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ABSTRACT 

OF THE THESIS OF 

 

Mohamad Jamal Al Zeenni for  Master of Engineering 

      Major: Mechanical Engineering 

 

 

Title: Effect of Loading Rate, Temperature and Adhesive Bondline Thickness on the 

Mechanical Response of Dissimilar CFRP-Steel Single Lap Joints Bonded with Flexible 

Adhesive 

 

The impressive properties of composite materials have allowed their integration in 

various structural and light weight applications. This large dependence on composites has 

resulted in multiple situations where bonding with other materials is required. Of the 

possible bonding mechanisms, adhesive bonding offers significant advantages such as 

eliminating stress concentration sites and the ability to bond brittle material.  Single lap 

joints are considered a simple and efficient joining configuration that allows the bonding 

of two materials along an adhesive overlap. Consequently, analyzing the performance of 

single lap joints that incorporate composites bonded to different materials is highly 

important.  

 

The performance of dissimilar CFRP-Steel single lap joints was investigated under 

variable operating conditions (testing temperature, loading rate) and adhesive bondline 

thickness. All joints were fabricated using a simple mold design that allowed the 

production of consistent lap joints with precise bondline thickness. Experimental results 

showed a general decrease in single lap joint shear strength at elevated temperatures; 

however, the strain rate effect was more evident upon increasing the temperature within 

the adhesive’s heat resistance range resulting in enhanced single lap joint shear strength. 

Furthermore, analysis of variance (ANOVA) results show that testing temperature has a 

larger contribution to the lap shear strength compared to the loading rate. On the other 

hand, the lap shear strength decreased progressively with the increase in bondline 

thickness.  

 

Finally, a material characterization process was performed to extract the hyperelastic 

parameters of the flexible adhesive understudy, particularly Mooney-Rivlin and Neo-

Hookean parameters. A hyperelastic numerical model was then established and showed 

impressive accuracy in replicating the experimental and analytical results for a selected 

case study of operating conditions. 
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CHAPTER 1 

INTRODUCTION 
 

Composite materials have been extensively integrated in modern structures due to 

their weight savings, durability, and design flexibility. These properties have made 

composites perfect candidates for usage in aerospace and automobile applications. This 

large dependence on composites, has resulted in an increasing need for bonding with 

different materials. Typical joining methods include riveting, bolting, welding, and 

brazing. In comparison to the specified joining techniques, adhesive bonding has been 

widely investigated and integrated in industrial applications such as aerospace and marine 

structures [1]. Adhesive bonding is an effective joining method that allows the efficient 

bonding of similar and dissimilar materials. Furthermore, adhesive joining resolves 

typical problems faced by riveting and bolting, where stress concentrations are induced 

due to the creation of holes. It also allows the bonding of galvanically problematic metals 

[2] and provides improved corrosion resistance [3]. Adhesive bonding allows the 

elimination of various machining and forming techniques and provides an appreciable 

fatigue resistance compared to riveted elements [4]. Adhesively bonded joints have been 

integrated in various applications and have seen multiple uses. Brittle adherends , on one 

hand, are typically adhesively bonded rather than mechanically fastened to prevent 

damage due to drilling [5]. Moreover, adhesive bonding has seen usage in the aerospace 

industry in various applications where epoxies are utilized to bond aluminum skins to the 

aircraft’s body [6]. Adhesive bonding can also be used in integral fuel tanks since they 

can prevent fuel and pressure leakage [7].   

Adhesive bonding has been used in multiple geometrical configurations such as 

single lap joints, double lap joints and scarf joints. Of all designs, single lap joints (SLJ) 
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have received major attention as they are considered the most common joint designs 

employed in industry, and allow simple determination of adhesive joint properties [3]. 

Adhesive models are typically analyzed through analytical solutions and numerical 

simulations using the finite element method (FEM). Analytical solutions have been 

researched extensively starting with the Volkersen analysis [8], and Goland and 

Reissner’s [9] improved solution. Multiple theories were then developed to accurately 

model the stress distribution in adhesively bonded single lap joints. The mentioned 

analytical models, as well as other, cannot determine the strength of adhesively bonded 

joints without an uncertainty factor [10]. Consequently, numerical models have been a 

more popular route to study adhesively bonded single lap joints.  

 

Figure 1. Various lap joint configurations : (a) single lap joint, (b) double lap joint, (c) 

tapered lap joint, (d) scarf joint, (e) butt joint, (f) single strap joint, (g) double strap joint. 

 

1.1. Motivation and Research Questions 

The impressive properties and weight reductions of composite materials have 

allowed their integration in multiple fields. Similarly, adhesive bonding has been the 

joining method of choice for various applications. This integration in multiple areas 

requires a comprehensive study to analyze the effect of various conditions on their 

(a) 

(b) 

(c) 

(d) 

(e) 

(f ) 

(g) 
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performance. The proposed study examines the impact of operating conditions such as 

temperature and loading rate on the performance of single lap joints bonded with MS 

polymer-based adhesive. Moreover, the effect of variable bondline thickness will also be 

analyzed. The impact of these variables is highly important as it provides users of such 

bonded systems with guidance regarding their usage in areas where they are exposed to 

elevated temperatures and are under variable loading rates. Moreover, economic benefits 

attributed to possible reduction in material usage can also be considered a result of the 

presented study. Another direct benefit of the proposed study is covering the gap in 

literature regarding the performance MS polymer or silyl modified polymer adhesives 

that have a significant industrial importance. Moreover, this research aims to analyze the 

performance of dissimilar single lap joints with adherends having dissimilar thicknesses. 

Finally, the applicability of the hyperelastic numerical model will be analyzed for the 

selected flexible adhesive. Consequently, the proposed study provides paramount 

information regarding impact of operating conditions (testing temperature and loading 

rate) and adhesive thickness on the performance of adhesively bonded single lap joints. 

The research questions and methodology followed to tackle them can be summarized as 

follows: 

1) Impact of testing conditions , temperature and loading rate, on the performance 

of CFRP-Steel single lap joints. 

The fabricated single lap joints will be tested in a universal testing machine (UTM) 

mounted with an environmental chamber that allows variation of testing temperature.  

2) Impact of adhesive thickness on the performance of CFRP-Steel single lap joints. 

In addition to the tensile testing of the fabricated joints, a mold design is presented in 

this study that allows simple variation of adhesive bondline thickness. 
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3) Impact of operating conditions and adhesive bondline thickness on dissimilar 

single lap joints. 

All fabricated joints are composed of two different adherends with dissimilar 

thicknesses: carbon fiber reinforced polymer (CFRP) and steel.  

4) Applicability of the hyperelastic model in modeling single lap joints bonded with 

the flexible MS polymer adhesive. 

A hyperelastic numerical model will be established to extract the force - displacment 

curves and the stress distribution along the adhesive bondline. The obtained numerical 

results will be compared to the applicable analytical solutions and experimental 

results to ensure the accuracy of the hyperelastic model.  

 

 

Figure 2. Adhesive bonding utilized in the Airbus A380. [11] 
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Figure 3. Composite usage in various commercial aircraft. [12] 

 

1.2. Methodology 

In this study a comprehensive experimental and numerical analysis is performed 

to test the effects of temperature, loading rate and adhesive thickness on the performance 

of adhesively bonded single lap joints. Dissimilar (CFRP – Steel) adhesively bonded 

single lap joints are tested under variable conditions and the experimental results are 

integrated in a numerical and analytical study. A statistical analysis was also performed 

to deduce the contribution and main effect of the selected variables on the lap joint shear 

strength. The experimental and numerical methodology can be summarized as follows: 

 

  

 

 

 

 

 

Figure 4. Proposed experimental and numerical study.  
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CHAPTER 2 

LITERATURE REVIEW 
 

2.1. Adhesion 

Adhesion can be simply defined as the attraction between substances [3]. The 

materials being bonded are termed as adherends or substrates while the bonding substance 

is referred to as the adhesive. In an adhesive system, the achievement of an acceptable 

bond requires the following conditions to be satisfied: formation of a strong bond between 

substrate and adhesive, the adhesive must have sufficient strength to transfer load from 

one substrate to the other, and the adhesive must accommodate the difference in thermal 

expansion between itself and the bonded substrates [13]. There is no single mechanism 

by which adhesion occurs, but rather multiple different mechanisms are responsible for 

adhesion with the role of each depending on the bonding system [14]. The primary 

theories that describe the mechanism of adhesion are mechanical interlocking, adsorption, 

diffusion, and the electrostatic theory. A schematic of various theories of adhesion are 

shown in Figures 5, 6, 7 and 8 which are based on figures from [15]. 

 

2.1.1. Mechanical Interlocking 

Mechanical interlocking is the penetration of adhesive material into the pores and 

irregularities on the surface of a rough substrate. This process allows the adhesive to 

penetrate through the pores of both adherends and thus bonding them together. Adhesives 

typically form tougher bonds to rough abraded surfaces rather than smooth surfaces; 

however, it is not always the case as decent adhesion can occur between smooth surfaces 

[14].  
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Figure 5. The mechanical interlocking mechanism. 

 

2.1.2. Adsorption 

The adsorption theory states that when close and intimate contact is attained at the 

interface between adhesive and substrate, adhesion will take place due to the pairwise 

interaction between involved atoms and molecules [16]. In fact, a bond develops from 

adsorption of adhesive molecules on the substrate and the attractive forces known as the 

van der Waals forces [17].  

       

Figure 6. The adsorption theory showing the van der Waals attracting forces. 

 

2.1.3. Diffusion 

Diffusion theory states that adhesion occurs due to interdiffusion of molecules 

between the adhesive material and adherends. This theory is highly applicable when both 

adhesives and adherends are polymers with free to move long chain molecules [14]. 

 

 

Adhesive 

Substrate 

Adhesive Polymer Chains 
Van der Waals forces 



 

 19 

 

Figure 7. Interdiffusion of molecules between adhesive and adherend material. 

 

2.1.4. Electrostatic Theory 

 

The electrostatic theory considers that forces in the form of an electrical double 

layer are invoked at the adhesive adherend interface which results in adhesion [17]. The 

electrical double layer occurs at the interface where electron transfer between the 

adhesive and adherend takes place. 

 

 

 

 

2.2. Adhesive Types 

Multiple adhesive types exist and are integrated into a variety of bonding and 

sealing applications. MS polymer adhesives have seen an increasing usage in numerous 

applications due to their promising properties. Moreover, epoxy based, urethane and 

acrylic adhesives have been researched extensively due to their integration in many 

commercial applications [18]. A general description regarding the composition, 

advantages and applications of various adhesive types will be provided. 

Adherend 

Adhesive 

𝛿+ 𝛿+ 𝛿+ 𝛿+ 𝛿+ 

𝛿− 𝛿− 𝛿− 𝛿− 𝛿− 

𝛿− 
𝛿− 

𝛿− 
𝛿− 𝛿− 𝛿− 

Figure 8. The electron transfer between adhesive and adherend at the interface. 
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2.2.1. MS Polymer Adhesives 

MS polymer adhesives are hybrid adhesives that are typically referred to as silyl-

modified polymers or simply modified silane polymers. MS polymers can be synthesized 

through three main routes: (1) introduction of the reactive group during polymerization 

known as in situ functionalization (ISF) or (2) post polymerization chemical modification 

of a preformed polymer (post-polymerization functionalization (PPF) or (3) metathesis 

of olefins [19]. The chemical structure of MS polymers is shown in Figure 9. These hybrid 

adhesives have multiple advantages including: good adhesion to various materials such 

as metals, ceramics, glass, and plastics; offer good UV and temperature resistance; 

excellent durability with limited surface treatment [19]. These characteristics allowed the 

integration of MS polymer adhesives and sealants in variety of applications especially in 

construction and automotive industry. A summary of the multiple applications of MS 

polymer adhesive and sealants is presented in Table 1.  

 

 

 

Figure 9. MS polymer chemical structure having a polyether group in the polymeric 

backbone and two active dimethoxy silane groups. [20] 
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 Table 1. Various applications of MS polymer adhesives and sealants. [19] 

Application Area Application 

Construction 

Glass bonding 

Insulation 

Container construction 

Automotive 

Glass bonding in all vehicle types and side panels of 

trucks 

 

Medical Novel drug delivery system 

 

2.2.2. Epoxy Adhesives 

Epoxies are mainly compounds composed of one or more epoxide group . The 

most used epoxy resins are diglycidyl ethers of bisphenol A (BPA) that are obtained by 

the reaction of bisphenol A with epichlorohydrin (ECH). Epoxy resins gain their 

toughness, high temperature performance and rigidity from BPA. On the other hand, ether 

linkages offer chemical resistance, whereas the epoxy and hydroxyl groups provide the 

adhesive properties [21]. The general synthesis of epoxy resin is shown in Figure 10. 

Epoxies are usually supplied as: one-part epoxies and two-part epoxies. Two-part epoxies 

package the epoxy component and curing agent separately whereas one-part epoxies have 

the epoxy and curing agent already mixed. Two part epoxies mainly cure at room 

temperatures while one-part epoxies require elevated temperatures to successfully cure 

and are usually stored at low temperatures [22]. Epoxies have seen usage in many fields 

due to their good mechanical properties such as tensile strength, resilience, compression, 

flexion; ability to bond a variety of materials; decent resistance to high temperatures of 
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up to 190 ℃;  and excellent chemical resistance [23]. The various applications of epoxies 

are presented in Table 2. 

 

 

Figure 10. The general synthesis of epoxy resin. 

     Table 2. Various applications of epoxy adhesives. [22] [24] [25] 

Application Area Application 

Industrial 

Structural bonding 

Production of molds, castings, and fixtures 

Construction 

Concrete repairing 

Anchor bolt fixture 

Automotive 

Structural bonding 

Hemming adhesion 

Aerospace 
Metal, honeycomb, and composite bonding and 

repairing 

Electronics 

Electrically conductive adhesive 

Display assembly 

Image sensor assembly 

Underfills 

Medical 

Wound dressings 

Orthodontics 
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2.2.3. Polyurethane Adhesives 

Polyurethanes are another type of adhesives that have been used in a variety of 

applications. Similar to epoxy adhesives, polyurethane also come in one part or two-part 

systems. These adhesives are produced by the addition polymerization of isocyanates 

with di and poly-functional hydroxy compounds which include hydroxy-terminated 

polyesters or polyethers. A typical polyurethane synthesis reaction is shown in Figure 11. 

Each of polyurethane’s monomers and additives play a specific role where the isocyanate 

group permits reactivity and curing properties while the polyol maintains the elastomeric 

properties [26]. Polyurethane adhesives offer multiple benefits such as good flexibility at 

low temperatures, fatigue resistance, impact resistance, and are durable [27]. The 

mentioned properties have allowed polyurethanes to be integrated in multiple 

applications such as: bonding of structural plastics in automotive industry, wood bonding, 

structural sealants and adhesives for transportation industry and particle board fabrication 

[28]. Polyurethane has also been integrated as an electrically conductive adhesive in 

flexible electronics [29]. The various applications of the polyurethane adhesive are 

summarized in Table 3.  

 

 

Figure 11. The general synthesis of polyurethane. [26] 
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  Table 3. Various applications of polyurethane adhesives. 

Application Area Application 

Transportation Structural sealant and adhesive 

Construction 

Wood joining 

Particle board fabrication 

Automotive Structural bonding 

Electronics Electrically conductive adhesive 

 

 

2.2.4. Acrylic Adhesives 

Acrylic adhesives are a more recent type of adhesives compared to urethane and 

epoxy-based adhesives . Acrylic based adhesives are composed of a mixture of polymers 

and low molecular weight, unsaturated, free–radical polymerizable monomer with 

additional material depending on end use [18]. Acrylic adhesives are composed of two or 

more acrylic monomers such as acrylic acid and methyl methacrylate [13]. The chemical 

structure of both monomers is presented in Figure 12. Acrylic adhesives offer multiple 

advantages  such as: rapid cure at room temperature and ability to adhere to unprepared 

metal surfaces and low surface energy substrates [18] , good shear strength and ability to 

bond various materials such as metals, plastics and composites [13]. Although acrylic 

adhesives are more recently developed compared to urethanes and epoxies, they have 

seen wide usage in various fields. The primary applications of acrylic adhesives are 

shown in Table 4.  
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Figure 12. The chemical structure of two acrylic monomers: (a) methyl methacrylate 

[30] and (b) acrylic acid [18]. 

Table 4. Various applications of acrylic adhesives 

Application Area Application 

Industrial Cable splice enclosure bonding 

Construction Glass laminates 

Automotive 

Exterior roof repair 

Hem flanges bonding 

Medical Skin contact applications (bandages, tapes) 

 

2.3. Hyperelasticity 

As the current study is focused on the analysis of flexible adhesives, it is important 

to discuss hyper elasticity and its respective constitutive equations. Hyperelasticity is a 

nonlinear elastic model theory that is used to characterize the large strain response of 

various soft and flexible materials such as elastomers and rubbers [31]. A constitutive 

model that derives stress-strain relationship from a strain energy density function is then 

utilized to define such material. Multiple constitutive models exist to represent 

hyperelastic material which include: Neo-Hookean, Mooney-Rivlin and Ogden model. 

Each model offers advantages such as reduced complexity and ability to represent large 

(a) (b) 
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strains. Multiple FEM tools can be utilized to facilitate modeling of hyperelastic materials 

as they integrate a wide variety of constitutive models. ABAQUS software was selected 

for this study as it provides a built-in calibration tool to extract the hyperelastic parameters 

and provides a stability check for each model across the input strains. A thorough analysis 

of the utilized hyperelastic models as well as their respective equations is provided in the 

numerical modeling section. 

 

2.4. Related Work 

Adhesive bonding is a joining technique where an adhesive material sets between 

two uncoupled adherends [32].  These bonds are typically loaded in shear configurations 

where the force’s line of action is parallel to the adhesive’s cross sectional area [2]. 

Various combinations of adherends have been studied in literature with  carbon fiber 

reinforced polymers (CFRP) adherends receiving particular interest. Hu et al. [33] tested 

experimentally the effects of cyclic temperature conditions on CFRP-Steel single lap 

joints and validated the results using numerical analysis. Goudarzi & Khedmati [1] 

analyzed GFRP-Al single lap joints and discussed the fracture response of this 

configuration experimentally and numerically. Furthermore, Stuparu et al. [34] 

performed an extensive numerical analysis employing the extended finite element method 

(XFEM) on CFRP-Al joints and conducted experimental tests for comparison. Two 

different configurations of adhesively bonded joints was analyzed by Barile et al. [35], 

the joggled and single lap joint specimen, where the damage modes in both variations 

was studied. Moreover, the issue of strip defects introduced to CFRP single lap joints was 

analyzed by de Moura et al. [36].  

Furthermore, the effects of loading rate and temperature on the performance of 

single lap joints have also been widely researched. Banea et al. [37] analyzed the effect 



 

 27 

of temperature on the strength of single lap joints having aluminum adherends bonded by 

epoxy adhesive. The authors were able to show that the bond strength increased at 

temperature below the adhesive’s glass transition temperature (Tg) and decreased for 

temperatures above Tg. Moreover, Bellini et al. [38] studied the impact of operating 

temperature on aged CFRP-CFRP SLJ with epoxy adhesive, and were able to show that 

the shear strength of the bonded joints was significantly decreased for temperatures much 

higher than Tg. On the other hand, a decrease in shear strength of aluminum single lap 

joints bonded with silyl modified polymer adhesive was observed with the increase of 

temperature as shown by Na et al. [39]. The cross head testing velocity also impacts the 

bonded joint strength, where higher strengths for Epoxy/Ceramic Composites – Steel lap 

joints were observed for higher cross head velocities Mattos et al. [40]. This result was 

also reached by Wang et al. [41] where the strength of CFRP-Al SLJ was increased from 

19.3 to 29.3 MPa upon increasing the loading rate from 2 mm/min to 12 m/s.   

The mentioned references tackled the effect of testing factors on single lap joint 

performance. Geometrical  parameters such as adhesive thickness, overlap length and 

width also have a direct correlation with the joint strength. A parametric study was 

performed by Wei et al. [42] where CFRP-Steel joints were investigated using different 

adhesives and overlap lengths. Seong et al. [43] conducted a thorough study where the 

effects of varying parameters such as overlap length, bonding pressure, adherend 

thickness and material type were studied for CFRP-Al joints. LFM da Silva & Campilho 

[44] resorted to literature and concluded that as the bond line increases, the joint strength 

decreases for metal adherends.  However, for composite adherends the impact of using 

thinner adhesive bond lines is reduced due to possible delamination of composite 

adherends. Although the authors mention that experimental results show optimum 
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performance for thin bond lines, analytical models used to tackle SLJ problems predict 

opposite information and this issue remains controversial [44]. On the other hand, Neto 

et al. [45] has performed a parametric study on single lap joints with composite adherends 

and were able to show that for ductile adhesives, the strength of the SLJ increased with 

the increase in overlap length. This conclusion was also applicable for brittle adhesive 

but up to a certain limit, where a plateau was reached. The effect of adhesive thickness 

was studied by Lucas F M da Silva et al. [46] and Kahraman et al. [47], and it was shown 

that single lap joint increased with decreased adhesive bondline thickness. Finally, 

Pisharody et al. [48]   studied the impact of adhesive distribution on the strength of bonded 

joints. 

On the other hand, variables such as surface treatment and surface roughness can 

also play a role in the performance of single lap joints. The study performed by Boutar et 

al. [49] on Al – Al single lap joints has shown that the lap shear strength has been 

improved upon decreasing the surface roughness. An optimum performance was 

observed for lap joints being abraded using fine abrasive paper of grade p1000 compared 

to the coarser grades p50,  p180 and the non-abraded counterparts. Moreover, Diharjo et 

al. [50] studied the impact of various surface treatment techniques on the shear strength 

of CFRP-Al single lap joints. Treatment using acetone resulted in improved single lap 

joint shear strength compared to other treatment methods such as caustic etch, tucker’s 

reagent, and chromate sulfur acid treatment.  

Considering numerical modeling, hyperelastic modeling of flexible adhesives was 

incorporated in multiple studies tackling single lap joints. Hoang-Ngoc & Paroissien [51] 

utilized Mooney-Rivlin constitutive equation to model the behavior of the adhesive in 

bonded and hybrid (bolted/bonded) single lap joints. Moreover, Moreira & Nunes [52] 
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studied the simple and pure shear states on hyperelastic material under large deformation 

and used the Ogden model to represent the adhesive.  

A summary of various results obtained from literature is provided in Table 5, 

where the mentioned single lap joint adherend and adhesive material, adhesive thickness, 

bonded area, surface preparation and testing conditions are provided.  

Table 5. Results obtained from literature for single lap joints tested under different 

testing conditions and composed of different material combinations. 

Adherends 

Adhesive 

Commercial 

Name 

Adhesive 

Chemistry 

Adhesive 

Thickness 

(mm) 

Bonded 

Area 

(mm2) 

Average 

Shear 

Strength 

(MPa) 

Surface 

Preparation 

 

Testing 

Conditions 

 

Reference 

CFRP – 

DC04 Steel 

7779 

Polyurethane 

Structural 

Adhesive 

1 1000 ~ 11* 

Abrasive 

Paper - 

Acetone 

  

- Loading Rate: 

2 mm/min 

 

[42] 

CFRP –    

Cr. D Q235 

Steel 

Araldite® 

AV138 

Epoxy 

Structural 

Adhesive 

0.2 312.50 18.72* 

Abrasive 

Paper - 

Acetone 

- Loading Rate: 

2mm /min 

- Temperature: 

Room 

Temperature 

[33] 

GFRP-Al 

Araldite® 

2015 

Epoxy 

Structural 

Adhesive 

0.3 625 8.33 

Abrasive 

Paper - 

Acetone 

- Loading Rate: 

1 mm/min 

[1] 

CFRP-CFRP - - 8.5 658.58 10.66  - 

- Loading Rate: 

13 mm/min 

[35] 

CFRP-CFRP 

Fiber Glast 

1101 

Epoxy  

Structural 

Adhesive 

0.2 645.16 ~12.40 

Abrasive 

Paper-  

Iso-propyl 

alcohol 

- Loading Rate: 

1.2 mm/min   

- Temperature: 

Room 

Temperature 

[48] 

Steel-Steel 

(ASTM 36) 

- 

Epoxy/ceramic 

composite 

adhesive 

0.4 

(with spew 

fillets) 

312.50 6.89 

Grit Blasting 

– Surface 

Spraying 

Silanisation 

- Loading Rate: 

12 mm/min 

[40] 

Aluminum 

Copper Alloy 

-Aluminum 

Copper Alloy 

- 

Polyurethane 

adhesive 

1 312.50 4.56 

Abrasive 

Paper-

Acetone 

- Loading Rate: 

1.3 mm/min  

- Temperature: 

Room 

Temperature 

[53] 

*Based on maximum failure force 
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CHAPTER 3 

ANALYTICAL MODELS 
 

Analytical models are important tools to study the stress distribution of adhesively 

bonded joints. Adhesive models are typically analyzed through numerical simulations 

using the finite element method (FEM). However, multiple analytical solutions have been 

developed to analyze stress  distribution along the adhesive bondline. Analytical models 

include classical theories such as the Volkersen [8] and Goland and Reissner [9] which 

were expanded to more general solutions discussed in [54] and [55]. However, an increase 

in solution complexity is observed as models become more general. Such complication 

makes numerical methods a more favorable route for obtaining stress distributions in 

general cases such as dissimilar and asymmetric adherends.  

In the proposed study, the analytical solution obtained from the classical analysis, 

particularly Volkersen equation, will be compared to those obtained from numerical 

simulations. The Volkersen equation was selected due to its incorporation of adherends 

with different elastic moduli and dissimilar  thicknesses. Consequently, the Volkersen 

equation will be expanded upon and derived in this study. It is important to note that 

classical analysis include certain limitations such as: (1) not accounting for adhesives 

stresses through the thickness of the adhesive and (2) ignoring stress free condition at the 

ends of the overlap which results in peak shear stress at overlap ends which violates the 

stress- free condition [56].  
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Figure 13. Difference in shear stress distribution predicted by classical analysis and 

analysis that consider zero shear stress at overlap ends. [57] 

3.1.  Volkersen Model 

This approach considers the adhesive and substrates as linearly elastic, Hookean 

solids. The adhesive is also assumed to undergo only shear deformation. Moreover, plane 

stress condition is considered and out of plane stresses are neglected for the adhesive and 

adherends [5]. Volkersen’s analysis shows that the shear strain decreases progressively 

along overlap length and reaches maximum values at the ends of the overlap [3]. 

Although this analysis provides significant information regarding stress distribution in 

single lap joints; however, it fails to include peel stresses and adherend’s bending that 

play an important role in fracture of single lap joints. The SLJ configuration and 

governing equation for the shear stress distribution along bonded joints are presented in 

Figure 14 and Equation (1) respectively. 
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Figure 14. Single lap joint configuration to derive the Volkersen model. (a) Parameters 

of the Volkersen model (b) Elemental diagram. 

 

Based on the elemental diagram and summarizing David A. Dillard [58] derivation, we 

have the following equilibrium equations:     

𝑑𝜎1
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=  −
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The kinematic equations can be expressed as follows: 
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Combining the above equations, we obtain a second order differential equation: 

𝑑2𝜏

𝑑𝑥2
− 𝜔2𝜏 = 0 

𝑤𝑖𝑡ℎ      𝜔 = √
𝐺𝑎

ℎ
(

𝐸𝑎,1𝑡1 + 𝐸𝑎,2𝑡2

𝐸𝑎,1𝑡1𝐸𝑎,2𝑡2
)  

The solution of the presented differential equation is of the form: 

𝜏(𝑥) = 𝐴𝑐𝑜𝑠ℎ𝜔𝑥 + 𝐵𝑠𝑖𝑛ℎ𝑤𝑥 

The complete solution can be obtained by applying the boundary conditions. 

Consequently, by combining the constitutive and kinematic equations we have: 

𝑑𝜏

𝑑𝑥
=  

𝐺𝑎

ℎ
 (𝜀1 − 𝜀2) 

At  𝑥 =  −
𝑙

2
  and at 𝑥 =  

𝑙

2
  we have zero strains 𝜀1 and 𝜀2 respectively as they are free 

ends. Therefore, the boundary conditions can be deduced as follows: 

𝑑𝜏

𝑑𝑥
|

𝑥=−
𝑙

2

=  −
𝐺𝑎𝑃

ℎ𝐸𝑎,2𝑡2
                

𝑑𝜏

𝑑𝑥
|

𝑥=
𝑙

2

=  
𝐺𝑎𝑃

ℎ𝐸𝑎,1𝑡1
 

Substituting the boundary conditions, we can obtain the final solution: 

𝜏(𝑥) =  
𝑃𝜔

2 sinh(
𝜔𝑙

2
)

𝑐𝑜𝑠ℎ𝜔𝑥 +
𝑃𝜔

2 cosh(
𝜔𝑙

2
)

(
𝐸𝑎,2𝑡2−𝐸𝑎,1𝑡1

𝐸𝑎,1𝑡1+𝐸𝑎,2𝑡2
) 𝑠𝑖𝑛ℎ𝜔𝑥      (1) 

 𝑤𝑖𝑡ℎ  𝜔 = √
𝐺𝑎

ℎ
(

𝐸𝑎,1𝑡1+𝐸𝑎,2𝑡2

𝐸𝑎,1𝑡1𝐸𝑎,2𝑡2
) 
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3.2.  Goland and Reissner Model 

Goland and Reissner [9] then incorporated the effect of the edge moment due to 

eccentric loading, which was not included in Volkersen’s analysis [3]. The eccentric 

loading also results in a transverse force applied to the joint end. Goland and Reissner’s 

inclusion of the bending moment is highly important as it leads to a nonlinear geometric 

problem where the large deflections of the adherends must be considered [57]. Goland 

and Reissner’s solution provides a similar shear stress distribution compared to the 

Volkersen solution; however, it predicts a higher shear stress at overlap ends [57]. The 

SLJ configuration and governing equation based on [59] are presented in Figure 15 and 

Equation (2) respectively.  

 

 
 

Figure 15. The parameters and SLJ configuration of Goland and Reissner model. 
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𝐸
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ℎ
 

On the other hand, while the mentioned analytical techniques, as well as others, 

fail to predict the strength of adhesive bonded joints without an uncertainty factor, finite 

element methods can successfully predict adhesive joint strength by incorporating 

nonlinear mechanics and properties [10]. Therefore, finite element techniques can 
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accurately predict adhesive bond strength but the results are highly sensitive to mesh 

refinements due to the presence of singularities at joint ends [60]. Consequently, a 

numerical model should be established to compare the numerical results to the analytical 

solutions. 
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CHAPTER 4 

EXPERIMENTAL VARIABLES 
 

 

For this study a flexible MS polymer-based adhesive is selected. Literature studies 

have focused extensively on rigid epoxy-based adhesives as shown in Table 5 with 

minimal work done on flexible MS polymer-based adhesives. Flexible adhesives tend to 

have minimum stress peaks compared to rigid and stiff adhesives that have large stress 

peaks. These adhesives tend to have a more uniform stress distribution with less 

difference between average and maximum stress [61]. A ductile adhesive is capable in 

redistributing the load and utilize the less stress overlap areas, whereas brittle adhesives 

tend to concentrate the load at the ends of overlap resulting in low average shear stress 

[62]. Consequently, this study aims to provide a parametric analysis where single lap 

joints, fabricated with the selected MS polymer adhesive, are tested under variable 

operating conditions (temperature and loading rate) and adhesive bondline thickness. The 

mentioned variables were selected due to their direct correlation with single lap joint 

performance. The primary impact of these parameters on the single lap joint performance 

is summarized in the following sections. 
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Figure 16. Stress distribution along bondline for stiff and ductile adhesives. [63] 

4.1. Temperature 

Considering adhesively bonded joints, temperature variation has a  direct impact 

on the adhesive material properties. Temperature variation typically results in direct 

effects on adhesive properties. Low temperatures result in increased adhesive brittleness 

while higher temperatures result in enhanced ductility at the expense of adhesive’s 

strength and more creep liability [64]. In fact, Banea & da Silva [65] characterized the 

lap joint shear strength as a function of temperature. Referring to Figure 17, although an 

increase in temperature results  in a decrease in the adhesive’s bulk strength ; however, 

an increase in ductility is observed. Consequently, the largest lap shear strength is 

observed at the temperature at which the optimum compromise is achieved between bulk 

strength and ductility. Moreover, it is important to note that upon approaching the glass 

transition temperature and exceeding it, the sharp drop and increase in adhesive’s strength 

and ductility respectively, results in significant decrease in lap shear strength. This is due 

to the fact that the Tg of the adhesive has been surpassed and thus the adhesive tends to 
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soften and transition toward the rubbery region. This transition significantly impacts the 

adhesives elastic modulus and strength, resulting in a large decrease in the single lap joint 

strength.  

 

Figure 17. Lap-shear strength as a function of adhesive’s ductility and strength. [65] 

4.2. Loading Rate 

Another important variable that is tested in the proposed study, is the variation of 

loading rate on the SLJ’s performance. In general, an increase in material properties such 

as ultimate strength, yield stress and modulus are observed with increasing strain rates. 

This phenomenon is referred to as the strain rate effect. For example, in polymers, an 

increasing strain rate results in decreased molecular mobility of polymer chains by 

making polymer chains stiffer [66]. This in turn results in an increased strength. In fact, 

increasing the strain rate tends to increase the modulus, yield and flow stress of polymer 

materials [67]. Moreover, A strain rate sensitivity factor, m, can be calculated to quantify 

the strain rate effect on material properties [68]. The equation to calculate the strain rate 

sensitivity is shown below, where 𝜎𝐴  and 𝜎𝐵  correspond to flow stresses at strain rates 

𝜀𝐴̇ and 𝜀𝐵̇. 
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𝑚 =
𝑑𝑙𝑛𝜎

𝑑𝑙𝑛𝜀̇
=

(𝑙𝑛𝜎𝐴 − 𝑙𝑛𝜎𝐵)

(𝑙𝑛𝜀𝐴̇ −  𝑙𝑛𝜀𝐵̇)
 

A larger value of m signifies a larger strain rate sensitivity. A study performed by 

Liu et al. [68] has shown a larger m factor for the epoxy polymer adhesive compared to 

the CFRP and aluminum adherends. Moreover,  Zhang et al. [69] has shown a larger m 

factor for the epoxy adhesive compared to steel and aluminum adherends. The increased 

strain rate sensitivity of the adhesive can be attributed to its viscoelastic nature [70].  

      

Figure 18. Shear and normal stress improvement with increased strain rate for a selected 

epoxy resin. [71] 

 

4.3. Adhesive Thickness 

Adhesive thickness is a critical paramter that has been widely investigated in 

literature. While experimental studies show that single lap joint strength decreases with 

the increase in bondline thickness; however, analytical models such the Volekrsen and 

Goland and Reissner predict opposite results. R D Adams & Peppiatt [72] state that the 

decrease in  joint strength with increased adhesive thickness is due to the increase in 

defects and micro cracks in thick bondlines. Furthermore, Grant et al. [60] attributes the 

reduction in lap joint strength with thick bondlines to the increase in bending moments 

due to the increased loading offset. Moreover, while thick bondlines can alter the cure 

properties inducing internal stress and affecting short and long term perfomance, thin 
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bondlines can result in adhesive stravation and  debonding [73]. Therefore, bondline 

thickness is a contreversial issue that requires extensive testing to ensure the ideal 

thickness for optimal performance. 

 

 

Figure 19. Stress distribution in (a) thick bondline and (b) thin bondline single lap joint. 

[44] 

 

  



 

 41 

CHAPTER 5 

EXPERIMENTAL TESTING 
 

5.1. Material Characterization 

Prior to the fabrication and testing of single lap joints, the mechanical properties 

of the adherend and adhesive material should be determined. These properties are 

determined either from manufacturer’s data or through tensile tests. Consequently, the 

material characterization process for various material can be summarized as follows: 

 

5.1.1. Adhesive Material 

The stress strain response of the flexible adhesive understudy is of significant 

importance , as it is a prerequisite for the extraction of the hyperelastic parameters. 

Consequently, tensile tests of bulk adhesive samples were performed. The flexible 

adhesive material used in this study is the MS polymer based AMS55 (Produced by 

Akfix). The selected adhesive is characterized by excellent elasticity and adhesion to 

porous and non-porous substrates. Moreover, it offers significant heat resistance for 

temperatures between -40℃ and 90℃.  

The material is placed in a mold machined to ASTM D638 dimensions, Figure 20 

(a), with an average thickness of 3.5 mm. The samples were cured according to the 

manufacturer’s data which recommends an approximate curing rate of 24 hours/ 3.5mm. 

Consequently, the bulk samples were left to cure for approximately 48 hours to ensure 

full cure. A fully cured sample is presented in Figure 20 (b). The samples are then tested 

using the H100KS tensile machine at a constant loading rate of 50 mm/min and a 

temperature of 25℃. Three samples were tested and a representative curve, MSP-1, was 



 

 42 

chosen to be imported to ABAQUS for hyperelastic parameter extraction. The results for 

the tensile tests of bulk adhesive samples are shown in Figure 21. 

 

 

 

 

Figure 20. (a) ASTM D638 dimensions (b) Fully cured bulk MS polymer sample. 

 

 

Figure 21. MS polymer: Three stress-strain response curves coplotted (Loading rate = 

50 mm/min; Testing temperature = 25℃). 

(a) 

(b) 

Average Tensile Strength = 1.42 ± 0.13 𝑀𝑃𝑎 
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Figure 22. The Hounsfield H100KS universal tensile testing machine mounted with an 

environmental chamber and laser extensometer. 

Table 6. AMS 55 material properties. 

 
AMS 55  

𝜌 (𝑘𝑔/𝑚3) 
 

1.49 × 103 

Hyperelastic parameters 
Determined in the Numerical 

Modeling section. 

 

 

5.1.2. Adherend Material 

Two adherends materials were used in this study, carbon fiber reinforced polymer 

(CFRP) and steel. The composed CFRP laminates were produced from XC130 carbon 

fiber prepreg supplied by easycomposites. The formed composite laminate had a 

thickness of 3.3 mm with unidirectional fibers oriented at 0°. Typical steel substrates were 

also selected as the second adherend with properties listed on [74]. The mechanical 

properties of discussed materials are presented  in Table 7 and Table 8 with only the 
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longitudinal young’s modulus and in plane Poisson’s ratio were extracted for the CFRP 

material.    

 

Table 7. CFRP adherend material properties. 

 
CFRP 

E11 (GPa) 135 

v12 [75] 0.25 

 

       Table 8. Steel adherend material properties. 

 
Steel 

𝜌 (𝑘𝑔/𝑚3) 7.80 × 103 

E  (GPa) 200 

𝜐 0.25 
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CHAPTER 6 

SINGLE LAP JOINT FABRICATION AND TESTING 
 

Single lap joints composed of CFRP and metal adherends were fabricated using  

specially designed molds. Moreover, prior to bonding appropriate surface treatment 

techniques were implemented to ensure strong adhesion to adherend’s surfaces. The 

single lap joint dimensions and fabrication process can be summarized as follows: 

 

6.1. Dimensions 

Single lap joints composed of CFRP and metal adherends were cut and machined 

to the dimensions shown in Figure 23 and Table 9. All adherends were cut to a width of 

25.4 mm and bonded using the MS polymer-based adhesive. Apart from the adherend’s 

thicknesses and considering the bondline thickness of 0.76 mm, the adherend’s and 

adhesive’s dimensions are all based on the ASTM D5868 standard. Furthermore, two 

additional bondline thicknesses (1 mm and 1.2 mm) were selected to characterize the  

impact of increasing adhesive’s thickness on lap joint strength.  

 

 

Figure 23. Single lap joint configuration with letter codes representing geometrical 

dimensions. 

 

 

 

 

 

 

t1 

h 

t2 

L1 

L2 

l 



 

 46 

Table 9. Dimensions of the fabricated SLJ joints. 

 

6.2. Surface Treatment 

Prior to applying the adhesive material, proper surface treatment procedure must 

be applied to the adherend surfaces to ensure appropriate adhesive bonding [76]. In fact, 

surface treatment is paramount for achieving initial bond strength and joint durability 

[77]. Typically, a mechanical or chemical form of treatment is performed before applying 

the adhesive to the adherend’s surface. These pretreatment methods effectively eliminate 

contaminant such as grease and dust and result in chemical or physical modification of 

the adherend’s surface to allow appropriate bonding between the adherend and adhesive 

[78]. In this study, the sandblasting technique was utilized to treat the steel adherend’s 

surface prior to applying the adhesive. Sandblasting is a surface treatment method that 

promotes optimal surface roughness which plays a significant role in the bonding process 

[79]. In this method, abrasive particles are blasted to the adherend’s surface to ensure 

appropriate surface roughness.  The sandblasted samples are presented in Figure 24. On 

the other hand, the CFRP adherends were degreased and cleaned using an ethanol 

solution. The CFRP adherends were also smoothed using a fine abrasive paper to ensure 

proper surface roughness along the overlap area. 

 

L1 

(mm) 

t1 

(mm) 

L2 

(mm) 

t2 

(mm) 

l 

(mm) 

h 

(mm) 

101.6 3.3 101.6 2.5 25.4 (0.76, 1.00, 1.20) 
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Figure 24. Sandblasted steel samples. 

6.2. Mold Preparation 

Ensuring proper bondline thickness and uniform distribution of the adhesive along 

the overlap area is a necessary step for accurate testing of the adhesive’s performance. 

Consequently, a specially designed mold was fabricated to bond the SLJ adherend’s. The 

mold has a machined step that has a total thickness equal to the sum of the bondline and 

steel sample thicknesses. Multiple holes were drilled and threaded across the mold to 

insert screws and washers to fix the adherend’s in place. The mold was modeled using 

Creo Parametric software and was machined using the CNC milling machine. The 

dimensions and views of the obtained mold are shown in Figure 25 and Figure 26 

respectively. Similarly, a second mold with a step size of 3.5 mm was fabricated to bond 

the single lap joints with a 1mm adhesive thickness. This step size was further milled to 

3.7 mm to allow the production of single lap joints with 1.2 mm bondline thickness.  
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Figure 25. Dimensions and CAD model of the fabricated mold with a 3.26 mm step 

size. 

 

 

         

Figure 26. Top (a) and side (b) views of the machined mold. 

 

6.4. Single Lap Joint Bonding 

After the surface preperation of the SLJ adherends, the CFRP and steel samples 

are placed on the fabricated mold as shown in Figure 27. The adherends are held in place 

by scews and washers. Screws across the overlap area were not fully tightened to allow a 

uniform adhesive distribution. Weights are placed along this area to ensure appropriate 

clamping pressure. After curing according to the provided curing rate, excessive adhesive 

(a) (b) 
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is removed from the final SLJ specimen to prevent adhesive fillets from strengthening the 

joint. 

 

 

Figure 27. Placement of SLJ adherends and adhesive material on the fabricated mold. 

 
 

Figure 28. Bonding process of one single lap joint sample. 

 

 

 

 

CFRP adherend 

Steel 

adherend 

Adhesive  
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Figure 29. Uniform adhesive bondline thickness along the overlap length. 

 

 

 

 

   
 

Figure 30. Various fabricated single lap joints. 

 

6.5. Testing 

The fabricated joints are loaded in tension using the Hounsfield H100KS universal 

testing machine. Testing was  performed under variable conditions to study their impact 

on the lap joints strength. The joints were tested at loading rates of 1 mm /min, 10 

mm/min, and 250 mm/min. Moreover, the bonded joints were subjected to different 

testing temperatures (25 ℃, 40℃, 55℃ and 100 ℃). An environmental chamber, Figure 
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31,  is incorporated to the tensile testing machine to allow testing at elevated temperatures. 

A laser extensometer was also utilized to obtain the deformation of the bonded region. 

Moreover, all samples were gripped at a distance of 25.4 mm from the adherends’ ends 

and thus establishing a gripping area of 25.4 × 25.4 mm2. Samples with different adhesive 

bondline thickness were all tested at 25℃ and a loading rate of 10 mm/min. On the other 

hand , single lap joints with 0.76 mm bondline thickness were tested under variable testing 

temperatures and loading rates. For each combination of loading rate and testing 

tempearture, three different samples were fabricated and tested to ensure statistical 

significance. 

 

 

 
 

Figure 31. Tensile testing of a SLJ specimen placed in the environmental chamber. 
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CHAPTER 7 

EXPERIMENTAL RESULTS 
 

In total 42 single lap joint specimen were fabricated and tested. Error charts 

composed of the mean and standard error are plotted and statistical analysis techniques 

were utilized to understand the effect of each variable. The obtained results are 

summarized in the following sections.  

 

7.1. Impact of Testing Temperature and Loading Rate 

As shown in Figure 32, the average shear strength increases progressively with 

the increase in applied loading rate at various testing temperatures. This behavior can be 

explained by the strain rate effect that resulted in a substantial improvement in the 

adhesive’s mechanical properties coupled with the adhesive’s heat resistance of up to 

90℃ according to manufacturer’s data. On the other hand, the single lap joints’ strength 

generally decreased with increase in temperature compared to the mean values obtained 

at room temperature. However, upon increasing the testing temperature, an appreciable 

increase in adhesive’s ductility is induced. Thus, increasing the adhesive’s strain rate 

dependency and resulting in improvement in average shear stress particularly at the 55℃ 

testing temperature. Additionally, it is important to note the deterioration in shear strength 

at an elevated temperature of 100 ℃ which surpasses the adhesive’s heat resistance range. 

At this temperature a substantial decrease in adhesive’s strength is expected which results 

in poor lap joint performance.   
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Figure 32. Effect of operating conditions on the average shear strength of the adhesively 

bonded single lap joints. 

 

As observed, both the testing temperature and loading rate tend to affect and 

contribute to the lap shear strength. To quantify this effect, a statistical analysis must be 

performed to deduce the main effect of each of these factors. Consequently, an analysis 

of variance (ANOVA) study is established to extract the main effect of each of the 

experimental variables. 

 

7.1.1. ANOVA Study 

Analysis of variance (ANOVA) is a statistical method that allows the 

determination and quantification of the effect of different experimental factors on the 

outcome of an experiment [80]. Such analysis is optimally suited for experimental designs 

that involve repeated measures on same subjects [81]. Consequently, an ANOVA study 

is performed using STATA SE (14.1 , StataCorp LLC , College Station , TX) software to 
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determine the contribution of each of the operating conditions on the SLJ performance. 

Therefore, the loading rate and temperature were set as the independent variable, while 

the dependent variable is the SLJ’s shear strength. The significance level, or 𝛼, chosen 

for this study is 0.05 . Thus, if Prob>F , or p-value,  is less than the selected 𝛼, the null 

hypothesis, which states that no correlation between the independent and dependent 

variable exists, should be rejected. On the other hand, if the p-value is less than 0.05, a 

correlation does exist. The obtained ANOVA results are presented in Table 10. 

 

Table 10. ANOVA analysis performed on the tested samples. 

Source Partial SS df MS F Prob>F 
      

Loading Rate 2.319372 2 1.159686 18.48 5.881e-06 

Temperature 5.754519 3 1.918173 30.57 2.960e-09 

Residual 1.882539 30 0.062751   

Total 9.956431 35 0.284469   
 

 

As observed both p values for the loading rate (Prob>F=5.881e-06) and 

temperature (Prob>F=2.960e-09) are much less than the significance level. Consequently, 

we can deduce that their effect on the shear strength is significant.  

To quantify the contribution of each of those variables, we can divide the partial sum of 

squares for each factor by the total sum of squares. Thus, the approximate contribution of 

each variable is as follows:  

• % Contribution for loading rate: 23.3% 

• % Contribution for temperature: 57.8% 

Therefore, although both factors contributed to the lap joints’ shear strength, 

testing temperature had a much more significant contribution than the loading rate.  
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7.2. Impact of Adhesive Thickness 

As observed in Figure  33, upon increasing the adhesive bond line thickness, the 

average shear strength decreased progressively. The decrease observed was highly linear 

with a calculated R squared value of approximately 𝑅2 = 0.9866. This result agrees with 

Lucas F M da Silva et al. [46] findings, who in the contrary, utilized highly ductile 

adhesive with 44% strain to failure value. Consequently, this declining trend extends to 

the studied adhesive that has a strain to failure that exceeds 240% as shown in Figure 21. 

As previously mentioned, this decrease in average shear strength can be attributed to the 

increase in defects in thick adhesive bondline and the increase of bending moment due to 

increased loading offset. Furthermore, by considering the shear strength as 50% of the 

tensile strength, which conforms with common engineering practice [82], the lap joint 

shear strength tends to decrease progressively towards the bulk shear strength. 

 

 
 

Figure 33. Average shear strength as a function of adhesive thickness with standard 

error bars. 
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7.3. Failure Modes 

Another important inference that can be deduced from the presented study is the 

failure mode of the tested single lap joints. The type of failure can vary according to the 

experimental conditions and quality of the bond. Therefore, it is important to extract the 

surface morphology of the tested samples after failure. Six different modes of failure can 

be considered for CFRP adhesively bonded joints and are presented in Figure 34. 

Furthermore, a mixed mode failure is possible where a combination of different failure 

modes occurs.  

 

Figure 34. Various failure modes of FRP adhesive bonded joints. [27] 

• Adhesive Failure: This type of failure occurs directly on the interface between 

the adherends. The adhesive material is observed on one of the adherend’s surface. 

Although manufacturing issues can cause such failure; however, adhesive failure 

can occur on interfaces between dissimilar adherend materials subjected to 

overstress loads [83]. 
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• Cohesive Failure: Cohesive failure occurs when a layer of adhesive material 

remains bonded to both adherend surfaces. This type of failure signifies that the 

bond exhibits high strength performance and failure occurs due to shear or a 

combination of shear and peel stresses [84]. 

• Thin Layer Cohesive Failure: This failure mode is similar to cohesive failure; 

however, it occurs very close to an adhesive-adherend interface [85]. A thick layer 

of adhesive is observed on one adherend surface while a thinner layer is present 

on the other adherend. 

• Fiber Tear Failure: Fiber tear failure occurs upon the appearance of reinforcing 

fibers on both surfaces after adhesive bond failure. This type of failure is common 

in adhesively bonded joints having continuous fiber reinforced composite [86]. 

• Light Fiber Tear Failure: This type of failure is characterized by a thin layer of 

FRP resin matrix appearing on the adhesives, with few or no glass fibers 

transferred from adherend to adhesive [85]. 

• Stock Break Failure: This failure mode occurs outside the bonded region . Stock 

break failure is usually observed in composites with frail fibers [86]. 

 

7.3.1. Tested Samples Failure Modes 

Majority of the tested samples failed in a mixed mode (cohesive - adhesive ) with 

larger areas encompassing adhesive failure at the loading rate of 250 mm/min at 

temperatures below 100℃. On the other hand, at 100℃, although multiple samples 

exhibited extensive softening of the CFRP adherend at the loading rates of 1 and 10 

mm/min, light fiber tear failure was apparent at the mentioned loading rates. However, 



 

 58 

increasing the loading rate to 250 mm/min resulted in a mixed mode cohesive – adhesive 

failure. Table 11 presents the obtained surface morphology for the tested joints. 

 

Table 11. Surface morphology of the tested joints after failure. 

Loading Rate  

(mm/min) 

Temperature  

(℃) 

  1 10 250 

25 

   

40 

   

55 

   

100 

   

 

The mixed mode (cohesive - adhesive) failure was also the prevalent failure mode 

upon increasing adhesive thickness. However, a thinner adhesive layer was observed on 

the CFRP adherend for the joints having a 1mm bondline thickness. Moreover, light fiber 

tear was also apparent for one of the tested samples. On the contrary, mixed mode 

(cohesive - adhesive) failure was prevalent for the joints bonded with a 1.2 mm adhesive 
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thickness. Table 12 presents the obtained surface morphology for the tested joints with 

different bondline thicknesses. 

 

Table 12. Surface morphology of the tested joints with different adhesive bondline 

thickness. 

Adhesive Thickness (mm) 

0.76 1 1.2 
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CHAPTER 8 

NUMERICAL MODELING 
 

To model the hyperelastic behavior of the flexible adhesive understudy, a 

numerical analysis was performed using the FEM software ABAQUS. For hyperelastic 

materials, ABAQUS relates the stresses to strains using the strain energy potential (U). 

ABAQUS integrates multiple strain energy potentials such as: polynomial model, 

reduced polynomial model, Ogden model, Marlow model, Arruda-Boyce and van der 

Waals model. Two cases of the available models are selected to model the behavior of 

the hyperelastic material understudy: The Neo- Hookean model, which is a special case 

of the reduced polynomial model, which in turn is a particular case of the polynomial 

model, and the Mooney-Rivlin model which is a special case of the polynomial model. 

Consequently, the polynomial and reduced polynomial formulation of the strain energy 

potential, Equation (3) and Equation (4) respectively, will be represented: 

𝑈 = ∑ 𝐶𝑖𝑗(𝐼1̅ − 3)𝑖(𝐼2̅ − 3)𝑗 +  ∑
1

𝐷𝑖
(𝐽𝑒𝑙 − 1)2𝑖𝑁

𝑖=1
𝑁
𝑖+𝑗 =1      (3) 

       𝑈 = ∑ 𝐶𝑖0(𝐼1̅ − 3)𝑖 +  ∑
1

𝐷𝑖
(𝐽𝑒𝑙 − 1)2𝑖𝑁

𝑖=1
𝑁
𝑖 =1                        (4) 

With the deviatoric strains, 𝐼𝑖̅ , being defined as: 

                  𝐼1̅ = 𝜆1
̅̅̅2

+  𝜆2
̅̅ ̅2

+  𝜆3
̅̅ ̅2

                                           (5) 

   𝐼2̅ = 𝜆1
̅̅̅(−2)

+  𝜆2
̅̅ ̅(−2)

+  𝜆3
̅̅ ̅(−2)

                                              (6) 

With the deviatoric stretches 𝜆̅𝑖 being formulated as follows: 

𝜆̅𝑖 = 𝐽−
1

3𝜆𝑖 

However, with the assumption of incompressibility, the right terms of Equation 

(3) and Equation (4) disappear. Equation (3) and Equation (4) can be written as follows: 
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𝑈 = ∑ 𝐶𝑖𝑗(𝐼1̅ − 3)𝑖(𝐼2̅ − 3)𝑗𝑁
𝑖+𝑗 =1                                      (7) 

          𝑈 = ∑ 𝐶𝑖0(𝐼1̅ − 3)𝑖𝑁
𝑖 =1                                                        (8) 

Moreover, the invariants should also be reformulated due to the incompressibility 

assumption where the total volume ratio, 𝐽, is set to unity. Thus, Equation (5) and 

Equation (6) can be written as follows: 

     𝐼1̅ = 𝜆1
2 +  𝜆2

2 +  𝜆3
2
                                                   (9) 

                                 𝐼2̅ = 𝜆1
−2 + 𝜆2

−2 +  𝜆3
−2

                                                 (10) 

Considering the case of uniaxial loading, with 𝜆1 being the stretch ratio along the 

loading direction, the stretch ratios can be defined as follows: 

𝜆1 = 𝜆 =
𝐿

𝐿0
   ;    𝜆2 =  𝜆3 =

1

√𝜆
 

Thus, the strain invariants, Equation (9) and Equation (10), can be rewritten in terms of 

the stretch ratios as follows: 

𝐼1̅ = 𝜆2 + 2𝜆−1  

 𝐼2̅ = 2𝜆 +
1

𝜆2  

As previously mentioned, the Neo-Hookean and Mooney-Rivlin models are 

special cases of the polynomial form of the strain energy potential where when only one 

parameter is retained from Equation (8), we obtain the Neo-Hookean model, and when 

two terms are retained from Equation (7), we obtain the Mooney-Rivlin model. An 

overview of both models is presented below: 

1. Neo-Hookean: 

The Neo-Hookean model is a simple hyperelastic constitutive model that can 

predict stress strain behavior of materials [87]. This model is a special case of the reduced 
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polynomial model and requires only one material parameter 𝐶10. The Neo-Hookean 

model is as follows: 

                                                       𝑈 = 𝐶10(𝐼1̅ − 3)                              (11) 

Although this model allows simple prediction of the hyperelastic behavior of the 

material; however, it is known that it fails to predict this phenomenon at large strains. 

Therefore, models that incorporate additional parameters can be used such as the 

Mooney-Rivlin model. 

2. Mooney-Rivlin: 

The Mooney-Rivlin hyperelastic model is one of the most used models that 

presents good convergence for a relatively large range of deformation [88]. The Mooney-

Rivlin model has a strain energy function of the form shown in Equation (12): 

𝑈 = 𝐶10(𝐼1̅ − 3) +  𝐶01(𝐼2̅ − 3)                                       (12) 

Therefore, to obtain the required parameters for both presented models, uniaxial 

tensile data should be incorporated to fit Equation (11) and Equation (12).  This process 

can be performed by ABAQUS software that calibrates material parameters from the 

input stress - strain curve through the least squares fit. Moreover, a stability check across 

the input strain is performed to ensure applicability of the selected models. 

Consequently, numerical analysis of the bonded joints was performed to analyze the 

stress distribution along the adhesive bondline and compare the results, particularly shear 

stress distribution, to the Volkersen analytical solution. A 2D hyperelastic numerical 

model was established to study the stress distribution along the adhesive bondline. A 

particular case of operating condition was selected for the various adhesive thicknesses 

(Testing Temperature = 25 ℃ , Loading Rate = 10 mm/min). The numerical procedure 

followed can be summarized as follows: 
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• Hyperelastic parameter determination: The hyperelastic parameters should be 

first determined to replicate the adhesive’s flexibility and behavior under the 

experimental load. These parameters are evaluated directly through ABAQUS 

after inputting the uniaxial tensile test data. As only the uniaxial extension case is 

considered, ABAQUS relates the nominal stress to the stretch ratio according to 

the following equation: 

𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 2(1 − 𝜆−3) (𝜆
𝜕𝑈

𝜕𝐼1̅

+  
𝜕𝑈

𝜕𝐼2̅

) 

Both models , Neo-Hookean and Mooney- Rivlin models, were stable for all input 

strains and the following parameters were obtained: 

 

 Table 13. Hyperelastic parameters obtained after the fitting process. 

Model 𝐶10 (MPa) 𝐶01(MPa) 

Mooney-Rivlin 0.177 0.191 

Neo-Hookean 0.269  

 

• Model dimensions and properties: The SLJ is modeled according to the 

dimensions in Figure 23 and Table 9 with material properties mentioned in Table 

7, Table 8, and Table 13. The CFRP and steel adherend are modeled as isotropic 

elastic materials and the adhesive is modeled using the obtained hyperelastic 

parameters. 

 

  

              

Figure 35. Modelled SLJ specimen. 

CFRP Adherend 

Steel Adherend 

Adhesive 
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• Boundary Conditions: The boundary conditions represent the constraints and 

forces applied on the single lap joint specimen. The lap joint was fixed on one end 

using the encastre constraint and a force, based on the experimental results, is 

applied to a reference point coupled to all nodes constituting the gripping area. 

The reference point was also constrained in all directions except the direction of 

the applied force. 

 

 

 

 

 

 

Figure 36. The applied boundary conditions on the modeled SLJ specimen. 

• Mesh: A fine mesh is established particularly near the overlap area where a higher 

mesh density was used to achieve more precise results. A four-node, two-

dimensional plane stress element with reduced integration and hourglass control 

(CPS4R) was selected for the SLJ components.  

      

              Figure 37. Meshing of the SLJ model with a higher mesh density in the overlap 

region. 

Steel Adherend 

CFRP Adherend 

 

Adhesive 
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8.1. Numerical Results 

The simulation was then performed for all bondline thicknesses, and the 

numerical results were exported and compared to the experimental data. The stress 

distributions and force-displacement curves were plotted to study the behavior of the 

adhesive bond under prespecified loads.  

 

8.1.1. Stress Distribution 

The stress distributions were extracted along the centerline shown in Figure 38. 

The shear, peel and von Mises stresses were all extracted and plotted. To compare the 

shear stress distribution to the applicable analytical solution (Volkersen), the shear 

modulus (Ga) of the flexible adhesive should be determined. For small strains, this 

modulus depends only on the first order polynomial coefficients (C01 and C10) through 

the following equation [89]: 

𝐺𝑎 = 2(𝐶01 + 𝐶10) 

Therefore, the shear moduli for the Neo-Hookean and Mooney-Rivlin models 

are respectively: 

𝐺𝑎,𝑁𝐻 = 0.538 𝑀𝑃𝑎 

𝐺𝑎,𝑀𝑅 = 0.736 𝑀𝑃𝑎 

Moreover, shear stress values were normalized by the average shear 

stress, 𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒, calculated according to the following formula: 

                                                  𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  
𝑃

𝑙
      

 

Figure 38. Centerline (red) selected to extract the stress distributions 

                                         Steel Adherend 

 

    CFRP Adherend 

  

Adhesive 
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o For adhesive thickness = 0.76 mm: 

Table 14. Numerical results (Neo-Hookean and Mooney-Rivlin models) obtained for 

0.76mm adhesive bondline thickness, where the maximum experimental force is applied 

for the selected joints. 

Force = 753 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 753 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 900 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 900 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 920 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 920 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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o For adhesive thickness = 1 mm: 

Table 15. Numerical results (Neo-Hookean and Mooney-Rivlin models) obtained for 

1mm adhesive bondline thickness, where the maximum experimental force is applied 

for the selected joints. 

Force = 650 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 650 N 

Mooney-Rivlin 

Stress Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 787 N 

Neo-Hookean 

Stress Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 787 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 793 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 793 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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o For adhesive thickness = 1.2 mm: 

Table 16. Numerical results (Neo-Hookean and Mooney-Rivlin models) obtained for 

1.2mm adhesive bondline thickness, where the maximum experimental force is applied 

for the selected joints. 

Force = 577 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 577 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 703 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 703 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 763 N 

Neo-Hookean 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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Force = 763 N 

Mooney-Rivlin 

Stress 

Distribution  

Shear 

Stress 

(MPa) 

 

Peel 

Stress 

(MPa) 

 

Von 

Mises 

Stress 

(MPa) 

 

Analytical Comparison Stress Distribution Graphs 
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8.1.2. Force-Displacement Curves 

In addition to the stress distribution plots, the force-displacement curves are 

plotted to compare the numerical simulation results to the obtained experimental data. 

The force- displacement curves are plotted for the three tested samples having different 

adhesive thicknesses at the previously selected operating conditions (Testing 

Temperature = 25℃, Loading Rate = 10 mm/min). The maximum force obtained for each 

tested sample is incorporated as a load and the respective displacement is extracted. The 

numerical results are then coplotted with the obtained experimental results. 

o For adhesive thickness = 0.76 mm: 

Table 17. Numerical force-displacement curves coplotted with the experimental results 

for the selected joints having a 0.76mm adhesive bondline thickness. 

Force Results 

753 N 

 

 

900 N 
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920 N 

 

 

 

o For adhesive thickness = 1 mm: 

Table 18. Numerical force-displacement curves coplotted with the experimental results 

for the selected joints having a 1mm adhesive bondline thickness. 

Force Results 

650 N 

 

787 N 
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793 N 

 

 

 

 

 

 

 

o For adhesive thickness = 1.2 mm: 

Table 19. Numerical force-displacement curves coplotted with the experimental results 

for the selected joints having a 1.2mm adhesive bondline thickness. 

Force Results 

577 N 

 

 

703 N 
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763 N 

 

 

 

 

8.2. Numerical Results Discussion 

Although both models provided close results to the analytical solution, the 

Mooney-Rivlin model tends to slightly overestimate the shear stress distribution while 

the Neo-Hookean model provided an accurate shear stress distribution compared to the 

Volkersen analytical solution. Moreover, the asymmetry of the obtained stress 

distributions is a result of implementing the dissimilar adherends having different young’s 

moduli. On the other hand, both models provided an accurate reproduction of the 

experimental force-displacement curves. The Mooney-Rivlin model was also capable in 

precisely replicating the nonlinear adhesive behavior in the experimental force-

displacement graphs. Consequently, both models produced an accurate representation of 

the adhesive behavior under the specified load with minimal input data.  
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CHAPTER 9 

CONCLUSION 
 

In the presented study, various conclusions can be extracted regarding the 

performance of the MS polymer flexible adhesive under variable testing conditions and 

adhesive bondline thickness. Moreover, the hyperelastic numerical model provided 

accurate results compared to the Volkersen analytical solution. The significant inferences 

that can be deduced from this study can be summarized as follows: 

1. Shear strength of single lap joints bonded with MS polymer adhesive generally 

decreased with temperature. However, upon increasing the testing temperature 

within the adhesive’s heat resistance range, the strain rate effect was more evident 

and resulted in enhanced single lap joint strength.  

2. Higher loading rates resulted in increased shear strength of single lap joints 

bonded with the flexible MS polymer adhesive. 

3. ANOVA analysis signified that testing temperature has a larger contribution to 

the single lap joint shear strength compared to loading rate. 

4. Increasing the adhesive bondline thickness resulted in a linear decrease in the lap 

shear strength.  

5. The hyperelastic numerical model provided impressive accuracy in replicating the 

experimental force-displacement results. Moreover, the hyperelastic model was 

capable in accurately predicting the shear stress distribution along the adhesive 

bondline compared to the Volkersen solution.  
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APPENDIX 
 

Table 20. Experimental testing summary for single lap joints tested under variable 

testing temperature and loading rate. 

Specimen 

Number 

Testing 

Temperature 

(℃) 

Loading Rate 

(mm/min) 

Failure 

Load (N) 

Shear 

Strength 

(MPa) 

Average Shear 

Strength 

(MPa) 

Standard 

Error 

1 

25 

1 

786 1.22 

1.16 0.051 2 680 1.05 

3 770 1.19 

4 

10 

753 1.17 

1.33 0.082 5 920 1.43 

6 900 1.40 

7 

250 

827 1.28 

1.70 0.248 8 1380 2.14 

9 1080 1.67 

10 

40 

1 

540 0.84 

1.11 0.224 11 1000 1.55 

12 600 0.93 

13 

10 

877 1.36 

1.13 0.121 14 617 0.96 

15 686 1.06 

16 

250 

926 1.44 

1.56 0.235 17 1300 2.02 

18 793 1.23 

19 

55 

1 

437 0.68 

0.82 0.102 20 500 0.78 

21 658 1.02 

22 

10 

947 1.47 

1.34 0.083 23 880 1.36 

24 763 1.18 

25 

250 

1320 2.05 

1.83 0.130 26 1030 1.60 

27 1190 1.84 

28 

100 

1 

117 0.18 

0.25 0.085 29 273 0.42 

30 100 0.16 

31 

10 

307 0.48 

0.30 0.087 32 133 0.21 

33 143 0.22 

34 

250 

563 0.87 

0.68 0.106 35 430 0.67 

36 327 0.51 
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Table 21. Experimental testing summary for single lap joints fabricated with different 

bondline thicknesses. 

Specimen 

Name 

Adhesive Thickness 

(mm) 
Failure Load (N) 

Shear 

Strength 

(MPa) 

Average 

Shear 

Strength 

(MPa) 

Standard 

Error 

1-A 

1 

793 1.23 

1.15 0.072 1-B 650 1.01 

1-C 787 1.22 

1.2-A 

1.2 

703 1.09 

1.06 0.085 1.2-B 577 0.89 

1.2-C 763 1.18 
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