
 
 
 
 
 
 

Master's Degree Thesis 
ISRN: BTH-AMT-EX--2011/D-12--SE 

 

 

Supervisor: Thomas Carlberger, SAAB Automobile AB  
Ansel Berghuvud, BTH 
 

 

 

 

 

 

 

 
 

 

Department of Mechanical Engineering 
Blekinge Institute of Technology 

Karlskrona, Sweden 

2011 

Javad Esmaeili 
 

Adhesive Intense Body Structure 





Adhesive Intense Body 

Structure 

Javad Esmaeili 

Department of Mechanical Engineering  

Blekinge Institute of Technology 

Karlskrona, Sweden 

2011 

Thesis submitted for completion of Master of Science in Mechanical 

Engineering with emphasis on Structural Mechanics at the Department of 

Mechanical Engineering, Blekinge Institute of Technology, Karlskrona, 

Sweden. 

Abstract: 

Adhesive bonding is employed along with spot welding to a hybrid joining 

method and applied to the left hand side door opening section of the SAAB 

9
5
 sedan to increase strength and decrease weight and cost of the parts and 

assembly process. Advantages of hybrid bonding are explored regarding 

several aspects of automobile design and manufacturing. Materials sensitive 

to stress concentrations, such as boron steel, are suggested to be improved 

regarding joint integrity by the use of hybrid joining. The micro structure of 

a boron steel reinforcement is believed to be protected by using the 

adhesive bonding. The joint configurations in the B-pillar and the lower 

rocker have been changed to obtain more strength in the structure. One new 

integrated part located inside the lower rocker is introduced combining 5 

parts of the present design, leading to considerable cost saving. The new B-

pillar design with removed lateral flanges ruptured in the crash simulation 

suggesting the necessity of the flanges. 
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1.    Notation 

A Initial crack length 

B Specimen width 

F Force 

E Young’s modulus 

H Adherend height 

H Adhesive layer thickness 

𝐽 Energy release rate 

𝐽𝑐  Critical energy release rate, fracture energy 

L Specimen length 

ℓ Integration path 

N Normal vector 

T Traction vector 

U Displacement vector 

𝑣 Shear deformation at adhesive tip 

W Strain energy density 

𝑤 Peel deformation at adhesive tip 

X Length coordinate starting at adhesive tip 

Y Height coordinate at adhesive tip 

𝛿 Deflection at loading pint 

𝜃 Rotation of the adherend at the loading point 

𝜎 Peel stress 

𝜏 Shear stress 
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Abbreviations 

FE Finite Element 

HAZ Heat Affected Zone 

BM Base Material 

UV Ultra Violet 

CF Cohesive Failure 

SF Substrate Failure 

AF Adhesive Failure 

NDT Non Destructive Testing 

DCB Double Cantilever Beam 

ENF End Notched Flexure 

BIW Body In White 

PSI Panel Side Inner 

PSO Panel Side Outer 

BFI Body framing Inner 

BFO Body Framing Outer 

SEK Swedish Krona 

CAD Computer-Aided Design 
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2.    Introduction 

2.1.   Background 

The joining techniques of parts in structures have been affected by new and 

various methods using the achievements from other realms of science. 

Adhesive bonding is one of the techniques which has been developed to be 

used together with other mechanical methods to obtain more advantages not 

only regarding mechanical aspects, but also from production and 

manufacturing points of view. Developments in characteristics and 

capabilities of adhesives attract car manufacturers to put more attention and 

effort to use the benefits of adhesives in combination with conventional 

spot welding method. The progress attained is significant in both 

mechanical properties and manufacturing features [1]. Apart from the 

different types of adhesives with their specific characteristics, adhesive 

bonding offers generally several advantages which are interesting for 

industrial applications. From the mechanical scales, stiffer and more 

reliable joints are achievable by adhesive application in combination with 

mechanical fasteners. A comprehensive study has been accomplished in [2] 

to investigate adhesive joints in crash situations. In [2] an FE-formulation 

of an interphase element of adhesive joints is developed. Influence of 

temperature and strain rate on cohesive properties is also studied. 

Furthermore, influence of adhesive thickness on cohesive properties of an 

epoxy-based adhesive is scrutinized. Additionally, hybrid joined bimaterial 

beam has been simulated and dynamically tested. 

Adhesive bonding is also regarded for its capability to reduce the weight of 

structures. Since it is possible to join dissimilar materials, car 

manufacturers are more attracted to use adhesive bonding in the assembly 

process. Aluminum as a light weight material is used together with steel in 

automobile body structures to reduce the weight leading to fuel efficient 

cars which are economically and environmentally optimized. An 

investigation of opportunities and difficulties of aluminum as an alternative 

material in automotive structure has been performed in [3]. In [4], joining 

techniques for aluminum space frames used in automobiles are studied. 

Remarkable flexibilities achieved by adhesive bonding in designing, 

manufacturing and production of automobiles can shift designers to develop 

more reliable configurations and also assembly and production 

programmers to plan more convenient processes. Gains in investments and 
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time schedules for production and assembly lines are significant. In [5] and 

[6], authors show the potential of adhesive joining in using improved cross 

sections in crash situations which are not possible using  spot welding. On 

the other hand, in adhesive bonding, not only microstructures are 

unaffected but visible surfaces of attached materials too. Further 

descriptions are provided in appropriate sections. 

2.2.   Problem Description 

High demands at SAAB automobile AB in Sweden require further 

considerations and studies in the part design and assembly processes to 

improve weight, cost, strength and durability of the car body structure. 

Since the assembly process and production line in the company are built up 

mainly for the spot welding process, the manufacturability aspects of 

adhesive bonding needs to be investigated to improve the production 

process. The existing spot welding stages operated by robots in the 

assembly line need to be reorganized to enable adhesive bonding as part of 

their operation. Therefore, new possibilities and programs should be 

investigated to reduce the cost of the assembly process. The adhesive 

bonding concept is investigated in an attempt to overcome the limitations of 

spot welding such as the number and thickness of the joining of sheets and 

the requirement of access to both sides of the sheets to be joined.   

On the other hand, due to high demands of lighter cars, possibilities of 

using lighter materials need to be studied. Furthermore, the overall cost of 

cars is desired to be reduced by reducing the number parts or by a cheaper 

production process. Car manufacturers are competing on global markets by 

reducing the costs of their cars. All investigations and proposals should 

consider all the standard criteria of cars like strength, safety, durability, etc. 

2.3.   Aim and Scope, Focus Area 

This thesis work is accomplished at SAAB automobile AB in Trollhättan, 

Sweden. In this thesis, a detailed study of major characteristics of adhesive 

bonding is studied. The focus area of the problem is narrowed down to a 

specific section, the left hand side door opening of the 2011 model 9
5 
sedan. 

A vast investigation of the current assembly sequences and production line 

is performed. Furthermore, a new process of hybrid bonding is proposed to 
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reduce the number of spot welds leading to elimination of welding stations. 

Additionally, a new part design is proposed, replacing 5 parts located in the 

rear section of the lower rocker and also the reducing production cost. A 

joint configuration in the B-pillar is proposed to improve strength and the 

assembly process. 

According to the requisite factors needed to be considered in the spot 

welding process, the number of sheets and the sheet thickness are limited. It 

is ideal to have two flanges with equal thicknesses, but this is not always 

practical. Joining multiple sheets by spot welding, especially with thin sheet 

on the outside, are problematic because the molten part of the nugget tends 

to reach the surface. This causes splatter and is strictly forbidden due to 

quality reasons. The origin of the problem is that the bonding diameter of 

the spot weld should be a specified value, typically around 5mm. This is 

hard to reach without creating splatter, since the weld nugget is somewhat 

ellipsoidal. Figure 2.1 shows the effect of thickness in spot welding in more 

details. 

 
Figure 2.1. Effect of number and thickness of layers in spot welding. 

(a). two layers with equal thickness; 

   (b). three layers of the same thickness; 

            (c). three layers with thicker internal flange, 

unreliable attaching area; 

         (d). increasing the welded area leads to the 

severe flaw in the outer material. 
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Using the adhesive joining method, the lower rocker configuration is 

changed to efficiently reduce not only the number of flanges, but also to 

give a more integrated and stiffer section by participation of the floor panel 

in the joint. 

Crash simulations using the computer simulation software LS-DYNA are 

performed to investigate the quality of the proposed ideas regarding 

crashworthiness. 
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3.    Adhesive Characteristics 

3.1.   Advantages 

3.1.1.   Stiffness Improvement 

The first and the most important aspect of adhesive bonding, related 

directly to the continuous nature of the bonding, is the stiffness 

enhancement achieved in joints. In the spot welding or rivet joining 

methods, the discrete nature of the bonding causes significant stress 

concentrations, lowering the stiffness of the structure. In adhesively bonded 

assemblies, the stiffness of the structure is raised due to the uniform 

attachment of the substrates and consequently uniform distribution of the 

load applied over the joining surfaces. A comparison of the strength of 

simple and hybrid structural joints has been performed by F. Moroni et al. 

[7]. An example of correlation between load and crosshead displacement of 

bonded, welded and weldbonded joint has been illustrated in figure 3.1. 

 
Figure 3.1. Correlation between load and crosshead displacement of 

homogenous joints [7]. 

 It has been shown that the stiffness improvement using adhesive joining in 

an automobile body application can reach 20% for torsion, 13% for bending 

and also 30% reduction in stress for hybrid bonding, a combination of 

adhesive application and conventional discrete spot welding or rivet joining 

[1]. 
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Further, adhesive bonding improves the dynamic behavior of the bonded 

structures compared to discrete joining [1]. According to the continuous 

nature of the adhesive bonding or hybrid joining leading to uniform 

working fashion of the structure, the fatigue properties of the structure will 

also be improved. This is related to the unloading and reduction in stress 

concentrations caused by the spot welds. The continuous nature of adhesive 

bonding methods generally not only shift natural frequencies upwards in 

frequency but may also eliminate them from the frequency spectrum of 

concern [1]. The lowest natural frequencies are generally accounted as 

indices for the overall rigidity of an automobile body structure. On the other 

hand, reinforcing different parts of an automobile leads to increment in the 

static overall rigidity [8]. The dynamic stiffness is more complicated to 

predict. An increase of joint stiffness without adding weight will increase 

the dynamic stiffness. Therefore, increasing the natural frequencies, 

especially the lowest ones, using adhesive bonding may be assumed to 

obtain enhancement in the rigidity of the car body. 

3.1.2.   Multi Material Joining, ability to weight reduction 

One of the competitive characteristics of adhesive bonding compared to 

spot welding is the ability to join dissimilar materials. Since the spot 

welding method needs to have relatively close melting points for the joining 

metals, using dissimilar materials with highly different melting points may 

be problematic or in some cases impossible due to the possibility of 

improper attachment or development of holes in the welding areas. 

Furthermore, thanks to developments in the materials science, fiber 

reinforced composites as light and strong materials can be joined to metals 

using adhesive bonding to build up competitive lightweight structures. It is 

a significant benefit of adhesives, especially in the car manufacturing, to 

join dissimilar materials, in order to decrease weight and cost of cars. This 

is explained more in the next section. 

3.1.3.   Design flexibility 

In the conventional spot welding process, both sides of joining flanges 

should be easily and freely accessible by the spot welding tongues, which 

are mainly moved and operated by robots in the car manufacturing industry. 

It means that there are certain types of designs and geometries that are 

possible to be joined in the interfaces areas by the spot welding methods. 
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For example closed cross sections like tubular and box beams and square or 

rectangular extruded sections are impossible to be spot welded without 

extending flanges. On the other hand, the adhesive joining method has more 

freedom and presents more flexibility for designers to choose the most 

proper and efficient joint configuration and parts geometry in the assembly 

interface. The adhesive joining method also gives more flexibility in the 

parts attachment process with different shapes and features in the attaching 

areas. These aspects give opportunities to switch from conventional 

sections and designs limited by the spot welding restrictions to different 

ones which are easier to build in shape and profile. Since the car body in 

white contributes to approximately 20% of the total weight of a car [3], the 

efforts to use lighter materials with different geometries and joining 

methods may lead to reduce the weight and also the cost of a car 

considerably. An example would be using aluminum beam boxes and 

extruded sections instead of steel body panels to achieve improved 

strength/weight ratio of the structure. Using the appropriate geometry of 

sections can improve the deformation behavior since tubular sections 

crumple in a favorable way leading to more energy absorption ability in 

crash [3]. It is shown that aluminum box beams can provide the same safety 

with half of the weight of steel. This can be considered from a design 

flexibility point of view and also the ability to use dissimilar materials to be 

attached together. An example is reinforcing steel panels by aluminum 

extruded closed sections. 

If using modified geometries in lighter and cheaper materials like 

aluminum instead of for example high strength steel doesn’t provide the 

desirable strength and safety, the alternative way is to change the design 

configuration and geometry of the original material. This may be done by 

reducing the thickness of the high strength steel which leads to weight and 

cost reduction, to obtain the desirable result in strength and safety but in a 

more efficient way. 

For example, G. Belingardi et al. [5] and L. Peroni et al. [6] have shown the 

benefits of using simple rectangular or square cross-sections with non 

external flanges, cf. figure 3.2, regarding impact. Subjected to axial 

impacts, section B provides better results regarding stability in axial crush 

and deforms in a favorable way which leads to higher capacity of energy 

absorption with lower force peaks. Furthermore, according to the bonding 

failure occurring in section A, due to the external flanges which leads to 

peel forces between the flanges, deformation is not performed in a desirable 

fashion since the adhesive is sensitive to peel stresses. On the other hand, 
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using section B results in reliable performance based on the presence of 

shear stresses in the joint instead of peel ones. It can be concluded that 

although changing from section A to B is not possible using the spot 

welding method, adhesive bonding is a simple way to exploit the 

advantages of section B. 

 
Figure 3.2. Box beam configurations for Spot welding, section A, and 

adhesive bonding, section B. 

3.1.4.   Number of joining flanges 

In the spot welding technique, the number of layers of joining surfaces 

depending on the type and thickness of materials is limited. The SAAB 

assembly process allows a maximum of three layers of panels or flanges 

may be joined in one spot weld. In some areas, due to the presence of parts 

and connections, up to five layers may be seen. The current way of 

reducing the number of layers is to locally cut-off some areas of the joining 

flanges of the parts. This usually leads to difficulties in designing as well as 

manufacturing aspect and also consequent flaws in the mechanical 

properties like strength and stress concentrations. This will be discussed in 

more detail later in the appropriate section of this thesis. 

3.1.5.   Unaffected Microstructures 

Since there is no high temperature process in the adhesive bonding, the 

microstructure, crystal arrangements, and the material properties of the base 

material will not be affected. However, the adhesive needs to be cured a 

certain time and temperature in an oven.  This temperature is not high 

enough that it can affect the microstructure and thus, the structural 

properties of the materials. The resistance spot welding method, based on 

local melting of the connecting metals, significantly changes the 
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mechanical properties of materials in the weld nugget and heat affected 

zone, HAZ. One example of this phenomenon is the change of hardness in 

the welded region. According to figure 3.3, the spot welded area can be 

divided into the three sections: 1. the weld nugget, which is the central part 

and the area of attachment, 2, the Heat Affected Zone, HAZ, is a ring-

shaped area between the weld nugget and 3, the Base Material, BM. 

 
Figure 3.3. Typical hardness profile of spot welds [9]. 

When the structure is spot welded, the weld nugget reaches a hardness of 

approximately three times of that of BM, for low or medium strength steel 

sheet material [9]. It means that a three-times harder material is 

concentrated in a very small area in comparison to the BM resulting in a 

stress concentration and may accordingly lead to premature rupture in a 

loading situation. The hardness of the weld nugget can be controlled by 

heat treatment process so that decreasing the cooling rate can decrease the 

hardness of the welded area [10]. In the car body assembly process it is not 

possible to control the cooling procedure. In this light, adhesive bonding 

may be used to improve the stress concentration and microstructure aspects. 

An example of this case will be presented later in this thesis. 
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3.1.6.   Plane Joining 

One of the exposing aspects of adhesive bonding is the ability to achieve 

distortion-free joints. The visible surfaces of the joints are smooth and 

uniform due to the absence of external forces or heat effects. This is 

important for visible joints. 

3.1.7.   Very Thin Materials Joining 

The spot welding method has limitations regarding thickness of the joining 

materials. If all sheets in a joint are the same thickness, this is generally not 

a problem, but if there is large thickness differences and the thinnest sheets 

are on the outside of the joint, this is a problem resulting in perforation of 

the thinnest sheets. This problem is more considerable in 3-sheets joints 

than in 2-sheet joints. More explanation and illustration is presented later in 

this thesis. If the thickness of the adhesive applied is well-controlled, 

acceptable joints can be obtained for very thin materials. 

3.1.8.   Joining Heat Sensitive Materials 

Materials used in automotive body structures, must withstand the 

temperature in the paint curing oven. However, adhesive bonding also often 

needs to be cured at elevated temperatures, and thus no extra curing oven is 

needed. The adhesive joints are simply held together by some additional 

joining method, e.g. screw, spot weld or rivet until cured in the paint oven. 

Materials should withstand in the temperature range of 180-190 °C for 

approximately 30 minutes [11]. 

3.1.9.   Electrochemical Effect 

Hybrid bonding of different metals may be complicated regarding galvanic 

corrosion. In the purely adhesive joint, there will be no corrosion of 

different metals due to the insulation effect of adhesives. The mechanical 

fasteners in a hybrid joint of dissimilar metals will have to be galvanically 

isolating in cases subjected to severe corrosion. This issue brings more 

attention to use adhesives in the extreme environmental situation. 
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3.1.10. Insulating and Sealing 

According to the continuous nature of the adhesive bonds, the adhesive can 

act as sealer and galvanic insulator in structures. Depending on the variety 

of adhesives with broad spectrum in characteristics, the proper adhesive 

with desirable properties can be chosen. 

3.1.11. Acoustic Effect and Sound Reduction 

Located between connecting surfaces, the adhesives can show an acoustic 

effect and act as a sound insulator to reduce the inter-coming sounds from 

the outer environment. Additionally, the adhesively bonded assemblies can 

be prevented from the tweet sounds and noises produced by the short 

relative movement of the attaching metallic parts against each other. These 

effects are mostly desirable in the car body which may provide more sound-

protected environment comfortable for the passengers.  

3.2.   Disadvantages 

Besides all advantages of structural adhesive bonding, the disadvantages of 

this method should be regarded to apply the adhesive in the most efficient 

way. Limitations of adhesive bonding are: 

3.2.1.   Time 

Adhesive usage is a controversial issue regarding operation time compared 

to other joining methods like spot welding. However, compared to a 

densely spaced spot weld joint, adhesive joining is faster. Two extra 

processes may be considered in the adhesive joining. Firstly, the substrates 

need to be prepared. The preparation process includes cleaning and 

degreasing. Sometimes the surfaces should be abraded. However, the latest 

developments in the chemical industry have resulted in a wide range of 

adhesives that can be applied directly onto the greasy or unclean surfaces. 

Thus, this step can be removed from the adhesive bonding process using a 

proper type of adhesives. On the other hand depending on the type of 

adhesive, the adhesively bonded structure should be cured at the specific 

temperature. From the car manufacturing point of view this process can be 
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accomplished in the paint shop ovens to cure the both paint and adhesive 

simultaneously. Therefore, the pre-treatment and curing steps can be 

disregarded to be accounted as the operation steps in the adhesive joining 

method. Regarding the performance time itself, the adhesive bonding can 

compete with the spot welding process. As a roughly estimated example, at 

SAAB spot welding process it takes approximately 2.5 seconds for each 

spot weld in the condition that there should be the maximum distance of 

40mm between each spot. But for a straight line it takes 1 second to apply 

adhesive for 300 mm line and in the more complicated areas and curved 

lines it is reduced to 50mm/s. 

It should be noted that adhesive bonding is not an instant joining method. 

Therefore, if large and heavy parts are aimed to be attached, simultaneous 

usage of mechanical fasteners, hybrid joining mode, is necessary to primary 

fix the parts in their places. 

3.2.2.   Pretreatment 

As it has been noted above, in most cases the substrates surfaces need to be 

prepared before the adhesive is applied. If the substrate surfaces are greasy 

and unclean, the adhesion force between adhesive and substrates may be 

affected resulting to inappropriate attachment. Therefore, failure is likely to 

occur. However, developed adhesives are capable of being applied on even 

greasy substrates.  

3.2.3.   Ageing 

Adhesive joints should be sealed from the environmental effects like 

moisture, ozone and UV rays which are the factors of ageing. Since the 

adhesive in the body structure is quite protected by the sheet metal and 

sealed by sealers, this is not a serious problem. Corrosion and galvanic 

corrosion are potential problems. 

3.2.4.   Process Parameters Considerations 

The joining process needs to be monitored during the pretreatment and 

curing steps. Since the parts shouldn’t move during the process, a number 

of fixtures need to be developed prior to the attachment implementation. In 
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some cases it may be combined with the other mechanical fasteners known 

as hybrid bonding. 

3.2.5.   Instability under Peeling or Cleavage Forces 

In spite of good stability of adhesive joints under compressive, tensile and 

shear forces they are very sensitive to peeling and cleavage forces. In 

cleavage and peel forces the load is concentrated through a single line with 

high stress. Five categories of forces which may be applied to the adhesive 

joints are illustrated in figure 3.4. 

 
Figure 3.4. Basic loads applied to adhesive joints [8]. 

It is possible to overcome to this deficiency by improving the joint 

configuration so that the peeling and cleavage forces are changed to tensile, 

compressive or shear forces [12] cf. figure 3.5. 
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Figure 3.5. Changing joint configuration to remove the effect of peeling 

and cleavage forces [12]. 

Another possibility is to contribute the extra shear flanges to strengthen the 

load carrying potential of the joint. An example is shown in figure 3.6. 

 
Figure 3.6. Effect of shear flange to strength of the peel joint[13]. 

3.2.6.   Design consideration 

Parameters governing the adhesive bonds such as length and width and also 

the thickness of the overlapped area have an important role in the strength 

and stability of the adhesive bonds [12]. In an overlapped joint 

configuration the failure load and consequently the strength of the joint are 

mainly proportional to the width and not to the length of the joint [12]. In 
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adhesive bonds fatigue failure usually occurs in thick structure highly 

loaded [14]. In [15] authors show the thickness influence of an epoxy-based 

structural adhesive on the experimentally tested bonds. In adhesive joints, 

the cohesive law is defined as the relationship between stress (peel or shear) 

and separation displacement. In this study, the fracture energy, the area in 

the cohesive law, is affected by the adhesive layer thickness. It has been 

shown that the fracture energy in peel mode increases uniformly as the 

adhesive layer is increased from 0.1mm to 1.0mm. The fracture energy then 

decreases for the thickness of 1.5mm indicating a maximum between 

1.0mm and 1.5mm. In the shear mode the fracture energy is not affected as 

significant as the peel mode but showing the same behavior. On the other 

hand, the strength of the joints as the other parameter of the cohesive law is 

not as sensitive as the fracture energy to the adhesive thickness but slight 

decrease in strength is evident with increasing the adhesive thickness. The 

cohesive law diagram for varying thicknesses has been illustrated in figure 

3.7.  

 
Figure 3.7. Cohesive laws for thicknesses 01-1.6mm in peel mode [15]. 

3.2.7.   Maintenance 

Adhesive joints cannot be easily separated for repair and maintenance, 

especially in complicated structures with many joining parts. 
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3.2.8.   Environmental Effect 

Working in extreme environmental conditions can affect the stability and 

also the fatigue strength of the adhesively bonded structures which forces 

designers to fulfill extra considerations to propose suitable adhesives and 

proper designs for the working conditions. 

3.2.9.   Reliability Tests 

The current NDT tests conducted to the conventional joining methods are 

not appropriate for the adhesive bonded structures [4]. 

3.3.   Failure Modes 

Basically three types of failure modes may occur in the adhesive joints, cf. 

figure 3.8. 

 
Figure 3.8. Failure of adhesive joint [11]. 

3.3.1    Cohesive Failure; CF 

Cohesion is defined as the strength of the adhesive itself. It is the chemical 

bondage between the molecules within the adhesive. When cohesive failure 

occurs, the rupture may be seen purely in the adhesive, leaving the adhesive 

on both join surfaces. 
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3.3.2.   Substrate Failure; SF 

This is the most preferable type of failure in which the substrates fail due to 

the strength of the joint. 

3.3.3.   Adhesive Failure; AF 

Adhesion is defined as the interconnecting forces between the adhesive and 

the surfaces of the substrates. 

This type of failure should strongly be avoided since it stems from 

inappropriate joining process. If the surfaces are greasy or unclean adhesive 

failure may occur. 
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4.    Theoretical Background 

The stress-deformation relation called the cohesive law is used to study the 

mechanical behavior of adhesives. Two basic states of deformation 

corresponding to respective loadings are defined for adhesives as peel and 

shear deformation modes, c.f. figure 4.1. 

 
Figure 4.1. Deformation modes of adhesive layer. 

In figure 4.1, 𝜎 and 𝜏 stand for peel and shear stresses respectively. Also w 

is peel deformation and v is shear deformation and h is adhesive layer 

thickness. Based on the deformation modes a typical cohesive law for peel 

and shear, c.f. [15], is shown in figure 4.2. 

 
Figure 4.2. A typical cohesive law for peel and shear mode [15]. 

 

Basically two standard specimens are tested in conjugate to the theoretical 

equation to obtain the cohesive laws [15], [16], [17]. The Double Cantilever 
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Beam, DCB, is used for pure peel test and the End Notched Flexure, ENF, 

specimen is used for pure shear test which are shown in figure 4.3 and 

figure 4.4 respectively. 

 

 
Figure 4.3. The DCB specimen for pure peel test [15]. The unbounded part 

of the specimen, 𝑎𝑝 , can be assumed as a crack. The index p stands for peel 

test. 

 
Figure  4.4. The ENF specimen for pure shear test [15]. Points far from the 

loading point are under shear loading. 

Theoretically, based on linear elastic fracture mechanics, in an adhesive 

layer when the relative displacement between the adherends exceeds a 

critical level defined by the constitutive law, the crack is predicted to 

propagate in the adhesive layer. In [16] it is mentioned that the fracture 

energy release rate and fracture energy are related to the constitutive law. 

That is, the energy release rate, J, can be defined as the path independent J-

integral as: 

     𝐽 =   𝑊 𝑑𝑛 − 𝑇
𝜕𝑢

𝜕𝑥
 𝑑ℓ

ℓ
                                                               (4.1) 
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Where ℓ is any counter-clockwise path encircling the crack tip, W is the 

strain energy density, n is outer unit normal vector to ℓ. T is the traction 

vector and u is the displacement vector. By an integration path starting on 

the lower side of the crack surface and ending on the upper surface, figure 

4.5, equation (4.1) gives: 

     𝐽 =  𝑊𝑑𝑛
ℓ

                                                                                    (4.2) 

 
Figure 4.5. Integration path on the starting point of adhesive. 

Note that since the crack tip has a free surface then T = 0. It should also be 

noted that the adhesive layer should be homogeneous along the x direction. 

Equation (4.2) will result to: 

     𝐽 =  𝜎𝑑𝜔 +  𝜏𝑑𝑣                                                                       (4.3) 

When the crack process is finished 𝜎 and 𝜏 equal zero and equation (4.3) 

shows a constant J. the maximum of J is defined as fracture energy 𝐽𝑐  

which is the area under the cohesive law. In [15] it is shown that by an 

integration path at the exterior boundary of the specimen equation (4.3) 

gives:  

     𝐽𝑝 =
2𝐹𝑝𝜃

𝑏𝑝
                                                                                        (4.4) 

for peel mode and 

     𝐽𝑠 =
9𝐹𝑠

2𝑎𝑠
2

16𝐸𝑠𝑏𝑠
2𝐻𝑠

3 +
3𝐹𝑠𝑣

8𝑏𝑠𝐻𝑠
                                                                     (4.5) 

for shear mode which are corresponding to DCB- and ENF-specimen 

respectively. The letters corresponding to the geometries of specimens are 

shown in figure 4.3 and figure 4.4. In equation (4.5), E stands for Young’s 

modulus for the adherends. 
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During the experiments the applied force and displacement is measured and 

using equations (4.4) and (4.5) the relations for J vs. displacement are 

extracted. Differentiation of J with respect to the displacement will result to 

stress and consequently the cohesive law as: 

     𝐽 𝑤 =  𝜎 𝑤 𝑑𝑤  ⟹  𝜎 𝑤 =
𝑑𝐽 (𝑤)

𝑑𝑤
                                          (4.6) 

     𝐽 𝑣 =  𝜏 𝑣 𝑑𝑣  ⟹  𝜏 𝑣 =
𝑑𝐽  𝑣 

𝑑𝑣
                                               (4.7) 

The differentiation of the experimental results is problematic and always 

leads to errors. A detailed process of obtaining the cohesive law form the J-

integral can be seen in [15]. 
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5.    Overview of the Car Body Assembly 

5.1.   Introduction 

Structural adhesives can be efficiently used in car manufacturing. 

According to the special characteristics of adhesives, the car body assembly 

process and manufacturing can be improved. Further investigations have 

been performed at SAAB Automobile AB in Trollhättan in Sweden in order 

to present the potential opportunities to improve the part design, cost, 

weight and strength. The manufacturing process can also be affected. The 

left hand side door opening section of the 2011 passenger car model 9
5 

sedan, c.f. figure 5.1, is scrutinized. 

 
Figure 5.1. SAAB model 9

5 
sedan [Picture from SAAB global website]. 

The work is mainly focused on the spot welds which are aimed to be 

removed and replaced by structural adhesive. 

5.2.   Assembly Sequences 

Starting with the general assembly line for the car body, the process 

basically includes two spot welding stags. The first step is called tack welds 

which geometrically sets up and fixes the different parts and panels 

connected to each other. The assembly line includes several subassembly 

stations in which all required parts of the each specific section of a car body 
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are placed in the fixture-guided locations. Afterward the larger and more 

sophisticated subassemblies are primarily mounted to produce the whole 

body in white, BIW. A summary of the above processes is defined and 

illustrated in the subsections and diagrams bellow.  

5.2.1.   Underbody Assembly 

It consists of several parts to form the lower structure of the car body 

including the main floor panel, lower rockers, front panel, engine 

compartment, rear box compartment, etc. Figure 5.2 shows the components 

in the car body lower structure. 

Figure 5.2. Car body lower structure. 

5.2.2.   Panel Side Inner, PSI 

It includes the inner parts of the left and right side of the car body. The 

main parts of the left panel side inner are shown in figure 5.3. 
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Figure 5.3. Panel Side Inner, PSI. 

5.2.3.   Panel Side Outer, PSO 

It includes the outer parts of the left and right side of the car body. The 

panel side outer together with the panel side inner form the door opening 

section of the car. The main parts of the left panel side outer are shown in 

figure 5.4. 

 
Figure 5.4. Panel Side Outer. 
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5.2.4.   Body Framing Inner, BFI 

 

It includes the process in which the lower structure of the car body is joined 

to the both left and right panel side inner. Depends on the type of the car, 

normal or sunroof or cabriolet, the inner parts of the roof components will 

be added accordingly. After this step the inner part of the whole car body 

will be completed. 

5.2.5.   Body Framing Outer, BFO 

In this step the body will be completed by adding the roof panel and both 

left and right panel side outer. This is the final step after which the whole 

car body, Body In White, is produced. 

5.2.6.   Body In White, BIW 

Body in white is a term assigned to the whole car body which comes from 

the body shop. In this feature of the car all the inner, intermediate and outer 

sheet panels and detail parts which need to be painted are mounted on the 

car by different methods of joining such as spot welding, riveting, 

clinching, structural adhesive and laser and arc welding. When the car in 

body in white feature is ready, it then will be transferred to the paint shop.  

An overview of the all steps noted above is illustrated in figure 5.5. 

 
Figure 5.5.General assembly order applied at SAAB. 
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6.    New Approaches, Proposals 

6.1.  Re-Spots Elimination, Speeded-up and Cheaper 

Assembly  

As mentioned before, each step of assembly line has several subassembly 

stations. If all parts of a subassembly have been mounted once in their 

places, only one step of robotic spot welding is needed, otherwise the parts 

loading and spot welding may be implemented in more than one step. 

However, it is more convenient to have only one step of mounting and 

welding operation, but in some areas of the car body in its subassembly 

stations the spot welding limitations force the assembly process to be 

performed in more than one step. In this case, using the structural adhesives 

capabilities, the extra steps can be removed. Furthermore, in some cases in 

the assembly process designers are inevitably forced to consider a hole in a 

part which is supposed to be mounted prior to another part in order to 

provide the access to a certain point for robotic tongues performing the spot 

welds. This can cause a deficiency in the part and consequently weaken the 

part mechanical strength by introducing the stress concentration effect. It is 

more noticeable in those parts which are used as reinforcements in the car 

body. It is clear that structural adhesives can prevent the inconveniency in 

designing and inconsistency in the mechanical properties.  

The next step in the assembly of the BIW is a complete robotic process 

which is called the re-spot welding line. In this stage tens of re-spot welds 

are applied to the joints in the whole car body only to strengthen and 

rigidify the assembled car. In the figures bellow all spot welds applied to 

the left hand side panel of the car are shown. These spot welds with the 

limited number of up to 3 sheets and flanges attach all assembled parts 

coming from the both PSO and BFO phases. It is evident that prior to the 

re-spot welding process performed in the robot line, the parts are all placed 

appropriately in their locations and fastened by primary spot welds. Based 

on the new approach suggested it is possible to eliminate the robotic re-spot 

welding line and switch to the hybrid bonding fashion, that is, to apply 

structural adhesive on the areas aimed to be joined as the first step of the 

assembly line and then to mount the parts and apply the tack welds to 

initially fix the parts in their places. These tack welds are enough to give 

the desirable stability to the car body to be transferred to the paint shop. 
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However, the adhesive applied needs to be cured to obtain the required 

strength. The curing operation of the adhesive will be simultaneously 

implemented in the painting stage when the painted car is cured in the paint 

oven. This approach leads to the faster and cheaper assembly progress and 

stronger as well as more reliable joints based on all the advantages counted 

for the structural adhesive bonding. 

It can be seen that approximately 150 re-spot welds, the non-indicated spots 

in the figures above, are applied to this section and considering the roughly 

estimated time of 2.5 seconds elapsed for each spot weld, the gain obtained 

from the time spending point of view would be 375 seconds or more than 6 

minutes, while the adhesive application process over the surfaces especially 

on the straight traces performed by robots is very fast, 300mm/s for straight 

lines and smoothly curved tracks and 50mm/s for complicated curved 

tracks.  

Additionally, a separate robot line for re-spot welding requires proper 

space, appropriate conveyors and fixtures and also accurately several 

programmed robots which accordingly demands for dedicated high value 

financial investments. While the new approach of hybrid bonding can be 

planned to use the fixtures already used for the current assembly line. The 

conveyors needed in the robot line may be eliminated and also reduced 

number of robots for adhesive application can be used. 

This approach may be noted as the most general and rudimental step of 

adhesive application to improve the assembly process of the car body. 
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Figure 6.1. Front door spot welds. 

Figure 6.2. Lower rocker spot welds. 

 
Figure 6.3. Rear door spot welds. 
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6.2.   Microstructure Protection  

As stated before not only the matter of heat affected zone caused by the 

local melting phenomenon, but also the assembly and design complicacy 

resulted from the limitation in the number of sheets as well as the concerns 

related to the accessibility of the joining sheets can be modified by the 

adhesive joining approach. An example is illustrated in figure 6.4. 

The spot welding has a critical effect on boron steel since the difficulty of 

spot welding boron steel cannot be avoided by controlled cooling in the 

weld process. In boron steel the HAZ will always have a weak ring of soft 

material which is concentrated in a very narrow width of approximately 0.3 

mm. If the structure is plasticized under high loading conditions, the plastic 

strains will be concentrated in this area and will result to premature failure. 

Since the reinforcement in the figure above is made of boron steel, one 

solution is to implement a soft zone around the welding spots or to use 

adhesives. In the soft zone implementation process, the areas around the 

points aimed to be spot welded are prevented to be hardened in the 

hardening process. It means that these areas have a hardness less than the 

rest of the part. Under loading, plastic strains may develop over a larger 

area and thus no premature failure will occur. 
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Figure 6.4. Effect of sheet number limitation in spot welding. 
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Before going further, the A-, B- and C-pillar in the car body should be 

illustrated. Figure 6.5 shows the location of each pillar in the car body. 

 
Figure 6.5. Location of pillars in the car body. 

6.3.   Joint Configuration Improvement 

6.3.1.   B-Pillar 

It has been noted that the adhesive bonding method gives more freedom to 

choose the more appropriate cross section in the joined parts. One example 

is given in the main B-pillar reinforcement of the car body. The main three 

pillars of the car body known as A-, B- and C-pillar are shown in figure 6.5. 

The B-pillar reinforcement is in turn reinforced by another semi-rectangular 

reinforcement spot-welded into the main B-pillar reinforcement, figure 6.6. 

The main B-pillar reinforcement spot–welded to the inner B-pillar panel 

performs a conventional top-hat configuration, figure 6.7. A top-hat 

configuration can be defined as a plane panel joined to a semi-rectangular 

panel with external flanges. These external flanges are called peeling 

flanges in this study since the applied forces result to peeling loads in these 

flanges. On the other hand an extruded rectangular configuration also called 

as box beam configuration can be defined as two semi-rectangular panels 

connected to each other which perform a rectangular cross section with 

internal flanges. These internal flanges are called shearing flanges since the 

applied forces result to shearing loads in these flanges. Both top-hat and 

box beam configuration are illustrated in figure 6.8. It is possible to 

improve the section to a closed extruded box beam cross section using the 
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structural adhesive. It is evident that compared to the top hat cross section, 

the closed box beam section has more strength and stability in crash 

situation due to the integrity and absence of peeling flanges and presence of 

shear flanges instead as it has been discussed before.  

The idea is to turn the inner reinforcement 180° and then adhesively join it 

to the main B-pillar reinforcement making a closed extruded box beam 

cross section. Afterward the complete lateral flanges of the main B-pillar 

reinforcement will be removed and the back surface of the turned 

reinforcement will be adhesively joined to the whole surface of the inner B-

pillar panel. The inner B-pillar panel will consecutively be joined to the 

panel side outer by the hybrid mode of attachment through the flanges. In 

this fashion, the gain is to remove the one layer of flange which belongs to 

the main B-pillar reinforcement. Thus, only one layer of adhesive would be 

enough to be applied between the joining flanges of inner B-pillar panel 

and panel side outer. Another benefit would be to strengthen the whole B-

pillar of the car by the small changes in the components and attachment 

method. Furthermore, according to the flange removal in the weight of the 

main B-pillar will be reduced by approximately 0.95kg. Considering two 

parts for each car, it will result in totally 2 kg weight reduction. 

 
Figure 6.6. panels contribution in the B-pillar 

Panel side 

outer 
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Figure 6.7. Cross section view of the B-pillar components joining. 

 
Figure 6.8. Top-hat and box beam configurations. 
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6.3.2.   Lower Rocker 

From the manufacturability concerns it is desirable to reduce the number of 

layers in the joining areas without any consequent deficiencies in for 

instance the mechanical properties of the structure. Based on this approach 

and using the adhesive bonding capabilities, the joining fashion in the lower 

rocker panels, may be changed. In this proposal presented in two phases, 

the number of flanges and the strength of the structure in the crash situation 

are affected. Firstly, regarding the strength of the box beam configuration 

using the attaching shear flanges in comparison with the peeling flanges, 

figure 3.2, and according to the possibility of making close sections based 

on the adhesive characteristics, the intermediate flange which belongs to the 

rocker outer panel can be laid beneath the upper surface of the rocker inner 

panel and adhesively attached accordingly. Therefore, in the areas away 

from the B-pillar, only the panel side outer and the rocker inner panel 

would participate in the joint in the upper section of the lower rocker, figure 

6.10. It should be also noted that only one layer of adhesive is needed to be 

applied performing a hybrid joint. 

On the other hand, in the area close to the B-pillar the B-pillar inner panel 

will be added to the participating flanges while the main B-pillar 

reinforcement flange has been already removed. It is noticeable that the 

area moment of inertia in this configuration based on the new flange 

situation will be increased leading to the increment in the strength of the 

structure in the case of side impact.  

The second phase would be presented in the same pattern but in this case 

the lower flange of the rocker inner panel can be mounted and adhesively 

joined above the lower surface of the rocker outer panel. Additionally, in 

order to support the rocker inner panel and also to strengthen the lower 

rocker, the main floor panel will be included in the lower rocker joint by 

making a conventional vertical flange. In this situation the forces toward 

the lower rocker coming from the side impacts can be transferred more 

directly to the main floor leading to a stronger body, figure 6.10. 
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Figure 6.10. Two phases of the joining proposal in the lower rocker. 

(a). General view of the components;  

(b). Cross section view of the current joining in the lower rocker; 

(c).Schematic illustration of the first phase of the attachment; 

(d). Schematic illustration of the second phase of the attachment. 

(d) 

 

(c) 
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A comparison between the new and original feature of each individual 

panel in the lower rocker is illustrated as CAD modeling in figure 6.11. The 

final configuration in assembly of the lower rocker in each case has been 

also shown in figure 6.12. 

 

 

 

Figure 6.11. Comparison between the original and new feature of the 

panels in the lower rocker. 

Original 

feature 

New 

feature 

rocker 

outer panel 

rocker 

inner panel 

main floor 
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figure 6.12. The original and new configuration of panels in  

the lower rocker 

Referring to the number of attaching surfaces, the arrangement and 

continuity of the flanges need to be considered. Looking deeply in the joint 

configuration of the lower rocker, especially the areas close to the B-pillar, 

figure 6.13 shows that the discontinuity due to the exceeding number of 

flanges causes to weak joining fashion which can be ruptured in crash 

situations. Based on the pole crash load case tests being implemented at 

SAAB on the full vehicle body in which the car is hit by a cylindrical 

impactor, the investigations show severe un-bonding in both sides of the B-

pillar in which the flanges of the panels have been designed to have up to 3 

surfaces to be spot welded together. Using all presented revisions, 

exceeding number of flanges can be avoided. Therefore, a more continuous 

surface configuration and convenient arrangement will be achieved. 
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Figure 6.13. Configuration of the panels in the lower rocker joining, in the 

both sides of B-pillar, there are 5 attaching surfaces and discontinuity in 

the joining. 

6.4.   New Designing, One Cheaper Part 

It is also advantageous to present a new design using the possibilities given 

by structural adhesives. From figure 6.14, the rear area of the lower rocker 

consists of 4 reinforcement parts and one panel body, totally 5 parts. Using 

the adhesive bonding method, it is possible to introduce one integrated part 

instead of these 5 parts. This new design will act as a reinforcement needed 

in its specific area and also as a panel body to link the lower rocker to the 

rear compartment of the car. The first consideration is the benefits obtained 

from the financial assessment. The production process including the tools 

and die making and trimming is more expensive and complicated for the 

original parts in compare to the new design. According to the calculations 

performed, the tooling and dies price for the new parts would cost half of 
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the original part which currently costs 4,000,000-5,000,000 SEK. In the 

assembly fixtures and subassembly stations and also from the logistic point 

of view the new design would cost approximately ¼ of the original design 

or 1,500,000 SEK save up. Finally, the part price would be 200 SEK per 

each car or 1/3 of the original design. In figure 6.15 the mounted part in its 

location has been illustrated. The red stripes show the traces of the adhesive 

applied instead of the spot welds. Based on hybrid joining, this part will be 

firstly mounted on the panel side outer by simultaneous use of spot welds 

and adhesive and then will be attached to the rocker inner panel. This 

attachment can be done only by adhesive bonding and no extra spot weld 

will be applied. 
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Figure 6.14. Rear components of the lower rocker and new integrated part 
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Figure 6.15. The location of the new part in the car body. 



49 

 

7.    FE-Simulation Results 

In order to study the new joining methods and parts configurations from the 

crash point of view, crash simulations with different load cases have been 

performed in LS-Dyna. The load cases include IIHS truck-to-car moving 

deformable barrier, FMVSS214 rigid pole (50
th

 percentile dummy) and a 

SAAB internal rigid pole test for the rear occupant. In these simulations, 

models of the complete car body are subjected to crash impact. It should be 

noted that the model 9
5
 sportcombi with sunroof instead of 9

5
 Sedan has 

been simulated due to the current SAAB simulation schedule. The results 

are still valuable to be considered for further studies, as both vehicle types 

are developed towards the same crash performance. Figure 7.1 shows the 

simulation crash load cases. 

In LS-Dyna, the adhesive elements were modeled with 

*MAT_PIECEWISE_LINEAR_PLASTICITY (for models without element 

failure) and *MAT_COHESIVE_GENERAL (with failure criteria). The 

failure criteria for the *MAT_COHESIVE_GENERAL material were 

established using parameters found from T. Carlberger's work [2] and then 

tuned to match the observed behavior in equivalent full scale crash tests. 

The first joining proposal in section 6.1, Re-Spot Elimination, is simulated 

using the models without element failure. The results are based on the 

assumptions that the adhesive modeled is strong enough to withstand the 

crashing forces without any failure. However, it is not the case in severe 

real-life crashes in which adhesives may fail locally, but close to what we 

can find in strong adhesives with further improved crash performance. This 

is a primary simulation test which can be used to compare with a spot-

welded reference model. In this model all spot welds around the rings of the 

door and the lower flanges of the lower rocker are removed and instead the 

structural adhesive is modeled. Figure 7.2 shows the spot-welded reference 

structure and the adhesively bonded structure. 
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Figure 7.1. IIHS truck-to-car moving deformable barrier, FMVSS214 rigid 

pole (50
th

 percentile dummy) and a SAAB internal rigid pole tests. 
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Figure 7.2. Comparison of spot-welded, upper picture, and adhesively 

bonded structure, lower picture. 

Regardless of the adhesive model without failure criteria which is not an 

accurate and reliable model, a good performance at least for the first step in 

detailed investigation can be seen. In order to be more precise and have 

trustworthy results from the real adhesive model, it is necessary to perform 

the experimental component tests to obtain the correct adhesive parameters 

like fracture energy and the cohesive law.  

The next simulation is performed to study the new B-pillar configuration 

for the third proposal, section 6.3.1. The simulations are series of the B-

pillar models which experience rupture in the lower part of their body. 

These ruptures are not present in the production design, where the structure 

offers robust deformation behavior without any failure indications. On the 

other hand, these results give insights to improve the B-pillar structure 

using the adhesive joining concept. In these simulations the adhesive is 
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modeled with failure criteria. However, the parameters of the adhesive 

failure criteria are not fully verified. 

The first simulation is to use the B-pillar with the completely removed 

flanges. Two noticeable ruptures can be seen in the both sides of the B-

pillar, figure 7.3, due to absence of the flanges and presence of high stress 

concentration in the sharp edges. 

 
Figure 7.3. First simulation, B-pillar modified with completely removed 

lateral flanges. 
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The next step is to simulate the B-pillar with the added flange in the left 

side and a short flange distribution, not completely extended flange as the 

reference model, to avoid the sharp edges and stress concentration, figure 

7.4. It can be seen that the ruptures are again occurring but in the areas in 

which the short added flanges disappear. 

 
Figure 7.4. Second simulation, B-pillar modified with shortly added flanges 

The third step is to simulate the B-pillar with more added flanges to cover 

the ruptured areas. The results show only rupture in the right hand side of 

the B-pillar, Figure 7.5. 
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Figure 7.5. Third simulation, B-pillar modified with more added flanges. 

Rupture occurs only in one side. 

Although, the results are not acceptable from the safety and necessary crash 

criterion points of view, they prove the necessity of keeping the substantial 

flanges especially in the lower part of the B-pillar. However, it is not 

bonded to the panel side inner/inner B-pillar panel. Furthermore, the new 

box-beam configuration using the B-pillar inner reinforcement shows 

neither rupture nor instability after the simulation. It is also shown that the 

upper part of the B-pillar in the last simulation has no instability, figure 7.6. 

Since the B-pillar experiences the rupture, we cannot interpret the behavior 

of the B-pillar in the other part of its structure like the upper or middle part. 
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Figure 7.6. Upper picture: top view of reference structure; 

                             lower picture: top view of B-pillar in the third simulation. 

The new lower rocker configuration and the new part designed for the rear 

section of the lower rocker, sections 6.3.2 and 6.4, respectively, have been 

also used in the last simulation showing promising results without severe 

deviation from the reference structure. But, since the modified B-pillar 

ruptured in the simulation, still we cannot accurately interpret the behavior 

of the new lower rocker configuration and the new designed part. 
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8.    Conclusion 

In this thesis work, a detailed study of the adhesive joining parameters has 

been performed. Using the adhesive bonding advantages and also 

considering its limitations, the opportunities to reduce weight, cost and 

assembly time as well as to improve the assembly process have been 

extracted. The whole assembly process and the production line at SAAB 

Automobile AB was studied. The focus area has been narrowed down to the 

left hand side door opening section of the 2011 passenger car model 9
5
 

sedan to be specifically investigated. The results are presented in the cast of 

proposals and ideas. Using the hybrid bonding concept, the combination of 

spot welding and adhesive bonding, the final robotic spot welding line was 

suggested to be removed. Since adhesive bonding is originally a faster 

process, the promoted assembly schedule from the time point of view is 

noticeable. On the other hand, the initial subassembly stations and fixtures 

and also the robots are enough to apply the adhesive at the first steps of the 

assembly process. Therefore, the extra steps and stations in the final robotic 

spot welding process including fixtures, conveyors, equipments and 

programmed robots can be removed, leading to a considerably cheaper 

process. 

In order to avoid the Heat Affected Zone in the spot welded parts, the 

adhesive bonding method has been suggested to be used in the boron steel 

reinforcement beam which connects the A-pillar to the B-pillar. Indeed, due 

to the limitation in the number of joining surfaces imposed by the spot 

welding method, there will be no cut-offs in the joining flanges. Therefore, 

the risk of crack initiation will be reduced. 

The joining configuration in the B-pillar and the lower rocker has been 

changed leading to a reduced number of flanges and a lighter structure. 

Additionally, more integrity and continuity in the lower rocker 

configuration can be obtained. However, the simulation results have shown 

rupture in the B-pillar reinforcement, but the design based on adhesive 

bonding can improve the results. Moreover, the results can be deviated due 

to uncertainty in the adhesive mechanical parameters.  

Finally, one integrated part has been introduced instead of 5 parts leading to 

the reduced number of parts and more convenient assembly process. The 

new part is considerably cheaper from the both production and assembly 

process points of view.  
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9.    Future Work 

This study shows the potential of using adhesive joining and designing the 

structure for this joining technique simultaneously. Other sections and 

interfaces of the car body need to be scrutinized for further potentials of 

using adhesive bonding to gain lighter, stronger and cheaper structures. 

Additionally, comprehensive component tests need to be performed to 

obtain the accurate adhesive mechanical parameters like fracture energy, 

the optimum thickness and the corresponding cohesive law. The adhesive 

model used for simulation needs more modification to give reliable results. 

Prototypes can be developed to perform physical tests and analysis for 

suggested proposals. The vibration properties of the new configuration in 

the lower rocker and also the hybrid joining of the whole panel side outer 

can be studied. Future projects are suggested to be designed and analyzed 

with consideration of using adhesive bonding along with other mechanical 

fasteners. 
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