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ABSTRACT 

Metal and composite plates cm be bonded together to form a joint hown as the "single- 

lap" joint. The single-lap joint is studied under two different loading conditions: (i) out- 

of-plane load (bending) and (ii) in-piane Ioad (tension). The diierent joint 

configurations are studied analytically and experimentaliy in order to achieve the 

optimum design. In configurations such as lap joint., the presence of stress singularities 

eliminates the possibility of using any stress-based failure criteria A strain energy 

method is used to predict the strength of adhesively bonded joints because of its 

convergence with mesh refinement and it is found to be in good agreement with 

experimental results. Failure of single-lap joints is govemed by the load case under 

consideration and the way in which the stress distribution varies at the joint ends. Failure 

varies with the taper angle (inner and outer), with or without additional epoxy beads. It is 

observed that designing the joint for one kind of load will not always be satisfactory 

because, for other load cases, different parameters will govem the design. It is shown 

that the optimum design for the single lap joint under bending loads will not be the 

optimum design for the tension case. Therefore, the o p h u m  design can be chosen in a 

way that satidïes both loading conditions. 



Pour faire des connexions entre des plaques de métal et de matériaux composite, on peut 

utiliser une configuration qui s'appelle le '?oint simple", Les joints simples sont étudiés 

sous deux conditions de chargement: ( i )  chargement hors plan (en flexion), et (ii) 

chargement dans le plan (en tension). Dans le but de trouver un design optimisé, les 

configurations de joints sont examinées théoriquement ainsi que par des essais 

mécaniques. Les configurations de joints simples démontrent des problèmes de 

concentration de contrainte, donnant lieu à des "singularités" lesquelles empêchent 

l'utilisation de critères de rupture basés sur telles contraintes. Pour éviter ce problème, 

un critère de rupture basé sur l'énergie de défornation (strain energy) est utilisé. Le 

résultat donne une convergence des prédictions avec le rafiement du maillage dans le 

programme d'anaiyse par éléments finis ainsi qu'une bonne corrélation avec les résultats 

des essais mécaniques. La rupture finaie des joints simples dépend de la façon que I'on 

applique les forces et de la façon que I'on traite les extremités de la région d'adhésifentre 

les plaques de métal et de composite. Les variables qui sont importantes pour Ia rupture 

sont les angles d'amincisernent des bouts de la plaque de métal, l'épaisseur de l'adhésif et 

la façon que l'on applique l'adhésif aux extrrrnités de la région dudit adhésif. On observe 

que le meilleur design pour un chargement n'est pas nécessairement le meilleur design 

pour I'autre chargement. Autrement dit, le design optimisé pour le cas de flexion ne sera 

pas le design optimisé pour le cas de tension. Aussi, un design optimisé "général" peut 

être choisit, satisfaisant ainsi, plus ou moins, les deux conditions de chargement- 
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Chapter 1 

1.1 INTRODUCTTON TO COMPOSLTE MATERIALS 

The use of composite materials has been p w i n g  in many branches of industry, however, 

metais are d l  by far the most popular materials in many applications. With the growing 

use of composite matenah, there is a simuitaneousIy need for joining composite to metal 

parts. As one kind of composite material structure. bi-material lap joints have been 

widely used recently in various engineering applications such as in the a i r d  and 

automotive industries, Ref. [I, 2, and 31. Of the comrnon f o m  of the lap joint, the 

singie-Iap joint (Fig. 1) is most widely used GeneraUy, currently existing single-lap 

joints are made of two plates joined by using either the mechanicd connection method, or 

the solid-phase bonding process. The reasons why adhesive bonding in both metallic and 

composite material structures is desirable compared to other joining methods are: 

O Number of production parts can be reduced, and design simpIified 

0 AdhesÏve bonding provides a high strength to weight ratio 



Aerodynamic smoothness and improved visual appearance 

Use as a seai , or corrosion preventer when joining incompatible adherends 

Damping characteristics and noise reduction are superior to riveted or spot welded 

assembiies 

The adhesive is suficiently flexible to d o w  for the variations in coefficient 

expansion when joining dissimilar materials 

The single-lap joint is well known to be the most sensitive to changes in geometrical 

parameters (overlap length and thickness of the adhesive), compared with other joints. 

The eccentricity of the Ioad path makes this simple joint a weak configuration. These 

geometrical parameters affect the performance of a bonded single-lap joint. Furthemore. 

it is well known that there are discontinuities of material and geomeûy at the bonding 

interfaces in this single-lap joint. These discontinuities cause singularities in the stress 

fields near the vertex of the bonding interfaces and v q  high stress concentrations. 

These stress concentrations may lead to delaminating initiation in the local area, and 

subsequentiy to global failure of joint structure. Among others, the issues of surface 

preparation, manufacturing methods and corrosion must be considered in the design of 

the joint. 

1.2 LITERATURE REMEW ON ADBESIVELY BONDED JOINTS 

1.2.1 Anaîyîical AnaiysS of Adhesiveïj Bonded Joinîs 

The cIassicai paper pubIished by Goland and Reissuer [4] in 1944 is perhaps the most 

cited work in the anaiysis of adhesively bonded joints. In their work Goland and 

Reissner anaiyzed a single-Iap joint for two limiting case, Le., (i) where the adhesive 

layer is so thin that its effect on ffexibility of joints can be neglected, and (ii) where the 

joint flexiiiiity is mainiy due to the adhesive iayer (as is case of most thin-waiIed bonded 



aerospace structures). During the analysis they assumed that (i) the axial stress in 

adhesive layer can be neglected, and (ii) normal and transverse shear stress in the 

adhesive iayer do not Vary across the thickness of the adhesive. Since the publication of 

Goland and Ressiner's work more than haif a century ago, these basic assumptions have 

been employed by numerous authors to extend the work in the area of analysis and design 

of bonded joints. in [SI Pahoja tried to continue work of Goland and Reissner, and he 

considered the variation of the stress across the thickness of the adhesive, Pahoja 

descnied the behavior of the joint by Iinear9 homogeneous, ordinary difEerentiai 

equations. Vinson [6] carried out extensive analytical work in the area of adhesively 

bonded joints involving composite adherends. V i o n  aIso developed d y t i c a l  tools to 

analyze adhesiveiy bonded joints by including into the anaiysis the effects of transverse 

shear deformation, transverse normal strain, temperature and moisture variations. Adams 

[7, 81 predicted strength for lap joints especially with composite adherends by classical 

lhear elastic solution. He also introduced Vokersen's shear leg equation that calculates 

shear stress in the adhesive. 

The anaiyticai analysis of adhesively bonded joints was simplified in most cases. The 

reason for simplification was the large n u b e r  of the equations that had to be carried 

through the analysis, and the long t h e  needed to complete the analysis. Today, there are 

fewer and fewer researchers that are analyzing adhesivIey bonded joints using closed 

fom solutions. Many are taking advantage of technology and analyzing adhesively 

bonded joints using the finite element method approach. 

1.2.2 Anabsis of Adliesivel'y Bonded Joints by FEM 

For the past three decades, researchers and engineers have been involved in the 

development of various techniques to anaIyze different kinds of bonded joints in 

composite structures. Efforts by the various groups have resuhed in some usefuI 

computer programs that caa be utiiized by the engineers and designers engaged in bonded 

joint design work, Ref. [9]. One of the computer codes was written by BartheIemy, 

Kamat and Brinson [IO]. They used hÏgher order elements (eight-node) for their analysis 



since the four-node element could not give good resuits- They used eight-node elements 

in order to manage high stress gradients that exist at the interface whiIe anaiyzing the 

single-Iap joint, thick adherend specimen and crack-lap joint. They indicated that the 

primary Young's moduius of the adherend, the overlap lengtfi, and adhesive material 

properties are the parameters most influentid in optimjzing the design of a single-Iap 

joint. 

Harris and Adams [ I l ]  used a non-linear frnite element method to predict strength of a 

bonded single-lap joint. The finite element program that they used was able to account 

for the large displacements and rotations that occw in a single lap joint, and allowed the 

effects of elasto-plasticity in both the adhesive and adherends to be modeled. Adams and 

Atkins 1121 considered the strength of CFRPIsteel lap joints loaded in tension and 

performed a detailed stress anaiysis of the shear and transverse stresses in the joint. 

Adams [SI used finite eIemant methods for elastic and elasto-plastic case to predict 

strength of Iap joints with composite adherends. In [13] Hildebmd applied non-linear 

finite element meihods in the anaiysis of single-lap joints between fibre-reinforced 

plastics (FRP) and metais in order to optimize the joint geometry, Kairouz and Cook [14] 

investigated the influence of bondline thickness and overiap tength on the strength of 

bonded joints. Tsai and Morton [ISJ anaiyzed a single-lap joint with laminated 

polymeric composite adherends and with a spew fillet. subjected to tende loading. They 

used finite element anaiysis for this problem to address the mechanics and deformation of 

such a material and bonding configuration. 

Using the nnite element approach, many researchers encountered problems trying to 

predict the strength of adhesively bonded joints because of stress singularities that exist 

if an interface redts in a sharp corner. Therefore, a number of researchers have 

anaiyzed the stress singularity and displacement field near the vertex of this corner. 



Extensive research on the stress singularity near the vertex of a bi-material wedge has been 

conducted [16-201. Authors analyzed the plane problern of a composite body consisting of 

many dissimilac isotropic, homogeneous, and elastic wedges, perfectly bonded dong their 

comrnon interfaces. The particdar behavior of the stress and displacement fields at the 

close vicinity of each interface corner is studied. The dependence of the order of 

singularity was established in relation with the mechanical properties of the wedges 

coaiescing at the particdar corner considered. Groth [21] analyzed stress singuiarities and 

Eiacture at the interfice corners in bonded joints. He considered a number of possibilities 

for diierent crack shapes, sizes and crack locations that may be used in analysis. He 

showed some possible initiai cracks or debond configurations at the terminus of an 

adhesive bonded joint with a spew fiIIet. 

I.2.4 Fracture and Failure Modes of Fibre Composite Materiah 

Lessard [9] gives a summary on work done in area of adhesively bonded joints for 

different joint configurations. He also States that bonded composite joints can have three 

basic failure modes: (i) failure in the adherend, (ii) adhesive and (iü) faiIure of the 

adhesive or delamination of the adherend. Shorshorov and Gukasjan 1221 anaiyzed two 

modes of fracture of fibre composite materiai: (i) cumulative (C-hcture) and (ii) 

noncumulative mode of fracture (NC-fracture). C-fracture mode is the mode when many 

fibers are pdled out fiom the matrix during fracture. NC-fracture corresponds to Ecacture 

of a nbre composite materiai that has very high interface strength. 



1.2.5 Nondestructive Mèthod of E~(~Iuitîing A&esbe Bond Strengh 

Chapman [23] used two parameters to quanti@ the nondestructive inspection OI) of 

adhesive-lap joint bonds. The two indicators, local bond integrity index (LBI) and 

bond ment factor (BMF), were defined and their relationship to bond strength was 

demonstrated and discussed. The LBI indicator was obtained from readings of local 

bond htegrity made with a commercial bond tester. The BMF was computed for the 

bondline region, using disbond detection data obtained for instrument sensitivity based 

on the LBI of the reference specimen. WfiIiams and Wang [I l  introduced uitrasonic 

and acoustic emission for nondemutive evaiuation-c~cterization of flawed 

(undercure of the adhesive and excessive mold release on the adherends prior to 

bondiig) and unfiawed (proper cure of the adhesive) adhesively bonded fiber 

reinforced plastics. 

1.2.6 Designing Bonded Joints 

In his extensive work on bonded joints, Hart-Srnith [2.3,24 and 251 has outlined various 

aspects of efficient bonded joint design in composite structures that an airframe designer 

shouId consider while designing boaded joints between components. Kart-Smith has aIso 

made many useful studies to anaiyze the load d e r  mechanism in the adhesive bonded 

joints and outlined some practicai ways to m h h k e  the tramverse shear and peel stresses 

in the adhesive Iayer. Renton and Winson [26] studied the numerous parameters that 

innuencing the stress distribution within the adhesive of a single-lap joint. Their study 

included transverse shear and normal strain deformations. They analyzed both isotropie 

and anisotropic material systems of similar or dissimilar adherends. Greszezuk and 

Macander [27J tested scarf joint under tension, compression and fatigue load. ïheir results 

showed that the compressive strength of the scarî joint to be proportional to the scarf tip 

thickness, with joint strength increasing as the scarf tip thickness decreases. The text by 

Adams and Wake [28] presents a comprehensive treatise on the design and production of 

adhesively bonded joints used as primary load carrying members. The mechanics and 



chemisûy of bonded joints are discuçsed, and standard methods of testing adhesives are 

outlined. 

1.2.7 S u m e  Pretreaîment for Borrding 

Adhesive bond durability depends on the properties of the adhesive, the surface 

preparation, and the primer used. Surface pretreatment is necessary in order to substitute 

pre e d g  weak oxide layer on the metal surface with suitable one. 

In [29] Galantucci et. ai. worked on surface treatment to improve mechanicai resistance for 

adhesive bonding of plastic composites reinforced witb fiers and metaiiic material using 

an excimer laser. Arnold and Sanders [30] studied titanium d a c e  pretreatment for 

bonding with polyimide and epoxy adhesives. They used chromic a d  anodizing for 

pretreaûnent on titanium surface prïor to bonding. 

As one can notice, the anaiysis of adhesivety bonded joints is not that old (since 1944), 

and so fu extensive anaiysis has been performed in this area The titerature review 

covers most of the problems bat one could encounter durhg the anaiysis and design of 

adhesively bonded joints but still, adhesiveIy bonded joints are not anaiyzed completeLy. 

[n the literature, the overlap Iength, adhesive thickness, stress singdarities, surface 

preparation before bonding, testing and other parameters are studied in many different 

ways, but M e r  rcsearch is needed to improve joint design and increase the strength of 

the adhesively bonded joints. The present analysis on optimization of adhesively bonded 

joints is limited because of the presence of stress singuiarities near the vertex. Because of 

this phenomena, the finite etement method is not a powerfil tool for structural anaiysis. 

Therefore, there is a particular need for research into adequate failure criteria that are not 

influenceci by mesh refhement and stress singuIarities. 



13 OBJECTIVE 

The objective of this research is to optimize the design of the joint ends of single-lap 

joints between composite material and metais (titanium) in order to increase joint 

strength. Optimization has to be carried out for a single-1ap joint subjected to two 

different loading conditions that are applied aiternatively: 

(i) Single-lap joint under concentrateci out-of-plane load (bending) and 

(ii) Single-lap joint under in-plane load (tension) 

1.4 THESIS OVERVlEW 

In Chapter 2, different failure criteria and strength predictions for adhesively bonded 

joints are studied. Different lap geometries are presented. A simple single-Iap joint 

without any geometry changes at the ends is accepted as a baseline model. Theoretical 

stress singularities prevented use of stress- based failure criteria and sûain energy is 

proposed as failure criteria because it converges with mesh refmement. 

In Chapter 3, finite element model is developed using a commercial finite element code, 

The finite element baseline model, the singie-lap joint without taper, is modeIed for two 

loading conditions: (i) single-lap joint under outsf-plane load and (ii) single-lap joint 

under tension. New modets are created with different geometries of the model, i.e., outer 

and huer tapers, and these are compared to the baseline model. Their efficiency is 

determined fiom these comparisons, The plain strain anaiysis is performed using 

ABAQUS finite element code with iinear elastic materiai properties. 

in Chapter 4, three-point bendmg and tension tests are performed for different joint 

configurations, The results obtained from experimentai work are used to evaluate a finite 

element mode1 and ve* pcoposed faim criteria. DEerent load ceiis are used for 



measuring failure load of a single-lap joint since these structures are more sensitive to 

out-of-plane load than to in-plane load. 

In Chapter 5, r e d t  of the experimental and finite element analysis for single-lap joints 

under out-of-pIane and tension loads are presented. Comparing the baseline mode1 with 

the best r e d t  shows the order of magnitude of possible improvements. 

Chapter 6 concludes present study with design recommendations for a single-lap joint 

under different loading conditions and gives recommeadations for future studies in this 

field. 



Chapter 2 

2 DESIGN OF ADHESIVELY BONDED JOINTS 

2 BONDED JOiNT CONFIGURATIONS 

The design and analysis of adhesively bonded joints is very cornpiex. If an analytical 

approach is used, it involves at least 26 equation and 26 unknowns, and d e r  the mots of 

the equations are found, cornputer program such as BOND 4 is needed to do design 

andysis or optimization studies, Ref. ES, 101. Cornputer programs lisred in [9] have 

dBerent assumptions, and concern Werent configurations. For very simplzed 

preliminary shrdy some general design recommendations c m  be made on different joint 

configurations: 



Figure 1: Single-Lap Joint 

Single-Iap joints (Fig. 1) have the simptest configuration and they are efficient at 

tramferring in-plane shear. These joints shodd not be used for compression loads unless 

the joint is stabilized because the eccentricity inçreases in compression. 

F i i r e  2: Double-Lap Joint 

Double-lap joints (Fig. 2). which are essentially two single-laps back-to-back, can be 

used to eliminate joint rotation because there is no net bending moment on a central 

adherend but the outer adherends have. This moment is giving rise to tende stresses 

across the adhesive layer at the end of the overtap where they are not loaded and 

compressive stresses at the end where they are loaded. 



--+ 

Figure 3: Stcpped-Lap Joint 

Stepped-Lap Joints (Fig. 3) achieve higher average shear stress than the scarf joint 

(Fig.4); also the strength of stepped lap joint is not sensitive to the number of steps when 

the total lap length is held constant. Scarf and stepped lap joints are Lighter in weight 

than any other Iap joints at al1 load levels. It shodd be noted that as the number of steps 

increase the stepped Iap joint approaches the scarfjoint configuration. .+ 
Figure J: Scarf Joint 

The Scarf Joint (Fig, 4) has its advantage in aerodynamic smoothness, but disadvantage is 

in the careful rnachining required to have a uniform bond line, so it is more usehl for 

metallic adherends rather than those composed of composite materials. ReK [273 states 

that the scarf joint approaches the ide& of strain compatibility in the adherends and 

uniform stress in the adhesive. One result of this is that ductility in scarf joints is iess 

important than in any other joint configuratio 

The design of adhesively bonded joint was extensively studied in Ref. 12, 3, and 2 q  and 
the design recommendations that are accepteci h m  those references are: 



Whenever it is possible, one should join identical adherends of a like geometrical 

configuration. For dissimilar adherends, this can be accomplished by equalinng the 

in-plane and bending stiffness parameters. This rninimizes the skewing of the adhesive 

peak shear and normal stresses and shear concentration at the edges of the joint that can' 

lead to premature adherend failure. 

r, Use materid systems with relatively high values of primary modulus (Q ,,). Such a 

system minimizes peak stress levels, yielding a more uniform adhesive shear stress 

distribution. When the adherends have relatively low values of Q,,, increasing the 

adherend thickness can minimize the adhesive stress peaks. 

rn Use an overlap length of about ten times the minimum thickness adherend. This 

gives a more uniform adhesive shear stress distribution without causing the failure mode 

to shift into the adherend. (Renton and W i o n  recornmend this in Ref. [26] where they 

dso have shown that for about 15 and 20 mm overlap Iength. there is very littie change in 

shear stress distribution in the overlap region. Hart-Smith in Ref. [3] states that 

experience has shown that the best adhesive bonds have a thickness ranging fiom 0.12 to 

0.25 mm. If one choses Iarger values for adhisive thickness, it tends to reduce the 

stifhess of the adhesive). 

r The joint's intended loading history shouid influence the selection of the adhesive. [f 

static, the adhesive shouid posses relatively high tensile and shear uitimate strength 

values. if the application is that of fatigue, the Eracture toughness of the adhesive must be 

an added consideration. 

if the adherend is laminated, the bending-stretching coupling matrix ( [BI ) should be 

zero. 



2.2 STRENGTH PREDICTIONS FOR LAP JOINTS 

The type of fdure  one observes in a bonded joint is dependent on whether the joint is 

experiencing a static or fatigue Ioading condition. For example, while a given joint may 

fail in the adhesive due to peak shear and normal stresses at ultimate load, it very 

possibly could fail in fatigue in the adherend due to a high moment concentration factor 

at the edge of a joint induced by the joint eccentricity. Such fdure would depend on the 

materials being used, the mean fatigue load and fatigue stress ratio under which adherend 

is experiencing. Hypothetically, an adhesive bonded joint may fail due to static or fatigue 

loads in three distinct modes. The adhesive may fail due to high shear and normal 

stresses. The adherends may Fail due to an axial load coupled with too large moment at 

joint edge or if the adherends are Iaminated, a ply in adherend near the joint can fid by 

resin deterioration due to high interlaminar stresses. 

Lessard in [9] categorized joints according to their fdure, where he states that the 

strongest joint is achieved when failure is at 100% of the adherend strength. The next 

strongest joint fails in the adhesive or in the interface and this is the mode that the joint 

normally fails. In the final category, the poorest design of the joint fails under peel loads 

as failure of the adhesive or as delamination of the adherend. 

In the next section, three different failure analyses for the single-lap joint (joint that fails 

in the adhesive or interface) wil be inûoduced: 

(i) Algebraic solution 

(ii) Stress criteria (FEM) 

(iii) Strain energy method IFEM) 



2.2.1 Linear Closed Form AIgebraic Solutibn 

The average shear stress s for a simple Iap joint is given by 

where P is appiied load b is joint width, and 1 is overlap Iength. Often a large factor of 

safety (at least 10) is used and, and it is not surprising that joint is strong enough. This is, 

of course d e r  simpIistic and takes no account of the flexibility of the adhesive and 

adherends. Adams in [7] introduced Volkersen's shear lag equation that was used to 

analyze the stresses in riveted panels, but could only deal with the case of an infinite 

number of tiny rivets, which effectively created a continuum and this continuum is 

identicai to the case of an adhesive Iayer. Volkersen assumed that the adhesive deformed 

only in shear and the adherends deformed only in tension. According to Volkersen, the 

ratio of the shear stress r ,  at any position X fiom one edge of the joint to the average 

P 
applied shear stress ( r, = - ) is given by equation (2) and redts are presented in Fig. 

61 

where 



= Stress coefficient 

= Overlap ratio 

= Adherend's ratio 

= Stifhess ratio at the interface 

= Normalized distance h m  joint end respect to ovedap length, Fig. 6 

= Shear modulus of adhesive 

= Young's modulus of the adherends 

= Thickness of the adherends 

= Thickness of the joint 

= L e n h  of the ioint 

Volkersen neglected several important factors. Fm because the directions of the two 

forces in Fig. 1 are not cotlinear, there must be a bending moment applied in addition to 

the in-plane tension. The adherends bend and the rotation alters the direction of the load 

line in the region of the overlap to form a geometrically non-liner problem. Thus, joint 

displacements are no longer directly proportional to the applied Ioad. Goland and 

Reissner [4] took this effect into account by using a bending moment factor, k. which 

relates the bending moment on the adherend at the end of the overlap, Mo, to the in- 

plane loading, by relationship, 

Where t is the adherend thickness (the thickness of the adhesive layer was neglected). If 

4 the Ioad on the joint is very smaii, no rotation of the overlap takes place, so LM, = - 
2 

and k=1 .O. As the load is increased, the overIap rotates, bringing the line of action closer 

to the centerline of the adherends, thus reducing the value of the bending moment factor. 

The classical work of Volkersen, Goland and Reissner [43 was limited because peel and 

shear stresses were assumed constant across the adhesive thickness, the shear was 



maximum and not zero at the overlap end and shear deformation of the adberends was 

neglected, Fig. 5.  Because the end face of the adhesive is a k e  surface, there c m  be no 

shear stress on it. Thus, by the Iaw of complementary shears, the r, shear stress at the 

joint must also be zero. 

Sbear Stress Distribatioa in Adheisve 

Shear Stress - 
Algebraic 
Solution 

Figure 5: Shear stress distribution ia adhesive (Algebraic Solution) 

(Shear stress normalized with respect to the shear strength) 

2.2.2 Finite Element Methods 

The finite eIement method (FEM) is now a weii-established means for mathematically 

modehg stress (and many other) problems. Its advantage lies in the fact that the stresses 

in a body of almost any geometrical shape under any load can be determined. in [8] 

Adams used (i) maximum stress and (3 maximum strain criteria to predict strength of 

adhesively bonded joint under quasi-static loading. In [12] Adams and Atkins used (i) 

maximum principal stress criteria to predict strength of the joint. Hildebrand [I3] 

d y z e d  adhesively bonded joints and he used the same failure criteria (Tsai-Wu) for the 

adhesive and composite adherend. 



Analyzing joints by FEM between two or three dissimilar materiais that have shaq 

corners (single-lap joint) wiii produce stress singuiarities in those locations. Mesh 

rekernent appears to have a great effect on stresses calculated at the attachment, as they 

continue to increase with continued mesh refïnernent. Theoreticaily the stress is infinite 

at this location and therefore increasing the mesh density WU not produce a converged 

stress vaiue at this location. The main stress components over interface region (titanium- 

adhesive Fig. 6) were examined in Figs. 7-15, from finite element analysis performed by 

the author. Different element ratios were hvestigated and its intluence on stress vaIues at 

locations where stress singularities appeared. Finite element anaiysis with mesh 

distribution, eiement type and dimensions of a singie lap joint are discussed in detail in 

Chapter 3 (section 3.2). 

For ver- coarse mesh (eiement ratio 0.01) under extemal tension force of 4 KN the vaiue 

of axial stress at the vertex was under Yield stress vaiue of the adhesive, Fig. 7. With 

mesh refinement (element ratio 0.25) axial stress at the vertex is ahost  two times greater 

than the stress value obtained from the more coarse mesh, Fig.8. For element ratio 0.5, 

stress values increased to almost three times the value obtained for the coarse mesh, Fig. 

7 and Fig. 9. For peel stress values at the vertex even greater ciifferences were found. 

For element ratio 0.5 peel stress values at the vertex are aimost five times greater than 

peei stress values for element ratio 0.01, Fig. IO and Fig. 12. In the case of shear stresses, 

the fine mesh produced two times greater values at the vertex than for the coarse mesh, 

Fig. 13 and Fig. 15. 

Comparing stress results that were obtained fiom dgebraic solution (Fig.5) with the 

stresses obtained fiom most coarse mesh (0.01 element ratio, Fig. 13) one can notice that 

peak value for aigebraic solution is six times grater than vaiues obtained fiom FEM. 

From Fig. 5, notice that the shear stress di~enibution in the middle of overIap region is not 

close to the zero, and it has almost five times greater value than FEM wfiere the variation 

of the stresses through thickness is considered and dso adherends are deformed in 

bending- Algebraic solution has limitation for its application and can be ody used for 

mu& calcuIation. Therefore, one bave to consider FEM approach in order to k d  stress 



distribution in the adhesive, but then there is a problem to predict strength of the 

adhesively bonded joints. Analyzing the stress values obtaUied h m  the current analysis, 

it is obvious that if one used a stress-based failure criteria, there will be error and this 

error is obviously influenced by mesh refinement. 

Stress Singularity 

Figure 6: Single-Lap Joint with overiap region I = 20 mm 

Composite 

t. e k m  ratio 0.0 1 

+ 

Figure 7: Aria1 stress distribution over interfice for element ratio 0.01 

(Axial stress normaiized wÎth respect to tende strength) 

Adhesive 
+ Titanium 



+ eierrient ratio 015 

Figure 8: Axial stress distribution over intedace for element ratio 0.25 

(Axial stress normalized with respect to tensile strength) 

-- 

Axial Stress Distribution over Interface Region 

Figare 9: Axial stress distribation over interface for element ratio 0 5  

(Axial strass normaüzed with respect to tensile strength) 



PeeI Stress Distribution over interface Rrgion 

3 2 5  - 
z 2 -  - 
w 1.5-  

+eIement ratio 0.0 1 

Figure IO: PeeI stress distribution over interface for elemeat ratio 0.01 

(Peel stress normalized with respect to tensile strengtb) 

Peel Stress Distribution over Interface Region 

-c element ratio 025 

Figare LI: Peel stress distribution over interface for eIement ratio 0.25 

(Peel stress normalized with respect to tende strength) 



Peel Stress Distribution over Interface Region 

+eiement ratio 0 5  

Figure 12: Peel stress distribution over interface for element ratio 0 5  

(Peel stress normalized with respect to tensile strength) 

-- -- -- 

Shear Stress Distribution over Interface Region 

+eletnent ratio 0.0 1 

Figure 13: Shear stress d'ibution over interlace for element ratio 0.01 

(Shear stress normaüzed witb respect to shear strength) 



Shear Stress Distribution over interiace Region 

Figure 14: Shear stress ditribution over interface for element ratio 035 

(Shear stress aormalized with respect to shear strength) 

-- .- 

Shear Stms Diribution over interiace Region 

Figure 15: Shear stress d i i i u t i o n  over interface for element ratio 0 5  

(Shear stress normnlaed with respect to shear strength) 



22.3 Energy Balunce Method wed in ABAQUS Code 

It has beea s h o w  tfiat the use o f  stress-based faiIure criteria wül produce error that 

obviously depends on the mesh density (more dense mesh will give Iarger stresses at the 

stress singuiarity locations). There was a need to find a failwe parameter that does not 

depend on mesb density. ABAQUS finite element code has an option to output the strain 

energy for the elernents that are of user interest, and it has been found that this value 

converges with mesh refinement. ABAQUS finite elcment cade also bas the capability to 

analyze different problerns that can involve static or dynamic d y s i s  with elastic or 

plastic materiai modehg. The next step wiü introduce the equations that ABAQUS uses 

in order to calculate the strain energy. in the present analysis the loading is static and 

material is modeled as elastic. so that this will cancel out a number of terms h m  the 

eqiüttions that are initially introduced. 

The conservation of energy implied by first law of thermodynamcs States: The t h e  

rate of  change of kinetic energy and internai energy for a fixed body of material is equal 

to the surn of the rate work done by the d a c e  and body forces". In ABAQUS this is 

expressed as: 

P is the curent density; 

v is the vetocity field vector, 

U is the internai energy per unit mas,  

t is the body force vector, t = a nt and 

n is the normal diredon vector on boimciary S is stress tensor 

An energy balance for the entire mode1 can be written as: 

Eu + EK + EF - Ew = Constant 



EU is internai eaergy 

EK is kinetic energy 

EF is energy dissipated by fnction 

EW is work done by extemal forces 

In the present mode1 the conservation of energy implied by first l m  of thennoajmamics 

states that the rime rate of change of internal energy for afixed body of material is equal 

to the m m  of the rate work done by surface forces ( E ,  - E,, = constant and 

With elasric material properties the total skain rate is eqzral to the elastic strain 

. . cl 

rate ( E  = E ) and internal energy is equal to the recoverable elastic strain energy 

(E, ,  = Es) .  ABAQUS mukes it possible to outpur elasric strain energy ( Es) for specified 

elemenrs rhat are of user inters and this output has to be specifed in ABAQUS input file 

(Appendk A). 

For the present mode[, recoverable elastic strain energy ( E s )  of aàhesive is obtained as  

an output fonn the ABAQUS finite eIement code for three different element ratios, Fig. 

16. The element ratios were the same as those used to calculate the stress distribution at 

the joint interface (Figs. 7 - 15). 

The vdue of recoverable elastic straïn energy obtained for element ratio 0.01 and extemal 

force of 4 KN in tension is 1 .l75E-U2 J. For element ratios 0.25 and 0.5, under same 

loading conditions as for 0.01, the value of recoverable elastic strain energy is equal to 

1.1 8E-2 J, Fig. 16, essentiaIIy identical, 



Recoverable Elastic Strain Energy in Adhesive 
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Figure 16: Elastic Strain Energy in the adhesive for different element ratios 

The elastic sn?iin energy obtained for the overlap adhesive converged with mesh 

refinement, Fig. 16. A simple single-Iap joint is accepted as the baseline model, Fig. 6. 

and the adhesive strain energy obtained for thk joint is accepted as a reference value. If 

one examines different geometry sbapes of a single-lap joint under the same loading 

condition, different stress-strain fields in the adhesive will be obtained and with this, 

elastic strain energy will Vary. The value for elastic strain energy can be: 

(i) equd to the value obtained for baseline model 

(ii) less than value obtained for baseIine model 

(üi) greater than vdue obtained for baseline mode 

If the value for elastic main energy is equal to the vdue that is obtained for baseiine 

rnodel, the design did not get better nor worse. 

if the value for elastic strain energy is l e s  than value obtained for baseiine model, the 

design is improved (stresses and strains decreased in the adhesive). 



a if the vahe for elastic strain energy is greater than value obtained for baseline model, 

the design solution did not improve. On the contrary, it has a worse solution (stresses and 

strains increased in the adhesive). 

Values of elastic strain energy that are obtained for dBerent design shapes of a single-lap 

joints and design recommendations on best possiile design for a single-lap joint under 

different loading conditions are presented in Chapter 5 and Chapter 6. 



Chapter 3 

3 FTNITE ELEMENT MODEL 

3.1 DESCRiPTION OF THE JOINT 

For both loading cases (tension and out-of-plane load) finite element analysis has been 

perfomed, For joining titanium plates, 0.12 rn x 0.0254 m x 0.001 m. and composite 

plates, [O, / 90,l with 0.146 mm ply thickness, bonding recommendatioos have been 

taken fiom Ref. [2, 3, 13 and 261, Fig. 17. in Ref. [26], it has been shown that there is a 

iength of bond line, tested in tension. beyond which no Ioad capacity increase occurs, due 

to the nature of the shear stress distribution. Ref.[3,26] states that the best overlap length 

is equd to 0.02 m for the type of the joint that is used in this analysis, Ref. [3] also states 

that 0.12 - 0.25 mm thickness of the joint adhesive shows the best results in practice. 

Further modeling is concentrated on the geometry of the joint ends. The effects of the 

ends are cnrciaI for the strength of a single-lap joint due to the combination of hi@ 

tende, peeiing and shearing stresses. DEerent kinds of tapering are examined: 

(i) h r  taper at the metai adherend, Fig, 18 and Ref. 1131 

(iï) ûuter taper on the metai adherend, Fig. 19 and Ref. [2] 



(üi) b e r  taper on the metal adherend with combination of outer adhesive fiiiets, Fig. 

20 and Ref. [13] 

b e r  taper refers to a taper on the titanium adherend, meaning that the extra space wiIl be 

fiUed with adhesivt (Fig. 18). Outer beads are designed o d y  with 45 O angles and they 

have been combined with b e r  tapers (Fig. 20). inner taper is defined by an angle or. 

b c where tan a = - (Fig. 1 8) and outer taper is dehed by an angle P where tan ,O = - 
d d 

(Fig. 19). For mudeling inner and outer tapers, variable d varies fiom O to 20 min, 

whereas variabIes b and c have t h e  values: (i) 0.5 rnm, (ii) 0.75 mm and (iii) 0.9 mm. 

From the values of b. c and d angles for inner and outer tapers are caiculated (Tables 1 

and 2) 

a = 0.10 rn, i = 0.02 m, r ,  = 0.001 m (titanium), r? = 0.0023 m (composite), 

t, = 0.000 15 in (adhesive) 

Figure 17: Ceometry of the Single - Lap joint; Baseline mode! 



Figure 18: lnner taper with an u angle 

composite 

Figure 19: Onter taper with a angle 



Figure 20: Inner taper with outer bead of 45 degrees 

Table 1: The angle of inner taper, angie a (O) 



Table 2: The angle of outer taper, angle B (4 

3.2 DESCIUPTION OF FINITE ELEMENT ANALYSIS 

The single lap joint, fiom Fig. 17, was modeled using three different finite element 

meshes, Figs. 22-27. The stress state is relatively constant in the width direction. 

therefore the problem is considered as a two-dimensional one. The meshes were 

generated using eight-node quadriiateral SD plain strain solid elements (type CPESR). 

Si.  elements were used through thichess of the adhesive, sixteen for the composite and 

also sixteen for the titaniurn. ïhe  analysis assumed linear elastic material properties, 

Tables 3,4, and 5 and Ref. [3 11. in the analysis of asymmetric joints, such as the single- 

lap joint, it is important to take geomeûic non-iinearity (changing geometry under 

loading) into account. Joint rotation changes the stress disariutions in the adherends and 

the adhesive under loading. Thus geometric non-linearity is included in this model. 

Three different mesh types (0.001,0.25 and 0.5 eiement ratio) are used to show that: (i) 

stresses in the adhesive do not converge with mesh refuiement and (ii) strain energy of 

the adhesive converges with mesh refinement, The tiaseiine model, the simple single-lap 

joint in Fig. 17, is reiatively long and thin such that the mesh for entire model is very 



difficuit to display. Therefore, only regious that are characteristic for this kind of 

problem are displayed (region A and region B, Fig. 21). Since it has been shown that 

elastic strain energy of the adhesive converged with mesh refinement, Fig. 16, 0.5 

element ratio is used to generate the mesh for the joint geometry that is shown in Figs. 

18, 19, and 20 (single-lap joint under out-of-plane Ioad and singIe-lap joint under 

tension). In order to create outer tapers, Fig. 19, elements in the B region, that have 

titanium material properties in the case of simple single-lap joints, have to be removed. 

If one wants to create inner taper Fig. 18, elements in the a region, that have titanium 

material properties in the case of simple single-lap joints, have to be replaced with 

elements that have adhesive material properties. Outer beads of 45 degrees are modeled 

using extra elements distributed in the way that is shown in Figs. 28 and 29. 

Figure 21: Stress Singularity Regions in a SingleLap Joint 
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Table 3: Titanium material propcrties 
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Table 4: Depend 330 adhesive properties 
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Table S: Material properties ror graphite I composite AS4L350I-6 
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Figure 22: Mesk distribution in @on A for the basdine modei, ekment ratio 0.01 

Figure 23: M a h  distribution ia mgion A for baseline model, elemeat ratio 035 



Figure 24: Mesh distribution in region A for the baseline model, element ratio 0.5 

Figure 25: Mesh distribution in region B fat baseiine model, element ratio 0.01 



Figure 26: Mesh distribution in region B for baseline rnodeI, element ratio 0.25 

Figure 27: Mesh distribution in -on B for basoline model, ekment ratio 0.5 



Figure 28: Baseline model with outer bead of 45 degrees, region A 

Figure 29: Basehe mode1 wiîb outer btad of 45 degms, regioa B 



3.2.1 Loading and Boundary Conditions 

In the present finite element analysis, the single-lap joint is investigated under two different 

loading conditions: 

(i) Single-lap joint under out-of-plane Load (bending) 

(ii) Single-Iap joint under in-plane load (tension) 

In the case of a single-lap joint under out-of-plane load, the applied load in the finite element 

model is a point load, and the single-lap joint has the boundary conditions of a simply 

supported beam, Fig. 30. Boundary 1 has restrictions in the x and y directions. Boundary 2 

has restriction in the y direction and kedom of movement in x direction. 

Force 

Figure 30: Loading and boundary conditions for a single-lap joint under out-uf-plane Ioad 

in the case of a single-lap joint under tension, the h i t e  element model is modeled in the 

way to simulate a tension test, Fig. 3 1. Rigid elements are used in the place where the in- 

plane force is appIied (Appendix A), Tension force is applied on the composite matenal 



(cross-ply laminate composed of zero and ninety degree layers). For the cases of evenly 

distributeci pressure applied on the elements (without creating rigid surface) or point load, 

one wiII obtain nonunifonn displacement at the end because of the material property 

ciifferences in fiber and mat& direction. One will obtain more disptacement in the 

nhety than zero degrees Iayen, ALso both sides of the single-lap joint will be gripped 

during experimental work (Fig. 36), so that 0.0254 m fiom each end is taken as grip size 

and boundary conditi~ns are applied as shown in Fig. 31. Boundary conditions are 

applied in a way that allows the fiee rotation of  the joint (overlap region is not influenced 

by boundary conditions). 

Force 

Figure 31: Loading and boundary condition for the siagie-lap joint under tension 



In Fig. 3 1,  there are two different boundary conditions: 

1s a boundary condition that has restriction of movement in the y and freedom in 

the x direction. 

1s a boundary condition that has restriction of movemeot in the x and fieedorn in 

the y direction. 



Chapter 4 

4 EXPERIMENTAL WORK 

Adhesive bonding is an inmcate process that depends on a number of factors. This is 

especiaily true in applications such as those found in the aerospace industry where high 

performance and durability are critical. One of the main considerations in obtaining a 

good bonded joint is the effect of surface preparation. In the case of metais, it is cammon 

to fmd a weak oxide layer that in turo may absorb contaminants such as orgaaic 

molecules or even water. Besides the obvious effect of having a weak oxide layer at a 

bonded interface, the presence of a layer of contaminants will iower the surface energy 

hus affecthg the process needed to bring the adhesive into intimate contact with the 

adherend. It is always useM to contact the adhesive producer in order to verifi the 

bonding process that is mommended for the type of the adhesive that one is h g .  



The adbesive that is used in this research is Depend 330 [33]. in order to join titanium 

and composite plates to make a single-lap geometry with geometry parameters that are 

shown in Figs- 17-20 and Tables 1 and 2, Loctite Corporation 1331 made instructions for 

use of their product: For best performance, the bond surface should be fiee of grease, 

cleaned by acetone and dried. To ensure a fast and reIiable cure, Activator 7387 1331 

should be applied to one of the bond surfaces and the adhesive on the other surface. The 

recomrnended bond line gap is Fom 0.1 mm to 0.5 mm, and for gaps of 0.5 mm activator 

should be applied to both sides. Parts should be assembled Uamediately. The bond 

should be held ciamped using fktures, Fig.32. The joint shodd be allowed to develop 

full strength before being subjected to any service load, that is, 24 hours d e r  installing in 

the bonding jig. The jig is pre-sprayed with a release agent, Freekote 770 [34], which 

prevents the adhesive from curing to the parts that do no belong to the joint configuration. 

figure 32: Sigle-lap joint in a jïg 



For the present anaiysis, 60 specimens are made with 5 different geomeûies, Table 6, 

according to iasmictions that are given by the Loctite Corporation. The specimens are 

tested under two toading conditions: ( i )  out-of-plane load (bending) and (ii) tension, in 

order to verïQ the f i t e  element model and failure maiysis of such joints. In îhe next 

section, the two Ioading set-ups will be introduced, Figs. 35 and 36, that are used to 

evaluate the strength of the single-lap joints and veri@ the h i t e  eIement model. 

4.2 EXPERIMENTAL SET-UP 

4.2.1 Single-Lap Joint under Oui-ofiPlane Load (Three-Point Bend Test) 

The three-point bend test is performed as shown in Fig. 35. The experimentai set-up (Fig. 

35) and the finite element model (geometry parameters and boundary conditions given in 

Fig. 30) are modeled to be as simitar as possiile, Five different sample configurations 

have been tested with a total of 36 specimens, as shown in Table 6. FaiIure load, obtained 

during the experimental work, is also given in Table 6, and full analysis and cornparison 

with finite element analysis is given in the next chapter. 

Accordhg to the way the Ioad is applied in the three-point bend test, Fig. 35, one wiil not 

obtain constant moment in the cenüaI section. That cm only happen if one does a four- 

point bend test, Fig, 33. When bonding two different materiais with different bending 

stiffness (1 mm titanium plate and [O, 190,b cross-ply laminate), the material with lower 

bending stiffness (titanium) wiii bend more easily. For large deflections this wili not give 

constant moment in the section, even for the four-point bend test, On the contrary, the 

Ioading condition that is obtained this way is gohg to be ciose to a the-point bend test 

with the load that is appIied away h m  joint center, Fig. 34. This occurs because most 



of the load will end up on the stifFer portion of the structure, thus the Load on the titanium 

will be small. This is the reason why regular three-point bend test is chosen. 

Testing was performed using an MTS machine that has a minimum load cartridge of 25 

KN. Since the single-Iap joint is more sensitive to out-of-plane than in-plane load, ushg 

the load cartridges of 25 KN will cause problems in trying to register a failure load that is 

ody i % of the tûil scak that the machine can register. Therefore, a small ioad ce11 is 

attached to the MTS machine, Fig. 35, in order to be able to register load changes even as 

low as I N. The maximum load that this new load ceIl cm register is 1 KN. 

Using a small load celI did not solve dl problems, because the l o d  ce11 could not output 

displacements, so the displacement had to be read h m  the MTS machine. Men one has 

to read displacements obîained fiom a testing machine where al1 connectors and fixtures 

are attached by mechanical fasteners to the parent (MTS) m a c h ,  error is very likely. 

In order to be aç close as possible to reaiity, the actual displacement is measured using a 

dia1 gauge. As a test, a 60 N load has b e n  set on the machine and the did gauge is used 

to measure displacement. At the same tirne, the displacement cartridge in the MTS 

machine was recording its own displacement. The recorded dispiacement fiom dia1 gauge 

was 5.2 mm and fiom MTS machine, 5.9 mm. The andysis was repeated five times, with 

different specimens but with the same load and the same specimen geometry. 

Mer tests and cornparison, it is found that MTS machine recorded bigger displacements 

by about 15 % than diai gauge, and thetefore the displacements that are obtained h m  

MTS are scaled (decreased) by 15 % henceforth. The registered value for the 

displacement is essential for the evaluation of the finite eIement model. 'The evaiuatioo of 

the finite element mode[ and results that are obtahed fiom the finite element anaiysis for 

joints under out-of-plane and tension load, with cornparison to the experimental work 

done for the same type ofjoints, is given in Chapcer S. 
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Figure 35: Tnree-point bend test set up 



4.2.2 Single-Lap Joint under In-Plane Lood (Tension Test) 

For tension tests, 24 specimens with 5 dEerent geometry configurations are tested, 

according to Fig. 36 and Table 6. As in the bending case, the tension experimental set up 

(Fig. 36) and finite element model with its parameters (Fig.3 1) are trying to sirnulate the 

same case, where the single-lap joint wiII be exposed to the in-plane load at the both 

ends, Fig. 1. It is very important to allow the E'ree rotation of the joint, thus grip the 

specimen well away fiom joint center (0.0254 m Erom each end, both in the finite element 

model and in experimental work, Figs. 3 1 and 36). 

It is observed that if the upper and Iower grips are not centered, it will contribute to 

additional joint rotation. tn order to prevent the extra rotation of an uncentered joint, 

smail inserts have to be placed at each end (where the joint is griped). These inserts 

enable the joint to be gripped while keeping the specimen perfectly axial and allowing 

free rotation, Fig. 36. 

The tests are performed using a smaüer MTS testing machine that has the ability to 

register an appiied load of up to 10 KN. Since the singie-lap joint is designed in a way 

that can accept more in-plane than out-of-pIane load, expected failure load for the 

specimen is around 40 % of the MI scale of the load carûidge ( I O  KN) so there was no 

need to install the small load cell. The d t s  obtauied fiom this experimental set up are 

presented in Table 6, and cornparisons with finite dement red ts  are given in Chapter 5. 
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Table 6 : Experimeotal rcsnlts Tot ihrn-point k n d  and tension test 

Bending 

Tension 

Bending 

Tension 

Bending 

Tension 

Bending 

Tension 

TEST 

No outer 
bead, +a 

5 

3 

5 

3 

5 

3 

5 

3 

ande 

a=OO 

a=1.43O 

a =2.04O 

a=3.57O 

Taper 

With outer 
bead (4S0), +a 

3 

3 

3 

3 

3 

3 

3 

3 

Quantity 

No outer 
bead, +a 
(Sta. Dev.) 
109 
(0.7) 
3820 
(1 16) 
119 
(1.4) 
3830 
(1 12) 
120 
(1 3 
3900 
(1 05) 
119 
(2.3) 
3880 
(101) 

With outer 
bead (4S0), +a 
(Sta. Dev.) 
182 
(2.6) 
4526 
(87) 
230 
(1 -0) 
4835 
(1 10) 
212 
( 1  2)  
4817 
( 123  
212 
(2.0) 
4825 

, (98) 

Av. Faiiure Load (M 



Chapter 5 

5 RESULTS 

5.1 FINiTE ELEmNT MODEL AND DESIGN VERIFICATION 

Chapter 4 introduced the way that displacements of the single-lap joint under out-of- 

plane load were recorded (displacements that were recorded by the displacement 

cartridge decreased by 15 %, according to a calibration by adiai gauge). One of the ways 

to veri@ the finite element mode1 with the physical mode1 is to compare displacements of 

both modeIs that were obtained for the same Ioading condition. 

ABAQUS 1321 f i t e  element code has an option to output a Displacement vs. Load curve 

for nodes of interest. The displacements and forces applied in the ABAQUS finite 

element code are given with respect to time (quasi-static analysis). AIso, the 

displacements and applied load fiom testing machine were recorded respect to tirne, with 

the finai cornparison of those values given in Fig. 37. In Fig. 37 displacements, 

ABAQUS and Experimentai, have been obtained for an applied force that increases in 



time from O to 109 N. From Fig. 37, one can see that h i t e  element resuits are very close 

to the ones obtained from experiments. For the final level of the force (109 N), the 

displacements obtained were: (i) 8.9 fiom ABAQUS, and (ii) 9.3 mm from experiments. 

At this point, there is a good indication that nnite element simulation corresponds to 

phy sical model. 

Design recommendations for single-Iap joints that have been accepted fiom literature are: 

Overlap length of at Ieast 20 mm, Ref. 1261 

Bondline thickness of 0.15 mm, Ref. [3] 

Inner taperhg and adhesive fiilet (45 degrees) is a highly efficient technique for 

reducing stress peaks both in the adherend and in the adhesive and hence in 

improving joint strength, Ref.[2,3 and 131. 

Outer tapering is used to improve load transfer in the structure, and in this way the 

stress concentrations are minirnized and the joint strength is improved Ref. [2]. 

It has not been shown that for joining a titanium plate 0.12 m x 0.0254 rn x 0.0001 m 

with a composite cross-ply laminate [O, /90,L, an overlap Iength of 0.02 rn will pmvide 

fiil1 efficiency of the joint. The Ref. [26] also states that as one increases the overlap 

length the adhesive shear stress is reduced. However. it is evident that beyond a certain 

overlap length, one reaches point of diminishing returns. In Fig. 38, a rnuch greater 

reduction in the peak of the shear stress distribution occurs for overlap changes from 0.0 t 

rn to 0.02 m than from 0.02 m to 0.03 m. The Ref. [3] states that the o p h u m  bond 

thickness is between 0.12 and 0.25 mm, and that larger thickness will tend to decrease 

stifhess of the adhesive. In this way, this design recommendation (overlap length) for 

the single-lap joint Fig. 17 is v d e d  and the analysis is continuai towards the 

optimization of the exposed ends of the single-Iap joints subjected to in-plane and out-of- 

plane Ioad. The second design recommendation that was accepted is verified in the next 

section that talks about strength prediction of adhesivly bonded joints (5.2). 
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5 3  STRENGTH PREDICTION FOR SINGLE-LAP JOINTS BY STRAJN 

ENERGY ME'ïHOD 

in Chapter 2, it was shown that for any stress-based failure cnteria used to predict the 

strength of adhesively bonded joints, if failure occurs in the adhesive, there will be mesh 

density problems. in Figs. 7 - 15, it was shown that the main stress components in the 

adhesive at the vertex, for dBerent element ratios, drastically change in value with mesh 

refinement. On the other hand, in Chapter 2, the sûain energy obtained as an output from 

the element stresses in the adhesive (overlap region) did not Vary at al1 for element ratios 

of 0.025 and 0.5, Fig. 16. The strain energy at faiIure converged. 

The stress singularity problem was solved, but it was impossible to predict joint strength 

only by the finite element model since the strain energy value depends on the joint 

geometry. Therefore, the fh step was to indicate the validity of finie element mode1 

with a force vs. displacement curve (Fig. V), and then find failure load for the baseiine 

mode1 experimentaily (Table 6). in the second step, this Ioad was used in finite element 

model. As one crin notice, the failure load for baseline model was not determined by 

FEA. Tt was determined by experiment. Reference vaiue for strain energy was not 

determined by experiment. It was determined by FEA. 

From experimentd work, Table 6, it was determined that average failure Ioad at which a 

single-Iap joint (without any taper) f d e d  (baseiine model) was 109 N. 

ABAQUS h i t e  element code can output strain energy for elements that represent only 

overlap adhesive and the result was I .O12 E-2 J of strain energy. The value is calculated 

for aii elements that represent adhesive, and this vaiue is obtained for one geometry and 

one Ioad (baseline mode1 at 109 N load). Obviously, this value changes when one 

changes the Ioad and keeps the same geometry of the joint. ABAQUS M t e  element 

code calculates strain energy by the method shown in the equations 5.1 - 5.1 1. 



The stress-strain state in the region of interest (overlap of the adhesive) wili determine the 

value of the strain energy. The value that is obtained for the baseline model subjected to 

1 O9 N of out-of-plane load is heuceforth accepted as a ceference vaiue (1 .O 12 E-2 I), Fig. 

39 shows the method for predicting failure load for the single-lap joint that has a different 

geornetry, e.g., an h e r  taper of a = 1.43 degrees. F i t e  element failure load is 

predicted to be the load that brings the overIap adhesive (the same region as one that 

belonging to the baseline model, Fig. 17) into a stress-strain state of sirniiar strain energy 

to that brought about by the out-of-plane failure load (109 N). One point OB the graph (O, 

O) Fig. 39, is always known, because if there are no forces on the boundary of the 

structure, there is no work done. One need to take at least two arbitrary loads and use 

them as input in the finite element mode1 to determine two more strain energies of the 

adhesive. Through those three points a parabolic curve cm be drawn similar to that 

shown in Fig, 39. The y-axis represents the strain energy distrib-rltion in the adhesive, and 

the x-axis represents the applied Ioad. 

Drawing a horizontal line Erom the baseline strain energy vdue of 1.012 E -  J, and going 

to the intersection with the curve that passes through the three points yields the x-axis 

vdue of the Ioad that brings the single-lap joint with b e r  taper of 1.43 degrees to 

failure. The value of this load is about 1 16 N. This means that a load of 2 16 N wilI fail a 

single-lap joint with inner taper of 1.43 degrees in the same way that out-of-piane load of 

109 N failed the baseline model. One can notice an irnprovement in the joint design of 7 

N, which means that the applied load has to be larger by 7 N than the baseline load (109 

N) in order to fail the joint with inner taper of 1.43 degrees. 

For the joints under tension, the same appmach is used as above, but now the joint 

strength in tension is predicted fiom a bending strain energy analysis. It is expected chat 

a much [arger in-plane Ioad is required to bring the overlap adhesive into the M a r  

stress-strain state than that brou@ about by the out-of-plane f a l m  Ioad (109 N), since 

the singie-Iap joint is more sensitive to out-of-plane than in-piane load. For the tension 

case, Fig 40, the (0, 0) position is known, and one has to chose at least two more 

arbitrary Ioads in order to determine the strain energy in the adhesive (by f i t e  element 



method) and draw the cuve through three points, Fig. 40. Tbis curve represents the 

strain energy in the adhesive (y-axis) that is obtained fiom appiied load (x-axis). 

For 1.012 E -  J of strain energy, the intersection with the curve that is drawn through 

three points corresponds to 3650 N load on the x-axis (Fig. 40). This means that one 

needs to apply 3-65 KN of in-plane load (tension) in order to bring baseline tension 

mode1 into a simiIar stress-strain state to that brought about by an out-of-plane force of 

109 N. 

In Fig. 41, the strengtfi prediction for a single-lap joint with different bondline thickness 

is evaluated by the strain energy method. Notice that the predicted strength decreases 

with increasing thickness of the adhesive. For adhesive thickness of 0.05 mm and 0.15 

mm the predicted strength is aImost the same. 

During the manufacturing process, it is very important to achieve the desired adhesive 

thickness and reduce production tirne. In order to provide a bondline thickness of 0.05 

mm and Iower, a very high clarnping force has to be applied on the bonding jig. There is 

aiso a problem with taking a specimen out of the jig even if' felease agent is applied, Fig 

3 1. Ditring the manufacturing process, adhesive will overflow on each side of the jig and 

will cure al1 components of the jig together. The bondline thickness is ensured by a srnaIl 

plate that goes between the composite and titanium adherend. When disassembling the 

cured specimen fiom the jig, the very thin plate that is providing the bondline thickness. 

can be darnaged easily and its dimensions change. Bondline thickness cannot easily be 

kept at 0.05 mm. The result is usuaiiy a variable bondline thickness in the range 0.05 to 

o. 15 mm. 

An adhesive thickness of 0.15 mm is accepted as a good bondline thickness for the mode1 

that is introduced in this research. The rest of joint geornetries (Figs. 18,19, and 20, with 

Tables 1 and 2, for tension and bending Ioad) are anaIyzed in the same way as above 

(Figs. 39 and 40) and resdts of these analyses are used to fïnd the optimum design of the 

single-Iap joint geometry. 
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Figare 40: Strain energy in the overiap adhesive for bssclhe mode1 in tension 
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Figure JI: Tension failure load for a single-lap joint with dilferent adhesive thickoess 

5.3 OPTiMIZATION 

5.3.1 Single-Lap Joint under Out-of-Plane Load 

En order to find the optimum design of the single-Iap joint, the strength values that are 

obtained fiom the finite element anaiysis and the experimental work are plotted versus 

the joint geometry, Figs. 42 - 45. In each of the finite eIement simulations, four points 

are used to generate the curve. In order to mate  one curve, 10 - 12 simulations had to be 

performed with methodology for strength prediction shown in Figs. 39 and 40. The finite 

eIement strength values for the single-lap joÏnts, with geometry that is shown in Figs. 18, 

19, and 20, were determineci by the strain energy method, and experimental redts are 



used from Table 6. As show in Table 6, the baseiine model failed under 109 N of out- 

of-plane load, and in Fig. 42, which is used as a reference load. For the cases of inner 

taper under bending Ioads (Fig. 42), when the design variable b varies fÏom 0.5 mm to 0.9 

mm there is an increase in the joint strength. The peak value for the bending case 

(around 120.5 N) is obtained for design variable b= 0.9 mm and inner taper a = 4 - 5 

degrees. For b= 0.5 mm, the peak value is about 117 N for FEM and about 120 N for 

experiments with inner taper of about 3 degrees. For design variable b0.75 mm and the 

inner taper between 3 and 4 degrees, the highest strength value is about 120 N. Notice 

that there is no significant strength improvement obtained for the different design 

variables: b= 0.5 mm, 0.75 mm and 0.9 mm. 

The effect of some outer taper under bending load, on the contrary, can have a negative 

influence on the joint strength. The outer tapers for angle (g) between O and 3 degrees 

decrease the joint strength, but h m  3 to 6 degrees there is strength improvement 

compared to the baseline mode[. From Fig, 42 one cm see that the expenmental resuits 

obtained for the geomeûy b= 0.5 mm (Table 6) and joints strength predicted by finite 

element model (b= 0.5 mm) correiate weli. The strength improvement for the case of 

outer taper is apparently srnalier than the joint strength achieved by inner taper, therefore, 

m e r  analysis (bendiig case) is concentrateci on the inner taper. 



i BendIng Faiïure Load vs. Taper Angk 

Figure 42: Bending fai1ure l a d  for joints with inner or  outer taper 

Fig. 43 shows the analysis of singIe-lap joints with inner tapers and outer epoxy beads. 

The joints are examined by the finite elment method and experimentaily. The 45 degree 

adhesive beads are created in the fiaite element models as shown in Figs. 28 and 29, and 

tested samples are bonded in the jig shown in Fig. 32. From Fig. 43, notice that there is a 

big improvement in the joint strength for the single-lap joints that have inner taper and 

outer beads compared to the baseline mode[. In this analysis, good agreement is found 

between the experimentd and finite etement resdts. The maximum strength (about 249 

N) is obtained for the geometry variable b= 0.9 mm, and angle of huer taper (a) of about 

2 degrees. For b= 0.5 mm and inner taper angle of about 1 degree, the strength of the 

adhesive joint is about 219 N for the FEM and about 233 N for the experiment. The 

single-lap joint with design variabEe b= 0.75 mm and 2 degrees of inner taper failed at 

maximum average load of about 233 N according to the FEA, Fig. 42, For the case 

where the single-lap joints were subjected to the out-of-plane load, the huer taper of 2 

degrees fiom design variable b4.9 mm in combination with an epoxy bead of 45 degrees 



gave the best strength redt.  This case is thus an optimum design for a single-lap joint 

under bending Ioad, and the optimum design for the single-lap joint under in-plane load 

(tension) is discussed in the next section. 

I B d a g  Failme Load vs. Taper Aigle 
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Figure 43: Bendiog früure load for joints witb ioner taper and outer bead 

5.3.2 Single-Lap Joint under Tension Load 

For the case of tension (Fig. 44,  with a range of the design variabIe b fiom 0.5 mm to 0.9 

mm, there is no increase in the obtained strength values. Notice that imer taper in 

tension produced the same effects as outer tapers in the bendiag case. in the region a= O - 
3 degrees there is a decrease in the joint strength, but from a=3 - 6 degrees, the joint 

strength improved. AIso, for the bending case (without outer kad) the peak value was 



obtained for design variable b= 0.9 mm (about 120.5 N), but in the tension case the 

optimum value was obtained for b= 0.5 mm (about 3.9 KN for FEM and experiment). In 

Fig. 44 it is possible to see good agreement between finite element analysis and 

experimental results that are obtained for design variable b= 0.5 mm (thick black line and 

thick gray Line). The outer taper gives a srnaii increment in strength with increase of the 

design variable c (0.5,0.75,0.9 mm). This does not happened in the bendig case. where 

the outer taper produces a negative effect on the joint strength. 

Aiso, as was the case for bending, the higher strength vaiues are obtained for imer d e r  

than for outer tapers. Epoxy beads are not very practicai for the joint that has outer taper. 

Therefore, epoxy beads should be made in combination with an imer taper. as in the 

previous case. The same approach is then taken as in the bending case. with the outer 

epoxy bead built on both sides of the joint ends, Figs. 28 and 29. In Fig. 45. it can be 

seen that epoxy beads did not effect the tension joint strength as much as in the bending 

case. The peak value is obtained for design variabIe b= 0.5 mm and imer taper (a) 

between 1 and 2 degrees (around 4.65 KN for FEM and about 4.8 KN by expeciment). 

The experimental and finite element joint strengtbs @=OS mm) are in good agreement. 

Fig. 45. At this point, the optimum design in the tension case is considered to be 

determined, and design variables have the values: b= 0.5 mm and a =1-2 degrees. 
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5.3.3 Optimum Design of the Joht En& 

(il 

(ii) 

From the anaiysis presented in sections 5.3.1 and 5.3.2, there are two different design 

solutions that are most suitable for the single-lap joint ihat is subjected to different 

loading conditions: (i) bending and (ü) tension. However, the objective in this research 

is to h d  the design that is going to suit both loading conditions. For design variable b= 

0.9 mm, the single-lap joint achieved the highest sîrength value in bending. In tension 

the single-Iap joint had the lowest strength for this type of the design (b= 0.9 mm), and 

the best result was achieved by design variable b= 0.5 mm. In Figs. 42 - 45, notice that 

resuits obtained for design variable b= 0.75 mm are in-between the resuits that are 

obtained for b= 0.5 and b= 0.9 mm. 

If one wants to design the single-lap joint that is going to operate under two different 

loading conditions, the design variable b= 0.75 mm with inner taper of about 2 degrees 

and outer bead of 45 degrees will be the most suitable one. Therefore, for the singie-lap 

joint that is subjected to two different loading conditions that are applied aiternatively: (i) 

out-of-plane (bending) and (ii) in-plane load (tension), the optimum configuration at joint 

ends can be predicted as: 

b= 0.75 mm, and 

a= 2 O + 2 x 45 O outer epoxy beads (Fig. 46) 

Figure 46: Optimum design for the shgklap joint ends 



5.3.4 Summary of the Results of ûptinrrzaîion 

The objective of this research was to find the design of the joint ends of single-lap 

joints between composite material and titanium in order to increase the joint strength. 

To join the titanium (0.12 rn x 0.0254 m x 0.001m) and the composite plate 

[O, / 90, l with 0.146 mm ply thickness to form a single-lap joint configuration. the 

bonding recommendations were accepted h m  Ref. [2.3,13 and 261 and verified: 

I. Overlap Iength of 20 mm 

Bondlie thickness of 0.1 5 mm 

Inner tapering of the adherend with adhesive filIet of 45 degrees 

a Outer tapering without adhesive fiIIet 

The present analysis verified, accepted and gave new recommendations for the design 

of the sinde-lap joint subjected to two diEerent loading conditions: (i) bending and 

(ii) tension. ïhe present adys is  found that: 

@ Overlap length of 20 mm will provide fùii effiçiency of the single-lap joint. 

An optimum adhesive thickness (bandlule thickness) is between 0.05 - 0.15 mm. 

Single-lap joint with inner taper of about 2 degrees and two outer epoxy beads of 

45 degrees gave strength impmvement m tension (about 23 %) and bending (about 

114%). 

0 Outer tapers did not significantiy improve the faiIure strength in tension or 

bending. 



Chapter 6 

6 CONCLUSION AND RECOMMENDATIONS 

6.1 CONCLUSION 

In this research, optimization of the configuration of a single lap joint is examined. 

Several design parameters that can govern design of the adhesively bonded joints are 

investigated: (i) inner tapers, (ii) outer tapers, and (iii) inner tapers in combination with 

outer epoxy beads of 45 degrees. The f i t e  element models are created using ABAQUS 

f i t e  element code. The strain energy criteria is used as failure criteria because it 

converged with mesh refinement and is not effected by stress singuianties that exist at the 

vertices. This cnteria can be used for different joint contigurations since it is property of 

the adhesive. For instance, if one has a singIe-lap joint with overlap iength of 1 m, then 

one shouid: 

(i) Create a h i t e  element model (single-Iap joint) with 1 m overlap length . 
(hi Ve* the finite eIement model (force v s  displacement curve can give an 

indication whether çiite eIement model is good or not). 



Test baseline model and determine failure load (this load will be input load for the 

tinite element model). 

Obtain the finite element strain energy value for the baseline model (overlap 

adhesive) and accept this value as a reference value. 

Use methods shown in Figs. 39 and 40 for strength prediction for configurations 

different than the baseline mode[. 

In the present analysis, experimental work is performed for two different loading 

conditions: (i) bending and (ii) tension. 

Initially, the four-point bend test is attempted, but differences in bending e e s s  

between the titanium plate and the composite laminate prevented the experiment fiom 

succeeding. Therefore, a three-point bend test set-up is used and 36 samples are 

subsequently tested. 

For tension case, the tested samples have to be centered with the grips so additional 

inserts have to be implemented in order to prevent additional joint rotation that can lead 

to earlier failure. For the tension case, 24 samples are tested. In both cases, bending and 

tension, there is a good agreement between finite element and experimental results. At 

the end the optimum design of the joint ends is predicted with its design variables. 

The best joint design gives strength of ( i )  about 233 N for the bending case and (ii) about 

4.5 KN for the tension case. The baseline model failed at about 109 N for the bending 

and about 3.65 KN for the tension case. Thus, the improvements for the best design 

measured fiom baseline values are: about 1 I4 % for the bending case and about 23 % for 

the tension case. 

From the above results, the m e  element analysis method is a good tool for designing 

and predicting the single-lap bonded joint strength of composite / titanium combinations. 



in the present andysis, the single-lap joint was exposed to the static 10ad and the adhesive 

was modeled with elastic material properties. Future andysis could impiement non- 

h e a r  materiai properties for the adhesive and dso the dynamic analysis could be 

perfomed. Hence, one could see the Muence of the design variabLes that were 

determineci in tbis anaiysis and theu effect on the joint strength for the single-lap joint 

under dynamic loadhg conditions. There is aiso possibility to cxtend this work into the 

area of bolted-booded joints. The titanium plate could be joined to composite laminate 

with both adhesive bonding and mechanical fasteners. In this case, one should inchde 

the meidtic insert in the design and attempt to prevent damage of the bole made in the 

composite Iaminate. This bonded-boited joint aIso could be examined under two 

different Ioading conditions, bending and tension. 

As a first step, one could examine the difference in the strength that is brought about by 

induding a mechanical fastener into the structure. Once again, there cuuld be a problem 

to apply a three-point bending test, because the mechanical fastener is located near mid- 

span. Therefore, one should attempt a four-point bend test, but first the bending stifhess 

of the both adherends should be close. If the andysis of the adhesively bonded joints if 

performed on ABAQUS finite element cade, there is also possibility to control input fiIes 

&orn the main system such as W. It means that my character in the file can be called 

with SUBROUTME and can bc replaced with any new character. For instance, if one 

wants to do elastic analysis o€simple plate under tension Ioad, and wants to h d  out what 

is minimum thickness of the plate that c m  stand the applied load. One could: 

(i) Create Ai3AQUS input file 

(6) Perform h i t e  element itnalysis and obtain stresses and strains. 

( )  Read ABAQUS output (data) H e  with SUBROUTINE (FORTRAN, C or C*) 

and h d  out if the fdure analysis is satisfied. If there is no stress that is bigger 

than Yield stress the dimensions of the plate c m  be decreased. If the stress is 

greater than Yield stress the dimensions of ihe plate have to be increased in order 

to wittistand applied load. 



(iv) Change the coordinates of the nodes by SUBROUTINE. 

(v) Repeat finite element analysis mtil the minimum thickness for the plate is found. 

Notice that there are seved SUBROüTiNES that operate at the same time, but al1 those 

SUBROUTINES can be Linked by sheU script programming in one me. Therefore, there 

is a possibility For changing geometry variables that govem design uistead of placing 

those variables as constants into ABAQUS input file, There is also a possibiiity to 

change material and element properties, but in that case one has to create one's own 

Iibraries. Those libraries will contain information on material and element properties, 

and can be cailed by SUBROUTNE during andysis. In this way one can computerize 

the entire optimization procedure, and decrease design tirne. 
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ABAQUS SAMPLE CODE : 

O SINGLE-LAP JOINT UNDER TENSION, AND 

(II) SINGLE-LAP JOINT UNDER OUT-OF-PLANE LOAD 



(I) SINGLE-LAP JOINT - BASELINE MODEL IN TENSION 























MID 1 ,MIDZ&IEU,MID4, 

MIDS,MID~ 

*ELSET,ELSET=BOTO 

BOTl,BOR.BOT3,BOT4, 

BOTl3$OT14,BOT15,BOT16 

*ELSET,ELSET=BOT90 

BOTS,BOT6.BOTIBOT8. 

BOT9,BOTlO,BOTI 1 ,BOT1 2 

*SOLID SECiïON,ELSET=TOP.MATERIAL=MATl 

0.02525 

*MATERiAL,NAME=MAT I 

*ELASTiC,TWE=ENGWEERMG CONSTANTS 

1 t3.76E9, I 13.76E9, 1 13.76E9.033,033,033,42.768E9.42.768E9, 

42.768E9 

*SOLID SECTtON,ELSET=MID.MATEEUAL=MATZ 

0.02525 

*MATERiAL,NAME=MAT? 

ELASTIC,TYPE=ENGINEERING CONSTANTS 

689.48E6.689.48E6,689.48E6,0.33.0.33,0.33259.203E62S9.203E6. 

259103E6 

*SOLID SECTION,ELSET=BOTO.MATERiAL=MAE 

0.02525 

*MATERiAL,NAME=MAT3 

*ELASTIC,TYPE=ENG[NEERMG CONSTANTS 

147.0E9,9.OE9,9.OE9,03,0.~,0.42,5.OE9.5.OE9, 

3.0E9 

*SOLID SECnON,ELSET=BOT9O,MATERiAL=MATJ 

0.02525 

*MATERiAL,NAME=MATJ 

*ELASTIC,ïYPE=ENGMEERMG CONSTANTS 

9.OE9,9.OE9,9.OE9,03,03.0~42,5.OE9,5.OE9, 

3.OE9 

oBOUNDARY 

BONDL, 1 

BONDU 

*RESTART, WRITE,FREQUMCY=70 

*STEP,NLGEOM,MC= tOOOOOOOO0 



*STATiC,DiRECT 

.1,7.0 

*CLOAD 

8000,1,4000 

*ENERGY PRiNT,ELSET=MiD,FREQüENCY=70 

*NODE PRMT,FREQUENCY=70 

U, 

RF, 
CF 

*EL PRiNT,FREQüENCY=70 

*NODE FILE,FREQLENCY=70 

u, 
RF. 
CF 

*END STEP 

SINGLE-LAP JOZNT - BASELLNE MODEL IN BENDLNC; 

In the bending case, the ABAQUS input fiie has different loading and boundary 

conditions than the tension input fde, and therefore only this part of the mode1 is 

introduced. 




