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ABSTRACT

To investigate the behavior of different types of lap joints as material and geometric properties are
varied under tensile loading, an analytically verified finite element parametric study was conducted
on both ideally and adhesively bonded different types lap joints, measuring the changes in stress
value at points of critical stress concentrations. Peel stresses increasing at the edges of the overlap
area of the adhesively bonded single lap joints subjected to static tensile loading have an intense
effect on the damage of the joint. In order to interrelate the finite element analysis with real-world
lap joint behavior, digital image correlation was used to record the deformation of lap joint
specimens under a tensile load. In this study, mechanical properties of the single lap joint (SLJ),
one step lap joint (OSLJ) and three step lap joints (TSLJ) subjected to tensile loading were
examined numerically by keeping the bonding area same for all six samples examined. As a result,
it was observed that one-step lap geometry reduces the stress concentration increasing at the edges

of the overlap area while the highest decrease occurred in the three-step lap geometry.
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CHAPTER 1 INTRODUCTION

1.1 General:

Bonded composites have been used extensively in the aerospace and defense industries since the
1940s and 50s. Bonded composites are used in structures to strengthen slabs, beams, and columns.
Other methods of retrofitting structures, such as steel jacketing of columns, have been around
much longer in the field, but the use of composites has many advantages over other methods.
Primarily, composites have a high strength-to-weight ratio, making them ideal for seismic

retrofitting applications [1].

Adhesively bonded joints are preferred due to their advantages such as formation of uniform stress

distributions, ability to join different materials, high fatigue resistance and impermeability [2].

However, in the adhesively bonded joints, extreme levels of stress concentration form at the edges
of the overlap area, which significantly influences the strength of the joint. In order to use the
adhesive bonding technique and to increase the load carrying capacity of the joint, the effect of
these stresses forming at the free edges of the bonding area should be reduced. There are various
types of the joints bonded with adhesives. The single-lap joint is the most commonly because of
the simple geometry. This type of joint has been frequently used for joining composite materials
[3,4,5].

There are many methods to increase the strength of the adhesively bonded joints by reducing the
effect of these peeling stresses [6]. One of these methods is spew fille technique, which was shown

to reduce the effect of these peeling stresses and increase the strength of the joint [7].



In the present study, mechanical properties of three different joints subjected to tensile loading
having the same bonding area, namely, single lap joint (SLJ), one step lap joint (OSLJ) obtained
by machining a single step and three step lap joints (TSLJ) obtained by machining three steps were
studied numerically.

In the production of experimental samples, an aluminum alloy of AA2024-T3 was used as an
adherent and flexible adhesive SBT9244 and stiff adhesive DP460 were employed as adhesives.
After experimental studies on the three different joint types were conducted, stress analyses in the
joints were performed with a three-dimensional finite element method by considering the
geometrical non-linearity and the material non-linearities of the adhesive and adherent.
Experimental studies were also performed in order to validate the results of finite element analysis
[8].

In many engineering applications, advanced composite materials are used to fabricate many
structural parts. This is due to their many characteristics such as light weight, high strength, high
stiffness, good fatigue resistance and good corrosion resistance and to manufacture many complex

geometries with fewer components [9].

Simulation may be defined as the imitation of the operation of a real-world process or system over
time. In simulation any experiment or work is done computationally creation the same real-life
atmosphere of that experiment. First the required model is developed with assigning its properties.
It may be one part or assemble of some parts. Then the model is differentiated in several little
pieces or meshed to run simulation. Here is a fact that the more the number of mesh, the accurate
the result of the simulation. After meshing the model is then experimented numerically by some
calculation by the given properties and situations and after that result comes. There are a few

renowned software for simulation such as:

a) Ansys

b) NX

c) Autodesk CFD
d) Simulia Abaqus
e) MATLAB

f) Flexsim

g) Simulink etc.



Figure 1.1: A typical composite material.

This work will first define lap joints and present an overview of several of the various lap joint
geometries. Analytical derivation and verification are then presented, followed by a description
and in-depth example of the parametric study conducted. The results are then presented, and
discussed, followed by experimental work and validation, and both a conclusions and suggestions

section.

1.2 Thesis organization:

In chapter 1, a general discussion about composite materials, its application in all sectors nowadays
and the materials used for this thesis are provided. The thesis organization is given in this chapter.
The objectives of this thesis are also outlined in this chapter.

In chapter 2, a comprehensive discussion about the composite materials and its classification is
provided with different manufacturing techniques. A brief discussion on the different materials
and adhesives for the construction of composite materials is also provided.

In chapter 3, Different types of the lap joints and different adhesive thickness are discussed. The
setup of the numerical analysis and the working variables are also discussed in this chapter along
with the analytical model of Displacement-Stress history for the verification of numerical model.
In chapter 4, the experimental results and discussion are included. Verification of the numerical

model is also provided in this chapter.



In chapter 5, the conclusion of the study is provided stating the important findings and discussion

about future work of this topics.

1.3 Obijectives:

The objectives of this thesis are:
a) To study the stress distribution in a stepped joint with different number of steps.

b) To study the stress distribution with different adhesive thickness.



CHAPTER 2 LITERATURE REVIEW

2.1 Research Background:

Samples of three different joint types (Type-I, Type-Il, and Type-Ill) used in the numerically
studies were modeled three dimensionally by using Ansys package software [10]. The stress
analyses in the adhesively bonded joints using a non-linear finite element method were performed
by considering both the geometrical non-linearity and non-linear material behaviors of both
adhesives (SBT9244 and DP460) and adherend (AA2024-T3). The dimensions of the samples and
boundary conditions used in the finite element analyses were the same as those used in the

experimental works.

In the 3D analysis, the adherend and adhesive of the adhesively bonded joint were modeled by
using Abaqus software. Apart from this, smaller meshes were used in zones where the stress
distribution is critical. The used material model is Multilinear Isotropic Hardening- von Mises
plasticity (MISO). Also, for stress analysis the von Mises yield criterion was used to calculate the
equivalent stress (req) and strain (eq) distributions in the adhesive layers and adherends. In
addition, analyzing this model different mesh densities are used and the result of using many
meshes is seen to be not very different, so in the paper due to both stress analysis and decreasing
the duration of numeric solutions using this density of meshes is chosen.

2.2 Composite material:

Composite material is one of the most important fields in modern engineering because of its
outstanding physical properties. From the ancient times to the modern era, it is being used. For
example, in ancient times bricks were made up of clay and straw following this principle. Mixing
of straw and mud to make wall of houses and huts is still used today in villages in Bangladesh. In
modern technology the concept of composite material is not simply limited within mixing two
components. Composites are being heavily used in numerous fields of engineering i.e.,

aeronautics, wind turbines, automobiles, electronics etc. [11].

Bonded composites have been in use for decades. During the second World War, the United States
military began using glass fiber reinforced polymer composite vehicles in order to make the

vehicles lighter and save steel [12] After World War I, the use of composites expanded into

4



markets outside of the military. Beginning in the 1950’s, composite materials experienced
widespread use in the aerospace industry. Fiber reinforced polymers (FRP) were utilized to
produce airplane and rocket components and motor casings. In addition to the aerospace industry,
composites are used in the automotive, marine, offshore drilling, sporting equipment, and civil
engineering industries. Within the civil engineering field, composite materials are often used to

strengthen and retrofit reinforced concrete slabs, beams, and columns.

A composite material is a material made from two or more constituent materials with significantly
different physical or chemical properties that, when combined, produce a material with
characteristics different from the individual components. The individual components remain
separate and distinct within the finished structure.
Most recently researchers have also begun to actively include sensing, actuation, computation, and
communication into composites which are known as robotic materials.
Typical engineered composite materials include:

e Mortars, concrete.

e Reinforced plastics such as fiber- reinforced polymer.

e Metal composites.

e Ceramic composites.
Composite materials are generally used for buildings, bridges, and structures such as tanks,
imitation granite, cultured marble sinks etc. [13].

There are five basic types of composite materials: Fiber, particle, flake, laminar or layered and

filled composites [14]

2.3 Adhesive Bonding:

Adhesive and Adhesion:

An adhesive is a substance which can hold materials together in a useful fashion by means of
surface attraction. Surface attraction results from placing a thin layer of adhesive between two
objects. An Adherend is the solid material in the adhesive joint other than the adhesive (also
referred to as substrate). The bond line is the space or gap between two substrates which contains
the adhesive. Adhesion is the process by which two surfaces are held together by interfacial forces

(surface attraction) or mechanical interlocking. When an adhesive cures, it is converted from a



liquid to a solid state. This may be accomplished by cooling, loss of solvents or internal chemical
reaction. Curing generally implies some type of physical or chemical change in the adhesive, while

hardening or melting is reversible.

2.4 Adhesive Characteristics Required for Design and Analysis:

At the macro level, at which most bonded joint analyses are made, the mechanical data needed are
complete stress—strain curves in shear for a range in temperatures covering the operating
environment. Typical structural adhesives are stronger and more brittle at low temperatures and
weaker and more ductile at high temperatures than at room temperature, as shown in Fig. Despite
these great differences in bulk individual mechanical properties, the strength of structural joints
(in which the adhesive strains are far from uniform) is far less sensitive to the test temperature than
that of short-overlap test coupons (in which the adhesive strains are close to uniform, which is why
they are used to generate the stress—strain curves). (This is explained in more detail below, in terms

of elastic-plastic adhesive models [15]).

70 410
60 | (1 _55°C, (-67°F)
-8
50
Room temperature
40 {6

80°C, (180°F)

/

Nylon-epoxy adhesive (120°C, 250°F Cure)

30

Shear stress (MPa)

20

10

0 1 2 3
Shear Strain (mm/mm, in./in.)

Figure 2.1: Adhesive stress—strain curves in shear, as a function of temperature.

This had its foundation in earlier such analyses developed by Gosse [16] for the failure of

homogeneous polymers, including adhesives constrained between much stiffer adherends. There



are only two possible failure mechanisms available for any solid homogeneous material. One is
dilatation which, in the context of adhesively bonded joints, is associated with the induced peel
stresses at the ends of the bonded overlap. The other is distortion, which is the dominant behavior
of the adhesive layer away from the ends. The value of the first strain invariant, the sum of three
orthogonal strain components,

Ji= et et g O

cannot be measured on any pure (neat) adhesive test coupon because failure by distortion
according to the other (von Mises shear strain) invariant

1
yVMcrit = E[ (¢ — N2+ (¢ = &)+ (¢ — )7

(Where the prime denotes principal values) occurs before the dilatational limit had been reached.
Failure of polymers by dilatation (increase in volume) occurs only in a constrained environment,

as between two circular rods bonded at their ends and pulled apart, as in (or between the adherends

ity

in bonded joints).

Adhesive layer

224

Metallic rods

Figure 2.2: Butt-jointed test coupon to measure J1 strain invariant for adhesives.



2.5 Design of Adhesively Bonded Joints:

The design and analysis procedures cited under three government-sponsored R&D contracts over
a period of years. The first was for NASA Langley during the period 1970-1973 in which the
elastic-plastic adhesive model was introduced and the first of the A4E.... series of Fortran
computer codes was derived. The second increment of work was for the USAF at WPAFB, during
and following the PABST bonded fuselage contract, from 1976 through 1983. Three new computer
codes, A4EI, A4EJ, and A4EK, were produced and the effects of flaws and variable bond layers
were covered [17].

The design of double-lap and single-lap bonded joints between nominally uniformly thick
adherends is straightforward. The design of the 100% full-load transfer bonded joints with no
failsafe rivets for the pressurized PABST bonded fuselage, [18] was reduced to a single table of
overlap versus skin thickness, supplemented by a requirement to gently taper the ends of the
overlaps locally for the thicker skins to prevent premature-induced peel failures. It is crucial to
note that the overlaps are universal in the sense that they are independent of the magnitude of any
applied loads. This enables the design of the bonded joints to be completed before the internal
loads in a structure have been established. The key to this design method is explained in Fig.

i = inner n—-_ G E; E, o = outer
E N ) -4_ l ]
B { __________________________________________ A / _____________ I ""Hr ........... -

T : :
t \
2t GOt {0t t

(€pq + £pp) = Lesser of = and

“Plastic” zones,
</ unequal because
of adherend

Adhesive i

stiffness
shear stress imbalance
distribution

l

6 B 1'

="
A Elastic trough Tmin =735

Plastic zones long enough to transfer entire adherend strength

Elastic trough wide enough to prevent creep at its middle

Design overlap = £,4 + €0 + (6/4)

Check on adequate strength by not exceeding maximum adhesive shear strain

Figure 2.3: Design of Adhesively bonded joints.



2.6 Different type of Joints:

2.6.1 Scarf joint:

A scarf joint (also known as a scarph joint) is a method of joining two members end to end
in metalworking The scarf joint is used when the material being joined is not available in the

length required.

Figure 2.4: Scarf joint.
2.6.2 Double Scarf joint:

A scarf joint, or scarph joint, is used to join two pieces of wood or metal end to end. It is a simple
form of a lap joint, and when the two pieces are joined together, produces a virtually invisible

seam.

>
| i

double scarf

Figure 2.5: Double scarf.

2.6.3 Butt joint:
A butt joint is a technique in which two pieces of material are joined by simply placing their ends

together without any special shaping.


https://en.wikipedia.org/wiki/Metalworking

Butt Joint

Figure 2.6: Butt Joint.

2.6.4 Lap joint:
A lap joint or overlap joint is a joint in which the members overlap. Lap joints can be used to join

wood, plastic, or metal. A lap joint can be used in woodworking for joining wood together.

s e

{a) (b)

~ |

(c) (d)

=

(e)

Figure 2.7: Lap joint.

2.6.5 Single-lap Joints:

Single-lap joints are created using an adhesive layer to connect two adherends. Figure 2.8 shows
a typical single-lap joint. Adhesive bonding is an alternative to mechanical bonding that avoids
the use of drilled holes and reduces stress concentrations. However, stress concentrations do still
exist at the end of each adherend. The two types of stresses occurring in an adhesively bonded

joint are transverse normal tensile (peel) stress and shear stress.

10
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Adhesive Adherend

Yy

Adherend

Figure 2.8: Single-lap joint geometry

Due to a sudden change in stiffness, stress concentrations occur at the lap location with the
maximum stresses occurring at the overlap ends [Error! Reference source not found.]. If a spew
fillet is present at the ends of the adherends, the maximum adhesive stresses have been shown to
be much lower than if the ends are squared off as they are in Figure 1 [19]. Figure 2 shows an

example of a single-lap joint with a spew fillet on the adherend ends.

Adhesive Adherend

Adherend

Figure 2.9: Single-lap joint with spew fillet.
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2.6.6 Double Lap Joint:
double lap joint is a balanced construction configuration joint that consists of two outer adherends

that are bonded on both sides of center (inner) adherend

Upper Adherend Layer

—1

Adhesive Laver

Lower Adherend Layer

Middle Adherend Layer

Figure 2.10: Double lap joint.
2.6.7 Stepped Joint:
The step-lap joint is essentially a series of overlap joints and is an outline of the simple one-
dimensional and three-dimensional analytical model. with the overlap joint, the stepped-lap joint
has a non-uniform shear stress distribution with high stresses at the ends of each step. With correct
design, the step-lap joint can join adherends of any thickness.

2.6.8 One Step Lap Joint:

Figure 2.11: One-step lap joint.
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2.6.9 Three Step Lap Joint:

Figure 2.12: Three-step lap joint.

2.7 Design Features Ensuring Durability of Bonded Joints:

Durability in bonded joints requires both that the bonded interfaces are stable (the glue stays stuck)
and that the adhesive is not failed by the combination of mechanical loads and residual thermal
stresses caused by dissimilar adherends. The first issue has nothing to do with the geometry of any
bonded joint, although joints fail faster under peel-dominated loads than under shear loads. This
is the little understood requirement represented by setting the minimum stress level at or less than
10% of the maximum, which defines the overlap needed to prevent any creep from accumulating.
The need for such a requirement was exposed by some of the early fatigue tests on the PABST
program. Quite misleading conclusions, both positive and negative, could be drawn from durability
tests on short-overlap coupons, [20] The key to the success of these designs was the

acknowledgement that the adhesives shear stresses were, and should be, highly nonuniform.

C B
— 1
Adhesive Adhesive
shear shear
- strain ~Ye stress
A
G E
I 1
i _F D [
T T -
a Realistic overlap for structural joint
Adhesive Adhesive
shear shear
strain stress
| —

S — |

Short overlap test coupon

b
Figure 2.13: Differences between short-overlap test coupons and long-overlap bonded joints. (a)
Realistic overlap for structural joint. (b) Short-overlap test coupon.
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The reason why properly designed bonded joints do not suffer from mechanical fatigue failures is
that the most critical conditions are not developed where the adhesive is protected by the
adherends. This can be understood by characterizing the minimum and maximum adhesive shear
strains as a function first of bonded overlap and secondly as a function of adherend thickness,

accounting for the effect of the environment in each case. This is illustrated in Fig, for room

temperature.
Elastic-plastic 3
05 Ymax shear strain Yimax Ymax at edge
Adhesive 0.4
shear 0.3 .
strain, y Yrmin @t middle of
0.2 : overlap
0.1 B
0 - ]
0 1 2
Overlap ¥ (in.) { (cm)
-1,500 = [
200 4 Load limited
Maximum L 1,000 L Adherend strength | by adhesive
s ’ strength
joint cut-off
strength, P . .
(kN/mm) 100 4 Adherend strength Fully plastic adhesive.
-500 cut-off B = (Load limited by
T bond area)
0 | | | | | |
0 25 5 0 25 5 0 25 5
£ (cm) Overlap £ (cm) ¢ (cm)

Adherend thickness 4 1.6 mm (0.063 in.) b 32mm (0.125in.) C 6.4 mm(0.25in.)

Figure 2.14: Effects of adherend overlap and thickness on maximum and minimum shear strains
at room temperature.

2.8 Effects of Thermal Mismatch Between Adherends on Strength of Bonded Joints:

When thermally dissimilar materials are bonded together, residual thermal stresses are developed
that usually detract the remaining strength available for transmitting mechanical loads. These
phenomena occur whenever titanium edge members are bonded around the edges of composite
panels to permit the use of mechanical fasteners during final assembly of the structure or to permit

disassembly in service for inspections and repairs. These thermal stresses
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Figure 2.15: Two-dimensional load redistribution around a large flaw in a bonded overlap: (a)
Adhesive stronger than the adherends; (b) Adhesive weaker than the adherends.

are roughly proportional to the difference in temperature between the curing and operational
temperatures. Their analysis is explained by [22] and illustrated in Fig. load cases for most space

structures.

2.9 Types of Adhesives:

Modern adhesives are classified either by the way they are used or by their chemical type. The
strongest adhesives solidify by a chemical reaction. Less strong types harden by some physical
change. Key types in today’s industrial scene are as follows [23].

e Anaerobic

Cyanoacrylates

Toughened Acrylics/ Methacrylate

UV curable adhesives

Epoxies

Polyurethanes
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e Modified Phenolics
The above types set by chemical reactions. Types that are less strong, but important industrially,
are as follows:

e Hot Melts

Plastisol

Rubber adhesives

Polyvinyl Acetates (PVAS)

Pressure-sensitive adhesives

2.10 Failure Modes:
a general classification is created and failure types are collected in 3 main groups which are

explained in more detail in the following sections.

2.10.1 Cohesive Failure:

The cohesive failure represents the failure within the adhesive bulk material (Figure 2.16) which
is the most desirable mode of failure. It takes place where peel stress or out of plane stress
increases. As a matter of fact, they cause joint eccentricity and large deformations in adherends.
The joint eccentricity causes cohesive failure because adhesives are known to be weak in the out

of plane direction [24].

Adhered

‘ Adhered

(A)
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Adhered

Adhered ‘

(B)
Figure 2.16: Cohesive Failure of Bonded Lap Joint A and B

2.10.2 Adhesive Failure:
Adhesive failure would occur along the interface between the adhesive and adherend as shown in
(Figure 2.17) General cause of this phenomenon is improper surface preparation.

Adhered

Adhered

Figure 2.17: Adhesive Failure of Bonded Lap Joint.

2.10.3 Adherend Failure:

Failure within the FRP substrate is called as adherend failure. Adherend failure either occur with
rupturing a piece of FRP substrate or rupture one of the adherend completely. The general cause
of failure in adherends are high shear stresses at bonded joints since shear strengths of adhesives

are relatively higher than laminates. Adherend failure representation is given in (Figure 2.18)
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2 Adhered

Adhered

{

Adhered

Figure 2.18: Adherend Failure of Bonded Lap Joint

2.11 Failure Analysis of Bonded Joints:

Reliable and efficient use of bonded joints is depending on the design and methodology can be
costly. Finite element analysis plays an important role at this point to obtain optimum design of
structures. By using finite element method, accurate predictions can be achieved for joint strength
and failure behavior. There are mainly three approaches to perform failure analyses, which are

continuum mechanics, fracture mechanics and damage mechanics.

2.11.1 Continuum Mechanics:

General concept in this approach is simply comparing the material allowable with the maximum
stress and/or strain values as output of analyses. In continuum mechanics, materials are assumed
to be continuous and there is no solution at the singularity points. Therefore, mesh refinement near

the singularity points is highly determinative on the results of the analyses [25].
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2.11.2 Fracture Mechanics:
In contrast to continuum mechanics, this approach is capable to derive a solution at crack tips.
However, a pre-existing crack is required to be defined within this method. While crack initiation
can be calculated with continuum mechanics, fracture mechanics is a favorable method to deal
with crack propagation. Fracture mechanics uses the stress intensity factor (K) to determine the
stress state at singularity points like a crack tip [26]. Failure mechanism works when the stress
intensity factor reaches the fracture toughness of the material. Fracture toughness represents the
critical fracture energy (Gc). Fracture mechanics principle differs depending on the loading on the
crack tip as shown in Figure. There are three modes of loading;

e Mode I; opening mode

e Mode IlI; in-plane shear mode

e Mode IlI; out-of-plane shear mode

f

v

Mode I: Mode II: Mode III:
Opening In-plane shear Out-of-plane shear

Figure 2.19: Adherend Failure of Bonded Lap Joint

2.11.3 Damage Mechanics:

Damage mechanics is a method to predict both initiation and propagation in the structure until the
complete structural failure. It can be divided into two main parts, which are local approach and
continuum approach. The local approach is used to predict the interfacial failure between two

surfaces. Interface elements are modelled with zero volume line. While continuum approach uses

19



finite thickness elements to simulate failure of the bulk material (adhesive). Between these two

approaches a specified model is categorized that is called as the cohesive zone model (CZM). CZM

is used for the paths defined in local and continuum approaches and combine the response of

traction-separation to simulate crack initiation and propagation. In the following chapter, a detailed

information and methodology of cohesive zone model is given. [27]

2.12 Advantages of Adhesive Bonding:

The bond is continuous
Stiffer structures

Improved appearance
Complex assemblies
Dissimilar materials
Reduced corrosion
Electrically insulating
Reduced stress concentrations
Jointing sensitive materials
Vibration damping
Simplicity

All these advantages may be translated into economic advantages: improved design, easier

assembly, lighter weight (inertia overcome at low energy expenditure), longer life in service.

2.13 Disadvantages of Adhesive Bonding:

Requires careful substrate (adherent) surface preparation;

Long mixing and curing time may be required;

Importance of right joint design;

Difficult disassembly of joined parts;

Necessity to fixture (hold together) the joined parts during curing;
Service temperature and environment limitation;

Low creep strength;
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e Changing properties during service

2.14 Application of Adhesive:

Adhesive resins are used as an adhesive layer in numerous applications which consist of multiple
layers of barrier materials. Not only does the adhesive resin ensure that manufacturers meet
environmental, regulatory and industry requirements but it also enhances adhesive performance

and durability.

2.14.1 Automotive Applications:
e Plastic Fuel Tanks

e Fuel Lines
e Fuel Filler Pipes
e Fuel Connectors

2.14.2 Adhesives for the Aerospace industry:

Our aerospace adhesives include both flammable and non-flammable formulations that provide a
strong, permanent, and robust bond even in the most demanding of environments, ensuring all
relevant safety standards are met.

2.14.3 Packaging Applications:
Adhesive Resin for Cosmetic Packaging Applications:

e Body lotion containers
e Make up bottles

e Oval and round tubes

2.14.4 Adhesive Resin for Pharmaceutical Packaging Applications:
e Tubing

e PTP packaging
e Bottles

2.14.5 Adhesive Resin for Food Packaging Applications:
e Ketchup

e Salad dressing
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e Pudding

e Meat and Soup

e Cheese

e Pasta and Apple sauce

e Beverages

2.14.6 Industrial Applications:
In industrial markets, epoxy resins as an adhesive ideal for several uses including floor heating

pipe, aluminum sheathe and bottle applications. Also, the emerging use of these adhesives is in
aerospace and automotive industries. These are used for floor and ceiling fixing, external body
building and for interior designing of the compartments and dashboards. High temperature
adhesives are employed in jet airplanes for sustaining high force and temperature developed

at high speed and air resistance.

2.14.7 Oil and Gas Pipe Applications:
In the oil and gas sectors, pipeline bonding and coatings are expected to perform under severe

conditions and extreme temperatures. These adhesive resins can be easily processed by co-
extrusion with polypropylene or polyethylene with circular die for middle or small diameter steel
pipes, and with flat die for larger diameter steel pipes.

2.15 Limitations of Adhesive Bonding:
e Temperature resistance
e Chemical resistance
e Curing time
e Process controls

e Inservice repair
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CHAPTER 3 COMPUTATIONAL MODELING

3.1 General Equation:

Strain-stress relationship is

The strain—stress connection is then stated in view of engineering constants such as elasticity
modulus, Ej(wherei= 1, 2, 3);rigidity modulus Gij (whereij= 1, 2, 3);and Poisson’s
ratio vij(where ij = 1, 2, 3).

T O S
E, E, E,
R
E, E E,
—‘I’Eﬂ Vs Ei 0 0 0
[sij ] - 1 2 3 (3.1)
0 0 0 1 0 0
Gy,
0 0 0 0 1 0
G,
0 0 0 0 0 1
L Gy,
i & ] _811 S, S 0 0] _01 ]
&, S, S,, S, 0 0 0o, 62)
& _ S; S; S; 0 0 0o, '
Vs 0 0 0 S, 0 0|7y,
Va1 0 0 S 0|7y
1 72] [0 0 0 0 0 Sg|lm
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The stress-strain relations are

o, Ch C G 0 0 0| g
0, Ch Cp Cpy O 0 0 | &
o3 | _ C; C; C; 0 0 0| & (3.3)
T 0 0 0 Cy 0 0 |rm
Ta 0 0 0 0 Gy 0 |ry
7] [0 0 0 0 0 Cgllr]
The nonzero stiffness in Equation (3.3) are
C ll:]-_vzsvsz Ci= Vor T Va1Vas _ Vip V3V
E2EsA E2EsA EiEsA
Cx= 1_V13V31 Ci= Vay V51V, — Vig T VipVos
EiEsA E2EsA EiE2A (3.4)
Co= Var +VipVy _ Vos +VarVis Cas= 1-vipVy
EiEsA EiE2A EiE2A
where Cu=G»s Cs5=0Gaa Ce=0Cr
A= 1—V3pVoy —VoaVap —VagVig — 2V V3pVig
EiE2E3
Formula used to determine equivalent modulus of elasticity is given below:
F I® I°
E =—x——=tgfx (3.5)
) 481, 9p 4bh’
Where F = bending force in N; ¢ = deflection in negative z direction in mm; | = length between

two simple supports in mm; S = slope of the (F-6) curve; b = width of the model in mm; h =

thickness of the composite model in mm.
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3.2 Three-dimensional finite-element modeling (3-D FEM)

Samples of three different joint types (Type-1, Type-11 and Type- I1l) used in the experimental
studies were modeled three dimensionally by using Abaqus CAE 2017. The stress analyses in the
adhesively bonded joints using a non-linear finite element method were performed by considering
both the geometrical non-linearity and non-linear material behaviors of both adhesives (SBT9244
and DP460) and adherend (AA2024-T3). The dimensions of the samples and boundary conditions

used in the finite element analyses were the same as those used in the experimental works.

3.3 Modeling Steps.
The composites' mechanical behavior was investigated using the three-point bending method. The
FEA software ABAQUS was employed to model the three-point bending technique.
The following steps are taken in ABAQUS to perform the calculation.
e Creating the part
e Creating and assigning material
e Instancing the part
e Creating steps
e Applying Loading and Boundary Condition
e Meshing the part

3.4 Creating the Part:

A 3D deformable part For Adhered (Type I, Type Il, and Type I11) of 200mm length, 5.25mm
thickness and 25mm Width. For Adhesive (Type I, Type Il) of 25mm length, 0.15mm thickness
and 25mm width. For Type Il Adhesive 15mm length, 0.15mm thickness, 25mm width and
another one is 5mm length, 0.15mm thickness, 25mm width [10].
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Figure 3.1: Geometric parameters of adhesively bonded joints; (a) single lap joint (Type-I), (b)
one step lap joint (Type-Il), (c) three step lap joint (Type-I111).

3.5 Creating and assigning material:
In this study, DP460, a two-part paste stiff adhesive produced by 3 M, and SBT 9244, a film type
flexible adhesive, were used as adhesives. AA2024-T3 aluminum alloy, a well-known material

used in the aerospace and automotive industry due to its low density [10].
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Table 1. Material properties of the adherend and adhesives

Material AA2024-T3 SBT9244 DP460
E (MPa) 72400 + 530 82+4 2077 + 47
v 0.33 0.35 0.38
ot (MPa) 482 + 12 20.9 £0.7 446+12
& (Mm/mm) 0.1587 0.945 0.0428

Table 2. Experimental parameters for adhesively-bonded joints.

Specimen Joint type Adhesive area (mm?)
SBT9244-adhesively bonded single lap joint Type |l a 625
DP460-adhesively bonded single lap joint Type l b 625
SBT9244-adhesively bonded one-step lap joint Type Il a 625
DP460-adhesively bonded one-step lap joint Type Il b 625
SBT9244-adhesively bonded three-step lap joint Type Ill a 625
DP460-adhesively bonded three-step lap joint Type Ill b 625
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3.6 Creating the Model:

3.6.1 Model-1 (Type la):

In Adhered we use two adhered upper and lower adhered AA2024-T3. The length of adhered
100 mm, thickness 5.25 mm and width 25 mm and we use adhesive SBT9244, the length of
adhesive 25 mm, thickness 0.15 mm and width 25mm.

Adhesive-(SBT9244)

Figure 3.2: SLJ with SBT9244 adhesive.
3.6.2 Model-2 (Type Ib):
In Adhered we use two adhered upper and lower adhered AA2024-T3. The length of adhered
100 mm, thickness 5.25 mm and width 25 mm and we use stiff adhesive DP460, the length of
adhesive 25 mm, thickness 0.15 mm and width 25mm.

Adhesive-(DP460)

Figure 3.3: SLJ with DP460 adhesive.

28



3.6.3 Model-3 (Type lla):

In Adhered we use two one step adhered upper and lower adhered AA2024-T3. The length of
adhered 100 mm, thickness 5.25 mm and width 25 mm and we use adhesive SBT9244, the
length of adhesive 25 mm, thickness 0.15 mm and width 25mm.

Adhesive-SBT9244

Figure 3.4: OSLJ with SBT9244 adhesive.
3.6.4 Model-4 (Type I1b):

In Adhered we use two one step adhered upper and lower adhered AA2024-T3. The length of
adhered 100 mm, thickness 5.25 mm and width 25 mm and we use stiff adhesive DP460, the
length of adhesive 25 mm, thickness 0.15 mm and width 25mm.

Adhesive-DP460

Figure 3.5: OSLJ with DP460 adhesive.

29



3.6.5 Model-5 (Type I11a):

In Adhered we use two three steps adhered upper and lower adhered AA2024-T3. The length of
adhered 100 mm, thickness 5.25 mm and width 25 mm and we use adhesive SBT9244, the length
of adhesive 15 mm, thickness 0.15 mm and width 25mm another adhesive is 5mm, 0.15mm and

25mm.

Figure 3.6: TSLJ with SBT9244 adhesive.

3.6.6 Model-6 (Type I11b):

In Adhered we use two three steps adhered upper and lower adhered AA2024-T3. The length of
adhered 100 mm, thickness 5.25 mm and width 25 mm and we use stiff adhesive DP460, the length
of adhesive 15 mm, thickness 0.15 mm and width 25mm another adhesive is 5mm, 0.15mm and

25mm.

Figure 3.7: TSLJ with DP460 adhesive.
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3.7 Instancing the part:

The part was instanced to be a dependent (mesh) on part instance before setting any boundary

conditions or meshes.

3.8 Creating steps:
There have been two steps created. The first is the initial step, and the second is the loading step.
In the initial step, the boundary condition was applied, and in the loading step, the load was applied.

Time period for the loading step is 11.

3.9 Applying Loading and Boundary Condition:

At first we create three sets (Left Face, Right Face and Reference Plane (RP) ) and one surface
(Right Surface).Boundary condition applied at Left face and Load applied at Reference plane.
We find that maximum failure load in this section.

20000 ; ; ; ;

18000 ~ —

16000 H
14000 ~ H

12000 ~ H

10000 ~ H

8000 ~ H

Failure load

6000 H

4000 ~ H

2000 H

T T T T T T
Typela Typelb Typella Typellb Typellla Type lllb
Model

Figure 3.8: Maximum failure load.
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Load Applied

BCs Applied

Lo

3.10 Meshing the part:

Figure 3.9: Load and boundary condition.

In this part we using part by part regions mesh and many elements size respectively, then the
total part is meshed. We use number of element 5 double bias of adhesive and adhered 0.2
double bias and 0.5 none bias and total part element size 1 none bias. Finally, the job is

submitted for the analysis.

Element type of the meshing is C3D8R linear hexahedral i.e, the element is an 8-node linear

brick, reduced integration with an hourglass control element.
U Total number of elements Type la is 63750.
Total number of elements Type Ib is 56250.
Total number of elements Type lla is 69875.

a
a
U Total number of elements Type Ilb is 55275.
U Total number of elements Type Illa is 54175.
a

Total number of elements Type I11b is 32550.
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Figure 3.10: Finite element analyses assemble models of adhesively bonded joint SLJ.

L

Figure 3.11: Finite element analyses assemble models of adhesively bonded joint OSLJ.
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L.

Figure 3.12: Finite element analyses assemble models of adhesively bonded joint TSLJ.
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CHAPTER 4 RESULT & DISCUSSION

4.1 Mesh Sensitivity Analysis

Single-lap joints are by far the most widely used adhesive joints and have been the subject of
considerable research over the years so we are show SLJ mesh dependency. [25]

Mesh dependency test of the analysis was performed using elements of six different sizes varying
from the impact area. The number of elements were 1120, 2980, 16866, 66861, 77265 and 56250.
For the dependency of the mesh the von-mises stress vs overlap length curve was compared for
different meshes. From the stress comparison curves in Fig. 4.1, for the all number of elements are
approximately same. The maximum deviation of the no of element 77265 are also negligible. So,
it is safe to assume that for these element sizes the analysis is mesh independent and analysis can
be performed using any one of these element sizes. So, for the analysis using the region native
mesh (the number of elements is 56250) was taken as average and minimum stress also to get
suitable results. Maximum value of stress of SBT9244 Type la is 10.5 MPa and DP460 Type Ib
is 36.5MPa.

—a— No of Elements:1120 ,’Z/;l
—&— No of Elements:2980 7
—&— No of Elements:16866
—w— No of Elements:66861
No of Elements: 77265

<4— No of Elements:63750

Von-Mises Stress(MPa)

0 5 10 15 20 25
Overlap Length(mm)

Figure 4.1: Mesh sensibility analysis
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4.2 Model Validation
Single-lap joints are by far the most widely used adhesive joints and have been the subject of

considerable research over the years so we are show SLJ Model compare only [28].

The modelling used in this work was performed by Salih Akpinar [10]. A numerical simulation of
adhesive bonded joints composite material was carried out. Data from the previously mentioned
research study was extracted using the origin software. Then the result of the simulation was
compared with the result extracted from the research paper. Peel stress along Y-axis and overlap
length along X-axis is considered as the parameter of comparison. Figure 4.2 illustrates the
comparison. The comparison shows that the error is quite minimal some deviation occurs starting

and ending point, indicating that the simulation method is accurate.

12 T T T T T T T T
. . '
104 —=— Salih Akpinar "/
—eo— Present Work /A
o |
g R -
T 1/
o
s 67 .
& i
O 44 .
n
3 2 .
a
0 .
-2 4
-4 T T T T T T T T T
0 5 10 15 20 25
Line-EF (mm)

Figure 4.2: Compare between present study and previous research
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Table 3. Model Validation

Stress (MPa)
Displacement Salih Akpinar Present Work Error (%)
Line-EF (mm)

0 5.39 6.02 11.69
1 8.03 8.23 2.49
15 6.47 6.42 0.77
2 5.05 4.97 1.58
2.5 4 3.93 1.75
3 2.97 2.96 0.33
35 2.1 2 4.76
4 1.36 1.33 2.21
5 0.12 0.12 0.06
6 -0.67 -0.66 1.49
7 -1.22 -1.22 0.05

8 -1.67 -1.65 1.2
9 -1.96 -1.96 0.03
10 -2.07 -2.07 0.03
11 -2.2 -2.19 0.46
12 -2.22 -2.22 0.07
13 -2.33 -2.33 0.08
14 -2.31 -2.31 0.09
15 -2.31 -2.31 0.06
16 -2.15 -2.15 0.05
17 -1.83 -1.823 0.39
18 -1.35 -1.343 0.52
19 -0.64 -0.64 0.05
20 0.33 0.332 0.61
21 1.73 1.71 1.15
215 2.88 2.86 0.69
22 3.89 3.87 0.51
22.5 5.36 5.35 0.18
23 6.5 6.47 0.46
23.5 8.24 8.21 0.36

24 10.31 8.66 16
25 8.44 11.132 31.89
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4.3 Maximum Failure Load:
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Figure 4.3: Maximum failure load of SBT9244 adhesive.
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Figure 4.4:Maximum failure load of DP460 adhesive.



4.4 Discussion About Present Work:

Finite Element Analysis software ABAQUS 2017 has been used to investigate stress, load-
displacement response in Adhesive joints of the composite structures. All parameters are plotted
by changing the layup arrangements of the composites. Equivalent modulus of elasticity of the
composite structures has been calculated by using equation available in the literature. In this case,
FEM is used to get approximate solutions to various equations in physical situations with boundary
conditions. Each element computes approximate solutions, which are then merged to produce the
outcome. The contours and graphical representations are illustrated and discussed below.

4.5 Stress Analysis:

y Q Upper Adhered J
C
D
A Adhesiv\
X A B

Overlap Area
Lower Adhred J

v

Figure 4.5: Critical failure surfaces of the joint samples bonded with adhesive.
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4.5.1 Type-la:

Peel Stress(MPa)

12 n T T T T ]
—a— EF-Line !
—e  BC-Line
97 oo ' ]
u o ¢ ¢ e, f
/\ U ® e [ |
[\ ® o/
/o I~
6 4 - /. E
.
3 " -/. 1
n
\ u
n /
\ /
0 I\\- / ]
o B B -
—3 T T T T
0 5 10 15 20 25

Overlap Length (mm)

Figure 4.6: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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Figure 4.7: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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4.5.2 Type-lb:

Peel Sress(MPa)

—s— EF-Line
—e— BC-Line
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Figure 4.8: Comparison of the stress distributions in the adhesive layer along EF line and BC

Line for SLJ joint bonded with SBT9244 adhesive peel stress (s
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Figure 4.9: Comparison of the stress distributions in the adhesive layer along EF line and BC

Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)

41



4.5.3 Type-lla:
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Figure 4.10: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (,)
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Figure 4.11: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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4.5.4 Type-llb:
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Figure 4.12: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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Figure 4.13: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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4,55 Type-llla:
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Figure 4.14: Comparison of the stress distributions in the adhesive layer along EF line and BC

Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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Figure 4.15: Comparison of the stress distributions in the adhesive layer along EF line and BC

Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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4.5.6 Type-Illb:
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Figure 4.16: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress ()
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Figure 4.17: Comparison of the stress distributions in the adhesive layer along EF line and BC
Line for SLJ joint bonded with SBT9244 adhesive peel stress (s,)
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Single-lap joints are by far the most widely used adhesive joints and have been the subject of
considerable research over the years. In single-lap bonded joints the stresses are maximum at the
edges, where failure usually begins, while in the center stresses are the minimum. Three samples
of Type-la, Type-lla, Type-Illa, Type-1b, Type-11b and Type-I11b were subjected to tensile loading
until failure. Type-la peel stress the comparison shows that the error is quite minimal some

deviation occurs starting and ending point.

Following to the finite element analysis (FEA) values of Type-I, Type-Il and Type-I1I joints given
in (Figure 3.8: Maximum failure load.). The results of the numerical analysis study show that critical
loci for failure are the interface between adhesive layer and upper adherend (the surface ABCD),
see (Figure 4.5: Critical failure surfaces of the joint samples bonded with adhesive.). Finite element
analyses (FEA) were accomplished for the joint types obtained by using flexible SBT9244
adhesive having the same bonding area (Type-la, Type-Ila, Type-Il1a) under a tensile load of 3000
N, while, they were conducted out for the joint types obtained by using stiff DP460 adhesive
(Type-1 b, Type-Il b, Type-I1l b) under a load of 4000 N (in these types of specimen joints
experiments this is the half load of minimum failure load). A comparison of peel and shear which
are more effective than other stresses on failure, stress distributions occurring on the adhesive layer
along the midline of the adhesive layer (at EF line).

If these graphs are examined, stress concentrations exist at the edges of the overlap area with a
maximum value at point F. The peel stress ordination of the joints bonded by SBT9244 given in
those stress comparison Fig. exhibits that for Type-I a joint, peel stresses show tensile character at
the edges of the overlap area, while, they reducing towards the center and gain compressive
character at the portion close to the center. Since the effect of moment formed due to the irrelevant
loading in Type-1 a joint decreased in Type-I11 a, stresses formed at the portions close to the center

are nearly zero for this joint type.

Moreover, machining of steps at the portions close to the edges of the overlap area for Type-I1Il a
joint decreased the peel stresses, formed at the edges of the overlap area, which are very effective
in initiating the damage and shifted these stresses towards the center of the overlap area, see (Figure
4.14: Comparison of the stress distributions in the adhesive layer along EF line and BC Line for SLJ joint

bonded with SBT9244 adhesive peel stress (s,). In the meanwhile, along the overlap length (EF line),
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shear stresses are maximum at point F, while it is minimum at point E. The difference in the stress
values formed at the both edges of the overlap area in Type-1 a and Type-Il a joint is high.
However, it was observed that the difference in stress values of the edges of the Type Ill-a joint
decreased and this type of joint demonstrates more homogenous stress distribution.

As seen from stiff adhesive the peel stress distributions of the three joint types bonded by DP460
adhesive shows that stress concentrations formed at the edges of the overlap area and stress values
reached the maximum value at point F. While, the peel stresses showed compressive character for
Type-I b joint at the middle part of the overlap area, they are close to zero for Type-11 b and Type-
I11 b joints. Meanwhile, shear stress does not show a uniform distribution along the overlap length,
EF line. For all types, shear stress distributions are the maximum at point F, while they are the

minimum in the middle of the overlap area.

Finally, shear stresses formed in the Type 111 b moved from edges of the overlap area to the inner
areas. For Type-1 ajoint, it is seen that peel stresses had tensile character at the edges of the overlap
area, whereas they showed compression character towards the center and took values close to zero
at the portions near to the center. As seen peel stress and shear stress distributions on the adhesive
layer along BC line show that for Type-I joint, stress values are not uniform along this line, i.e.,
maximum at the center (point F) and minimum at the edges (points B and C) as well as the values

showed great difference between center and the edges.

Though, such difference between center and the edges along the width decreased significantly for
Type-II joint and there is nearly no difference in stress values for Type-I11I joint, as seen from the
homogeneous distribution. Another point that should be considered is that, at point F, the value of
peel stress (an effective parameter for the initiation of the damage on adhesive layer) decreased in
Type Il and Type-1l1l1 compared to Type I. On the other hand, in Type Il and Type Il joints, not
only peel stresses but also shear stresses reduced. However, the amount of decrease in stress values
observed for Type Il and Type-Il1 joints was not the same, while the highest decrease occurred in
Type-II1. If it is considered that the reduction in the stress values raised the load carrying capacity
of the joint, it can be realized that the results obtained from finite element analyses are coherent

with those obtained from experimental work.
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4.6 Contour Map:
4.6.1 Type-la:

S, S22

(Avg: 75%)
+1.791e+01
+1.581e+01
+1.371e+01
+1.161e+01
+9.512e+00
+— +7.414e+00
+5.315e+00
+3.217e+00
+1.119e+00
-9.798e-01
-3.078e+00
-5.177e+00
-7.275e+00

Figure 4.18: Y direction peel stress contour map under unit tensile loading of adhesive SBT9244

S, S12

(Avg: 75%)
+1.161e+01
+8.966e+00
+ +6.325e+00
| +3.683e+00
- +1.041e+00
-1.600e+00
-4.242e+00
-6.884e+00
-9.525e+00
-1.217e+01
-1.481e+01
-1.745e+01
-2.009e+01

Figure 4.19: XY direction Shear stress contour map under unit tensile loading of adhesive
SBT9244
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4.6.2 Type-lb:

S, 522

(Avg: 75%)
+3.752e+01
+3.332e+01
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+8.126e+00
+3.927e+00
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-4.470e+00
-8.668e+00
-1.287e+01

Figure 4.20: Y direction peel stress contour map under unit tensile loading of adhesive DP460

S, S12

(Avg: 75%)
+1.943e+01
+1.576e+01
+1.209e+01
+8.414e+00
+4.742e+00
+1.070e+00
-2.602e+00
-6.274e+00
-9.946e+00
-1.362e+01
-1.729e+01
-2.096e+01
-2.463e+01

Figure 4.21: XY direction shear stress contour map under unit tensile loading of adhesive DP460
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4.6.3 Type-lla:

S,; S22
(Avg: 75%)
+9.654e+00
+8.663e+00
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- +3.708e+00
- +2.717e+00
+1.726e+00
+7.353e-01
- -2.557e-01
- -1.247e+00
-2.238e+00

Figure 4.22: Y direction peel stress contour map under unit tensile loading of adhesive SBT9244

S, 512
(Avg: 75%)
+4.250e+00
+3.541e+00
+2.833e+00
+2.125e+00
+1.417e+00
+7.083e-01
- -3.576e-07
-7.083e-01
-1.417e+00
-2.125e+00
- -2.833e+00
- -3.541e+00
-4.250e+00

Figure 4.23: XY direction shear stress contour map under unit tensile loading of adhesive
SBT9244
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4.6.4 Type-llb:

S,; S22

(Avg: 75%)
+1.286e+01
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-1.540e+00
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1

Figure 4.24: Y direction peel stress contour map under unit tensile loading of adhesive DP460

S, 512
(Avg: 75%)
+5.555e+00
+4.629e+00
+3.703e+00
+2.777e+00
+1.852e+00
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- +0.000e+00
- -9.258e-01
-1.852e+00
- -2.777e+00
-3.703e+00
-4.629e+00
-5.555e+00

Figure 4.25: XY direction shear stress contour map under unit tensile loading of adhesive DP460
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4.6.5 Type-llla:

S, S22

(Avg: 75%)
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Figure 4.26: Y direction peel stress contour map under unit tensile loading of adhesive SBT9244

S, 512

(Avg: 75%)
+4.212e+00
+3.467e+00
+2.721e+00
+1.975e+00
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-1.009e+00
-1.755e+00
-2.501e+00
-3.247e+00
-3.993e+00
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Figure 4.27: XY direction shear stress contour map under unit tensile loading of adhesive
SBT9244
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4.6.6 Type-I11lb:

S, S22

(Avg: 75%)
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-2.282e+00

Figure 4.28: Y direction peel stress contour map under unit tensile loading of adhesive DP460
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(Avg: 75%)
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-1.695e+00
-2.542e+00
-3.390e+00
-4.237e+00
-5.085e+00

Figure 4.29: XY direction shear stress contour map under unit tensile loading of adhesive DP460
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CHAPTER 5 CONCLUSION

5.1 Conclusion:

In this Numerical Study, the mechanical behaviors of three different joint types (SLJ, OSLJ and

TSLJ) subjected to tensile loading were investigated numerically. Accordingly, the following

conclusions can be drawn:

>

Using a linear material model and nonlinear geometry, along with approximate but near
accurate measurements and boundary condition mimicry and a verified mesh density, one
can predict the deformation of a single-lap joint in a tensile test with an average of error is
2.57%. This error can be reduced by a more accurate material model, more accurate
measurements, more accurate testing comparison, and a more ideal testing setup.
Alternative the geometry of the area in which the bonding process is performed, i.e., using
SLJ, OSLJ and TSLJ has a profound impact on the stress concentrations forming at the
adhesive joint and load carrying capacity of the joint.

Comparison of load carrying capacities of joints bonded by stiff DP460 adhesive shows
that OSLJ (Type-11 b) and TSLJ (Type-111 b) carried more 13% and 73% load than SLJ
(Type-1 b) did, respectively.

Machining steps for the adhesively bonded joints (Type-ll1 a) at the portions close to the
edges of the overlap area decreased the peel stresses, formed at the edges of the overlap
area, which are very effective in initiating damage and this decrease played a significant
role in the increase of joint strength.

Following to the data obtained from the experiments, for the joints bonded by flexible
SBT9244 adhesive having the same bonding area, OSLJ (Type-1l a) and TSLJ (Type-I11 a)
carried more 11.5% and 56% load than SLJ (Type-I a) did, respectively.

For Type-11 and Type-I11I joints, both shear and peel stress distributions are homogeneous
along the width (BC line), while for Type-I joint, the distributions took maximum values
at the center along the width and minimum values at the edges and it is seen that great

differences are evident between the stress values formed at the center and at the edges.
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5.2 Future Work

There is an enormous area for further development. Future work can be carried out by changing
the layer thickness and seeing how it influences the behavior of the structures.

1.

In order to understand the affect varied material and geometric parameters have more
deeply on the critical points’ stresses, one varies more than one parameter at once, to
understand how each parameter interacts with the other.
Suggested for extend the understanding of the failure behavior of adhesively bonded lap
joints;
» A more extensive test program can be designed to investigate the effect of composite
stacking sequence in specimens with constant thickness.
» A brittle adhesive material model can be created to simulate the cohesive crack in
the adhesive bulk material.
Increase the accuracy of the experimental finite element model, one can do several
things:
> Develop a more accurate strain-dependent material model for both the adherend
material and adhesive material.
> Take steps to assure that the testing grips apply equal pressure to each clamped region
and that they are as perfectly aligned as possible.
> Ensure that all dimensional measurements are as accurate as possible, and that any
machining that is needed is as accurate as possible, and that the gripped regions can

be perfectly aligned vertically.
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