | 43 |45 4.46 19.31
20%Silica | 31 | 41 | 46 | 40 |44 4.04 17.49

Impact energy differs according to impact direction. Looking at the test results from
the Al orientation (Table 4.7 and Figure 4.25); it appears that the nano-silica particle
addition does not significantly affect the impact energy of bonding. Impact energy

increased by maximum 3% for Al side whereas Nano-silica doped by 1.5 %.
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Figure 4.25 Charpy impact energy vs Al and GFRP direction
In the impact tests made by GFRP direction, the addition of 0.5%, 1% and 1.5%
nano-silica improved the impact energy and toughness by 1%, 3.5% and 10.9%
respectively (Table 4.7 and Figure 4.25). Bell and Kinloch [62] point out that the
impact energy absorbed by the impact direction depends on the degree of transverse
elasticity modulus and plastic deformation of the underlying layer.

When the photographs (Figure 4.26) obtained after the impact test are examined, it is
seen that damage of samples is affected by the bottom plate material made of Al or
glass fibre. In Figure 4.26, “G” label means GFRP plate is on the front, “A” label
means Al plate is on the front PG means unadulterated samples, and AG1, AG2,
AG3 and AG4 means 0.5%, 1%, 1.5% and % 2 silica added samples, respectively.

In the experiments conducted with Al plate direction, it is seen that the samples
adhered with the pure adhesive are mostly separated from each other (Figure 4.26
“P”). In the nano-silica doped samples, the Al-GFRP plates are not separated from
each other, that is, there is no rupture in the adhesive layer (Figure 4.26 “Al, A2, A3
and A4”).
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Figure 4.26 Damages’ views after Charpy impact test for nano-silica doped samples

In tests where the glass fibre plate is on the front (Figure 4.26 “G”); the GFRP plate
and adhesive layer are subjected to compressive load along the thickness due to
pressing by anvil from bottom and impactor from top. On GFRP plates, fibre
breakage was occurred due to compressive load in the direction of impact. It has
been observed that both Al and GFRP plates was broken in joints with pure Araldite
due to the plastic change of the Al plate, and that the fracture is in the form of
adhesion deterioration (Figure 4.26 “PG” and Figure 4.27-A). In the nano-silica
doped joints (up to 1.5% by weight in Figure 4.26-AG1, AG2 and AG3), it is seen
that only a part of the GFRP plate is broken and the separation is in the form of
cohesion failure (Figure 4.27-B). In general, Al plates exposed to less plastic
deformation in experiments where GFRP plates are on the front. This is due to the
fact that the fibres in the GFRP plates can absorb a small portion of the impact
energy and thus benefit to the Al plate. Even if the glass fibre layers break in small
deviations, they can withstand applied loads due to relatively high membrane

hardness, so that the Al plate can resist more deformation reliably.
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Figure 4.27 GFRP side damage (A) pure adhesive (B) nano-silica reinforced

45 Mode V Test Results

This study investigates the role of the addition of nano-clay particles to epoxy
adhesive on the shear strength and impact strength of Al and GFRP bonding joints.
Nano-clay particles were used as additive material within the epoxy adhesive by the
weight ratios of 0.5, 1, 1.5 and 2.0 %.

45.1 Tensile Test Results of Mode V Test

Tensile test results (Table 4.8) showed that addition of nano-clay particles give
enhancements in the shear performance of AI-GFRP adhesively bonded joint. While
the average tensile load of the joints with pure Araldite is 5227.5 N, the obtained
tensile load of nano-clay doped samples is 6566.5 N [minimum], i.e., the tensile load
of the joint increased by 25.6%. The adhesion strength of nano-clay doped joints
increased by 25.6, 35.0, 37.8, and 32.2% compared with the joints made with the
unadulterated Araldite 2014-1. Based on the test results (Table 4.8 and Figure 4.29),
it is seen that the maximum shear stress is 11.53 MPa in 1.5% nano-clay doped
joints. After 1.5% nano-clay addition, shear strength tends to decrease (Figure 4.29).
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Table 4.8 Tensile test results of Mode IV test

. Specimen | Tensile SlneElr — .
Adhesive type Code | load (N) Strength | Deformation

(MPa) (mm)

0.5% Clay B1-1 6551.50 | 10.48 2.26
0.5% Clay B1-2 6466.29 | 10.35 1.79
0.5% Clay B1-3 6532.62 | 10.45 1.88
0.5% Clay B1-4 6733.99 | 10.77 1.97
0.5% Clay B1-5 7298.52 | 11.68 1.99
Mean 6716.58 | 10.75 1.97

1.0% Clay B2-1 7328.61 | 11.73 2.14
1.0% Clay B2-2 7398.94 | 11.84 2.60
1.0% Clay B2-3 7707.88 | 12.33 1.94
1.0% Clay B2-4 6986.33 | 11.18 1.84
1.0% Clay B2-5 6564.67 | 10.50 2.28
Mean 7197.29 11.52 2.16

1.5% Clay B3-1 6721.59 | 10.75 2.08
1.5% Clay B3-2 6967.88 | 11.15 2.20
1.5% Clay B3-3 7385.11 | 11.82 3.46
1.5% Clay B3-4 7426.64 | 11.88 2.19
1.5% Clay B3-5 7515.48 | 12.02 2.19
Mean 7203.34 | 11.53 2.42

2.0% Clay B4-1 6936.46 | 11.10 2.06
2.0% Clay B4-2 7790.76 | 12.47 2.13
2.0% Clay B4-3 7248.50 | 11.60 2.00
2.0% Clay B4-4 6598.00 | 10.56 2.44
2.0% Clay B4-5 694547 | 11.11 2.08
Mean 7103.83 | 11.37 2.14
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Figure 4.28 Graph of average tensile loads vs. adhesive types for Mode V test
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Figure 4.29 Graph of average shear stress vs. adhesive types for Mode V test

After the tensile tests, when the specimens are visually inspected, the difference in
adhesion type deterioration is remarkable between the pure Araldite samples and the
nano-clay doped samples (see Figure 4.30). In the unadulterated samples, the
adhesiveness of the adhesive is low and there is a large amount of adhesion damage
in the sample surfaces. Increasing the ratio of nano-clay in the adhesive causes the
damage type to turn into cohesion damage. While at 0.5% and 1.0% nano-clay doped
joints, cohesion damage is observed in large proportions, adhesion damage is also
present. In the case of 2.0% nano-clay doped samples, as can be seen in Figure 4.30,
the roughness on the surface of the adhesive increases, and in this respect, the

adhesive property of the adhesive decreases.
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Figure 4.30 Views of samples after Mode V tensile test

45.2 Charpy Impact Test Results of Mode V Test

The results of the Charpy impact tests (average impact energy and impact toughness
values) are given in Table 4.9 as the results obtained by Al side striking and in Table
4.10 as the results obtained by GFRP side striking.

Table 4.9 Charpy impact test results of nano-clay doped adhesive joints (Al side)

Ui [Erery (U Mean Impact Impact
Adhesive type Sample No Energy Toughnes;_s acu

1 5 3 4 5 (Joule) (kj/m®)
Pure Araldite | 36 | 33 | 3 | 43 | 35 3.54 15.32
0.5% Clay 3735|3840 39 3.78 16.36
1.0 % Clay 38 1391|4039 ] 40 3.92 16.97
1.5 % Clay 38 139 |40 37|40 3.88 16.80
2.0 % Clay 35136 |33]37]39 3.60 15.58
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Table 4.10 Charpy impact test results of nano-clay doped adhesive joints (GFRP
side)

Iz Emergy (o) Mean Impact Impact
Adhesive type Sample No Energy Toughness a ¢,

T T (Joule) (kj/m?)
Pure Araldite | 43 | 43 | 43 | 3.6 | 3.6 4.02 17.40
0.5% Clay 42 |1 40 | 42 |41 |40 4.10 17.75
1.0 % Clay A7 | 47 | 45 | 46 | 44 4.58 19.83
1.5 % Clay 31|36 |38| 38| 37 3.60 15.58
2.0 % Clay 45130]32 |21 40 3.36 14.55

Looking at the results obtained by striking in the Al side (Table 4.9), nano-clay
addition up to 1.5% by wt. improves the toughness of the adhesive. The maximum
impact energy was obtained as 3.92 joules with an increase of 10.7% in 1% nano-

clay doped samples. It started to decrease after 1.5% (see Figure 4.31).

In the experiments made by GFRP side striking, the impact energy of 1% nano-clay
doped samples increased by 13.9% (Table 4.10). However, addition of 1.5% and

more nano-clay reduces the absorbed impact energy (Figure 4.31).

5,00 OAl side B GFRP side

4,50
4,00
3,50
3,00
2,50

Impact Energy (Joule)

2,00
1,50

1,00
Pure 0.5% Clay 1.0% Clay 1.5% Clay 2.0% Clay

Adhesive type

Figure 4.31 Charpy impact energy vs Al and GFRP side striking for Mode V test

In Figure 4.32 “G” label means GFRP plate is on the front, “PG” means
unadulterated samples, “B” label means Al plate is on the front, and “BG1, BG2,
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BG3 and BG4 means 0.5%, 1.0%, 1.5% and 2.0% by wt. nano-clay added samples,

respectively.

-

Figure 4.32 View of samples after Charpy impact test of nano-clay doped samples

In general, Al plates showed less plastic deformation in experiments with GFRP
plates at the front (Figure 4.32 from BG1 to BG4), and it was seen that the bonds are
broken in experiments with pure adhesive (Figure 4.32 P and PG). In experiments
where Al-plate was on the front (Figure 4.32 B1, B2, B3, B4 and B5), adherent
plates were not separated from each other, but in GFRP plate, due to resulting from
tension after impact; it was observed that there was damage in the form of internal

structure damage, fibre breakage and delamination (Figure 4.33).

At the experiments where GFRP plate is on the front, while GFRP parts were fully
broken (separated) at unadulterated joints (Figure 4.34-a), only half of the GFRP part

was separated from joint at nano-clay doped samples (Figure 4.34-b).
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Delaminati\on

Fibkeé fracture

Figure 4.33 Damage views of nano-clay doped specimens after impact test (Al is on
the front)

Figure 4.34 Damages when GFRP plate is on the front a) with pure Araldite b) nano-
clay doped joints
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CHAPTER 5
CONLUSIONS

In this thesis, the effects of adding nano-particles such as nano-silica, nano-clay and
multi-walled carbon nano-tubes (MWCNT) to commercial epoxy adhesive (Araldite
2014) on the shear and impact strength of AI-GFRP single-lap joints were
investigated. Shear performance of bonding samples were researched by universal
tensile test machine in accordance to ASTM D 3039 international standards. In
addition to this, Charpy impact test was used to evaluate the impact performances of

samples in accordance to ISO 179 international standards.
The summary of the results obtained after tensile and Charpy tests are given below.
Mode | — Il Tests:

e Adherents (Aluminum and glass fibre composites) must be adequately
prepared before bonding in order to have higher bonding strengths.

e When the ashesion surfaces of the samples are examined after the tests, it is
seen that there is no full bonding in the plates bonded with Araldite 2014-1,
and almost all of the adhesive remains on one surface. Carbon Kleber CG-49
adhesive remain to both surfaces on the samples, and most of the samples
were scraped from the composite surface.

e In experiments with Araldite 2014-1 adhesive, it was observed that the
samples with 15mm overlap distance were more loaded and the ratio

decreased as the overlap distance increased.
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Again, the maximum shear strength was observed in the samples with the 15 mm

overlap applied by this adhesive, and it was observed that as the overlap increased,

this ratio decreased by 42%, 89%, and 159%.

The maximum force is seen at 15 mm overlap distance for samples applied
with Araldite 2014-1 adhesive, whereas at 30 mm overlap distance for
samples applied with Carbon Kleber CG-49 adhesive.

It is seen that samples prepared with Carbon Kleber CG-49 adhesive have
higher loads as the lap distance increases and the highest load resistance is in
the samples of C-30 series. The tensile strength was observed in the highest
C15 series, while the tensile strength increased by 5%, 21%, 40%.

The maximum force is in the C30 series applied to Carbon Kleber CG-49
when compared to the maximum tensile forces of the adhesives. It was
observed to be 87% higher than that of the Al15 series applied to Araldite
2014-1. When the shear strengths of adhesives are compared, it is observed
that the shear strengths in the C15 series are 32% higher than the A15 series.
It has been observed that the adhesive strength in some samples bonding is
higher than the sample strength, however, the strength is also related to the
thickness of metal, application force, and thickness of adhesive.

In the comparison of Araldite 2014-1 and Carbon Kleber CG-49 adhesives, it
was determined that the Carbon Kleber CG-49 type epoxy adhesive bonding
have higher strength.

Adhesive bonding, which has the same adhesive and overlap, can give

different results due to the difference in adherents.
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Spew formation was observed in some of the samples that completed the
curing time outside of the mold, while spew formation was observed in the
mold cured. Spew formation should be eliminate before tests.

These tests have been extensively demonstrated that the uniform distribution
of nano-particles in the adhesive is a parameter that greatly influences the test
results.

When the results in Mode Il are compared; It was observed that 0.5% nano-
clay and nano-silica gave the highest result, while nano-particle ratio
increased the tensile strength decreased. This indicates that the nano-particles
are agglomerated in the adhesive due to poor dispersion and this adversely
affect the bonding strength.

The adhesive MWCNTSs were added in amounts of 0.25%, 0.5%, 1%, 1.5%,
and 2% by weight and the strength values increased by 47.7%, 62.2%, 48.1%,
33.8% and 21.5%, respectively.

In MWCNT reinforced connections, the maximum average tensile strength
was 8479.72 N and the average shear strength was measured to be 13.57
MPa. The maximum improvement was 62.2%.

The average tensile strength was 5227.5 N and the average shear strength was
8.4 MPa at the joints bonded with neat Araldit 2014 adhesive.

The bonding made by adding nano-clay in the adhesive at 0.5%, 1%, 1.5%,
and 2% by weight increases the strength by 25.6%, 35.0%, 37.8% and 32.2%,
respectively.

The best strength in the nano-clay particle reinforced bonding is 1.5% by
weight, with an average tensile strength of 7203.3 N and a shear strength of

11.5 MPa. The maximum bond strength is increased by 37.8%.
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The strength of the nano-silica additive bonding by weight was increased by
20.1%, 33.2%, 43.3% and 30.6%, respectively, for 0.5%, 1%, 1.5%, and 2%.
The best strength in nano-silica additive bonding is 1.5% by weight, with an
average tensile strength of 7490.8 N and a shear strength of 12.0 MPa. The
maximum bond strength is increased by 43.3%.

In general, experimental studies show that the nano-particles added to the
commercial adhesive Araldite 2014-1 improve the tensile and shear resistance
of Aluminum-GFRP single-bond adhesive bonding.

When the samples are visually inspected after the tensile tests, the difference
in rupture between the surfaces where the neat adhesives and the additive
adhesives are applied is remarkable.

It has been observed that the ruptures in the neat adhesive applied samples are
due to adhesion. It is understood that the nano-clay additive bonding joints
are from cohesion.

The nano-particles ensure that the epoxy adhesive is better adhered to the
aluminum and GFRP plates.

These ratios can be taken as limit values since more than 1.5% by weight of
nano-clay and nano-silica additive particles add up to 1.5% by weight and
more than 0.5% by weight of additive particles lead to agglomeration of the

particles.

After the Charpy impact tests, the following results were obtained:

The fact that the front plate is made of Al or glass fibre significantly affects
the damage caused by the impact energy and impact of the connection.

The impact energy absorbed by the impact direction varies.
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The best ratio is 1% with increasing the impact energy of the 0.5% -1% nano-
clay additive. More than 1% of the nano-clay addition reduces the toughness
of the adhesive.

On the one hand, it has been found that, in the case of neat adhesive joints, in
general, the connection is broken and the plates are separated from each
other. On the other hand, in connections made with a nano-clay added
adhesive; It was seen that the links in the case where the Al plate was on the
front did not break. In the case of GFRP front, it is seen that the single side of

the glass fibre plates is broken in 0.5% and 1.5% additive additives.
Experiments with glass fibre orientation showed that the addition of 1%
nano-clay increased impact energy by 13.9%, and in experiments with Al
plate, it increased by 10.7%.

In the tests carried out on the Al front, the impact energy was increased by
maximum of 3% at 1.5% by weight of the nano-silica connections, although
the addition of the nano-silica particles did not significantly affect the bond
strength.

When the glass fibre was at the front, the absorbed impact energy and the
ductility of the joints were improved by 1%, 3.5% and 10.9% respectively in
the 0.5%, 1 %, 1.5% nano-silica added joints.

The best ratio is 1.5% with increasing the impact energy of the 0.5% - 1.5%
nano-silica additive bond. More than 1.5% of the nano-silica additive reduces
the toughness of the adhesive.

Al plates have undergone plastic deformation during the impact and
permanent deformations have been observed on the plates after the tests.

However, when impact is applied by glass fibre plates, the fibres absorb a
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5.1

small portion of the impact energy. Thus, it seems that the bonding benefits
the deformation of the aluminium plates.

In all experiments, the glass fibres exposed to the impact were not able to
carry the impact energy and were damaged due to the plastic deformations on
the aluminium plate.

In neat adhesive joints, it has been found that the joint is usually subjected to
adhesion failure, and the plates are separated from each other. On the other
hand, in the nano-silica additions, it can be seen that when the Al plate is at
the front, the connections are not broken, and at the connections where the
glass fibres are at the front, the single side of the glass fibre plates is broken
with 0.5% and 1.5% additives. Moreover, the damage is observed as cohesion

Future Works

This study shows that adding nanoparticles to the adhesive in general improves the

adhesive strength. Subsequent studies can explore the effects of adding more

different nanoparticles. It is also possible to investigate how the mechanical

properties of Al-Al, GFRP-GFRP or other metals like steel and other composite

plates can be affected.
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