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ABSTRACT

DEVELOPMENT OF ADHESIVELY BONDED GLASS FIBER REINFORCED
POLYPROPYLENE / ALUMINUM BASED FIBER METAL LAMINATES (FMLs)

One of the most important steps during the production of adhesively bonded
fiber metal laminates (FMLs) is adhesive bonding. In glass fiber reinforced
polypropylene/aluminum laminates, it is very difficult to provide good bond strength. In
order to solve this problem, applying various surface pre-treatments to the bonding
surfaces prior to adhesively bonded is very important for good performance properties.

In the present study, glass fiber reinforced polypropylene (GFPP) composite
plates were manufactured from (£45°) fabrics using hot press compression method.

Tensile, Charpy impact and flexural tests were performed to investigate the
mechanical properties of the composites.

The produced GFPP plate and Al were used as the adherends and polyurethane-
based film as adhesive in FMLs. While manufacturing FMLs, various surface
modification techniques (silane and sandblasting pre-treatment) were applied to
aluminum for good adhesion of GFPP and Al interface and their effect on the adhesive
properties of GFPP/AI laminates were presented. The mechanical properties lap shear,
and flexural strength and Mode-I fracture toughness of the adhesively bonded Al/GFPP
laminates were investigated to evaluate the effects of surface treatments. Scanning
electron microscope (SEM) was used to examine the fracture surfaces.

Single lap shear test showed that the adhesion of the GFPP/Al was improved by
treatments of aluminum surfaces with silane and sandblasting. According to Mode-I
fracture toughness values, silane treated specimens gave the best results. Based on the
flexural test results, no significant change was observed in the flexural strength values

of treated specimens compared to non-treated specimens.
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OZET

ADHEZYONLA BIRLESTIRILMIS CAM ELYAF TAKVIYELI POLIPROPILEN /
ALUMINYUM  ESASLI  FIBER METAL  LAMINATLARIN  (FML)
GELISTIRILMESI

Yapistirict kullanilarak iretilen fiber metal laminatlarin (FML'ler) iiretimi
sirasinda en 6nemli adimlardan biri, yapistirict ile baglama asamasidir. Cam elyaf
takviyeli polipropilen / aliminyum katmanli yapilarda, iyi yapisma mukavemetini
saglamak olduk¢a zordur. Bu problemi ¢ézmek i¢in, ¢esitli ylizey Onislemlerinin,
yapisma yiizeylere uygulanmasi, iyi performans 6zellikleri agisindan ¢ok onemlidir.

Bu calismada, cam elyaf takviyeli polipropilen kompozit plakalar sicak presleme
yontemi kullanilarak, + 45 ° fiber yonlenmesinde ve 6rgiisiiz kumaslardan iiretilmistir.
Uretilen kompozit plakanin mekanik ozelliklerini belirlemek icin ¢ekme ve egme
testleri uygulanmigtir. Kompozit plakanin darbe ozellikleri ise charpy darbe testi ile
belirlenmistir.

Yapistirict film kullanilarak tiretilen FML yapilarda, iiretilen CEPP plakas1 ve
Al yapistirilacak ylizeyler olarak secilmistir. FML'leri {iretirken, CEPP ve Al
arayliziiniin iyi bir sekilde yapismasi i¢in aliiminyuma cesitli ylizey modifikasyon
teknikleri (silan ile yiizey Onislemi ve kumlama yiizey Onislemi) uygulanmis ve bu
tekniklerin CEPP / Al tabakali yapilarin yapisma oOzellikleri iizerindeki etkileri
incelenmistir. Bu etkileri degerlendirmek icin yapistirict ile baglanmis Al/CEPP
tabakali yapilara tek bindirmeli kayma, egme ve mod-I kirilma toklugu testleri
uygulanmistir. Kayma testinden sonra olusan kirilma ylizeylerini incelemek igin
taramal1 elektron mikroskopu kullanilmastir.

Tek bindirmeli kayma testi sonuclarina gore, GFPP / Al yapilarinin yapigsma
ozelliklerinin, aliminyum yiizeylerin amino bazli silan baglayic1 ajan1 ve kumlama ile
islenmesiyle gelistigi gozlemlenmistir. Mode-I kirilma toklugu degerlerine gore ise,
silanla yiizey Onislemine tabi tutulmus numuneler en iyi sonuglar1 vermistir. Egme testi
sonuclarina dayanarak, yiizeyleri onisleme tabi tutulmus numunelerin egme dayanimi

degerlerinde, islenmemis numunelere gore dnemli bir degisiklik gdzlenmemistir.
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CHAPTER 1

INTRODUCTION

In recent years, there are many researches about to develop new materials with
good properties of both composites and metals. Hybrid design is an arising process of
joining metals and composites with desirable and original material properties such as
low weight, higher stiffness and strength, high fatigue performance, resistance to
damage of physical and radiation and design sophistication (Pramanik et al. 2017).As a
result, in laminated structures with composite materials and metals, while the
mechanical properties increase, the weight decreases(Kleffel and Drummer 2017).

Thermoplastic-based fiber metal laminated hybrid structures are being
increasingly used in the automotive and aerospace industries. They used in military and
commercial transport vehicles (Ochoa-Putman and Vaidya 2011). Thermoplastic-based
laminates are more preferred than thermoset-based ones due to their fast production
times, reformable nature, high recyclability, low cost, and volatility. Other benefits are
the facility to reshape components, easy repairability, perfect energy-absorbing
properties, and high impact strength (Cantwell 2000).

In real life, recent attention has focused on fiber reinforced thermoplastic (FRP)
composites although FRP is more expensive than major metals. But glass fibers are
relatively cheap compared with carbon and aramid fibers, so that glass fiber reinforced
plastics (GFRP) are more widely used in the industry (Matsuzaki, et al. 2008).

In the aerospace and automotive industry, fiber-reinforced polymers have been
used to reduce the weight for many years. Recently, glass fiber reinforced
polypropylene (GFPP) has come to the forefront for many engineering applications due
to it has a good balance between properties and costs(Reyes and Kang 2007).

In recent years, metal/thermoplastic polymer based laminated structures like
steel or aluminum/fiber reinforced PP laminate have gained attention due to good
mechanical properties. However, in such of FMLs, to obtain good adhesion strength is
an important problem (Chen, et al. 2007).

Since polypropylene is mostly hydrophobic, has low surface free energy, and it

has a poor chemical interaction therefore, fiber reinforced polypropylene joints have
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poor bonding strength. The crucial point in the development of such fiber metal
laminated hybrid structures is the interfacial bonding between the different layers of the
laminate (Astigarraga et al. 2019).

In fiber/metal laminated structures, classic joining techniques (i.e. riveting,
clinching, and mechanical fastening) are hardly feasible on composite materials because
they create stresses at the joint area. Furthermore, for fiber reinforced polymer
structures, a drilling process breaks the fibers, causing several damages. These damages
cause a decrease in mechanical properties such as fatigue strength of joint area
(Valenza, et al. 2011). Therefore adhesive bonding has become popular over the last
decade as it has the unique opportunities to reduce weight, increase the fatigue life of
joints, have better environmental resistance and ensure the bonding of different
materials in hybrid structures (Astigarraga et al. 2019).

In the process of adhesive bonding, surface pre-treatment is a very important
step. Surface treatments can be applied to both thermoplastic and metal surface to
increase the bonding strength. In literature, some surface treatment techniques for PP
are as follows; chemical etching, flame treatment, surface grafting, electron beam and
microwave irradiation, plasma discharge as corona discharge and etc. The aim of these
treatment techniques primarily at obtaining polar groups on polymer surfaces, in this
manner increasing the values of surface free energy and developing adhesive ability of
the polymeric materials (Chen, et al.2007) . Similarly, surface treatment of the metal is
used to enhance the bonding characteristics. Metal surface is treated by mechanical,
chemical, electrochemical, etc. (Sinmazgelik et al. 2011).

Shimamoto, et al. (2016). investigated the effect of chemical and mechanical
surface modification of aluminum on AI/GFPP hybrid structures bonding strength. The
results of the experiment show that the best result is chemical etching compared to the
sand blasting. Also, they indicated that the chemical etching depth does not influence
the bonding strength

Cantwell (2000) examined the effect of chemical etching (chromate coating for
Al alloy) and a maleic anhydride modified polypropylene layer at the glass fiber
reinforced polypropylene and aluminum alloy interface. From the results, excellent
adhesion was seen incorporation of a maleic-anhydride modified PP interlayer.

The aim of this study is manufacture glass fiber reinforced polypropylene and

aluminum fiber-metal laminates by using adhesive film successfully and improve the



adhesive properties of this fiber metal laminates with using different pre-treatment

techniques such chemical etching and sandblasting methods.



CHAPTER 2

FIBER COMPOSITE-METAL HYBRID STRUCTURES

2.1. Fiber Composite-Metal Laminates

Over the last 20 years, fiber composite-metal laminates have gained attention in
many engineering applications. There are many searches for lightweight materials that
can replace the conventional aluminum alloys with similar or better properties. FMLs
material systems consisting of thin metal and fiber reinforced polymer-matrix
composite show superior strength, fatigue and stiffness properties of composites as well
as the properties of metals such as machinability and toughness (Reyes and Kang 2007).
They used for structural aerospace applications such as aircraft fuselage, lower wing
skins and interior materials of airplanes. Valenza, et al. (2011) examined the mechanical
properties of the GFPP/Al laminated (FMLs) structures for the aviation industry.

Fiber composite metal laminates are consisting of separate metallic and
composite layers that are usually bonded using adhesives and they have both advantages
of fiber composite and metallic materials (Zal et al. 2017). Fiber composite metal

laminates are schematically shown in Fig.2.1.

/V Fiber Composite Plate

T~

Adhesive Film

\ Metal Plate

Figure 2.1. Schematic representation of FMLs

The early produced polymer-metal laminated hybrid structures, for use in the
aerospace industry were form on epoxy thermosetting polymers. But nowadays,

thermoplastic based composite laminates are more preferred than thermosetting based



ones. Because thermosetting-based composites are generally brittle and the production
process is long-term. Thermoplastic based fiber composite-metal laminates have higher
toughness, short process cycle times and low-cost production. In addition, the low
volatility, and high recyclability of thermoplastics are very important characteristics for
vehicle industry. Thermoplastics, especially polypropylene has become attractive
because of its features such as low density and low cost (Reyes and Kang 2007).

In many applications, the use of fiber reinforcement in the polymer matrix has
been found to provide superior durability to the material to be produced. Fiber-
reinforced composite materials comprise of matrix and fibers embedded in a matrix.
While the fibers carry the main load with high strength and modulus, the matrix
transfers the stress between the fibers and protects the fiber surface from the mechanical
effects (Etcheverry and Barbosa 2012).

The glass fiber polypropylene (GFPP) is one of the most widely used fiber
reinforced thermoplastic based composites. GFPP is preferred in building construction,
marine, aeronautical applications and automotive industries etc. Since PP has a
hydrophobic structure, bonding structure and surface treatment have become very
important in metal-composite hybrid laminates to produce well-adhering structures
(Ostapiuk, et al. 2014). Abdullah, et al. (2015) studied on interfacial fracture of fiber-
reinforced thermoplastic/metal laminates. They used two different fiber reinforced
thermoplastics when manufacturing fiber metal laminates. One is self-reinforced PP and
the other is glass fiber-reinforced PP. They compared the mechanical test results of

these two different based FMLs.

2.2. Adhesive Joining Method

It is expected that metal-composite materials (FMLs) will be used more widely
in the future due to their good results in terms of strength and fracture toughness and
low weight. In general, the joining of polymeric materials to dissimilar materials is
becoming more widely and significant in aerospace industry. They are in search high-
applicability and faster assembly methods and excellent corrosion resistant, more tough
and lightweight products (Berry and Namkanisorn 2005) . With this aim, Cerny and
Morscher (2006) and Molitor and Young (2002) investigated the durability of



adhesives in the interface polymer composite—metal bond, using titanium alloy and fiber
glass reinforced polymeric composite as substrate .

The traditional joining techniques for fiber reinforced polymeric composite-
metal (FMLs) laminates contain mechanical fastening, adhesive bonding and welding
(Messler 2000). The good performance of the fiber metal laminates depends on the
good joining of the structure because the joints are always potential location of damage
initiation. The interface strength between composites and metallic materials is the main
subject to be developed. To ensure a reliable load carrying at low weight, the correct
joining technique should be selected. Therefore, creating a high-strength interface
between FRP and metallic parts is a significant technology (Tang and Liu 2018).

The adhesive joining method has become more attractive than mechanical
bonding because of its low weight and cost, its simplicity of use and allow for uniform
load distributions (Huang, et al. 2014).

In order to bond the components, the adhesive bonding process is very important
for durable structures. This process is used to produce structures that are complex in
shape, which cannot be produced in one piece. Adhesive bonding makes possible
joining dissimilar materials without damage to the main structures. For example, in
fastening joining technique, fastener holes break the fibers and it causes regional
damage which leads to a decrease in strength in the structure. But this is not observed in
the adhesive bonding technique. This is just one of the advantages of the adhesive
bonding technique (Ribeiro et al. 2016). Other advantages of the adhesive joining
method are providing to materials reduction of weight, more uniform load transfer, and
cost-saving, improved damage tolerance. Due to such advantages adhesive bonding
process has been used in variety applications such as electronics, aeronautical industries
(on F-18 bonded wings), automotive industries and etc. (Sinmazgelik et al. 2011)

Due to the fact that adhesive bonding in thin layers is easy to apply, this joining
technique is very suitable for the production of ultra-light fiber reinforced composite-
metal hybrid structures (Huang, et al. 2014) . Besides, in some cases adhesive joining
technique is the best way, such as in thin-walled structures with large thickness
changing (Rudawska 2010). Taib et al. (2006)investigated the other bonding techniques
such as bolts and rivets increase the high stress concentration at the joint area. This

situation results in a decrease in the mechanical properties of adhesive bonded

structures.



Polypropylene (PP) and other polyolefins have been used as adherend in many
adhesive bonding industrial applications. Nowadays, fiber-reinforced PP has attracted
attention to produce of ultra lightweight and strength fiber composite-metal hybrid
structures. However, since PP has a hydrophobic structure it has poor bondability
property to other materials. This limited the use of PP and other polyolefins in the
production of the joining process (Chen, et al. 2007). In many studies, in order to
overcome like these problems, effective surface treatment techniques are performed the
adherend surface in FMLs structures (Green, et al. 2002). In adhesive bonding, surface
treatment before the bonding process is the most crucial step (Park et al. 2010). Both
composite and metal surfaces can be specially treated before the adhesive bonding
process in the fiber reinforced composite/metal hybrid structures. Because surface pre-
treatments significantly improve the strength of the adhesive joints and affects the
failure mechanism that will occur. With surface treatment, properties of adhesion
surface such as surface cleaning, wettability, surface roughness and polarity are changed

and well-adhered structures are obtained (Critchlow and Brewis 1996).

2.3. Surface Treatment Methods

In fiber composite/metal hybrid structures, most important step for an adhesive
bonding is surface treatment. Effective surface treatment methods allow a durable and
strong joint area between the fiber composites and metals.

There are many researches about to improve the surface free energy of
polypropylene with surface treatment methods and the purpose of these studies is
creating a surface with high bondability and wettability, developing alternate interface
including copolymers, grafting, also increasing the quantity of bond sites (Guild et al.
2008).

Surface treatment methods of polymers and metallic materials are diverse. There
are many methods for treating the metallic alloys and polymers that including
mechanical, chemical, electrochemical, thermal, plasma, laser, coupling agent
treatments etc. (Sinmazgelik et al. 2011). For example, the simplest way of aluminum
alloy pre-treatments are based on, vapour degreasing, solvent wiping or mechanical

abrading (Valenza, et al. 2011).



Surface treatment prior to bonding generally increases the bonding strength by
increasing surface tension and surface roughness or changing surface chemistry.

In mechanical treatment, the surface area is increased and surfaces with different
degrees roughness are obtained. This allows the adhesive to penetrate into the structure
more easily and increase the bonding area thus providing better mechanical bonding.
Furthermore, the oxide layer on the surface of the bonding area can be removed easily
by mechanical treatment (Sinmazgelik et al. 2011).

In adhesive bonding, achieving chemically active surface is essential. This
surface can be generated by acid etching treatment. Acid etching process provides to
FMLs more durable bonded (Valenza, et al. 2011). Acid etching can be divided into
three main categories to improve the metallic surfaces: chromic—sulphuric acid (CAE),
Forest Product Laboratory (FPL), and sulfo-ferric acid etches. Chromic-sulphuric acid
(CAE) etching is the most widely applied chemical treatment for metals, and especially
for aluminum alloys (Sinmazgelik et al. 2011).

Leena et al. (2016) applied three different chemical surface treatment methods to
the surface of the aluminum alloy, including solvent cleaning, FPL etching and priming
using an epoxy based primer and compared test results of their surface properties. This
study showed that FPL etching treatment gave the best results in terms of surface
energy, surface roughness and joint strength (Leena et al. 2016).

On some surfaces where there is corrosion, chromic-sulfuric acid etching is
inefficient. Therefore, after the etching of the sulfuric acid, the aluminum surface can be
prevented from corrosion if anodized before bonding. Anodizing process is very
important for the aerospace industry, since this process ensures optimum strength and
permanent adhesive bonding (Sinmazgelik et al. 2011).

Correia, et al. (2018) studied four types of chemical surface treatment for Al
alloy, being them the Phosphoric Acid Anodizing (PAA), the Chromic Acid Anodizing
(CAA), the Sulfuric Acid Anodizing (SAA) and the Boric-Sulfuric Acid Anodizing
(BSAA). They obtained SAA surface treatment results 8% better than others. According
to some studies, PAA has better joint durability compared with the CAA.

Etching of Al surface with acid, give enhanced performance compared to
physical treatment methods but acid etching process is highly toxic and corrosive.
Chromic or phosphoric acid anodizing is more effective in relation to the durability.
However, anodising is a complex multistage process and its applicability is a very

difficult. Due to these disadvantages, it has become common to use coupling materials
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such as silanes or sol-gels to bond between the polymer and the metal surfaces and to

form a hydrophobic interface (Berry and Namkanisorn 2005).

2.3.1. Chemical Surface Treatment with Silane Coupling Agents

Surface pre-treatment with silane coupling agents of metal surfaces prior to
bonding, can be improved adhesion characteristics bonded surface area of between
distinct materials such as inorganic glasses and metals. Polymer-metal adhesion is
improved by using silane coupling agents which produce covalent bonds in the
interface, thus increasing the adhesion strength and durability. Also, silane treatments
are used to make the surface from hydrophobic to hydrophilic in order to increase
surface wetting properties (J. G. Kim et al. 2010). Silane is applied by dipping the metal
in the diluted solution or by coating a thin layer on the metal surface after that cured at
elevated temperature. Normally a silane is made up in a dilute solution, applied as a thin
coat onto the surface by dipping the aluminum or painting the silane, and then cured at

elevated temperature onto the surface.

Table 2.1. Different types of silane coupling agents

Typical Silane Coupling Agents
Abbreviation Name Structure
APMDES aminopropyl methydiethoxysilane H,>N(CH»)3Si(OC2Hs),
APTES 3-aminopropyltriethoxysilane H>N(CH»)3Si(OC2Hs);
APMDMOS Sé?l?;}élixggl?f;sli)lane CH,=CHCOO(CH,)s(CH3)Si(OCHs),
GPTMOS 3-glycidoxypropyltrimethoxysilane CH»(O)CHCH»0O(CH>)3Si(OCH3)3
DDS dimethyldichlorosilane (CH3)2SiCl,
MPTS mercaptopropyl triethoxysilane SH(CH>)3Si(OC>Hs)s
PTMS phenyltrimethoxysilane PhSi(OCH3)3
VTES vinyltriethoxysilane CH>,=CHSi(OC;H5)3

In literature, silane coupling agents denoted as RSiXs. In here R represented by
organofunctional radicals. Those radicals are non-hydrolyzable and selected to react
with to resin in the organic part, and the X groups are hydrolyzable alkoxy groups that
connect with the inorganic surface. There are many silane coupling agents, and they

differ from each other in terms of their reactivity degree. Table 2.1 shows the name and



structures of different types of silane coupling agents. According to Table 2.1, silanes
may be generated with, amine, epoxy, and other functionalities (Rafiq et al. 2011).

Honkanen et al. (2009) used amino silane as a coupling agent between
thermoplastic urethane and stainless steel. They examined the effect of silane surface
treatment parameters (i.e. silane concentration, etc.) and related it to the adhesion
properties.

In silane application, the thin film obtained on the surface is produced from the
dilute aqueous solution of a silane coupling agent. This film is formed by a series of
hydrolysis and condensation reactions between the silane solution and the adherend
surface. The organic part of the silane is selected to react with the polymeric resin. In
between the metal and polymer, polymeric network is formed by the self-condensation
cross-linking process. The high bond strength and durability provided by the silane
coupling agents is the presence of covalent bonds. This bond between a metal surface
and hydroxyl groups of the silane is called Fe—~O—Si bonds (W. S. Kim and Lee 2007).

These reactions are shown in Fig. 2.2.

0 OCH,
SN
CH;—CH—CH;— 0—CH7~CH;—CHy— Si— OCH,
|
OCH,
Hydrolysis l + 3H,0
OH
/0\ ] HO Fe
3CH;0H + CH~CH—CHs~0—CH:—~CH;~CHs— Si—OH
I HO —) Fe
OH

HO Fe

Condensation 1
0

O\ N S
CH,—CH—CH;~0—CH—CHsCH;+ Si—0

0 Covalent bond

0N

0 B
CH,—CH—CH;—~0—CH—CH—CH51-Si—0

|
0

Figure 2.2. Scheme of y-glycidoxypropyltrimethoxysilane hydrolysis and condensation
reactions (Source: Kim and Lee, 2007)
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In literature there are many studies about using silane coupling agents for
surface treatments. Kim et al. (2012) investigated the optimum conditions for silane pre-
treatment for the adhesively bonded aluminum structures at the cryogenic temperature
to obtain high bond strength. In their work, as a silane coupling agent, y-
glycidoxypropyltrimethoxysilane (y -GPS), was applied on the aluminum adherends at
the cryogenic environment (Kim et al. 2010). Valenza, et al. (2011) used the, y-
glycidoxypropyltrimethoxysilane (y- GPS) silane coupling agents to increase the

adhesion strength between aluminium and a glass fiber reinforced polymer.

2.3.2. Sandblasting Surface Treatment

Sandblasting is which one of the most common used mechanical treatment
technique for metals. The roughened metal surface can improve the bonding strength
with mechanical interlocking effect. In this surface treatment method, sample surfaces
are roughened by the effect of grit, which is accelerated by pressure of air (Shimamoto,
et al. 2016).

Sandblasting surface treatment changes the bonding surface topography and
chemical stability of adherend by peak-and-valley type morphology (Sinmazgelik et al.
2011).

In the literature, there are studies to investigate the effect of sandblasting surface
treatment on metal surface. Shimamoto, et al. (2016) used glass fiber reinforced
polypropylene and aluminum alloy A6061 as adherend in the fiber metal laminates.
They applied sandblasting and chemical etching surface treatment to the aluminum
surface and compared the effect of these surface pre-treatment methods on GFPP and Al
joint surface.

Spaggiari and Dragoni (2013) examined the effect of mechanical surface
treatments on the strength of adhesive bonded joints. They applied different mechanical
surface treatments such as sandpapering, sandblasting, and knurling to the specimens.
As a result of experiments, sandblasting was determined as the best mechanical surface
treatment since it caused cohesive failure, and it gave more stable and repeatable results
for metallic adherends to be bonded.

According to Gadelmawla et al. (2002), finding surface treatment parameters

after the applying surface treatment is a very important step. In this study, surface
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treatment parameters are defined as follows: the arithmetic average height parameter
(Ra), is the defined as the average absolute deviation of the roughness irregularities from
the mean line over one sampling length as shown in Figure 2.3. The ten point height
(Rz), 1s described as the height difference between the average of the five highest peaks

and five lowest valleys as shown in Fig. 2.4.

{ Mean Line

Figure 2.3. Definition of the arithmetic average height (Ra) (Source: Gadelmawla et
al.,2002)

Figure 2.4. Definition of the ten point height parameter (Rz) (Source: Gadelmawla et
al., 2002)

2.4. Failure in Adhesive Bonded Joints

In adhesively bonded joints, generally two different failure mechanisms are
occurred. These failure mechanisms are called as cohesive and adhesive failure.
Adhesive failure is interfacial failure and it happens among the adhesive and one of the
adherends. It usually occurs in adhesive bonded structures with poor bonding. Cohesive
failure can be explained by the fact that the adhesive layer remains on both adherend

surfaces, and seldomly, when the adherend fails before the adhesive fails, with division
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taking place entirely within one of the adherends. Fig. 2.5 shows different types of
failure in adhesive bonded joints schematically (Messler 2004).
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Figure 2.5. Scheme of cohesive and adhesive failure in adhesive bonded joints, (a)
cohesive failure within the adhesive and (b) cohesive failure within one of
the adherends, (c) adhesive failure throughout the adhesive-adherend
interface (d) mixed-mode failure. (Source: Messler, 2004)

De Freitas and Sinke (2014) studied to improve the adhesion capability of
adhesively bonded aluminum-composite joints. They accomplished that in adhesively
bonded structures the failure mode is more crucial than the failure load; furthermore,
they showed that the surface treatment of adherends is very important for well adhering
structures.

In real life, joint failure is usually a mixture of adhesive and cohesive failure. In
joint surface, failure mode is generally indicated as a percentage of adhesive or cohesive
failure. A failure in adhesive bonded structures must be 100% cohesive to be ideal
(Messler 2004).

Correia, et al. (2018) investigated the effect of different surface treatment on
adhesively bonded aluminum-aluminum joints. They applied to specimens two different
electrochemical surface treatments and performed the single lap shear test to specimens.
Based on, examination of joint surfaces of single lap shear test specimens they obtained

the adhesive failure and mixture of adhesive and cohesive failure.
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Goushegir (2015) studied the effect of various aluminum surface pre-treatments
on metal composite bonding surface. In this study, Al as metal adherend, CF-PPS is also
selected as fiber composite adherend. They applied the mechanical, chemical and
electrochemical surface pre-treatments to their Al adherends. According to the results of
the fracture surface analysis of the study, in the specimens prepared with all surface
pretreatments except phosphoric acid anodizing + primer (PAA-P) surface tretment, the
failure occurs in the composite at the center of the joint because a PPS layer can be

defined on the aluminum side.

2.5. Test Methods to Evaluate Mechanical Properties of Adhesively
Bonded Fiber Metal Laminates

Analysis of adhesively bonded joints can be realized by some mechanical tests.
For adhesive structural joints, strength can be determined using lap shear tests,

toughness can be determined with double cantilever test.
2.5.1. Single Lap Shear test

In order to evaluate the shear strength of the joints and quantify adhesive bond
durability single-lap shear test can be applied to the adhesive bonded structures. Also,
single lap shear tests can be performed to determine adhesive bonded both similar and
dissimilar materials shear strength (Molitor and Young 2002).

In lap shear test, tension is performed throughout specimens length and due to
tension in the joint region, the adhesive is subjected to shear stress. In Fig. 2.6 the lap

shear test is schematically shown.
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Figure 2.6. Schematic of lap shear test specimen under tensile loading
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In literature, in order to examine the bonding characteristics of adhesive for
joining materials, some lap shear test methods are defined. Some of these standards are
as follows; for joining plastics ASTM D 3163 (Standard Test Method for Determining
Strength of Adhesively Bonded Rigid Plastic Lap-Shear Joints in Shear by Tension
Loading) ,for joining metals ASTM D 1002 (Standard Test Method for Apparent Shear
Strength of Single-Lap-Joint Adhesively Bonded Metal Specimens by Tension
Loading), and for joining fiber reinforced plastics to metals and to themselves ASTM D
5868 — 01(Standard Test Method for Lap Shear Adhesion for Fiber Reinforced Plastic
Bonding)

Valenza, et al. (2011) studied about mechanical behaviour of GFPP/ Al fiber
metal laminates. They applied the lap shear test to determine the shear strength at the
adhesive joint area of between the metal and the composite according to ASTM D1002.

Molitor and Young (2002) investigated the characteristics of adhesive bonding
of a titanium alloy/glass fibre reinforced composite materials. They performed some
mechanical tests to specimens. They applied the single lap shear test according to

ASTM D 5868-95 test aim to determine durability assessment of the specimens.

2.5.2. Double Cantilever Beam (DCB) test

The Mode-I interlaminar fracture toughness of the samples was determined by
double cantilever beam (DCB) experiments. DCB test is generally used for determining
initiation and propagation values of Mode I fracture energy under loading.

In DCB test, load is applied to samples with the same crosshead speed in
opposite directions (i.e. tensile load) and is applied to a DCB specimen with an
embedded through-width insert at the specimen mid-plane (Broughton 2012) (Fig
2.7).The crack tip progression in a DCB specimen can be observed with a CCD camera,
a microscope or a crack gauge. At the end of the test, the critical energy release rate was
determined as a function of the crack length (Shimamoto, et al 2016).

ASTM D5528-13 standard is used in order to investigate mode-I interlaminar
fracture toughness of fiber-reinforced polymer matrix composites. According to ASTM
D5528-13 standard, there are three data reduction methods to calculate the Gy values.
These are, a compliance calibration method (CC), modified compliance calibration

method (MCC) and modified beam theory (MBT). The MBT method is the
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recommended method for calculating the Gic values because it gives more conservative

results (ASTM-American Society for Testing and Materials 2001).

i

P

Figure 2.7. Schematic of DCB test specimen under tensile loading

2.5.3. Three Point Bending Test

Flexural properties of material can be determined by using the three point
bending test.

In three point bending test, load is applied to the middle of a test specimen. The
upper surface of the specimen is in compression and bottom surface is in tension. Force
and displacement values are obtained during the test. The flexural strength, modulus
and flexural strain of specimens are calculated from the data taken three point bending

test. Three point bending test setup is schematically shown in Figure 2.8.
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Figure 2.8. Schematic of flexural test setup

There are two ASTM standards to determine the flexural properties of reinforced

and unreinforced plastics materials. The dimensions of the test specimen are specified in

16



these standards. One of these standards is ASTM D 790 (Standard Test Methods for
Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials) and the other one is ASTM D 6272 (Test Method for Flexural Properties of
Unreinforced and Reinforced Plastics and Electrical Insulating Materials by Four-Point

Bending.)
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CHAPTER 3

EXPERIMENTAL

3.1. Materials

In this study, the fiber/metal laminated structures were manufactured using non-
crimp (£45° biaxial glass) glass fiber polypropylene fabrics (GFPP) as a thermoplastic
based composite layer and 2 mm thick aluminum as a metal layer. Biaxial non-crimp
GFPP fabrics used in the study.

For aluminum surface treatment silanol solution which was prepared by silane
coupling agent Z-6032 from XIAMETER OFS, glacial acetic acid and pure water was
used. The chemical structure of the silane used is shown in Fig.3.1 This silane coupling

agents contain a vinylbenzyl and amine organic and a trimethoxysilyl inorganic group.

(CH, O}, - SiCH, CH. CH. NCH, CH.N - R,
|
R

where R is cither hyvdrogen or

—@— CH-CH. - HCI

Figure 3.1. Chemical structure of XIAMETER OFS-6032 Silane (Source: Dow Corning
(2017) XIAMETER® OFS-6032 Silane Product data sheet)

A polyurethane based adhesive film (Bemis 3218) was provided from Bemis
Associates Inc., USA. General properties of Bemis 3218 are glue line temperature is

120 °C to 130 °C and pressure is 2.8 to 4.2 Bar.
3.2. Thermoplastic Based Composite Plate Manufacturing

Glass fiber reinforced polypropylene composite plate manufactured from glass

fiber/PP non-crimp fabrics by using hot press compression molding machine.
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The thermoplastic based composite plate was manufactured following the steps
below respectively:

e 06 layers of (+45°) glass fiber polypropylene non-crimp fabrics were cut into
mold dimensions and placed in a mold.

e The mold was transferred to hot press machine.

e The pressure was applied to GFPP fabrics until the temperature of the press
reaches the lamination temperature. The process temperature was determined to
be 200 °C. The pressure value was determined as 0.7 MPa.

e The heating system of the hot press, after reaching the desired temperature, it
was kept at this temperature for 45 minutes and was turned off.

e Finally, glass fiber reinforced polypropylene plate was produced and removal

from the mold.

GFPPFABRIC  CUTTING OF THE FABRICS g7 pRrESS COMPOSITE PLATE
AND PLACING IN A MOLD

Figure 3.2. Composite plate manufacturing procedure

3.2.1. Characterization of GFPP Plate

3.2.1.1. Mechanical Property Characterization

3.2.1.1.1. Tensile Test

Tensile strength, strain and modulus of specimens were calculated with using
tensile test.

Test specimens were prepared according to ASTM D 3039M-93 test standard
and 5 specimens were cut from GFPP composite plates with dimensions of 250 mm

length and 25 mm width. Tensile test was applied to specimens at room temperature
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using Shimadzu AG-IC Universal Test Machine with 100 kN capacity load cell and at a
cross head speed of 2 mm/min. The displacement values were obtained using video

extensometer. The tensile test set up is shown in Figure 3.3.

-;a;‘d-mlicWedqe Grip

Figure 3.3. Tensile test specimen during test

3.2.1.1.2. Three Point Bending Test

Three point bending test samples prepared according to ASTM D790 test
standard. Flexural properties of GFPP composite and load-displacement curves were
obtained from the three point bending test. Test was carried out using Schimadzu™
universal test machine and, a crosshead speed of test machine is set to 2 mm/min. Test
specimens were sectioned using diamond saw with 10 mm in width, 3 mm in height.
Length of specimens were related to span ratio, and span to thickness ratio was selected

as 16. Three point bending test set up is shown in Figure 3.4.

Figure 3.4. Flexural test specimen during test
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Flexural stress, strain and modulus values were calculated based on equations

below. In order to determine flexural stress Equation 3.1 was used.

3PL

O-f = 2bd?2 (3-1)

In equation 3.1 , o5 is the stress in outer fibers at midpoint, P is load, L is

support span length, b is width and d is thickness of the specimen tested. Flexural strain

was calculated using Equation 3.2.

6Dd
Sf = L_2 (3.2)

where, &f is flexural strain, D is maximum deflection of the center of beam, d is
thickness of the specimen and L is support span length. Equation 3.7 was used to

determine the flexural modulus.

L¥m

Ep= (3.3)

where, E» is flexural modulus of elasticity, L is support span length, b is width and d is
thickness of the specimen, m is slope of the tangent to the initial straigh-line portion of

the load deflection curve.

3.2.1.1.3. Charpy Impact Test

Charpy impact test carried out based on ISO 179-1 test standard. At least 6
specimens with a length of 80 mm, a thickness of about 4 mm and a width of 10 mm
were tested to determine the Charpy impact energy of GFPP plate during fracture. This
test method also gives information about the toughness of GFPP.

Charpy Impact Test is also known as Charpy V-notch Impact Test. In Charpy
Impact test, firstly 2 mm depth ‘V’ shape notch was made to samples by notch opening
apparatus. This test apparatus (CEAST Resil Impactor, Corporate Consulting, Service &

Instruments, Inc.) for making V-notch impact test are shown in Figure 3.5.
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Figure 3.5. Charpy test specimen during test

The specimen is positioned at the base of test apparatus. The load is applied as
an impact from a pendulum hammer that is released from a fixed height. During the
release of the pendulum, the sample is impacted and broken at the notch. As the
pendulum continues to swing, it reaches the maximum height and this height is lower
than the initial height. The energy absorption is determined from the difference between
the maximum height reached by the pendulum and the first height (Callister and
Rethwisch 2007).

3.2.1.2. Thermal Property Characterization of GFPP

3.2.1.2.1. Differential Scanning Calorimetry (DSC)

DSC is the most widely used thermoanalytical techniques for polymer materials.
Although DSC is used to characterize mainly polymers, it can also be used in the
characterization of organic materials and inorganic materials such as metals and
ceramics.

Temperatures and heat flows in the transition of materials can be measured by
DSC as a function of temperature and time.

In this study, in order to determine the melting temperature of glass fiber
polypropylene DSC thermoanalytical method was used. 4-6 mg of polypropylene

samples were prepared and thermoanalytical measurements were performed with TA
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Instrument Q10. The DSC measurements were performed at a constant heat rate of

2°C/min from room temperature to 200°C.

3.3 Manufacturing of GFPP/Al Hybrid Structures

After manufacturing of GFPP plate, GFPP and 2 mm thick aluminum plates
were bonded with temperature and pressure using adhesive film. Surface treatments
were applied to GFPP and aluminum plates in order to improve the bondability
properties of the joint surfaces of fiber metal laminates. Manufactured GFPP/Al

laminated structure is schematically shown in Figure 3.6.

!
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Figure 3.6. Scheme of GFPP/AI laminated structure

The process steps of the manufacturing of GFPP/Al (fiber/metal laminates)

structures are as follows:
3.3.1. Surface Treatments of Aluminum

In this study, two different aluminum surface treatment methods are used which
aim to improve bonding properties of the surface between aluminum and composite
interface. They are listed Table 3.1. For each test non-treat samples were prepared as

reference samples to compare the results of the different surface treatments.

Table 3.1. Various aluminum surface pre-treatments used in present study

CATEGORY SURFACE PRE-TREATMENT SYMBOL

As-received Nontreated NT

Mechanical Sandblasting SB

Chemical | Etching with Silane Coupling Agent ST
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In order to chemical treat the aluminum surface, silanol solution was prepared
using distilled water, glacial acetic acid and silane.

Silane treatment was applied to aluminum surface according to product
information of XIAMETER OFS Z-6032 silane. The surface modification with silane is

schematically illustrated in Figure 3.7.

Mixing the acetic acid (1 parts) and distilled water (5 parts)

ﬂ pH control (pH=2)

Adding the silane coupling agent into the solution (20 parts)

I

Stirring the solution with mechanical stirrer (30 min)

I

Immersing the prepared aluminum samples into the silane solution

(25 °C, 15 min.)

I

Drying the Al samples in an oven (90 °C, 45 min.)

Figure 3.7. Silane treatment process for the aluminum adherends

Firstly, the aluminum surfaces were fully degreased with acetone and cleaned
with water to remove contaminant at room temperature and obtain the surface which has
good bondability. Then the aluminum samples were dried in oven at 100°C for 15
minutes. Finally, aluminum samples were ready for surface treatment with silane after

waiting one day in ambient air.
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With the aim of prepare Z-6032 silane solution, firstly acetic acid solution was
prepared with a ratio of 1 parts glacial acetic acid to 5 parts distilled water to prepare
acedic acid solution. then, they were stirred for 10 minutes. The solution pH was
adjusted to 2 and 20 parts silane coupling agent was added into the acetic acid solution.
They were stirred for 30 minutes with mechanical stirrer.

Al plate prepared for silane surface treatment were immersed into the silane
solution and they were left for 15 minutes at room temperature, then removed from
silane solution and dried for 45 minutes at 90°C in oven.

For mechanical treatment of the aluminum surface, sandblasting treatment
method was applied. In sandblasting process, aluminum surfaces are roughened with
grit impact that is accelerated using air pressure. The air pressure was set 0,6 MPa and it
was created by a compressor.

After sandblasting treated, surface roughness values (Ra, Rz) of specimens were
measured by using surface roughness test machine. (Mitutoyo SJ-201). This test
machine is shown in Fig.3.8. Sandblasting treated and non-treated surface roughness
values of aluminum were measured. For both surfaces, average surface roughness
values were determined by measurements taken at three surface points at random. As a
result of these measurements, it has been determined how much surface roughness

increases by sandblasting surface treatment on aluminum surface.

LEL O

Figure 3.8. Surface roughness test machine

3.3.2. Surface Treatment of GFPP

In the study, the bonding surfaces of the GFPP samples prepared for all tests

were mechanically treated with 240 silicon carbide abrasive paper. Afterwards, the
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samples were kept in ultrasonic acetone bath for 1 hour to remove the contaminants on

their surfaces and made ready for bonding.

3.3.3. Adhesive Bonding of GFPP and Al plates

Adhesive film (Bemis 3218) was placed between about 3 mm thick GFPP plate
and 2 mm thick aluminum plate. Then temperature and pressure were applied. In the
FMLs manufacturing process, the process temperature was determined as 130 °C and

pressure as 1.2 MPa.
3.4. Mechanical Property Characterization of FMLs

In order to determine mechanical properties of specimens single lap shear,
double cantilever beam (DCB) and three point bending tests were applied. In the study,

all mechanical tests were performed according to relevant ASTM standards.

3.4.1. Single Lap Shear Test

Single lap shear test used for determining the bonding properties of adhesive for
joining GFPP and Al and determining the shear strength of the joints.
In this test, specimens were prepared accordance with ASTM D5868. Specimen

dimensions are shown in Fig. 3.9.

"
\"' = ;-;-‘4 m

Figure 3.9. Lap shear specimen dimensions

In single lap shear test, at least 5 specimens for each different surface treatments
were tested using Schimadzu™ test machine at a crosshead speed of 2 mm/min and test
set up is shown in Fig.3.10.
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Figure 3.10. Single lap shear test specimen during test

After single lap shear strength test, in order to determine the types of failure
(adhesive, cohesive or mixed adhesive-cohesive) the adhesion surfaces of the specimens

which were exposed to lap shear test were examined.

3.4.2. Double Cantilever Beam (DCB) Test

The Mode-I interlaminar fracture toughness (Gr) of the specimens was
calculated by double cantilever beam (DCB) test. DCB test applied to specimens
according to ASTM D5528-13. The dimensions of DCB test specimens are shown

schematically in Figure 3.11.

o 3 -

87.5 mm

150 mm

Figure 3.11. DCB specimen dimensions
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The specimens were sectioned using diamond saw with 25.4 mm in width and
150 mm in length for each surface treatment techniques. The initial delamination length,
a,, was about 50 mm.

The DCB test is performed to specimens as follows; firstly, specimens were
loaded and crosshead speed is set to 1 mm/min. The crack was permitted to propagate
about Smm. Then the specimens were unloaded. Finally, the specimen was reloaded
until the crack propagated about 70 mm from where the crack begins. Figure 3.12
shows a DCB specimen under Mode-I loading. In order to calculate mode I interlaminar
fracture toughness (Grc) values of specimens load, displacement, and crack length were
recorded during the test. Also, initiation and propagation interlaminar fracture

toughness values were calculated.

Figure 3.12. DCB test specimen during test

In this study, the Gic was calculated using the modified beam theory (MBT)

data-reduction method, as follows:

F 3PS
N 2b(a+|A])

Gi= (3.4)

where Gi is the Mode-I interlaminar fracture toughness, F and N are the

correction parameters. These correction parameters can be calculated using Eq.(3.5) and
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Eq(3.6), P is the load, & is the load point displacement, b is the specimen width, a is the
delamination (crack) length, A is determined experimentally by generating a least
squares plot of the cube root of compliance (C"?) as a function of delamination length.

The compliance, C, is the ratio of load point displacement to the applied load and

3 (8\% 3 6t
F=1-5(2) 3 @G (3.5)

N=1-Gr-2-(9)1(H) -2 &y G0

a a? a

tand L' in the equations are shown in Figure 3.11.
3.4.3 Three Point Bending Test

The flexural properties of the surface treated, and reference specimens were
determined from three point bending tests. Three point bending test set up is shown in

Figure 3.13.

Figure 3.13. Flexural test specimen during test

Three point bending test was performed based on ASTM D790 test standard. At
least, 5 specimens for each surface treatment were tested using Schimadzu™ universal

test machine. This test machine crosshead speed is adjusted 2 mm/min and specimens
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were sectioned using diamond saw with 20 mm in width, 5 mm in height and 100 mm
in length. Length of specimens was related to span ratio, and span to thickness ratio was
adjusted as 16.

Flexural stress, strain and modulus values were calculated based on equations
(3.1), (3.2), and (3.3). Load and deflection values in the equations were obtained during
the test.

3.5. Microstructural Characterization

In order to perform microstructural characterization of fracture surfaces of
specimens Phillips™ Scanning Electron Microscope (SEM) was used. For obtaining a
conductive surface, all GFPP specimens were plating with a very thin layer of gold
before the SEM examinations.

The cross-sections of each laminated structures prepared by different surface
pretreatment methods was taken and examined by Nikon™ optical microscope before
the mechanical test. The surfaces of the samples to be examined under the optical
microscope were cleaned and polished to get clear images. Prior to mechanical tests,
optical microscope examination was performed to determine if the adhesion was fully

functioning in samples treated with different surface treatments.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, firstly mechanical and thermal properties of GFPP composite
plate, then mechanical and microstructural properties of adhesive bonded GFPP and Al

fiber metal laminates with different surface treatments are presented.

4.1 Mechanical Properties Test Results of GFPP Composite Plate

4.1.1. Tensile Test

In order to examine the tensile characteristics of noncrimp glass fiber
polypropylene thermoplastic composites, manufactured at 200 °C temperature and 0.7

MPa compression pressure, tensile tests were performed according to ASTM D3039 the

tensile stress-strain behavior of GFPP is showed in Fig. 4.1.
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Figure 4.1. Stress vs. strain values of the composites obtained during the tensile test
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Tensile strength, tensile strain and tensile modulus values are given Table 4.1.
These values calculated from force-stroke data and cross-sectional area of the test

specimens.

Table 4.1. Tensile properties of glass fiber/PP thermoplastic composites

Tensile Tensile | Tensile
Sample No | Strength | Modulus | Strain
(MPa) (GPa) (MPa)
1 133.62 6.8 2.36
2 133.61 7.33 2.29
3 137.43 6.78 2.32
4 126.33 6.60 2.29
5 128.88 7.50 2.57
Average | 131.97 7.01 2.37
Standard
Deviation 3.91 0.35 0.11

4.1.2. Three Point Bending

Figure 4.2 indicated that the flexural stress-flexural strain behavior of GFPP

composites manufactured at 200 °C temperature.

Flexural Stress(MPa)

0 T T T T T T T T T
0 2 4 6 8 10

Flexural Strain(mm/mm)

Figure 4.2. Flexural stress vs. flexural strain values of the composites obtained during
the bending test
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Flexural stress, flexural strain and flexural modulus values were calculated from

force-stroke data and these values are illustrated in Table 4.2.

Table 4.2. Flexural properties of glass fiber/PP thermoplastic composites

sample Flexural Flexural FIexu‘raI
No Stress Modulus | Strain
(MPa) (GPa) (MPa)

1 93.02 9.73 5.9

2 95.47 9.37 5.86

3 91.7 10.1 5.28

4 92.71 9.82 5.85

5 99.38 11.47 5.71

Average 94.46 10.10 5.72

;Li?:t?;: 2.52 0.73 0.23

4.1.3. Charpy Impact Test Result

Impact characteristics of the GFPP composite specimens were determined with
charpy impact tests. Maximum, minimum and average absorbed energies (kJ/m?) of the
composite specimens are shown in Table 4.3. The charpy test specimens are shown in

Fig. 4.3. before and after the test.

Table 4.3. Charpy impact test results

Max. Absorbed Energy (kJ/m?) 184.28
Min.Absorbed Energy (kJ/m?) 157.31
Avg.Absorbed Energy(kJ/m?) 167.05

Standard Deviation 8.71

Based on the results in Table 4.3., average absorbed energy (kJ/m?) is 167.05
kJ/m?. These results are consistent with the other studies in the literature. Santulli et al.
(2003) studied impact properties of commingled E-glass/PP composites. They reported
the Charpy impact test results of glass fiber reinforced polypropylene composites.
According to these test results, average absorbed energy value was calculated as about

190 kJ/m? (& 24.9 kJ/m?).
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Merter, et al. (2016) studied on mechanical properties of continuous glass fiber-
reinforced polypropylene composites. They compared the mechanical properties of
GFPP composites produced by different hybrid yarn preparation techniques. According
to the Charpy impact test results, the average absorbed energy values of these

composites produced with different preparation techniques vary between 115 kJ/m? and
198 kJ/m?.

Figure 4.3. Charpy impact test samples (a) before testing, (b) after testing

4.2. Thermal Property Test Results of GFPP Composite Plate
4.2.1. Differential Scanning Calorimetry (DSC) Analysis

In order to investigate the melting temperature of glass fiber polypropylene
composites DSC analyzes were performed to specimen. Figure 4.4 shows heat flow

(W/g) versus temperature (°C) graph of polypropylene matrix.
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Figure 4.4. Heat flow (W/g) versus temperature (°C) graph of polypropylene matrix
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According to Fig.4.4, melting temperature of glass fiber/PP hybrid composite is
165 °C.

4.3. Surface Roughness Characterization of Aluminum Treated with

Sandblasting

The average surface roughness values of the sandblasting treated and non-

treated aluminum surface are tabulated in Table 4.4.

Table 4.4. Surface roughness parameters of sandblasting and non-treated Al specimens

f .
Rcf::rha::ss Non- Sandblasting
& treated Al | Treated Al
Values

Ra* (um) 0.26 3.59

Rz* (um) 1.9 23.04
* Ra = Arithmetical mean height deviation
* Rz= Maximum height

According to these results, with the sandblasting surface treatment, surface
roughness parameters of aluminum (Ra and Rz) significantly increased. The sandblasted
Al surface can increase the joining strength due to the improved mechanical

interlocking effect.

4.4. Mechanical Properties of Al/GFPP Interfaces

4.4.1. Interfacial Single Lap Shear Strength Test Results

Interfacial properties of FML specimens were investigated with interfacial lap
shear strength test and for silane treated, non-treated and sandblasting treated specimens
stress-displacement curves were given in Fig 4.5, Fig 4.6, and Fig 4.7, respectively.

Figure 4.5. shows the stress-strain curves of chemically treated specimens with
silane. According to results max stress is 2.06 MPa for silane treated specimens and

average stress is 1.96 MPa.
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Figure 4.5. Stress vs. strain values of the silane treated FMLs obtained during the single
lap shear test

Lap shear stress-strain curves of non-treated FMLs specimens are illustrated in
Fig.4.6. Based on test results, maximum shear stress value is 1.79 MPa, average shear
stress is obtained 1.71 MPa. As seen in Figure 4.6, for all of the specimens, stress
increases linearly and reaches to maximum level at about 0.2 mm strain. In the linear

region the response is elastic, and failure occurs at the maximum stress level.
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Figure 4.6. Stress vs. strain values of the non-treated FMLs obtained during the single
lap shear test
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Figure 4.7. shows lap shear stress-strain curve of sandlasting treated Al/GFPP

specimens. According to results, maximum lap shear stress value is 2.33 MPa average

shear stress is 2.15 MPa.

25

2.0

1.5 1

1.0

Stress ( MPa)

054

0.0

T
0.00 0.02

T T
0.04 0.06

T
0.08

Strain (mm/mm)

T T T
0.10 0.12 0.14

Figure 4.7. Stress vs. strain values of the sandblasting treated FMLs obtained during the

single lap shear test

As seen lap shear stress-displacement figures shear stress values for all samples

of AI/GFPP increased with increasing displacements until failure point then sudden

drops were observed. Table 4.5 shows shear strength values were calculated from the

maximum shear stresses and dimensions of the specimens.

Table 4. 5. Shear strength values of specimens

AUGFPP Shear Strfzngth (MPa) :
Sample No Non-treated | Silane | Sandblasting
(Reference) |Treated| Treated
1 1.46 2.48 2.07
2 1.44 1.96 1.86
3 1.78 1.96 2.10
4 1.77 1.95 2.02
5 1.38 2.03 2.32
Average 1.61 2.08 2.08
Standard
Deviation(2) 0.17 0.20 0.15

As given Table 4.5, non-treated Al/GFPP specimens have minimum shear

strength values between Al and GFPP. According to Table 4.5, shear strength value of

2.08 MPa is obtained by sandblasting treatment and silane treatment of Al surfaces. A
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significant improvement was achieved in the interfacial shear stresses of the samples
treated with amino-based silane and sandblasting. The reason for the increase in surface
treatment with silane, the chemical bonding between the amino group of the Z-6032
silane and the polypropylene as expected (Demjén, et al. 1999).

The reason for the increase in the strength of the surface treated by sandblasting
is the increase in the roughness values of the aluminum surface by means of
sandblasting, increasing the surface area of adhesion and ensuring that the adhesive film

penetrates the surface better.

4.4.2. Mode-I Fracture Toughness Test Results of GFPP/Al Hybrid

Structures

The mode-I fracture tougness values (Gic) were calculated for silane treated,
non-treated and sandblasting treated specimens using Eq. 3.4 of modified beam theory
(MBT) and shown in figures 4.8, 4.9, 4.10 respectively.

The maximum Gy value of silane treated specimens was determined as 0.28
kJ/m?. The initiation and propagation Gi values for the silane treated specimens were
calculated 0.04 and 0.13 kJ/m? respectively.

According to the Figure 4.8, the Gic values show a tendency to increase with
increasing delamination length. This is due to the chemical bonding occurs between the
silane and the GFPP on the adhesion surface and thus resulting glass fiber bridging

effect.
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Figure 4.8. The mode-I fracture toughness values (Gic) of silane treated specimens
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Figure 4.9 shows Gic-delamination length graph of non-treated samples. As seen
in Figure 4.9 maximum Gic value is 0.13 kJ/m? , average Gic value is about 0.05 kJ/m?.
The initiation and propagation Gic values for non-treated specimens were calculated as
0.04 and 0.05 kJ/m? respectively. For non-treated samples, there was no tendency to

increase in Gy values as the length of delamination increased.
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Figure 4.9. The mode-I fracture toughness values (Gic) of non -treated specimens

Figure 4.10 shows Gic data vs delamination length graphs of sandblasting treated
specimens. The maximum Gic value is 0.08 kJ/m?, average Gic value is about 0.04
kJ/m?. From the data taken during the test the initiation and propagation Gi values for

sandblasting treated specimens were calculated 0.03 and 0.04 kJ/m? respectively.
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Figure 4.10. The mode-I fracture toughness values (Glc) of sandblasting treated
specimens
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As seen in Figure 4.10 sandblasting treated specimens have more stable crack
propagation than reference specimens and specimens treated with other technique.

In order to evaluate the effect of chemical etching and sandblasting surface
treatments on the adhesion surface, Shimamoto, et al. (2016) have performed the DCB
test to GFPP/Al samples bonded with the welded joint. They investigated specimens
with the chemical etching surface treatment have approximately four times larger
critical energy release rates than sandblasted specimens. In this study, they showed that
the average critical energy release rate of silane treated specimens was about 0.050
kJ/m?. The AMALPHA treatment was chosen as the chemical etching method and
average critical energy release rate of these specimens was 0.23 kJ/m?.  Also, they
indicated that the critical energy release rates do not depend on the chemical etching
depth.

In order to compare DCB test results of each specimens easily, the Gic-
delamination length (a) values of silane treated, sandblasting treated and non-treated
specimens are given in Figure 4.11. These results indicated that the Gic values of silane-
treated specimens are approximately 2.5 times larger than others. Gic values of non-
treated and sand blasting-treated specimens were observed to be very close to each

other.
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Figure 4.11. Gic vs. delamination length (a) values of silane treated, sandblasting treated
and non-treated specimens
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4.4.3. Flexural Properties Test Results of GFPP/Al Hybrid Structures

Load- displacement curves of silane treated, non-treated and sandblasting treated
specimens are given in Fig 4.12, Fig. 4.13, and Fig.4.14 respectively.

As seen in Fig. 4.12, the specimens treated with silane the first failure observed
on about 1 mm (there is a sudden drop in load values). However, with increasing
displacement values, the samples can carry higher load values than the load values they

carry up to the first failure. The maximum load value is reached when the displacement

value is about 10 mm.

600
—
2
3
4
5
400
z
e
@©
@]
—
200 -/
f
|
1l
|
|
0+— T T T T T T T T T ' T '
0 5 10 15 20 25 30 35

Displacement (mm)

Figure 4.12. Load vs displacement curves of the silane treated specimens obtained
during the bending test

Ultimate bending load, bending stiffness and displacement at failure values of
silane treated specimens are given in Table 4.6. According to this table, average
ultimate bending load was found about 500 N, bending stiffness was 298 N/mm average
displacement at failure was calculated as 10.52 mm. According to these results, in
silane-treated samples, although the sample received the first failure at approximately 1
mm displacement value, it continued to carry load and the displacement values at the

failure were found to be about 10 mm.
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Table 4.6. Flexural properties of silane treated specimens

UItlm:':lte Bending | Displacement
Sample Bending K )
Stiffness at Failure
No Load
(N) (N/mm) (mm)
1 496.95 288.9 12.3
2 501.23 310.8 9.91
3 513.75 340.64 11.49
4 499,55 298.41 9.66
5 490.4 250.9 9.22
Average 500.38 297.93 10.52
Standard | g o, 29.27 1.18
Deviation

In non-treated specimens results, there is a sudden drop in load values after
reaching a maximum certain load value in non-treated samples. At these displacement
values (about 2 mm), the samples were failured first and there was a slight increase in
the load values after sudden drop. However, these load values were not as high as the

load values before the first failure.
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Figure 4.13. Load vs. displacement curves of the non-treated specimens obtained during
the bending test

Ultimate bending load, bending stiffness and displacement at failure values of
non-treated specimens are given in Table 4.7. As shown in Table 4.7 average ultimate

bending load was found as 518 N
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Table 4.7. Flexural properties of non-treated specimens

UItlm?te Bending | Displacement
Sample Bending K )
Stiffness at Failure
No Load
(N) (N/mm) (mm)
1 615.25 314.41 2.1
2 490.85 288.52 10.24
3 496.25 342.38 1.54
4 493.83 301.98 1.83
5 495.5 323.55 1.66
Average 518.34 314.17 3.47
Standard | g 18.39 3.39
Deviation

According to flexural test results of the sand-blasting treated specimens (Figure
4.14), load values increased up to a certain point with increasing displacement and then
showed a sudden drop. The displacement value of the sudden drop is the point where
the sample was first failure. Load values increased after a sudden drop and the
maximum value of load is very close to the maximum load value at the point of the first

failure.
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Figure 4.14. Load vs. displacement curves of the sandblasting treated specimens
obtained during the bending test

As shown in Table 4.8, ultimate bending load, bending stiffness and
displacement at failure values of sand blasting treated specimens are 504 N, 313 N/mm,

7.04 mm respectively.
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Table 4.8. Flexural properties of sandblasting treated specimens

UItlm?te Bending | Displacement
Sample Bending R X
Stiffness at Failure
No Load
(N) (N/mm) (mm)
1 505.85 306.11 10.14
2 477.66 326.09 9.73
3 527.93 296.9 1.96
4 516.52 305.2 11.77
5 492.15 332.3 1.58
Average 504.02 313.32 7.04
Standard |/, 13.50 435
Deviation

According to the ultimate bending load values of the silane treated (ST), non-
treated (NT) and treated with sandblasting (SB) specimens. the ultimate bending load
values are very close to each other. As seen in the flexural test results, treat operations
on the adhesion surface did not change the bending load values very much, but it
allowed the sample to continue to carry the load after first failure and even more than

the stress it carried up to the first failure.

4.5. Characterization of Failure in Adhesively Bonded Surface of

Single Lap Shear Test Specimens

The types of failure (adhesive, cohesive or mixed adhesive-cohesive) of the
single lap shear applied specimens were determined by examining the adhesion
surfaces.

Figure 4.15 (a) shows the adhesion surface of non-treated specimens. As seen in
Fig. 4.16, it was observed that the adhesive remained on the surface of only one of the
adherends (only Al surface). On the surface of the GFPP no residues of adhesive were
found. This means that the type of failure seen in non-treated specimens is adhesive
failure along adhesive-adherend interface.

The adhesion surface of silane treated specimens is shown in Figure 4.15 (b).
According to this figure a portion of the adhesive was found on the surface of Al, the
other part remained on the surface of GFPP. This type of failure is interpreted as a

mixed mode (adhesive and cohesive), mostly cohesive failure type.
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Figure 4.15 (c) shows the adhesion surface of sandblasting treated specimens. In
this figure it has been observed that the residues of adhesive are on both surfaces, or
even on the adhesive of the Al surface, the residues of GFPP plate. Therefore, cohesive

failure was observed in sandblasting treated specimens.

Figure 4.15. Fracture surface of (a) non-treated, (b) silane treated,(c) sandblasting
treated specimens after single lap shear test

4.6. Microstructural Characterization Results of AI/GFPP Hybrid

Structures

The optical microscope was used to perform the microstructural examination of
the adhesively bonded laminates cross sections. Figure 4.16 shows the images of
sandblasting treated, non-treated, and silane treated specimens microstructural
characterization by optical microscope, respectively. According to these micrographs in
all samples treated with different surface treatments, continuous bonding was provided
on the adhesion surface of the between GFPP and Al and no unbound or defective

regions were observed.
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Figure 4.16. Optical images of cross sections of GFPP/AI specimens a) sandblasting
treated structures (b) non-treated (c)silane treated structures (20x)

Aim to characterization of the failure modes of FMLs specimens after single lap
shear testing SEM was used.

SEM micrographs of fracture surface of the Al side of fiber metal laminated
with silane treated, sandblasting treated, and non-treated specimens were illustrated in

Figure 4.17 respectively.

Acc SpotMagn  Det WD |—————— 500 um
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Figure 4.17. Fracture surface SEM images Al adherends of Al / GFPP with (a)silane
treated (b)sandblasting treated (c)non-treated structures
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According to the SEM images, residues from the GFPP plate were observed on
the silane and sandblasting treated Al bonded surfaces, while no residues were observed
from the GFPP plate on the non-treated Al adhesively bonded surface. GFPP residues
on the non-treated Al surface are not observed because there is no chemical and
physical interaction at the bonded interface and adhesive failure is observed in these
samples. The glass fiber and matrix material presence in the silane and sandblasting
treated Al samples is the proof that the failure type seen in these samples is a cohesive
failure. This shows that adhesion at the GFPP / Al interface is better than non-treated

samples.
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Figure 4.18. Fracture surface SEM images GFPP adherends of Al / GFPP with (a)silane
treated (b)sandblasting treated (c)non-treated structures

Fig. 4.18 shows the images for silane treated, sandblasting treated and non-
treated of GFPP fracture interface at higher magnification respectively. Also, they
indicate that deformation around fibers occurs for treated specimens. It is seen that the
deformation of the polypropylene matrix and break and pull out of fibers are very

common for treated specimens. (Fig. 4.18 (a) and (b)). It proves that the failure is
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cohesive through the polypropylene composite plate. These deformations in the fiber
and matrix indicate that plastic deformation occurs in the GFPP specimens during the
lap shear test. This is an evidence of the good adhesively bonded of the treated
specimens to each other. However, no deformation was observed to the matrix and the
fibers in non-treated specimens. This again indicates that the adhesive failure occurred

along the adhesive-adherend interface for these specimens.
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CHAPTER 5

CONCLUSIONS

In this study, initially glass fiber reinforced polypropylene matrix composites
were successfully manufactured from hybrid fabrics by hot press compression process.
Manufactured thermoplastic composite plates were characterized by some mechanical
tests. Then, to produce fiber metal laminated structures using the adhesive film the
produced GFPP plate and Al were used as the adherends. While manufacturing FMLs,
various surface modification technique were applied for the good adhesion of GFPP and
Al interface and their effect on the adhesive properties of GFPP/Al laminates were
reported. Surface modification techniques applied to aluminum bonded surface are
silane treatment and sandblasting treatment. After sandblasting surface treatment,
surface roughness parameters (Ra and Rz) of aluminum was determined by using
surface roughness test machine. According to the results of the measurements on the
surface of Al samples treated with sandblasting and not treated, those parameters (Ra
and Rz) significantly increased with the sandblasting surface treatment.

Tensile properties, flexural properties, impact energy properties and melting
temperature of GFPP composite were determined within the study to characterize the GFPP
composite plate.

Tensile test was performed so as to investigate tensile properties of the GFPP
composite plate. The tensile strength value was obtained 132 MPa and elastic modulus
7 GPa.

Flexural test was applied for the purpose of investigating the flexural properties
of the GFPP composite specimens. Flexural strength value was calculated as 94.46
MPa. Flexural modulus was found as 10.10 GPa.

The glass fiber polypropylene composite plate impact properties were
investigated with Charpy (V-notch) impact test and absorbed energy values were
evaluated from the taken data. According to test results, average absorbed energy value
was obtained 167.05 kJ/m>?. The absorbed energy values vary between 157.31 and

184.28 kJ/m?. These results are compatible with the other studies in literature.
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Single lap-shear, DCB and flexural tests were applied to show the effects of
different surface pre-treatment techniques on adhesive characteristics of GFPP/Al
structures.

Single lap shear test was performed to silane treated, sandblasting treated and
non-treated specimens (non-treated specimens were taken as reference for all tests).
Based on test results, the shear strength values of the silane treated and sandblasting
treated specimens were very close to each other. (2.08 MPa) The shear strength values
of the GFPP/Al adhesion surfaces increased by 30% compared to the reference
specimen via surface pre-treatment techniques. The reason for the increase in the shear
strength values of the silane treated specimens is formation of a chemical bond between
the amino group of the Z-6032 silane and PP. The reason of the increase in the shear
strength of the sandblasting treated specimens is the increase in the surface area of
bonded, the increase of the surface roughness and thus the better penetration of the
adhesive to adherends.

The Mode-I interlaminar fracture toughness of the samples was determined by
double cantilever beam (DCB) test. From the results the Gic values of silane-treated
specimens are approximately 2.5 times larger than others. Gic values of non-treated and
sand blasting-treated specimens were observed to be very close to each other. It can be
interpreted that sandblasting treated specimens have more stable crack propagation than
reference specimens and specimens treated silane.

The flexural properties of GFPP/Al specimens were determined with three point
bending test. Ultimate bending load values of silane treated, non-treated and sabdlasting
treated specimens are 500,518, and 504 N respectively. No significant change was
observed in the ultimate bending load values of the treated specimens compared to the
reference sample. As seen in the flexural test results, treat operations on the adhesion
surface did not cause dramatical change on ultimate bending load values, but it allowed
the sample to continue carrying the load after first failure (there is a sudden drop in
stress values) and even reach more than the max stress it carried until the first failure.

According to optical microscope images, continuous bonding was provided on
the interface of the GFPP and Al and no unbound or defective regions were observed
for each specimens manufactured with different surface treatment techniques.

In order to characterization of failure in adhesively bonded surface, fracture
surfaces of the specimens that lap shear test performed were examined. As a result of

the examinations, adhesive failure along adhesive-adherend interface is seen in only
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non-treated specimens. Cohesive failure type was observed in silane and sandblasting
surface treated specimens.

According to the SEM images for fractured surfaces of silane and sanblasting
treated GFPP/Al demonstrated better adhesion characteristics owing to the
polypropylene layer observed on the fractured surface of Al. SEM images for fractured
surface of GFPP, in silane and sandblasting treated specimens, it was observed that
there were damages on the fibers in the matrix. The data would seem to suggest that the
failure type during the lap shear test is cohesive failure in these specimens. In the non-

treated specimens, no damage was observed to the fibers.
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