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The increasing demand for lightweight components has led to a huge exploitation of 

non-metallic materials such as polymers, fibers and elastomers in industrial and 

manufacturing processes. Recent trends towards cost effectiveness, weight reduction 

and production flexibility in industrial production and manufacturing processes has 

led to a growing interest in hybrid components where two or more dissimilar 

materials coexist to achieving specifically optimized characteristics.  

 

The importance of this research is to serve as a bridge to understanding the theories 

behind various joining techniques and the adaptation of the process for metal to 

polymer hybrid joints. Moreso, it helps companies to select the most productive and 

yet economical joining process for realization of lightweight metal to polymer hybrid 

components. 
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This thesis is a literature review analyzing various materials that has been published 

on various joining methods for metal to polymer hybrid joints on the feasibility and 

eventual realization of the joint between these dissimilar materials. This study is 

aimed at theoretically evaluating the feasibility of joining processes between metal 

and plastic components by exploiting exhaustively joining and welding sources. 
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1  INTRODUCTION 
 

Since the Second World War, utilization of plastic materials in engineering 

structures has increased due to their low weight, high specific strength, high 

specific modulus, design flexibility, reduced manufacturing cost, excellent 

corrosion, solvent and environmental resistance, thermal and electrical insulation 

and durability [1,2]. This has led to various researches into the combination of 

dissimilar materials and the joining methods remains a critical factor in the 

manufacture of components from dissimilar materials involving polymers and 

metallic materials for structural applications [1]. 

 

The joining method of dissimilar lightweight materials between metallic and 

polymeric materials is important in realizing multi – material light weight 

innovative structures for engineering applications. Engineering structures such as 

those employed in automobile and aerospace industry are made of hybrid 

components of light weight dissimilar materials such as aluminum or magnesium 

alloys and fiber reinforced polymers (FRP) [3,4,5]. The joint obtained combines 

the strength and ductility of metals with physico-chemical resistance and high 

specific stiffness of polymers in this hybrid component [5]. The metal component 

is utilized in sections where high stiffness and strength can be exploited, while 

the plastic material initiates the balance of stiffness alongside with impact 

resistance and further enables functional integration via the formation of complex 

shapes in the molding process [6]. 

 

It is however important to maximize effectively the joint contribution of each 

substrate in order to ensure a balance in mechanical performance and yet 

maintaining minimum weight and cost effective solution [6]. This hybrid 

component is aimed to increase strength–to-weight ratio and reduce fuel 

consumption in transportation components thereby reducing cost [7]. However, 

this type of dissimilar joints is often difficult to achieve and their behavior is 

grossly not fully understood. This is due to the difference in mechanical and 

physical properties of plastics and polymers and the limited joining methods 

available for this type of hybrid structures. The most frequently used joining 

methods for metal and polymer hybrid structures are adhesive bonding and 

mechanical fastening [8]. These joining processes have several limitations, such 

as stress concentration, extensive surface preparation, extra weight alongside with 

environmental emissions.  
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Promising techniques for joining this dissimilar material have arisen in order to 

solve those problems caused by the traditional joining techniques. New emerging 

techniques are, laser welding, ultrasonic welding, friction spot welding, friction 

stir welding etc. effective application of this processes necessitates an 

understanding of the processes and also the behavior of metal and polymer to this 

processes and ability to unite them during the joining process. 

 

Hybrid metal – polymer joints presents embracing properties and efficiency in 

terms of design and manufacturing flexibilities alongside with overall weight 

reduction in components. Major areas of applications are in automotive and 

aerospace applications where weigh reduction is integral for fuel economy. 
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2  BACKGROUND OF METAL - POLYMER JOINTS 
 

Recently, increasing interest has been focused towards the application of hybrid 

metal-polymer joints for automotive and aerospace applications both to improve 

weight and performance [5,9]. Hybrid joint of metallic and polymeric materials 

brings new possibilities of applications as a result of the fact that both materials 

possess significantly different physical, chemical and mechanical properties. 

 

The joint established via metal to polymer hybrid joints are of good mechanical 

and physical properties alongside with forming and design flexibilities. However, 

limited information in literature as regards a suitable joining technique for these 

dissimilar materials as undermined their utilization in industrial applications. 

 

The most suitable methods for establishing metal-polymer joints are mechanical 

fastening solid phase joining and adhesive joining however, both mechanical 

joining and adhesive bonding necessitates an overlapping joint configuration to 

achieving required joint strength which however increases the weight , thickness 

and stress concentration of the structure [9,10]. The limited joint design 

possibilities limit the use of these joining techniques as they are application 

specific. It is therefore however important to establish a joining technique for 

metal to polymer with unlimited design flexibility and fabrication rate as 

compared to adhesive joining and mechanical fastening [11]. 

 

It is often difficult to form metal-polymer joints via welding. This is due to the 

rarity of the process due to the large differences in melting temperatures, thermal 

conductivity and contraction characteristics of these materials alongside with 

uncertain chemistry and property of the weld pool [8]. Hence, joining remains a 

critical factor in the manufacture of components from polymers and metals for 

structural applications. 
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3  JOINING METHODS FOR METAL - POLYMER 
JOINTS 
 

Several joining techniques exist in realizing hybrid joints between metal and 

polymer substrates. These methods are divided into; mechanical fastening, 

adhesive bonding and welding as shown in figure 1 [12]. These processes can be 

utilized individually or combined in a single technique to ensure a successful and 

durable joint between metal and polymer hybrid structure. It should however be 

noted that, these joining techniques have got their advantages and disadvantages 

and an adopted method will depend on application and service requirements. 

 

 

 

 

                

 

 

 

 

 

                   Figure 1.  Joining methods for dissimilar materials [12]. 

 

Adhesive joining 

 

Adhesive joining is a solid state joining technique that relies upon the formation 

of intermolecular forces between the workpiece and the polymeric adhesive itself 

for joint formation [13]. It involves the use of polymeric adhesive which 

undergoes a chemical or physical reaction for eventual joint formation. 

 

Joining of dissimilar materials 

Adhesive bonding  Mechanical fastening          Welding 
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In recent years, adhesive metal joining has grown widely due to the development 

of high strength and tough adhesives, which can withstand both static and 

alternating loads [14]. The drive towards considerable weight reduction in 

aerospace and automotive applications has contributed to the rapid growth of this 

joining method which offers unique weight reduction alongside with 

homogeneous stress distribution during loading [14]. 

 

However, adhesive bonded joints often proof to be problematic as the bonded 

joints cannot be disassembled without damage. Moreso, these joints are prone to 

environmental degrading factors such as moisture, humidity, temperature etc. The 

most important factor limiting the use of adhesive bonding is the uncertainty in 

forecasting the long term durability of this joint alongside with the fact that 

bonded joints often fails instantaneously instead of progressively as would be 

applied in engineering structures [14].  

 

Mechanical fastening  

 

This joining technique employs the use of fasteners such as screws, bolts, 

washers, rivets or the use of integrated design elements like snap-fit or press-fit 

joints for eventual joint formation [15]. This method is suitable for similar and 

dissimilar materials and frequently used when joining metal to polymeric 

materials. The benefits of this joining method is that no surface preparation is 

required and components can be easily disassembled incase of inspections and 

repairs. However, it comes with limitations such as increased component weight, 

evolution of stresses around fastener holes which consequently induces strength 

degradation and eventual corrosion related problems [16]. 

 

Welding 

 

This is a fusion joining process which involves the use of heat for joint formation. 

The unique advantage of this method is that it is suitable for both similar and 

dissimilar materials and can also be used to obtain a solid state joint with little or 

no microstructural changes. It is often difficult to directly weld metal to plastics 

due to large structural dissimilarities in these materials [8]. Polymers structures 

constitutes of macromolecules which are held together by Van der Waals forces 

while metals are materials with densely packed crystal structures alongside with 
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high cohesive energy [8,17,18]. This implies that the solubility of metal in plastic 

is considerably low due to fact that metals tends to form clusters instead of 

mixing uniformly when embedded with polymers [8,19]. Moreso, the melting 

temperature for mixing for metallic materials is extremely too high as compared 

to polymer melting temperature. Hence, polymers tends to degrade (plasticize / 

soften) before metals are melted [8]. While thermosets and thermoplastic 

polymeric materials can both be adhesively bonded and mechanically fastened, 

welding can only be employed on thermoplastics [8,12]. 

 

Polymeric materials are classified as, elastomers, thermoplastics and thermosets 

as shown in figure 2 [8,13]. The processing of thermosets and chemically 

crosslinked elastomers are characterized by an irreversible cross – linking 

reaction which results in degradation hence, they cannot be reshaped by means of 

heating [8,12,13]. Thermoplastics and thermoplastic elastomers on the other hand 

can be melted and softened by heat due to weakening of secondary Van der 

Waals and hydrogen bonding forces among interlocking polymer chains [8]. This 

however, makes it possible for thermoplastic and thermoplastic elastomers to be 

remolded upon application of heat and consequently be fusion welded [8]. 
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                Figure 2.  Classification of polymeric materials [12]. 

 

Several welding methods exist but, for this thesis work, the following welding 

process will be of focus in welding metal to polymer hybrid component; 

 

 ultrasonic welding 

 laser welding  

 friction spot joining 

 friction stir welding 

 

Ultrasonic welding  

 

This is an innovative technique to produce hybrid joints for multi-material 

components [5]. This welding method employs the use of mechanical vibration 

initiated by a welding sonotrode to soften or melt the workpiece at the joint 

interface. The workpieces to be joined are held together firmly under pressure and 

subjected to vibrations at frequency typically 20 to 40 kHz [5,20]. The welding 

time for ultrasonic welding is in few seconds which makes the process ideal for 

mass production. However, it should be noted that this joining technique is 

       ELASTOMERS THERMOPLASTICS        THERMOSETS 

     PHYSICALLY 

      CROSSLINKED 

    POLYMERIC MATERIALS 

 

 

         MATERIALS 

    CHEMICALLY 

    CROSSLINKED 
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limited to small components with weld lengths typically not exceeding few 

centimeters [20,21]. 

 

Laser welding 

 

This joining technique employs the use of light energy which is absorbed by the 

workpiece and converted to heat required for joining. This technique provides 

unique joining features as compared to other welding techniques for dissimilar 

materials as the laser beam is capable of fusing most materials, overcoming 

problems related to differences in thermal conductivity. The rapid solidification 

alongside with cooling rates provides the opportunity for the formation of novel 

microstructure and helps avoid excessive degradation of the polymer [22]. In 

joining metal to plastics, laser welding presents an undoubted advantage in terms 

of design flexibilities and fabrication rate. 

 

Friction spot joining 

 

This is a solid state joining technique that incorporates the use of a rotation tool 

with a probe. The rotating tool plunges into the upper workpiece and an anvil 

beneath the lower workpiece supports the downward force exerted. The motion of 

the tool establishes frictional heat in the workpiece which then heats, softens and 

subsequently plastically deform the workpiece to initiate a solid state weld [23]. 

The advantage of this process is that the properties of the weld is comparable to 

base metal as there is little or no microstructural changes in base metal just as 

other friction welding process. 

 

Friction stir welding  

 

Friction stir welding is a solid state – state hot joining process which produces 

weld between workpieces via heating and plastic material displacement as a result 

of a rapidly rotating tool moving along the joint area [24,25]. It incorporates the 

use of a hard and wear resistant cylindrical tool with a screw thread probe relative 

to the material to be welded [24]. The rotating tool initiates a frictional heat onto 

the material which consequently results in plasticization and material flow via 

extrusion from the front of the tool to the back where it solidifies [26]. This 
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joining technique is suitable for joining similar and dissimilar materials with a 

unique advantage that the material been welded does not melt and recast hence, 

minimizing or eliminating slag – inclusions, porosity and other weld defects as 

compared to fusion welding [25].  
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4  ADHESIVE JOINING  
 

Adhesive joining utilizes polymeric materials with various additives to join 

components together. The bonding process involves a chemical reaction which 

may be initiated for example, upon the exposure of adhesive to air, resulting in a 

hydrogen bridge type bonding or covalent bonding between the cured adhesive 

and the respective components [27]. During the bonding process, the adhesive 

should be liquid at some stage of the joining process in order to allow molecular 

intimacy for Van der Waal’s attractive forces develop [28]. 

 

While the adhesive is in the liquid state, it is necessary that it wets the parts it is 

trying to bond together. This wetting phenomenon gives the prerequisite for 

proper molecular intimacy as it measures the compatibility of the adhesive with 

the adherends.  If adhesive shows insufficient wetting in the liquid state i.e., balls 

up rather than spreads out, the joint will apparently be weak and practically 

unsuccessful [27]. 

 

In order to ensure successful bonding, the surface tension of the adhesive must be 

the same or lower than that of the adherend surfaces [27,28]. Hence the surface 

cleanliness is essential. It may be evaluated with a single drop of de-ionized 

water. If the water wets the adherend surface then the surface is suitable for 

bonding. Surface modification can be carried out with the following techniques: 

 chemical etching 

 plasma etching 

 corona oxidation 

 acid etching 

 anodization 

 sand blasting 

 priming 

 solvent cleaning and degreasing 
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Another important factor in the joining process is that the internal stresses in the 

joint must be minimized in order to achieve a reliable joint. Factors that may 

contribute to internal stress formation in the joint include: 

 Mismatch in the coefficient of thermal expansion (CTE) between the 

adhesive and the adherends. If adhesive and both adherends have a 

significant mismatch in their coefficients of thermal expansion, a reliable 

joint under varying temperature conditions will not be achieved. A small 

mismatch in CTEs assures the long term reliability of the joint. It should 

be noted that the mismatching coefficient of thermal expansion in any of  

these materials will impose internal stresses in the final assembly when 

temperature changes [27,28,29]. 

 Elastic modulus of the adhesive: If a CTE mismatch in adherends and 

adhesive of the order of 30 ppm/°C exists for a rigid adhesive, an internal 

stress on the level of 3.4 x 10
7
N/m

2
 is possible. On the other hand, if 

CTEs are compliant, the internal stress may be as low as 3.4 x 10
6
 N/m

2
. 

An adhesive with low modulus of elasticity are compliant, producing low 

stresses. A rigid adhesive with high modulus of elasticity will often 

display high internal stress concentration due to inability of the adhesive 

to deform [28]. 

 Adhesive shrinkage as it cures: During solidification, adhesives usually 

shrink due to their polymeric nature. This shrinkage results in internal 

stresses and eventual crack formation within the bondline [28]. It is often 

necessary to adjust the hardness of the adhesive in order to minimize 

shrinkage stresses upon solidification. 

 Localized stresses: These stresses are associated with the presence of air 

bubbles, voids, inclusions and other surface irregularities on substrate. If 

the gas bubbles or voids on the substrate surface are nearly in the same 

plane, and not far apart as shown in the upper part of Figure 3, crack can 

easily traverse from one void to another. In contrast, an alternating degree 

of roughness as shown in the lower part of Figure 3, presents obstacles to 

crack propagation [28]. 
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Figure 3.  The roughness of substrate surfaces influences the crack propagation 

path in adhesive joint [28]. 

 

4.1  Theories on joint formation in adhesive 
bonding 
 

There exist several theories to describe the phenomenon of adhesion [28]. Either 

of these theories cannot alone fully explain the complete process of bonding. 

However, each theory contributes to an overall understanding of the eventual 

bonding process and is consequently important.  Most common theories on 

adhesion and adhesive joint formation are based on [27,28]:  

(a) Absorption and wetting 

(b) Diffusion 

(c) Electrostatic interaction 

(d) Mechanical interlocking 

(e) Chemical bonding  

(f) Weak boundary layer 

 

Adhesive bonding cannot generally be fully described with a single theory 

[28,29]. Usually, a combination of mechanisms is responsible for bonding within 

a given system. The extent at which each mechanism contributes varies for 

different systems. Some theories are more applicable for certain substrates and 

applications while other theories are more appropriate for different 

circumstances. 
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Absorption and wetting theory  

Absorption theory is based on the simple fact that the adhesive must wet the 

surfaces of the adherent which implies that the adhesive must spread 

spontaneously over the surfaces when joint is formed [30]. This theory has 

resulted in the development of adhesive materials which have a lower surface 

tension as compared to the adherend surfaces. A typical example supporting this 

theory are epoxy resins which wet steel well and result in the formation of a good 

joint. However, these resins do not wet PE or PTFE and result in poor bonding 

[28]. 

 

This theory confirms that, in the case of intimate contact between the adhesive 

and the adherend, the adhesive strength or adhesion will result from interatomic 

and intermolecular forces at the surface [27]. These interfacial forces may include 

Van der Waals forces, dipole- dipole as well as dipole-induced dipole interaction 

and hydrogen bonds. The phenomenon which ensures continuous contact 

between the adhesive and adherend surfaces is known as wetting [30].  

 

Wetting is the process where a liquid spreads onto a solid surface spontaneously. 

It is controlled by relative magnitude of the surface energy of the liquid-solid 

interface versus the liquid-vapour and the solid-vapour interfaces. Practically, to 

wet a solid surface, the adhesive should have a lower surface tension than the 

adherend [30]. Figure 4 shows the characteristics of both good and poor wetting 

upon spreading of the adhesive on adherend surface. Good wetting means that 

upon spreading liquid on adherend surface it flows into crevices and valleys on 

the substrate surface [28]. On the other hand, a bad wetting is obtained if the 

adhesive bridges the gaps on substrate surface [30]. A prerequisite for good 

wetting is that the adhesive must have a significantly low viscosity for successful 

wetting to be obtained. 
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Figure 4.  The Characteristics of (a) good and (b) poor wetting as described by an 

adhesive droplet spreading across adherend surface [28]. 

 

The processes involved in wetting can be better understood by studying the 

contact angle, which is the angle between the air- liquid and the liquid-solid 

interfaces [28]. Wetting phenomenon is described Young’s equation [28,30], 

which relates the contact angle θ  to the surface tension forces of surfaces existing 

in the system at the three phase contact point as shown in figure 5 and equation 1. 

                                                             

 

 Figure 5. A schematic diagram of the contact angle and its relation to the surface 

tension   components [31]. 

                

                              SLSVLV  cos
                               (1) 
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The subscripts L, V and S denote the liquid, vapour and solid phases respectively, 

and the combination of each two of these subscripts corresponds to a specific 

interface ( e-g, SL denotes the solid – liquid interface). The symbol γ SV denotes 

the surface tension of the solid material in equilibrium with the vapour, γ LV 

represents the surface tension of the fluid material in equilibrium with the vapour 

and γ SL denotes the surface tension of the surface between the liquid material and 

the solid [32,33]. When the contact angle θ is larger than zero (θ > 0˚), the liquid 

does not spread spontaneously on substrate surface. On the other hand, 

spontaneous wetting is obtained when θ = 0˚.  Then liquid material wets 

completely the substrate and spreads spontaneously over it as shown in figure 6. 

 

 

Figure 6. The conditions for spreading, wetting and dewetting as expressed with 

the value of contact angle θ. [31]. 

 

The condition satisfying spontaneous wetting is given by equation 2 [28], 

                                         LVSLSV  
                                                            (2) 

If wetting is to be achieved, the critical substrate surface energy c
  known as the 

substrate surface tension ( sv
) must be higher than the surface tension of the 

wetting liquid lv
 (e.g. adhesive)   i.e.  c  substrate >    adhesive [28]. Hence, 

           For good wetting:     adhesive << c
  substrate 

               For poor wetting:      adhesive > > c
 substrate 
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Since the surface energy of the liquid must be reduced in relation to the surface 

energy of the substrate for successful wetting, this explain why surface treatments 

such as the use of primers are needed for increasing the surface tension of the 

substrate for a successful joint formation. This is discussed in more detail in the 

later sections of this work. 

 

Diffusion theory 

This theory is based on the assumption that the adhesion is developed via 

interdiffusion of molecules between the adhesive and the adherend across the 

interface [27,34].This theory requires that both the adhesive and adherend are 

polymeric and miscible with each other in order to promote the interdiffusion of 

long chain molecules [28,34]. Figure 7 illustrates the interdiffusion of mobile 

chain molecules at the interface: 

               

 

 

Figure 7. The movement of macromolecules across the interface resulting in an 

entanglement of polymer molecule chains [34]. 

 

The rate of diffusion is described by the Ficks’ first law of diffusion which relates 

the amount of diffusing material ω in a given direction x during the specified time 

(t) to the concentration gradient ∂c/ ∂x [27].    

                               x

c
tD f





                                                  (3) 

where Df  represents the diffusion coefficient of the diffusing material. 

 

The diffusion theory can be applied only to a limited number of cases, because it 

relatively rare to find situations whereby both the adhesive and adherend are 

mutually soluble. In situations where the adhesive and adherend are not miscible, 
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chain movement is usually constrained due to the crosslinking of polymer 

molecules which impedes their movement [34].    

                                              

Electrostatic theory 

The electrostatic theory is based on the assumption that electrostatic forces are 

developed due to the formation of an electrical double layer (EDL) at the 

adhesive/adherend interface [35,36]. This results from the transfer of electrons 

across the interface due to the differences in electronegativity which generates 

positive and negative charges interacting with each other. It is assumed that these 

forces developed at the interface account for the resistance to separation of the 

adhesive and adherend [30]. They are observed as electrostatic discharges during 

the destruction / peeling of an adhesive joint. However, it is probable that the 

contribution of electrostatic forces on adhesion is minimal in comparison to the 

Van der Waal’s forces contributing to the adhesion [28]. 

 

Mechanical interlocking 

This theory of adhesion is simply based on the fact that adhesion results from the 

penetration of the adhesive into pores, crevices and other  irregularities on the 

substrate surface, displacing the trapped air and locking mechanically to the 

substrate upon curing (polymerization) as shown in figure 8 [27,28,30,34,37]. 

                                            

                       

Figure 8. Schematic presentation of the adhesion by mechanical interlocking 

[34]. 

 

The important contribution of surface roughness to adhesion is obtained by 

increasing the area of contact between the adhesive and adherend. This gives 

“teeth” to the substrate and enhances mechanical interlocking effects [30]. With a 

surface roughening treatment, the adhesive will have to pass through the surface 

irregularities of the adherend for separation to take place i.e., the adhesive has to 
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be plastically deformed which consequently brings along the absorption of energy 

and results in an increase in joint strength. The surface roughness also forms 

crack propagation obstacles between separating adherends [30]. 

 

The main criticism against this theory is based on the fact that good adhesion can 

also be obtained with smooth surfaces [36]. Therefore, the mechanical 

interlocking theory cannot be considered as universal but it can contribute 

significantly to the increase in the energy dissipated plastically around the 

propagating crack tip during the adhesive joint failure [30].  

 

Chemical bonding theory 

This theory explains that the adhesion is linked to a primary chemical bonding 

such as covalent and ionic bonding or to a Lewis acid-base type interaction 

formed across the adhesive - adherend interface [27]. This bonding originates as a 

result of the adsorption of adhesive on the adherend surface which is then 

accompanied by a chemical reaction as shown in figure 9. The term 

chemisorption is sometimes used to explain this process [28].  

 

A major prerequisite for the formation of this bond is that there exist mutually 

reactive chemical groups both in the adherend and adhesive [27]. The nature of 

the interaction observed for a given adhesive bond depends solely on the 

chemical composition of the interface. Adhesives with reactive functional groups 

such as hydroxyl groups tend to adhere more strongly to adherends with similar 

functional groups. This is the reason why epoxy and polyurethane base polymers 

are employed in structural adhesive bonding [28].  

 

In order to facilitate the chemical reaction at the adhesive- adherend interface, 

coupling agents and adhesion promoters are usually introduced. These chemicals 

establish a multifunctional molecular bridge between the adherend and the 

adhesive.  One end of the adhesion promoter molecule has a functional group 

which will react with the adhesive while the other end has a corresponding 

functional group that reacts with the adherend [28].  
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Figure 9. The Formation of chemical bonding across the adhesive-adherend 

interface [34]. 

 

Weak boundary layer theory 

The weak boundary theory was first described by Bikerman [27]. He suggested 

that the adhesive bond failure at the interface is a result of either a cohesive 

fracture or of a weak boundary layer. The theory further explains that an adhesive 

failure at the adhesive/adherend interface rarely occurs and if failure does occur, 

it is basically linked to a cohesive failure of a weak boundary layer (WBL).  

 

The actual origin of the weak boundary layer might be in the adherend, adhesive, 

environment or in a combination of these factors. When the failure occurs, it is 

the weak boundary layer that fails even if the failure may be seen to have 

occurred at the adhesive-adherend interface. Weak boundary layers may originate 

in an adhesive joint during the following work stages [27]. 

 before and during the application of adhesive: upon application of the 

adhesive air must be displaced completely form the adherend’s surface, 

as undisplaced air may form weak links or boundaries for failure. This is 

basically the function of good wetting. During the application of the 

adhesive, oxides must be removed from adherend’s surface to prevent 

formation of WBL 

 curing of adhesive. During curing of adhesive (polymerization), reaction 

products may result which can generate weak boundary layers on 

adherend surface. 

 service use of adhesive joint. During the service use of adhesive joint, 

environmental moisture may diffuse into either the adherend or the 

adhesive. This may also be due to the chemical reactivity of the 

adherend with the environment i.e., corrosion. It results in a formation 

of weak boundary layer that degrades the joint strength.                                                                                                                                           
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4.2  Surface treatments 
 

Surface treatments of substrate for adhesive joining play the most important role 

in determining the reliability of the joint performance. This cannot be 

overemphasized. Independent on how well all other operations are performed, 

even the best adhesive will not produce a durable high strength joint without 

sufficient surface preparation [30].  

 

The aim of surface treatments is to clean the adherend surface and/or introduce 

chemical functional groups in the surface to aid wetting and chemical bonding 

between adhesive and the adherend [27,28,38]. Surface condition of adherend is 

usually influenced by the exposure to normal atmosphere [39]. This results in 

water and gas adsorption onto the surface in the molecular scale as well as 

oxidation processes occurring at the surface upon exposure to atmosphere or 

environment as shown in figure 10 [39]. Other environmental contaminants 

include grease, dust and oil. They may be attached to the oxide generated on 

metal surface during corrosion reaction.  

                                           

 

      Figure 10. The surface layers present on a metal substrate [39]. 

 

It can be strongly stated that the prime target of surface preparation is to ensure 

that the adhesion can develop in the joint to the extent where the weakest link in 

the bonded joint is within the adhesive layer and not at the adhesive/adherend 

interface. With an appropriate surface treatment, failures would not be observed 

as a result of weak boundary layer or insufficient wetting [27]. 
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The aims of using of surface treatments prior to the bonding process include 

[6,30]: 

1. The adhesive surface develops good and reliable wetting properties so that 

the adhesive spreads spontaneously. This ensures that the adhesive wets 

the actual surface of the adherend and not the virtual surface layer. 

2. The elimination of the existence or the later formation of weak boundary 

layer(s) 

3. The facilitation of the sufficient degree of molecular interaction between 

the adhesive and the adherend 

4. To ensure sufficient joint strength by increasing the work of adhesion at 

the adhesive - adherend interface through the creation of rough surface. 

5. To determine how well and how long a bond will endure. 

6. To create a desirable microstructure on the substrate. 

7. To protect the surface before the bonding and to ensure that the surface 

remains unchanged when the assembly is placed in service 

                 

4.3  Use of Primers 
 

An adhesive may provide limited adhesion to some substrates due to the low 

surface energy of the substrate or to the presence of a weak boundary layer on the 

substrate. Efforts have been directed to the elimination of these problems with 

surface treatment techniques. Quite often, however, the surface treatments are not 

adequate for achieving the required bond strength. Therefore the effectiveness is 

usually achieved by the use of primers [28]. 

 

A primer is a kind of coating with a lower viscosity as compared to the adhesive. 

It is usually applied to adherend surface before the application of adhesive in 

order to develop strong interfacial forces between the adherend and the adhesive, 

to shield the surface layer from environmental induced changes, to facilitate 

mechanical interlocking, to adjust the free energy of the surface to promote 

wetting and to increase the service life of the joint [28].  

 

Primers are typically polymer solutions with good wetting capabilities and can act 

as surface treatments for removing impurities and protecting surface until 

adhesive is applied. Introduction of primers on substrate surface results in the 

formation of a new organic layer at the interface as shown in figure 11. This layer 
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can be defined as bifunctional, it adheres well to both the adherend and the 

adhesive and provides improved interfacial bonding [28]. 

 

 

Figure 11. Introduction of a new and strong organic layer at the interface for 

improved adhesion by the application of primer [27].                                                     

 

4.4  Silane primer 
 

Silane is a typical example and the mostly used primer in adhesive bonding. 

Silanes are used to enhance adhesion between inorganic and polymeric materials 

as they contain a bifunctional molecule [27]. Silane primers belong to a class of 

organosilanes possessing two different reactive groups bonded to silicon (Si) 

atom in a molecule. 

 

The general chemical structure of a silane is of the form: 

 

                                               R− Si− (X) 3,
 

where R is a non-hydrolyzable group, Si is a silicon atom and X is a hydrolyzable 

functional group.
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The functional group X is a hydrolyzable group which can react with several 

inorganic materials such as metals and glasses to form a chemical type bond with 

the surface. The second functional group R is non - hydrolyzable and reacts with 

various organic materials such as thermoplastics, thermosets and elastomers to 

form a chemical bond with the functional group of the base polymer in the 

adhesive. These unique features of silane enable the reactive functional groups in 

the silane molecule to form chemical bonds between inorganic and organic 

materials. This makes silane primers useful as adhesion promoters, crosslinking 

agents and surface modifiers in adhesive bonding. 

 

In the case of metal, the most commonly employed silane primer is gamma-

glycidoxypropyltrimethoxysilane (GPMS) with a fascinating ability to react 

chemically with both the adherend and the adhesive [27]. It forms at the interface 

covalent bonds which are both strong and durable. 

 

Besides the ability to form covalent bonds with both substrate and adhesive, also 

other beneficial factors resulting from the use of silanes in adhesive bonding 

include [40]: 

 Ability to improve surface wettability 

 Silane layers are deformable and are able to relieve internal stresses 

 Interfacial surface bonds formed by silane can be easily broken during 

hydrolysis but these bonds have the ability to reform which makes the bond 

more ductile and permits stress relaxation. 

 High water resistance 

 

Silane primers are typically applied in the diluted form, either with water or 

water/ethanol mixture. In order to achieve a durable joint the silane primer must 

preferably be hydrolyzed before the application to the adherend surface to form 

trihydroxy silanol [27]. After application to the substrate surface in the 

hydrolyzed form, it should then polymerize via condensation polymerization to 

form a crosslinked polysiloxane. This prevents the formation of a weak boundary 

layer and subsequently chemisorbs on substrate surface which then results in a 

good intrinsic adhesion [27]. 

 

An important feature of these silicon based primers is their unique water 

resistance which inhibits the penetration of water or other liquids. Consequently, 
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they are not prone to degradation resulting from humidity. They also possess 

resistance to extreme temperature as a result of their unique chemical structure 

which gives them the ability to withstand continuous service temperature of 

180˚C and even higher. 

In silane primed joints, fracture surface investigation by XPS and Auger 

spectroscopy shows that failure is often as a result of a cohesive failure through 

the polysiloxane layer [27]. Usually, silane primer improves joint durability by 

increasing water resistance of the metal oxide-polysiloxane interface. Failure is 

always as a result of the silane primed layer itself as it forms the weakest link in 

the joint due to its susceptibility to hydrolysis and also due to its hydrophilic 

nature that promotes water penetration into the interface region. 

 

Some other useful organometallic primers are those based on organotitanes, 

organozirconates and chrome complexes. They have been utilized for metal- 

polymer joint assemblies with varying degrees of success [27,36]. 

                                                    

4.5  Applying the adhesives 
 

The selection of the correct method for adhesive application depends solely on 

the physical form of the used adhesive. This depends on the size, shape and 

orientation of the part to be bonded as well as on the required production rate 

[41]. The common methods for adhesive application include: 

Manual: This facilitates the use of brushes and rollers, flow methods, spreading 

with knife etc. This is essentially suitable for liquid adhesives 

Semiautomated: These methods involve the use of spray guns, syringe or other air 

pressure devices. This method is used e.g, for hot melt adhesives 

Automated: This category involves the use of automated devices specifically 

designed for parts which are to be mass produced. They enable high production 

rates. 

 

Besides the selection of the right method for adhesive application, some other 

important factors contributing essentially to the durable joint formation via the 

application of adhesive are to be considered: 
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Clean environment: During the adhesive application the bonding area must be 

clean and free of dust and other contaminants which may result in weak boundary 

layer formation in the joint during the adhesive application. Insufficient surface 

cleanliness may result in an overall failure of the joint. 

Moisture control: In order to obtain a trouble free service of the adhesive joint, 

the control of the air moisture content during the adhesive application is of 

paramount importance. Large moisture contents can result in shrinking or 

swelling stresses which deplete the joint [41]. 

Careful spreading of adhesive: Independent on the method used in adhesive 

application, careful spreading of adhesive resulting in a uniform adhesive 

thickness over the whole bonding area must be obtained. Then upon application 

of pressure the adhesive will flow spontaneously into a uniform thin layer. On the 

other hand it should be noted that too thin adhesive layer may not cover the whole 

joint area whereas too thick layer may result in the reduction of the overall 

mechanical strength of the joint [28,42]. 

 

4.6  Curing of adhesive 
 

Adequate curing of adhesive in adhesive joining is necessary to develop the 

required joint strength. The curing time and method are both important in 

obtaining the optimum joint. Adhesive curing implies the process where the 

physical rheological state of the adhesive changes via a chemical reaction from 

liquid to solid which results in the polymerization/ hardening of the adhesive.  

 

The method employed for the initiation of the liquid to solid conversion depends 

solely on the type of adhesive. For thermosetting adhesives (epoxies, 

polyurethanes) curing involves chemical cross- linking, while for thermoplastic 

adhesives, curing is initiated via a physiochemical process during the cooling of 

the molten polymer. Other adhesives such as cyanoacrylates are cured by the 

polymerization of a liquid monomer. 

 

Moisture curing adhesives: This adhesive type typically cures due to the humidity 

in air which reacts with the base resin in the adhesive formulation as a result of 

diffusion of moisture into the adhesive. Moisture reacts with the adhesive 

molecules resulting in hardening of the adhesive [28]. For curing to proceed, it is 

necessary that the adhesive is exposed or has access to air. Otherwise the 
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adhesive may cure only at the joint edges exposed to air. Curing rate depends on 

the base polymer and reaction chemistry as well as on the humidity level of the 

curing environment. 

 

UV/ Light curing adhesives: These adhesives cure upon exposure to radiation 

such as visible or ultraviolet light. The curing depends strongly on the wavelength 

and intensity of the light [28]. UV and light radiation initiate the curing of the 

adhesive via photoinitiation which activates the free radical curing mechanism. 

The formed free radicals resulting from the photoinitiation are then crosslinked 

with other adhesive molecules which results in the hardening of the adhesive. It 

should be noted that any part of the adhesive which is not exposed properly to 

these radiations will not cure properly. 

 

Anaerobic curing adhesives: This class of adhesives utilizes the absence of 

oxygen as the curing mechanism. Presence of oxygen inhibits the curing of these 

adhesives. When the adhesive is placed between the substrates, the adhesive is 

shielded completely from oxygen and the curing reaction is catalyzed by metal 

ions on the adherend surface [28]. Anaerobic curing mechanism is very fast and 

can be enhanced with the use of primers or by the application of heat. 

 

Pressure curing adhesives: The curing of this class of adhesives typically depends 

on the amount of pressure exerted to join the adhesive and the adherend. The 

degree of curing or hardening depends solely on the level of pressure which is 

used to press the adhesive to the substrate.  

 

In this curing process, the adhesive does not undergo a state change. Pressure is 

only needed to facilitate the adhesive layer to wet the substrate surface and thus 

form a strong bond [43]. This mechanism of hardening where the state of 

adhesive remains unchanged is known as tack [27]. The term “wet tack” implies 

the ability of adhesive to form a bond in the liquid state. 
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4.7  Factors influencing joint quality and properties 
  

Several factors have been identified to contribute to the properties of adhesively 

bonded joints. These factors play a vital role in the formation of joint quality. 

Quality worsening factors may exist in the interfacial region of the joint or in the 

adhesive and the adherend. Joint quality may influence, e.g, the durability of the 

adhesively bonded joint. 

 

The control of the factors limiting the joint quality and properties in adhesively 

bonded joints is much more difficult as compared to other joining techniques. For 

instance, if the adhesive fails to properly wet one of the surfaces of the adherends 

during adhesive application, the joint will be of low quality as the bond area is 

smaller than expected in the areas of no wetting. The bonding is also smaller than 

expected in areas where weak boundary layers form. Internal stresses resulting 

from adhesive shrinkage during curing or the stresses associated with eventual 

differences in the coefficients of thermal expansion (CTEs) can cause a negative 

influence on the joint properties. 

 

Factors influencing the joint quality and properties in adhesively bonded joints 

 

          The incompatibility of the adhesive with the adherends, resulting in: 

- adverse chemical reaction at the joint interface(s) 

- inadequate wetting of the adherend surface(s) by the adhesive 

Inadequate substrate preparation, resulting in: 

-  the formation of weak boundary layers at the joint interface 

- porosity or gas entrapment at the joint interface 

- insufficient wetting of the adherend by the adhesive 

  

Internal stresses: 

- resulting from adhesive shrinkage during curing 
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- resulting from the mismatch in C.T.E’s between the adherend and 

adhesive 

Cleavage loading resulting from improper joint design 

Faulty processing, resulting from: 

- improper substrate surface preparation 

- improper adhesive application 

- improper curing 

Service environment resulting in the degradation of adhesive, adherend or 

adhesive/adherend interfaces due to [39]: 

- corrosive environment degrading the adhesive/adherend interface 

- temperature: eventual plasticization of adhesive due to high 

temperatures results in degradation of the mechanical and physical 

properties of the joint 

- humidity: it may result in plasticization or in a hydrolysis followed 

by eventual crack initiation at the adhesive/adherend joint 

interface 

- contaminants: they may result in the formation of weak boundary 

layer 

- radiation: the scission of the polymer molecular chains used in 

structural adhesives caused by electromagnetic waves results in 

the weakening and embrittlement of adhesive 

- weathering - involving cyclic heating and cooling and moistening 

and drying 

- biological agents which attack the adhesive in the bonded joint 

Operational loads, depending on: 

- loading orientation relative to the adhesive layer 

- rate of stress application 

Improper adhesive selection for the adherend material and also for operation 

environment 

- reduced joint strength 
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- loss of adhesion 

       

4.8  Advantages and disadvantages of the adhesive 
joining of metals 
 

Several joining methods exist for joining of metals such as welding, riveting, 

brazing, soldering and use of mechanical fasteners. However, adhesive joining 

brings along some unique advantages as well as disadvantages as compared to 

other joining techniques. This section describes the advantages and disadvantages 

of adhesive joining as compared to other joining techniques. 

Advantages: 

 Adhesive joints introduce the damping of vibrations and absorption of 

shocks 

 No structural or microstructural changes occur in base metals due to the low 

working temperatures 

 No significant distortions in base metals 

 The joining process can be carried out with simple facilities and 

arrangements 

 Dissimilar materials can be joined 

 The adhesive in the joint insulates against heat transfer and electric 

conduction 

 Yields a homogeneous load distribution over joint area which provides 

excellent fatigue resistance 

 No surface markings as the joint is almost invisible 

 Prevents galvanic corrosion between dissimilar metals as the insulative 

adhesive cuts off the flow of corrosion currents 

 Provides good strength- to - weight ratio 

 Seals and insulates  joints  

 Gives a smooth contour i.e., does not change the contour of the part to be 

joined 

 Can be used to join all shapes and thicknesses 

 Low strength of adhesive can be compensated by using large joint area 

  

Disadvantages: 

 Cleaning and surface preparation is often necessary for a good joint 

formation 
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 Long curing times of adhesive may be needed 

 Long term use may alter the properties of the joint 

 Non - destructive testing  possible only to a certain extent 

 Durability and service life of adhesive joint depends on the environment 

to which it is exposed 

 Visual examination of the bond area is quite difficult  

 Adhesive of natural or vegetable origin are susceptible to attack by 

bacteria, rodents, or molds 

 Poor resistance to elevated temperatures due to the polymeric nature of 

the adhesive 
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5  LONG TERM DURABILITY OF ADHESIVE JOINTS 
 

It is often easy to obtain high initial joint strength, but obtaining a durable joint in 

an aggressive service environment is usually a difficult task [27]. The properties 

of adhesive joints are usually degraded as a result of a variety of factors to which 

the joint is exposed during use. Examples are environment (moisture and 

temperature) and stress [44]. Variation in the environmental exposure conditions 

can influence the way by which the physical properties of the adhesive as well as 

the strength of the joint at the adhesive/adherend interface change with time [45]. 

It is, however, important to understand how these factors influence the joint to 

enable the prediction of the long term durability of the joint.  

 

Moisture is the most important factor that degrades the durability of adhesive 

joint. It is in most cases considered as critical when estimating the durability of 

adhesive joint. Moisture can severely alter the properties of the adhesive in a 

reversible manner. An example is the plasticization which depresses the glass 

transition temperature and weakens the mechanical strength of the adhesive joint 

[45]. 

 

5.1  Concept of durability 
 

The term durability in adhesive bonding describes the capability of the adhesive 

joint to endure for a preset duration of time in the actual service environment 

where degrading factors such temperature and humidity are expected to exist 

[33]. 

 

The concept of durability implies the endurance of the adhesive joint or the 

consistent performance of the joint as a function of time [36].The strength and 

other properties of adhesive joint are influenced by several factors such as high 

and low temperatures, humidity, chemical fluids, outdoor weathering, stress etc. 

The simultaneous exposure of adhesive joint to several of these factors may 

introduce drastic reduction in joint properties. It is therefore necessary for a 

candidate adhesive to be pre-tested under simulated service conditions in order to 

establish its durability. 
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Some important factors that may influence the durability of a particular adhesive 

joint are [36]: 

 Time of exposure 

 Nature and type of environment 

 Maximum stress level 

 Average constant stress level 

 Cyclic effects of stress and environment 

 

5.2  Factors influencing the long term durability of 
adhesive joints 
 

Several factors have been identified to be responsible for the degradation of the 

interfacial region of the adhesive joint, adhesive itself and the adherend and 

consequently for the influence on the long term durability of the joint [27]. 

Important factors influencing the durability of adhesive joints are: 

(a) Temperature 

(b) Humidity + moisture 

(c) Load 

(d) Stress 

(e) Surface treatment 

(f) Radiation 

(g) Chemicals and solvents 

 

Each of these factors or their combinations influence the long term durability of 

the adhesively bonded joint by gradually degrading the mechanical and physical 

properties of the joint. 
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5.2.1  Influence of Temperature 
 

The detrimental influence of temperature on adhesive joint is of great importance 

as this thermal effect facilitates the eventual joint strength reduction [38]. Most 

synthetic adhesives used in adhesive bonding usually degrade at service 

temperatures above 150˚C [27]. Efforts have been undertaken to develop 

polymers which can withstand both cryogenic temperatures and also elevated 

temperatures in the range of 250˚C- 300˚C. 

In order for the adhesive to endure in the high temperature applications, adhesive 

must have a high melting point and also be resistant to oxidation [27]. 

Thermoplastic adhesives with low softening point are usually unique in room 

temperature applications, where the service temperature approaches the glass 

transition temperature of the thermoplastic adhesive. At elevated temperatures the 

deformation of the adhesive initiates via plastic flow which degrades the cohesive 

strength [46]. The thermoset adhesives have no melting points as a result of their 

highly crosslinked structures which make them suitable for high temperature 

applications. Elevated temperature rather causes their thermal oxidation, which 

then initiates chain scission of their molecules resulting in loss of strength, 

toughness and elongation in the bulk of the adhesive [28,46]. High service 

temperature results also internal stresses due to the mismatch in the coefficients 

of thermal expansion (CTE) between the adherend and the adhesive.  

  

The influence of temperature on adhesive joint can be classified into two 

categories, i.e. (a) high temperature and (b) low temperature regime. Both high 

and low temperatures influence the durability of the adhesive joint.  

 

High temperatures: all polymeric adhesives used in adhesive joining of metals are 

susceptible to degradation resulting from high temperature service environment. 

It has been observed that the short term physical properties of adhesives are 

lowered as a result of high temperature exposure [28].  Continued thermal aging 

will also degrade the mechanical properties of the adhesive and adhesive joint. 

 

The influence of high temperatures on adhesives is summarized below [28,39, 

47,48,49]: 

 Deformation and plastic flow at temperatures above the glass transition 

temperature 
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 Oxidation (if oxygen or metal oxide interface is present) resulting in the 

reduction of the cohesive strength of the adhesive due to the formation of 

weak boundary layer. 

 Chain scission (splitting of polymer molecules) resulting in the reduction of 

molecular weight followed by consequent degradation of cohesive strength. 

 Embrittlement as a result of enhanced crosslinking in  highly crosslinked 

thermosetting adhesives ( epoxies, polyurethanes) 

 Mismatch in the coefficients of thermal expansion of the adhesive and the 

substrates 

On the other hand, thermosetting adhesives with no melting point and highly 

crosslinked molecular structure are more stable against high service temperatures 

with no degradation of mechanical properties resulting from creep. For 

thermosetting adhesives the loss of cohesive strength results from the thermal 

oxidation and pyrolysis. As a result of high temperature oxidation, the chain 

scission of molecules causes loss of molecular weight, elongation and toughness 

in the bulk of the adhesive [28]. 

 

The use of polymeric adhesives in high temperature applications requires that 

[45,47]: 

(a) the adhesive should have a high melting point 

(b) the adhesive must be resistant to degradation due to thermal oxidation 

(c) the adhesive must be resistant to thermally induced chain scission 

 

Low temperatures: In low temperature service environments, the thermal 

expansion of the adhesive is of utmost importance [27]. This is due to the fact 

that the elastic modulus of adhesive increases with decreasing temperature. The 

following properties are hereby important for an adhesive applied in low service 

temperature applications: 

(a) the adhesive must be resilient and flexible if the coefficients of thermal 

expansion of the adhesive and substrate cannot be closely matched 

(b) the adhesive must have a high thermal conductivity for minimizing the 

internal stresses resulting from the cryogenic service temperature. 
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In general, adhesive joint strength is influenced by internal stresses developing in 

the joint due to temperature variations. Stresses may be resulting from the 

shrinkage of the adhesive, from the differences in thermal expansion and 

contraction (due to mismatch in the coefficients of thermal expansion between the 

adhesive and the adherend) and also from the uneven temperature distribution in 

the joint resulting from the discrepancies in thermal conductivity [36]. 

 

5.2.2  Influence of humidity and moisture 
 

Moisture is the most significant environmental factor influencing the durability of 

adhesively bonded joints. It is almost impossible to prevent water or moisture 

from penetrating the joint [27]. Usually joints are exposed to moisture due to the 

high relative humidity (RH). As a consequence of the diffusion of moisture into 

the joint, deterioration of mechanical and physical properties results which 

consequently limits the long term durability [37]. Moisture usually influences the 

adhesive, adherend and most severely the interfacial regions of the joint [27].  

 

Some of the events resulting from the diffusion of moisture into the joint are 

reversible provided that the bond degradation has not proceeded too far (for 

example, plasticization of the adhesive and swelling of adhesive) [47]. Then the 

joint usually recovers its initial strength upon drying. There may also exist 

irreversible changes (cracking, chain scission, adhesive displacement and 

hydrolysis of the adhesive) which may result in an eventual damage of long term 

mechanical properties of the joint as shown in figure 12. 

 

Moisture may diffuse into the adhesive joint via [28,39,50]: 

(a) diffusion of moisture through the exposed edges of the joint and through the 

adhesive 

(b) diffusion along the adhesive/adherend interface 

(c) porous adherend 

(d) diffusion via cracks in the adhesive 
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Figure 12 Influence of moisture on adhesive joint: (a) absorption of the moisture 

on surface sites, (b) displacement of the adhesive from surface sites due to the 

penetration of moisture [28]. 

 

Once moisture has found its way into the joint, it may cause severe changes in the 

joint properties and introduce the following negative effects [27,28,39,47]: 

(a) Plasticization of the adhesive which causes the degradation of the joint 

strength 

(b) Alteration of the properties of the adhesive by cracking or hydrolysis as 

shown in figure 13 

(c) Swelling of the adhesive developing internal stresses in the joint 

(d) Interference with the adhesive/adherend interface by, e.g., displacing the 

adhesive, hydrating the metal or disrupting the secondary bonds across the 

adhesive/adherend interface. 
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Figure 13 Hydrolysis of polymer chains resulting in the scission and degradation 

of the polymer chains [27]. 

 

The influence of moisture on adhesive joint durability is important, as water is 

polar in character and can readily permeate most polymeric adhesives [51]. 

Diffusion of moisture into the adhesive layer brings along property changes. 

 

The influence of moisture on adhesively bonded joint can occur due to [28]: 

(a) degradation of the properties of the bulk  adhesive 

(b) degradation of adhesion properties at the interface 

(c) degradation of adherend properties 

(d) hydration of metal oxide layer at the interface 

 

Influence on bulk adhesive: moisture diffusing into the adhesive joint is absorbed 

by the bulk adhesive. This causes property changes in the bulk adhesive such as 

the reduction in glass transition temperature, crack formation and hydrolysis [47]. 

 

Influence on interface: water with its polar nature can permeate adhesive which 

then induces the preferential migration of water to the interface region where it 

can displace the adhesive at the joint interface. This is the most important factor 

contributing to the reduction of joint strength in high humidity environment. 
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Degradation of adherend: high humidity levels can result in corrosion as well as 

property changes in the adherend. Corrosion of the adherend results in material 

and joint strength loss [47,50]. 

 

Hydration of metal oxide at the interface: some substrates used in adhesive 

bonding such as aluminum and stainless steels form an oxide layer on their 

surface. At high humidity levels such oxides can be hydrated resulting in weak 

boundary layer formation [39,45,47]. 

 

Adhesive joints can be protected against the degradation mechanisms caused by 

humidity by taking into account the following: 

(a) selection of adhesive with low moisture permeability 

(b) coating of exposed joint edges in order to inhibit moisture diffusion 

(c) use of primers/adhesion promoters to improve durability 

 

5.2.3  Influence of load 
 

The presence of mechanical stresses during aging can have a significant 

accelerating influence on the degradation of adhesive joints in metals. Mechanical 

load in the joint can initiate complex and non-uniform stresses inside the joint 

assembly [52]. These stresses cause the primary and secondary bonds in the joint 

and across the interface to become vulnerable to environmental attack by 

lowering the activation energy for bond breaking [36]. The rate K of bond 

destruction increases with stress according to the equation 4 [36]: 

 

                 
)

)(
exp(

*

RT

vE
AK a 


                                                              (4) 

where Ea = Arrhenius activation energy, A = frequency factor, K = aging rate 

factor, R = gas constant, T = temperature, σ = stress and ν* = constant                                                                             

 

According to equation (4) increased bond breaking rate is achieved because the 

applied stress brings along a reduction in the activation energy Ea. 
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Stresses occurring in an adhesive joint can be classified into two main groups, 

i.e., internal and external stresses. Internal stresses arise as a result of 

discrepancies in the physical properties of the adhesive and adherend materials 

which bring along e.g., a mismatch in the coefficient of thermal expansion (CTE). 

External stresses are resulting from either static or fatigue loading [36].  

 

Fatigue loading: 

This detrimental failure phenomenon takes place in the joint assembly as a result 

of repeated or cyclic loading.  Adhesive joint may have unique fatigue properties 

as compared to other joining techniques. Adhesive joint subjected to fatigue 

loading will fail at stress levels which are much lower than they can withstand 

under static loading [53,54]. It is impossible to ascertain a precise value of load 

(threshold level) below which fatigue failure will not occur. Such limit may be 

known only if testing is carried out for longer times [36]. 

 

Static loading: 

This mode of failure occurs in adhesive joint due to the application of a constant 

load over certain duration of time. It is quite difficult to predict the long term 

durability of adhesive joint under static loading as only limited studies have been 

carried out on the influence of static load. The aim of this work is to study the 

influence of static load on adhesive joint to enable the forecasting of the long 

term durability of the joint under the influence of static loading. 

 

5.2.4  Influence of internal stress 
 

Adhesive joints are usually subjected to static or dynamic stresses during service. 

These stresses may further combine with other environmental degradation factors 

such as high temperature and moisture resulting in a drastic reduction in joint 

strength and compromising the durability of the joint.  

 

It has been stated that cyclic stresses degrade the joint strength more rapidly than 

static stresses [27]. Internal stresses generated as a result of adhesive shrinkage 

(emanating during curing), or by adhesive swelling (as a result of water 

absorption) or as a result of mismatch in the coefficients of thermal expansion 

between the adhesive and adherend can significantly influence the durability of 
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the joint. Stresses often promote the diffusion of moisture and other fluids into 

the joint as a result of the formation of micro cracks [27]. Dynamic and static 

stresses coupled with aggressive environment can pronouncely influence the joint 

strength and its long term durability [55]. 

 

5.2.5  Influence of adhesive and adherend types 
 

Adherend type  

The characteristics of the adherend in adhesive joints play a vital role in the 

formation of durability [27,47]. They may influence the durability of the bonded 

assembly by the loss of strength due to the failure of the adherend itself or due to 

the interaction with the adhesive causing property changes in the adhesive and 

consequently degrading the joint. Generally, adhesive joints including inorganic 

adherends such as metals are usually more prone to environmental degradation as 

compared to their polymeric substrate counterparts. In metal substrate the 

degradation of the joint initiates in the adhesive itself or at the interface. It has 

been observed that the stability of the adherend and its surface influence 

significantly the durability of the joint [27]. In the case of aluminum adherend, 

diffusion of moisture into the surface results in the hydration of the metal oxide, 

i.e. the transformation of aluminum oxide (Al2O3) formed during surface 

treatment to oxyhydroxide (AlOOH) as shown in figure 14. As a result of this 

hydration, an expansion of the interphase results which develops high internal 

stresses in the joint and results in eventual crack formation and propagation in the 

joint [27,56].  
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Figure 14 A typical bond failure resulting from the hydration of the aluminum 

oxide on aluminum substrate when exposed to moisture [27]. 

 

For steel substrates exposed to moist service environment, loss of joint strength 

resulting from the corrosion of the adherend rarely occurs except in situations 

where the exposure conditions are especially corrosive for the steel. Steels are 

usually protected against corrosion by coating treatments such as galvanizing and 

phosphating.  

 

Coatings on substrate surface establish the following [27]: 

(a) A microscopically rough surface which is resistant to corrosive degradation 

(b) Stabilization of the substrate surface against degradation 

(c) Promotion of the formation of physical bonds with the adhesive primer at the 

surface 

 

It should, however, be noted that the joint strength and resistance to moisture 

offered by coating protected steel is dependent on how well the protective layer 

adheres to the steel and also on the hydrolytic stability of these protective layers 

[39,47]. 

 

Adhesive type  
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The influence of moisture and temperature on polymeric adhesive is of 

importance for the durability of adhesive joint. The influence of moisture is more 

important, even if the high temperature service conditions will degrade the joint 

strength in a similar way as moisture.  

 

As mentioned before, the diffusion of moisture into the adhesive results in 

plasticization and hydrolysis of the adhesive, which depress the glass transition 

temperature (Tg) and reduce the strength of the joint [27,47]. 

 

In general, all polymeric adhesives will absorb moisture to some extent and 

consequently they suffer from the reduction of the mechanical properties of the 

joint as a result of interaction with water. High temperature curing adhesives 

generally provide higher joint durability at elevated temperatures due to their 

higher glass transition temperature. 

 

5.2.6  Influence of surface treatments  
 

As noted earlier, adequate surface pretreatment of substrates prior to the bonding 

is one of the most important factors for achieving a reliable and long term durable 

joint. Surface pretreatments such as mechanical treatments (abrasion, 

sandblasting) and chemical treatments (solvent cleaning and degreasing) are 

usually adequate for substrate if the long term durability is not critical [30]. 

However, in order to achieve a long term durable joint for metallic substrates, it is 

often necessary to use primers such as those based on, e.g., silanes. The aim is to 

create a hybrid chemical bridge to facilitate the bonding between the organic 

adhesive and the inorganic adherend [27,28]. Such bonding typically enhances 

the stability of the interface and further increases the durability of the joint [56].  

 

The beneficial influences resulting from the use of primers are: 

(a) The inhibition of the adhesive joint strength degradation in high humidity 

environments by establishing a corrosion protection to the substrate surface. 

(b) The suppression / hindering of the formation of weak boundary layers in wet 

environment. 



43 

 

It should however be noted that only the onset of  degradation can be delayed 

with the use of primers as the moisture can still diffuse through the primers due to 

their polymeric nature. Primers are more effective if they contain corrosion 

inhibitors or if they can chemically interact with adherend to establish a new 

surface layer with additional properties [28]. 

 

5.2.7  Influence of radiation 
 

The influence of radiation (sunlight, X - ray, infrared, uv-radiation etc.), is also of 

importance in adhesive joining. Radiations are typically aggressive to adhesives 

and they influence more often thermoplastic and elastomeric adhesives with more 

limited effect on thermosetting adhesives [47].  

 

In general, radiation can influence the cohesive strength of the adhesive and also 

the strength of the joint due to the chain scission of the polymeric adhesive. This 

then results in the weakening and embrittlement of the joint and thereby depletes 

the durability of the joint. The presence of fillers and additives in adhesives will 

also have an influence on the resistance to radiation degradation. 

 

5.2.8  Influence of chemicals and solvents 
 

Polymeric adhesives used in adhesive bonding are generally sensitive to chemical 

environments and solvents which may result in the plasticization of the adhesive. 

However, highly crosslinked polymeric adhesives such as polyurethanes and 

epoxies present high stability in chemical environments. It is important for the 

adherends to be non-porous to inhibit the diffusion of solvents into the polymeric 

adhesives and joint interfaces. 

 

5.3  Mechanism of bond failure in adhesive joint 
 

Adhesive joint may fail in three distinct mode of failure namely [57]; (a) cohesive 

failure which occurs in the adhesive layer as a result leaving traces of adhesive on 

both sides of the substrates, (b) adhesive failure which exist at the 
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adhesive/adherend interface and (c) mixed failure i.e., combination of adhesive 

and cohesive failure modes. 

 

(a) Cohesive failure initiates via the plane of the carrier cloth and this plane 

represents the weakest plane in an effective bond due to reduction in surface area 

caused by carrier cloth as shown in figure 15. The main causes of cohesive failure 

are design insufficiencies such as inadequate overlap length and factors causing 

peel stress and thermal stress [58]. 

 

                                   

Figure 15. Typical fracture surface for cohesive failure in adhesive bond [58]. 

 

(b) Adhesive failure occurs at the adhesive/adherend interface bringing about 

residual adhesive remnants at some location at some location of the substrates 

surface as shown in fracture surface in figure 16. In adhesive failure, chemical 

bonds at the interface is severed and consequently weakened as compared to the 

adhesive strength at the plane of the carrier cloth. It should however be noted 

that, adhesive failure often exhibits low strength and may initiate even without an 

applied load as long as the degradation of interface is completed [58]. 
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          Figure 16. Fracture surface showing adhesive in adhesive joints [58]. 

 

(a) In mixed failure mode, there exist combinations of both adhesive and cohesive 

failure modes due to partial degradation occurring at the interface as shown in 

figure 17 [58]. A mixed fracture surface is often characterized by areas of smooth 

and rough surface due to partial degradation. 

 

 

      Figure 17. Mixed mode bond failure in adhesive bond [58]. 
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5.4  Adhesive bonding of metal to polymer 
 

Hollaway [59], investigated adhesively bonded steel and carbon fiber reinforced 

polymer (CFRP) hybrid joints as shown in figure 18.  

 

      Figure 18. Schematic metal to polymer adhesive bonded butt joint [59]. 

 

Investigation revealed that, the adhesive is much weaker than the FRP composite 

or the steel elements been joined. This is because the thickness of the workpiece 

increases as compared to the adhesive thickness. As a result, the bond stresses 

becomes relatively large until the bond consequently fails at lower load than that 

for which the adhrend fails. However, in a well bonded steel/FRP joints, the 

failure mode should be cohesive or within the adherend (FRP inter- laminar 

failure). Failure mode initiating at the adhesive/ adherend interface implies that a 

stronger bond should be made. 
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6  MECHANICAL FASTENING 
 

Mechanical fastening incorporates the use of additional clamping components 

without fusing the joint surfaces. It relies on the use of clamping or members such 

as screws and rivets for eventual joint formation. The features of mechanical 

fastening include [60]: 

 

 a heating cycle which is usually not applied to workpieces but exceptions 

is riveting where the rivets utilized for clamping are heated prior to the 

fastening operations so that upon cooling , rivets shrinks enabling the 

component to be clamped tightly. 

 the method usually requires special mechanical operations such as drilling 

of holes, making screw threads etc., prior to the joining process. 

 joint configuration often depends solely on service conditions, example is 

if or not leak tightness is required. In some cases, joint may be designed to 

tolerate mismatch in coefficient of thermal expansion in the assembly. 

Moreso, joints can also be made to allow complete freedom of movement 

in the plane perpendicular to the clamping member. 

 

Mechanical fastening still remains the most used methods in joining components 

as result of the simplicity of the process [61]. Originally used to joining metallic 

materials but can now be employed in joining of plastics and most importantly 

dissimilar materials [61]. Different types of mechanical joining techniques exist, 

but for this thesis work, and as metal to polymer joints is of utmost interest, 

riveting methods will be of focus area. 

 

Rivet is a permanent mechanical fastening method which employs the use of a 

smooth cylindrical shaft with a head at one end while the other end is referred to 

as tail as shown in figure 19. During the joining process, they are installed by 

placing them in parallel in a predrilled hole as shown in figure 20, the head of the 

rivet is created by upsetting so as to obtain a cylindrical form as shown in figure 

20.  
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                 Figure 19 Schematic presentation of a rivet [61]. 

                        

The tail section is then plastically deformed as to ensure that it expands to about 

1.5 times the initial shaft diameter [61]. Usually, the clearance around the rivet 

shaft are made wide enough to enable easy insertion but yet, low enough to avoid 

slippage of the assembled parts [61].  

 

     Figure 20 Schematics of head forming and dimensional changes of rivet [62]. 

 

In order to avoid leakages via the joint, the plates are forced firmly together by 

caulking operations as shown in figure 21. The plate edges are hammered and 

eventually driven in by a caulking tool. 
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                       Figure 21. Caulking of riveted joints [62]. 

 

Riveting operations can be classified into hot or cold riveting  depending on 

whether heat is applied or not and this is a function of revert diameter. If the 

diameter is 12 mm or less than, cold reverting is employed but for larger 

diameters, hot reverting is used. The differences between hot and cold riveting 

are explained thus [61]: 

 in hot riveting, the end of the rivet shank is initially heated to temperature 

range about 1000ºC to 1100ºC prior to the application of force. In cold 

riveting, no heating is required as the process is carried out at ambient 

temperature. 

 in hot riveting, as the rivet cools down, reduction in length of the shank 

compensated by allowing the head of shank to rest against the connected 

members hence, the shank fraction of the rivet is subjected to tensile stress 

while connected parts are compressed. In contrast, cold riveting does not 

hold the connected part with such high force as compared to hot riveting. 

 in hot riveting, the shank is usually under tensile stress while in cold 

riveting, the shank is subjected to mainly shear stresses. 

 in hot riveting, as a result of heating, there is a consequent reduction in 

length and this pulls the head of the rivet against the workpieces initiating 

stronger joint. As a result of reduction in length, there will be a 

consequent reduction in diameter which hereby creates a clearance 

between the inside hole and the rivet. In cold worked rivets, reduction in 

length and diameter does not occur. 
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6.1  Types of rivets and joints 
 

When steel substrates are joined, the rivets are typically made of low carbon 

steels [61]. Copper types rivets is frequently used when prevention against 

corrosion, while aluminum rivets are used to bring about overall weight reduction 

of components [61]. Figure 22 shows different types of rivets head employed in 

rivet joining according to different application. 

 

                            Figure 22. Typical types of rivets heads [62]. 

 

Riveted joints can be classified into lap joints and butt joints. In lap joints, there 

exists overlapping plates held together by one or more rivets as shown in figure 

23 [61,62]. On the basis on the number of rows used, the lap joints can be further 

subdivided into single riveted lap riveted lap joints. Butt joints are made up of 

two plates which are held in alignment against each other in a single plane and a 

cover plate is then placed over these aligned plates and riveted to each plate as 

shown in figure 23 [61,62]. Also, as a function of the number of rivets in each 

plate, butt joints are subdivided as single row and double row butt joints [61]. 
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Figure 23. Shows (a) single lap riveted joint; (b) single riveted double cover butt 

joint; (c) single riveted double cover butt joint; (d) double riveted lap joint; (e) 

double riveted single cover butt joint [62]. 

 

6.2  Modes of failure of riveted joints 
 

As explained earlier, rivets are usually heated so as to establish thermal expansion 

enabling the rivet pole to fill the predrilled hole in the workpieces and strong joint 

connection. As a consequence, the rivet head would be subjected high 

concentration of tensile stresses which needs to resisted by the rivets [61,62]. 

High stress concentration in riveted joints often results in tearing between the 

rivet holes, shearing or crushing of the rivets as the case may be [61]. Tearing 

mode of failure between rivet holes is a failure type which initiates in the joined 

material, figure 24, while shearing is as a consequence of the failure of the rivet, 

figure 25. Crushing can be as a result of the failure of the material joined or due 

to failure of the rivets [61,62], figure 26. 
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                 Figure 24. Tearing of workpiece at section weakened by holes [61]. 

 

 

              Figure 25. Shearing of rivet (a) Single shear (b) Double shear [61]. 

 

 

               Figure 26. Schematic presentation of crushing of rivets [61]. 
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6.3  Metal to polymer riveted joint 
 

Settineri et al. [63] investigated self piercing riveting for metal to polymer joints. 

Experimental results showed that, in riveting joining between metallic and 

polymeric material, the process depends on geometric parameters of the rivet i.e., 

sheet thickness and tool design, the riveting force and on the metallic material, 

which should always be placed at the bottom side of the joint as it is more 

deformable. 

 

In this experiment, the materials used were [63]: 

1. Al2024 – T3 aluminum alloy and precipitation hardened Al2CuMg with 

Cu = 4,2% 

2. FEPO4 low carbon steel ( C = 0,08% ) 

3. Noryl GTX 924 thermoplastic produced from polyamide, reinforced with 

polyfenilene (PPE) 

4. Xenoy CL 100 thermoplastic produced from poly (butylene terephthalate) 

and polycarbonate (PC) 

5. RTM thermohardening polymer composite 45% polyesther, 22% glass 

fibers and 30% calcium carbonate. 

6. SMC, a fiberglass produced from unsaturated net-like polyesther with 

30% glass fibers. 

 

The geometries of the rivet used are show in figure 27 and the dimensions given 

in table 1. The rivets were made of boron steel with typical composition similar to 

AISI 94B30 and was coated by an 8µm protective layer of Zi-Pb-Al alloy. The 

rivets were self piercing rivets and no predrilled holes were necessary on the 

workpieces. 
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                        Figure 27. Typical geometries of rivets used [63]. 

            

                        Table 1.   Dimensions of different rivet sizes [63].                   

        Ø D1 

       (mm) 

        Ø D2 

       (mm) 

           L 

       (mm) 

          K 

       (mm) 

       Code 

         3.9         8.0         4.1          1.2            I 

         3.9         8.0         5.8          1.2           II 

         4.8         8.5         5.8          1.5          III 

         4.8         8.5         6.7          1.5          IV 

 

                             

The test samples were formed by joining sheet rectangular samples of 100 X 25 

mm automotive manufacturing standards as shown in figure 28. The rivet was 

placed at the center of the overlapping joint and the metallic material blanked, 

ensuring that the main axis is in the cold rolling direction. Due to the fact that the 

bottom material sheet would undergo the highest deformation it was important to 

place the metallic sheet as the bottom sheet and the polymeric material as the 

upper sheet. 
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  Figure 28. Schematic presentation of metal to polymer riveted joints [63]. 

                                                  

Experimental results showed that, a joining force of 24kN is optimal for riveting 

joining of metal to plastic. Also, the test showed that, for polymeric material to be 

successfully joined only rivets II, III, IV were suitable. Furthermore, results 

showed that the joint obtained from Al2024 T3 with sheet thickness 2mm showed 

the highest shear loads. 
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7  ULTRASONIC WELDING  
 

Ultrasonic welding is a solid state joining technique that initiates coalescence via 

the simultaneous application of localized high frequency vibration energy 

alongside with moderate clamping force [64]. This welding technique is 

characterized by low energy input i.e., low temperature in welding zone alongside 

with short welding times. The workpieces in ultrasonic spot joining are usually 

two thin sheets in a simple lap joint which are clamped and positioned between 

the sonotrode and an anvil by static force [65]. During the welding sequence, the 

top workpiece is held against the moving sonotrode while the bottom workpiece 

is held against the anvil. Consequently, due to the ultrasonic vibration of the 

sonotrode is created with the aid of transducers, it initiates a friction like relative 

motion between two workpieces held under clamping pressure. As a result, the 

workpiece surface is deformed, sheared, local surface asperities flattens out and 

dispersing interface oxides and surface contaminants to bring about workpiece 

contact and bonding [64,65]. 

 

The components of ultrasonic welding systems consists of (a) converter (b) 

boosters (c) ultrasonic generator (d) converter as shown in figure 29 [66]. The 

ultrasonic generator creates a high frequency mechanical vibration in the 

frequency range 20 to 30 kHz or higher at the end of the transducers. The 

converter employs the reverse piezoelectric effect to change this high frequency 

voltage into mechanical oscillation of similar frequency. Usually, the required 

amplitude of oscillation (u) typically 5 - 50 µm is achieved in the welding zone 

by appropriate design of the booster and sonotrode [66]. 
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      Figure 29. Schematic principle of ultrasonic metal welding [66]. 

 

The most important process parameters in ultrasonic welding are the welding 

force FUS, the oscillation amplitude u and the welding energy WUS as shown in 

figure 29 and 30 [66]. In realization of optimum joint strength properties, this 

three parameters needs to be adjusted to the optimal level. However, there are 

other important material properties besides the chemical and physical and 

mechanical properties which have also some influence on the mechanical 

properties of the joint. An important influencing factor is the thickness of the 

upper joining workpiece material due to energy absorption taking place on this 

material as welds can only be realized for material thickness up to 3 mm for this 

upper layer [66].  

 

In contrast, the thickness of the lower joining material workpiece is less 

important, however, the topography of the lower joining workpiece surface is 

critical [66]. If the surface roughness is very low, the workpieces would only 

glide on each other and a realistic weld zone cannot be reached. On the other 

hand, if the surface roughness is too high, then hot spots would result and the 

consequent temperature gradient would lead to fracture of the joints especially in 

brittle materials [66].  
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                Figure 30. Factors influencing ultrasonic metal welding [66]. 

 

The robustness of ultrasonic welding is function of the material properties and 

most importantly the sheet rolling direction [64]. The orientation of the welding 

machine with respect to the rolling lines on components and also the relative 

orientation of rolling direction of components with respect to each other are of 

great importance [64]. If the rolling lines of the sheet (workpiece) are aligned, 

then the weld shear strength could 25% higher compared to when perpendicular 

to one another [64]. 

 

As mentioned previously, the shape of the workpieces and most significantly the 

thicknesses plays a vital role to achieve a successful ultrasonic spot weld. 

Usually, thin parts are most suitable for ultrasonic welding [65]. With increasing 

part thickness, requires higher welding power, more static force and larger weld 

tip area. As rule, the maximum allowable thickness will often depend on the 

workpiece type and also the available welding power source [65].  

 

Ultrasonic welding is suitable for welding wide range of materials and their 

combinations, but this will often depend on the properties of the material i.e., 

yield strength, modulus , surface oxides , contaminants , coatings and hardness 

[65]. In general, ultrasonic welding is most suitable for welding soft materials 

like aluminum, copper, nickel and plastic materials. Harder materials such as 

steel, nickel alloy, titanium are usually more difficult to weld [65]. 
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7.1  Principle of ultrasonic welding of metal and 
plastic 
 

Ultrasonic vibration can be applied in welding metals and plastics, but the 

welding process differs and it applies to how the ultrasonic energy (vibration) is 

delivered to the weld alongside with how the actual weld in achieved [66].  

 

In ultrasonic metal welding, the direction of ultrasonic oscillation is parallel to the 

weld area while for plastic welding the direction of ultrasonic oscillation is 

perpendicular to the weld area due to deformation required as shown in figure 31 

[66]. While ultrasonic metal welding is realized due to frictional action of 

workpiece surfaces that initiates a solid state bond without any melting action of 

the workpieces the reverse is the case in plastic welding. Ultrasonic plastic 

welding brings about melting and fusion of the workpiece material in comparison 

in arc or laser welding processes but at much lower temperatures than those.                    

                              

 

Figure 31. Schematic comparison between ultrasonic plastic and metal welding 

[66]. 
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7.2  Ultrasonic metal to polymer welding 
 

Balle et al. [66] investigated ultrasonic metal welding of aluminum sheets to 

carbon fibre reinforced thermoplastic composites as shown in figure 32. In this 

experiment, the weldability of aluminum alloy 5754 and carbon fibre reinforced 

polymer (CFRP) with thicknesses 1 mm and 2 mm respectively. 

                                 

 

     

                    Figure 32. Typical ultrasonic spot welding system [66]. 

 

The specimen geometry is presented in figure 33 and the welding area (10 x 10 

mm
2
) was obtained by calculating the ratio of the tensile shear force related to the 

sonotrode contact area as it impossible to determine the precise geometry of the 

real joining area. In order to reduce the number of welds in experiment and to be 

able to determine the exact figures for the welding parameters (welding force , 

welding energy and oscillation amplitude) which basically do not have linear 

relationships, the central composite design circumscribed (CCC) statistical model 

was used to determine the weldability of Al/CFRP- joints as shown in figure 34. 

As compared to varying of each welding parameter, this model allows to 

determine the optimal parameter for non- linear relationships with considerable 

less welds. This model is important as it gives a direct mutual dependence of the 
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welding parameters with respect to the achievable tensile shear strength of the 

joints. 

 

 

             Figure 33. Typical specimen geometry for CFRP/ Al joint [66]. 

 

     Figure 34. Central composite design circumscribed model (CCC- model) [66].                                              

                                                     

Upon completion of CCC-model for joints of  Al/ CFRP joints, the obtained 

suitable ranges for the welding parameters were;  FUS ( 100 – 200 N) , u ( 37 – 

43µm) and WUS (1700 – 2300 Ws). The CCC- model reduced the number of 

experiments by a factor of 7 in comparison with investigating the influence of 

each welding parameters independently. Inspite of the high sensitivity of carbon 
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reinforced polymer, it was possible to establish a welding parameter 

combinations for a realistic stable joints. 

 

As shown in figure 35, the tensile shear strength for a constant welding energy 

2160 Ws alongside with constant welding force 140 N is presented. With the 

oscillation amplitude varied between 38 to 42 µm, it was observed that an 

increasing amplitude of up to 40.5 µm results in increased displacement of the 

CFRP matrix and hence, leading to a better contact between the metal sheet and 

the fibre and a corresponding increase in joint shear strength. However, with 

further increase in amplitude, a corresponding in shear strength was observed due 

to the damage caused to the CFRP. Hence, an optimal value for safe and realistic 

weld seems to be around 40 µm. This similar trend was observed while varying 

the welding force and welding energy. 

 

Figure 35. Influence of varying oscillation amplitude for constant welding force 

and welding energy [66]. 

 

Microscopic investigation with scanning electron microscopy (SEM) and focused 

ion beam (FIB) technique was carried out on the spot weld cross section in order 

to understand the bonding mechanism between aluminum and carbon fibre 

reinforced polymer. It was observed that, during the welding, the oxide layers on 

the metal are torn off in order to enable a comprehensive adaptation of the joining 

process and also to establish intermolecular reactions in the welding zone. This 

facilitates mechanical interlocking between the joining partners and consequently 

increases the joint strength. Moreso, during the welding sequence, it was 

observed that the polymer matrix was displaced out of the welding zone allowing 

for ductile aluminum to adapt the carbon fibres so that both intermolecular 
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contact and mechanical interlocking are initiated in the weld zone as shown in 

figure 36. 

   

 

   Figure 36. Scanning electron microscope micrograph of the bonding zone [66].                 

 

Microscopic investigation with focused ion beam technique figure 37, showed 

that, upon the completion of the ultrasonic welding process, the carbon fibres are 

nearly totally surrounded by the aluminum alloy as a result of the plastic 

deformation of the aluminum sheets. 

 

            Figure 37.  Focus ion beam micrograph of the welding zone [66]. 

 

In order to ascertain the failure mode for this hybrid joint, fracture surfaces of the 

joint were also investigated using a tensile test. The observed tensile shear 
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strength for these joints was in range values 21- 23 MPa and a typical cohesive 

failure was observed as shown in figure 38. It was observed that carbon fibers 

were pulled of the weld zone of CFRP and aluminum ultrasonic welded joints 

figure 38b.     

 

 

(a) (b)                                  

Figure 38. (a) Characteristic failure of CFRP/ aluminum joint (b) SEM 

micrograph showing cross section of fracture surface of CFRP/ aluminum joint 

[66].       

 

From this investigation, the ultrasonic welding between CFRP/Al hybrid joints 

has been successfully carried out with welding times typically 3.5 seconds. With 

the aid of the CCC-model the welding experiment was decreased up to 15% as 

compared to stepwise investigation of the important welding parameters. The 

obtained welding parameter values from the CCC-model led to weld to joint 

strength of 25 MPa. It should however be noted that the joint strength could not 

be increased further as increasing the welding parameters above the prescribed 

value from the CCC-model led to a corresponding fracture of the sheets. As 

observed from the SEM micrograph of the weld zone, a comprehensive joint 

between the metallic material and the load bearing carbon fibres of the CFRP was 

established during the ultrasonic welding process. A typical application of this 

joint can be observed in aircraft industry in the construction of element for the 

fuselage and aerofoil.                                                        
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8  LASER WELDING 
 

Laser welding is a new innovative technique which offers unique fabrication 

opportunities. It compliments to fabrication and processing of hitherto difficult or 

impossible by other welding methods [67]. As compared to other classical 

welding methods, laser welding offers a number of advantages. These includes, 

minimal microstructural changes in the weld zone, small heat affected zone, 

keyhole weld, improved optical appearance, miniaturization, less thermal, 

feasibility of 3D weld geometries, high production rate and process flexibility, 

high welding speed, low distortion, low residual stresses and possibility to weld 

plastics [67,68]. Laser welding as compared to conventional gas and arc welding 

processes do not depend strongly on heat conduction to achieving weld depth 

penetration due to high energy density process and 2D mode of heat transfer [67]. 

 

In laser welding, different types of laser exist and they are classified according to 

the type of optically active material used i.e., gas, solid or liquid (dye) as shown 

in figure 39 [69]. Lasers can further be classified according to their mode of 

operation i.e., continuous wave or pulse mode respectively figure 40 [67,69]. 

 

 

   Figure 39.   Typical types of lasers and corresponding wavelengths [69]. 
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              Figure 40. Continuous wave mode laser and pulse mode laser [69]. 

 

8.1  Principle of laser welding 

 

Laser beam welding is a non-contact process technique which utilizes high 

intensity laser for weld formation. When a laser beam is directed unto a surface a 

series of events may take place as shown in figure 41 [69,70,71]. As the laser 

beam is incident on the surface (workpiece), a large portion of the beam is 

reflected away and a very small percentage is absorbed unto the surface to bring 

about surface heating. A third part of the beam is transmitted via the workpiece 

without interaction [69,70]. Hence, the relationship between reflection, 

absorption and transmission would depend solely on the material type [70]. As 

the temperature of the surface increases, the absorptivity of the surface increases 

which consequently result in further increase in temperature. This however, 

would result in localized melting and eventual evaporation of the material. As a 

consequence effect of vaporization, a rapidly flowing vapor channel is created in 

the workpiece. 
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           Figure 41. Behavior of laser beam at plane surface [70]. 

 

Laser welding can be classified into two different typed depending on the power 

density of the laser beam thus: 

(1) conduction limited welding 

(2) keyhole welding 

 

Conduction limited mode welding is used when welding thin sheets and foils 

while keyhole welding is employed for relatively thick sections [71]. 

 

Conduction limited mode 

 

In conduction limited mode welding, the weld occurs at power densities lower 

than 10
6 

W/cm
2 

with little or no vaporization occurring i.e., surface melting [71]. 

As the laser is directed onto the workpiece surface, heat transfer by conduction 

occurs, which brings about surface heating of the workpiece [71]. Convection 

also plays a vital role once a weld pool has been initiated. Hence, a shallow weld 

pool is created with a much wider heat affected zone as compared to that 

produced with keyhole welding figure 42 [71]. 
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        Figure 42.  Schematics of conduction limited welding process [71]. 

 

Keyhole welding 

 

In keyhole welding, an extremely high power densities is required typically above 

10
6
 W/cm

2
 [71]. In this welding technique, the laser beam melts and consequently 

vaporize the material to creates a vapor channel keyhole i.e., keyhole which is 

surrounded by molten material as shown in figure 43 [67,68,70,71]. The molten 

material around the keyhole fills the cavity as the laser beam is traversed along 

the weld area [71]. During the keyholing, the keyhole cavity is intermittently 

collapses due to three forces coexisting as follows [71]: 

 

1. Surface tension at the interface between the molten material and vapor or 

plasma. 

2. Hydrostatic pressure of the molten material 

3. Hydrodynamic pressure of the molten metal 
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                Figure 43. Schematics of keyhole welding process [71]. 

 

The keyhole mode laser welding allows very narrow and deep penetration weld to 

be created as shown in figure 44 with a minimal distortion and small heat affected 

zone [70,71]. 

 

 

          Figure 44. Schematics of deep penetration keyhole weld [71]. 

 

The conduction mode welding is basically less efficient as compared to keyhole 

welding, because the absence of a keyhole would imply, much lower energy 

transfer efficiency typically about 20% [71]. This would mean that, a significant 

portion of the incident laser beam is been reflected away. The depth-to-width 

ratio in conduction limited welding is about 3:1 as compared keyhole welding 

which gives a ratio of 10:1 or more [71]. 

Laser beam 
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8.2  Parameters in laser welding  
 

The weld shape and depth depends solely on the behavior of the welding energy 

on the joint area [70]. Welding energy is dependent on many important welding 

parameters in establishing a realistic weld seam. The important welding 

parameters in laser beam welding are: laser power, welding speed, pulse mode, 

focus diameter and power density, focus shape, beam quality, polarization and 

keyhole shielding gas [67,70]. These parameters need to be correctly set and 

adjusted in order to achieve a reliable and good laser weld. 

 

Laser power  

The laser power used during welding depends solely on the type of material, weld 

geometry and the process employed. For instance, in welding plastics, laser 

power in range values of one and seven hundred watts may be employed while 

for stainless steel may require from up to 50 kW and above [70]. The laser power 

influences to the weld depth, penetration and welding speed [67] 

 

Welding speed 

The welding speed is a function of how fast the laser beam and the workpiece 

moves relative to one another [70]. The laser speed is important in determining 

how much energy is absorbed by the workpiece along the weld seam [67,70]. It 

should however be noted that, the weld speed influences to the depth, and shape 

of the weld seam. Higher welding speeds reduce heat input and consequently less 

distortion and vice- versa. 

 

Pulse mode 

In pulse mode laser welding, the welding speed is given by the pulse frequency 

and welding spot overlap [70]. The pulse duration is a function of how much 

energy is delivered into the material i.e., as the pulse mode increases, the amount 

of melted material increases progressively. 

 

Focus diameter and power density 

The width and depth in laser weld depends on the focus diameter as a large focus 

diameter results in a wider weld. Reducing the focus diameter size and at the 
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same time maintaining a constant power increases power density at the focus 

which implies a deeper weld. The focus diameter is usually in range values 0.1 

and 0.6 millimeters [70]. Larger focus diameters in range values 0.3 to 2 

millimeters are typically employed in conduction limited welding and plastic 

welding [70]. 

 

Focus shape 

The focus shape of the laser beam i.e. single or double focus plays a vital role in 

the welding process [70]. A typical example is in the welding of aluminum or lap 

joints. During aluminum welding, a double focus increases keyhole diameter and 

hence, prevents uncontrollable spatter of molten material from erupting [70]. In 

the case of lap joints, a double focus enhances the cross section of the weld. 

 

Beam quality 

The quality of the laser beam in laser welding will depend on the type of 

application intended. For example, in deep penetration welding or remote 

welding, a high quality beam is utilized. As the beam quality gets higher, the 

focus diameter becomes smaller which makes it possible to obtain a very narrow 

and deep penetration weld [70]. The smaller focus diameter allows for large 

standoffs required in scanning optics. Remote welding can only be employed 

with lasers which possess high beam quality such as CO2 lasers or solid – state 

laser [70]. 

 

Polarization 

The type of polarization occurring in the laser beam i.e. linear, perpendicular or 

parallel during welding would influence to the cross sections typically in deep 

welds. The highest weld depth is only achieved when the laser light oscillates 

parallel to direction of travel as it strikes workpiece [70]. 

 

Keyhole shielding gas 

During laser keyhole welding, ejected metal vapor from the keyhole often 

absorbs the laser power, ionizes and consequently forms a plasma cloud above 

the keyhole [67]. This plasma cloud so formed are partially transparent to the 

laser beam and if not minimized, will expand and scatter the laser beam from its 
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intended path consequently resulting in reduction in weld penetration depth due 

to corresponding reduction in power density [67].  

 

It is however important to employ the use of proper shielding gas during keyhole 

welding. 

Shielding gas plays the following vital roles [67]: 

1. Shields the weld keyhole and solidifying molten metal from oxidation and thus 

overcoming weld defects such as oxide inclusions and porosity. 

2. Shields the laser transmitted beam at point of incidence on the workpiece and 

thus ensuring good weld penetration due to reduction in beam expansion and 

scattering 

 

8.3  Laser welding of polymers 
 

Polymeric materials do not absorb laser beam radiation in the regions between 

near ultraviolet to near infrared [69]. The heat of fusion in laser welding of 

polymer materials can only be achieved if the polymers has appropriately laser 

sensitized with additive addition as shown in figure 45 [69]. However, if not laser 

sensitized, the laser beam incident on the plastic surface will all be transmitted as 

shown in figure 46 and heat of fusion cannot be achieved due to absence of 

absorption. In the absence of additives, polymeric materials can only be 

processed in far ultraviolet light with excimer lasers and in far infrared light with 

CO2 lasers. 

As mentioned earlier, only thermoplastic and thermoplastic elastomers either 

amorphous or semi crystalline can be fusion welded. Thermosets are however not 

laser weldable due to their crosslinking hindering melting and remolding. 
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       Figure 45. Schematic presentation of light absorption of polymers [69]. 

 

 

 

             Figure 46. Optical properties of polymeric materials [69]. 
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Laser welding of polymers can be divided into two different processes namely; 

butt welding and laser transmission welding [70]. 

 

Butt welding 

In butt welding, the connected surfaces are heated up close to melting with the 

laser beam and the parts are then pressed together for eventual joint formation. It 

should however be noted that for butt welding to be achieved, both plastic 

material must be able to absorb the laser beam [70].  

 

Laser transmission welding 

In laser transmission welding, one of the polymers typically the top polymer 

needs to be transparent to the laser beam while the bottom polymer absorbs the 

laser beam as shown in figure 47. The bottom polymer however becomes heated 

up and consequently melts. Hence, heat transfers by conduction from the bottom 

polymer to the top transparent polymer which melts it and two parts are 

subsequently pressed together for eventual joint formation [70]. 

 

 

            Figure 47.  Laser transmission welding of polymers and weld seam [70]. 
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8.4  Laser welding of metal to polymer 
 

Metal to polymer joints are often established using adhesive joints or mechanical 

fastening. However, there exist environmental restrictions on volatile organic 

compounds (VOC) emissions and difficulties in mass production with these 

joining processes [72,73]. Therefore, new joining processes needs to be 

developed for hybrid metal to polymer joints 

 

Laser direct joining methods between metals and polymers typically known as 

Laser Assisted Metal and Plastic joining method (LAMP joining method) has 

been adopted as shown in figure 48 [74]. However, limited attention has been 

given hybrid metal to polymer direct joining process as it was not expected that 

stable metallic, chemical or covalent bond can be achieved between these 

dissimilar materials [75]. It should however be noted that, direct laser joining is 

still in the developmental stage for industrial applications and deeper 

investigation is still been carried out to fully harness the properties of the joints 

[76]. 

 

Figure 48. Schematic presentation of laser assisted metal to plastic joining 

process [74]. 

 

The physical phenomenons occurring in the welding process are summarized thus 

[77]: 

 the metal to polymer joint interface is heated up by the incident laser 

beam and melting temperature is attained in the plastic material in a 

narrow region adjacent the interface 
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 the resulting high temperature initiates the formation of bubbles into the 

melted plastic close to the interface 

 bubbles spread and diffuses into the molten phase and consequently 

increases seam dimension 

 bonding results in the molten – solid interface between plastic and the 

metal 

 

The bonding mechanism is due to the combined influences of chemical bonding 

between the metal oxide film and the carbon atoms of polymers alongside with 

physical bonding phenomenon resulting from Van der Waals forces and 

mechanical bonding [77]. 

 

As described above, the physical phenomenon occurring during the welding 

process necessitates the need for overlapping joint configuration in this joining 

technique [76]. Due to the low thermal conductivity of plastics, this would mean 

that heat would remain concentrated in the material interaction zone. Also, the 

behavior of heat will depend on the optical properties of the plastics a function of 

its molecular composition i.e., colour of plastic and wavelength of incident beam. 

In the case of optically transparent plastics, laser metal – plastic joining occurs 

only if the laser beam absorption is localized at the interface [76]. On the other 

hand, for optically opaque plastics, the laser beam must be focused on the 

external surface of the steel component. Heat transfer via conduction from the 

heated steel component to the plastic component which heats up and 

consequently melts 

 

Katayama et al. [75] investigated laser direct joining of metal and plastic. In this 

research, an 807 nm wavelength laser beam from a diode laser was incident onto 

a 2 mm thick polyethylene terephthalate (PET) plastic sheet with 30 mm width 

overlapped on a 3 mm thick stainless steel plate Type 304. A shielding assisted 

gas typically nitrogen was employed with flow speed 351 min
-1

 for cooling and to 

clean the plastic surface as shown in figure 49. The diode laser beam was 

adjusted to obtain a line beam of length 1.2 mm and width 9.4 mm generating a 

power density of 30 Wmm
-2

 with a laser power of 170 W. The laser beam 

travelling speed was maintained at 3 mms
-1

 and the shielding gas nozzle was 0.5 

mm long and 19 mm wide. 
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The transparency of the plastic (PET) was about 90% to the diode laser beam. As 

the laser beam transmits through the transparent PET to the steel surface, the steel 

surface is heated up by the laser energy which brings about melting and 

consequently decomposes the PET. As a result of the initiated high – temperature 

plastic melt, contact between the metal and plastic is established due to the 

generation of high pressure resulting from rapid bubble expansion. Hence, 

intimate contact between the metal and plastic is obtained via physical and 

chemical bonding occurring at the interface. 

 

 

Figure 49. Schematic presentation of direct metal to plastic joining with diode 

laser showing the process and bonding mechanisms [75]. 

 

Upon completion of the welding process, it was observed that the top surface of 

the PET irradiated by the laser beam remained intact and no damages were 

observed. However, submillimeter sized bubbles were present inside the plastic 

near the joint.  

 

The joint sample before and after the tensile shear test are presented in figure 50. 

The shear load of the joints were about 3kN and the PET was visibly elongated 

during the tensile shear test as shown in figure 50. 
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Figure 50. Laser direct joining of austenitic stainless steel Type 304 and PET pre 

(A) and after (B) tensile shear test [75]. 

 

Scanning electron and transmission electron (SEM/TEM) microanalysis were 

carried out on the joint interfaces as shown in figure 51. SEM images revealed the 

presence of bubbles close to the joint between Type 304 and PET. On the other 

hand, the TEM images showed that the metal and plastic were intimately bonded 

together on the atomic and molecular level as shown in figure 51. 
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Figure 51 . SEM image (A) and TEM image (B) showing intimate contact and 

the PET and Type 304 and also two diffraction patterns (i) the presence of Cr2O3 

oxide film between the PET  sheet and Type 304 steel plate (ii) formation of  a γ 

phase on the Type 304 [75]. 

 

In order to understand nature and type of gas released during laser direct joining, 

a 2 mm diameter holes were drilled in the PET plastic sheet extending towards 

the steel plate under high vacuum. The vacuum level and mass spectra of the 

gases released were then measured with the aid of a Q – mass spectrometer as 

shown in figure 52.  

 

 

                        Figure 52 . Q- mass analysis spectroscopic result [75]. 
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In another study, Tillmann et al. [78] investigated the process optimization in 

laser welding of metal to polymer. The aim of the experiment was to understand 

the relationship between different welding parameters, microstructural features 

and mechanical properties of the joint. 

 

The materials used in this experiment were stainless steel type 304 and PETG 

plastic sheets with dimensions 1 mm and 0.5 mm respectively. The physical and 

mechanical properties for these materials are presented in Table 2.  

 

         Table 2. Physical and mechanical properties of S30400 and PETG [78]. 

         UNS S304               PETG 

Tensile strength [Mpa]                515           At yield 52 

          At break 26 

Melting point [˚C]        1.399 – 1421                190 

Coefficient of linear thermal 

expansion [ X 10
-5

 ˚C] 

               1.72                 6.8 

Thermal 

conductivity[W/m*˚C] 

               16.3                 0.25 

Light transmission [%]                    -                  89 

 

                 

Prior to laser welding process, surface preparation was carried with ultrasonic 

cleaning to enhance the joining. A continuous wave mode Nd:YAG laser beam 

source was employed to join the polymer to the stainless steel substrates. In order 

to ensure intimate contact, the workpieces were clamped together in an overlap 

weld configuration as shown in figure 53. The overlap joint width was maintained 

to 12.5 mm and polymer was placed on the top of the stainless steel. 

 

As shown in figure 54, during the welding sequence, the metallic part of the joint 

absorbs the laser beam and heats up to level at which the polymer reaches near 

melting temperature. Hence the polymer wets the metallic surface and bonding 

initiated as the cooling takes place. Due to the influence of the heating cycle, the 
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polymer is locally decomposed in the process resulting in the generation of gases 

which formed pores at the steel/polymer interaction layer. These pores generated 

during the decomposing of the polymers play a vital role in the joining process 

and on the joint strength [78]. The sudden rapid expansion created by the pores 

creates a high pressure to the surrounding plastic which hitherto imposes strong 

forces on the metallic surface hereby initiating strong bonding. This is observed 

when pores are formed exactly at interface area or near the interface area [75,79]. 

 

 

Figure 53. Schematic presentation showing the fixture used in the laser joining 

process [78]. 

 

During the welding process, the distance between the laser lens and the 

workpieces was maintained at 135 mm (defocused position). Also, the laser beam 

diameter on the workpieces was about 4.5 mm, laser power in range of 40 – 80 W 

and welding speed in range of 7 to 116 mm/min 
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            Figure 54. Schematic presentation of the laser joining process [78]. 

                   

During and upon completion of the welding process, it was observed that the 

stainless steel sheet did not melt as compared to the plastic which melted at the 

interface and resulted in the formation of pores close to the steel/polymer 

interface figure 55. The pore sizes and the area occupied by them with respect to 

the total area of the joint varies depending used laser parameter combinations.  

 



83 

 

 

Figure 55. Cross- section of the laser weld obtained between stainless steel and 

polymer [78]. 

 

When the laser power was varied between 40 W to 80 W, with other welding 

parameter kept constant, there was a corresponding increase in the fracture loads 

of the joints up to a specific level and then starts to decrease beyond this level 

figure 56. It was observed that an increase in laser power brings about a 

corresponding increase in bond width which influences positively on the fracture 

load, figure 57. 

 

 

Figure 56. Relationship between laser power, fracture load and bond width [78]. 
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Figure 57. Influence of laser power of joint appearance, porosity formation and 

bond width at fixed travel speed 32 mm/min [78]. 

 

The measured average porosities were at maximum value at the highest laser 

power 80 W. On the other hand, as the laser power decreases slightly typically 70 

W and 60 W, there is a corresponding decrease in porosity and joints reached the 

highest fracture load. However, at still low laser powers, 50 W and 40 W, it was 

obvious that the laser power was not enough to completely melt the polymer part 

and partial a wetting of the steel part was observed. 

 

Morseo, as observed during the joining process, it seems the number and sizes of 

the pores plays a vital role in the joining process. When the number/sizes of pores 

increases, a negative effect is dominant and the strength of the joint decreases. On 

the other hand, as the number and sizes of pores increases, the positive effect is 

dominant and the joint strength increases especially at laser power 70 W and 60 

W. Meanwhile, besides the influences of laser power on the joint strength, 

another important factor observed was the laser travel speed during the joining 

process. It was observed that, at the beginning of the joining process, the laser 

travel speed lead to an increase in the fracture load at the beginning and 

consequently decreases gradually as shown in figure 58.  
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 Figure 58. Relationship between travel speed, fracture load and laser power [78]. 

 

As the travel speed decreases, it was observed that there was an excessive heat 

input at the interface resulting in polymer degradation, excessive pore formation 

and eventual burning in some cases severing the joint strength. An increase in 

travel speed resulted in adequate melting and good wetting characteristics of the 

polymer to the steel surface bringing about increased joint strength. However, as 

the travel speed becomes relatively high there is enough time i.e., less heat input 

for polymer melting to occur at the interface resulting in lack of wetting and 

consequent reduced joint strength. The influence of travel speed on the weld 

appearance is presented in figure 59. 
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Figure 59. Influence of laser travel speed on the appearance of the joint, porosity 

and bond width with laser power fixed at 65W [78]. 
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9  FRICTION SPOT JOINING  
 

Friction stir spot joining is a variant of the linear friction stir welding developed 

by Mazda Corporation to replace resistance spot welding of aluminum sheets 

[80,81,82,83] as shown in figure 60. This welding technique involves a process 

similar to FSW except that, there is no translation of the tool during friction spot 

joining (FSJ) [84].  Also, in contrast to FSW, during FSJ, the pin experiences 

direct contact with the workpiece for longer periods as compared to the shoulder. 

As a result, the friction existing between the pin and the workpiece generates 

most of the heat energy for joining. 

 

 

Figure 60. Schematic view of friction stir welding spot welding. (a) Isometric 

view and (b) vertical cross – section [80]. 
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9.1  Principle of friction spot joining 
 

This welding process incorporates three distinct phases: plunging, stirring and 

retracting as shown schematically in figure 61 for eventual joint formation [85]. 

During the welding, a high speed rotating tool with a probe pin is plunged at 

specific rate into the overlapping weld spot until a contact between the shoulder 

of the tool and upper workpieces is achieved [80,85,86]. An anvil beneath the 

bottom workpiece is used to assist the tool downward force induced during the 

tool penetration [87]. The tool plunge movement thereby causes material flow as 

a result of plastic deformation around the pin. Usually, the plunge depth is 

maintained at a pre-set plunge depth to allow for time to generate frictional 

heating [87]. As tool reaches the predetermined depth, the tool rotation ends and 

the stirring phase is initiated [86]. During this phase, the tool rotates in the 

workpieces but without plunging until frictional heating is generated in the 

stirring and plunging phase so that material adjacent to the tool is heated and 

consequently softened. As a result, material mixing in the stirring phase between 

the upper and lower softened workpieces takes place [86]. A solid state annular 

bond with a characteristic keyhole in middle of the joint is then formed as the 

shoulder of the tool initiates a compressional stress on the softened materials as 

shown in figure 62 [85,86]. The tool is then retracted at a rapid rate form the 

workpieces either immediately or after a dwell time when a predetermined 

bonding is attained.  

 

It should however be noted that, the tool penetration and the dwell time 

determines the frictional heat generation, material plasticization, weld geometry 

and hence, the mechanical properties of the joint [80]. 
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Figure 61.  Phases in friction stir welding process: (A) plunging (B) stirring and 

(C) retracting [80]. 

 

 

Figure 62.  Typical annular keyhole joint appearance in friction spot joining [87]. 

 

The most important FSJ parameters are tool rotation speed, plunge depth, dwell 

time (time before retraction of tool) [88,89], plunge rate [89], the tool geometry 

[90], and material type [91]. Each of these parameters and their combinations 

affects and influences to the FSJ nugget formation and weld strength [86]. 

However, investigation on friction spot joining of high density polyethylene sheet 

shows that the plunge rate has a negligible effect on the joint strength [86].  

 

9.2  Microstructure of friction stir joint 
 

The microstructural investigation of FSJ weld zone reveals two important points 

as shown schematically in figure 63 [92]. The first point shows the thickness of 

the weld nugget (x) which indicates the weld bond area. The weld bond area 

increases as the nugget thickness increases. The second important point is the 

thickness of the upper sheet workpiece under the shoulder indentation (y). The 

sizes of x and y determines the strength of the friction spot welded joint [86] 
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Figure 63.  (a) Schematic presentation of the cross section of a friction stir spot 

weld and (b) geometry of the weld area [92]. 

 

The microstructural zones formed around the pin during FSJ are thermo-

mechanically affected zone (TMAZ) and heat affected zone (HAZ) as shown in 

figure 64 [93]. Region I is known as the heat affected zone (HAZ), area where 

material experiences thermal cycle without been plastically deformed. Region II 

is known as the thermo-mechanically affected zone (TMAZ), an area which has 

undergone severe plastic deformation. However, details of both zones are still not 

fully understood in literature. 

 

 

Figure 64.  Cross section view of a typical friction stir spot weld showing 

microstructural zones [93].  

 

The joint interface around the hole consists of four distinct regions namely, area 

of no contact (A), region of metallurgical bonding (B), interface of partially 

metallurgical bonded (C) and a zone of complete metallurgical bond (D) as 

shown in figure 65 [93].  
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Figure 65. SEM images showing interfaces formed during friction stir spot 

joining of workpieces [93]. 

 

 

    

 

. 
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9.3  Friction spot joining of metal to polymer 
 

Friction spot joining is a new joining technique to establish a hybrid joint joint 

between metal and polymers. It utilizes three non-consumable tools consisting of 

a clamping ring, a shoulder, and a pin as shown in figure 66. 

 

 

                          Figure 66. Metal to polymer FSJ tools [94]. 

 

As a variant of the friction spot joining of metals, friction spot joining of metals 

to polymers incorporates two distinct processes: the sleeve plunge and pin plunge 

in the joining process. The sleeve plunge and pin plunge variant can be applied 

separately as a single process to for metal to polymer joints. In the sleeve plunge 

variant, the workpieces are initially overlapped and clamped between a backing 

plate and a clamping ring with metal part placed on top of the polymer 

workpiece. Hence, the sleeve and pin rotational motion is initiates with both 

rotating in same direction. At some point, the sleeve touches down to the upper 

workpiece metal bringing about frictional heating. Simultaneously, the sleeve is 

inserted into the metal workpiece and hereby plasticizing the metal and pin is 

retracted which consequently result in the formation of an annular space or 

reservoir as shown in figure 67A [94]. The plasticized metal is then squeezed into 

the created reservoir as result of the sleeve plunging effect. 

 

Upon completion of the joining process, the sleeve is retracted from the metallic 

workpiece surface and the pin extrudes the entrapped plasticized material back 

into the weld and consequently the keyhole is refilled as shown in figure 67B 

[94]. 
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                                                         (A)                  (B)                   (C) 

Figure 67. Schematic presentation of sleeve plunge variant (A) sleeve plunging 

and plasticizing of the metallic material; (B) spot refilling (C) joint consolidation 

[94]. 

 

The tool plunging is set in such a way that plunging takes place only in the 

metallic workpiece. This is done as to avoid damage to the fiber reinforcement of 

the polymeric workpiece which can severe the joint strength. Moreso, the 

plasticized metallic workpiece is further deformed by the sleeve plunging which 

results in the formation of a metallic nub on the surface of the polymeric 

workpiece as shown in figure 67C. Frictional heat generated and stored in the 

metallic workpiece is then transferred by conduction to the polymeric workpiece 

which results in the formation of a thin layer of molten/softened polymer beneath 

the spot surface. Eventually, the sleeve tool joining head is retracted, and the spot 

weld is consolidated under pressure as shown in figure 67C.  

 

In the case of the pin plunge variant, the pin plunges into the metallic workpiece 

while the sleeve is retracted in contrast to the sleeve plunge variant but 

subsequent process steps are equivalent. 

 

Amancio-Filho et al. [94] investigated the feasibility of friction spot joining in 

magnesium/fiber- reinforced polymer composite hybrid structures. In their study, 

hybrid joint between 2 mm sheet magnesium alloy (AZ31B) and two 8 mm 

thermoplastic composites (glass fiber and fiber reinforced poly(phenylenesulfide) 

was carried out. Prior to the joining process, AZ31 specimen was ground with a 

P1200 SiC paper to remove Mg(OH)2 layer. Both workpieces where the cleaned 

with acetone to remove surface contaminants. The friction spot welding 

parameters are presented in Table 3. 
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          Table 3. Range of joining parameters for the material combinations [94]. 

Parameter (unit)           AZ31/PPS-CF                  AZ31/PPS-GF 

rotational speed (rpm)             900 - 3000                    900 - 3000 

tool plunge depth (mm)             0.25 - 0.35                    0.25 - 1.75 

joining time (s)                  4 - 8                         3 - 8 

joining pressure (bar)               2.4 - 3.0                         2 - 3 

 

                    

The friction spot welding instrument was equipped with a specimen clamping 

system for the single lap joints as shown in figure 68 and the geometry of the 

overlap shear joint specimen is shown in figure 69. 

 

 

Figure 68.  Schematic presentation of the sample holder and clamping system 

used [94]. 
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     Figure 69. Schematic illustration of geometry of lap shear specimen [94]. 

 

During the joining process, they observed that as compared to friction spot 

joining of metals, the energy input in friction spot joining of metal to polymer is a 

function of the welding parameters. Surface observation and microstructural 

investigation on the welded joints showed two concentric rings impression left 

behind by the tool in the spot area figure 70A and C. The internal ring consisted 

of stirred material while the external ring was as a result of the impression left 

behind by the clamping ring. The cross section view of the welded joint showed a 

plastically deformed metal volume nub inserted into the polymeric workpiece 

figure 70B. They concluded that, these geometrical features observed enhance the 

holding force by mechanical interlocking in the direction of shear. 

 

 

Figure 70. (A) Surface appearance of PPS/Mg AZ31  single lap joint; (B) optical 

micrograph of PPS/AZ31 joint (C) surface appearance of PPS/-CF/Mg AZ31 

single lap joint and (D) cross section of optical micrograph of PPS-CF/AZ31[94]. 

 

Microstructural details of the polymer/metal joint interface are shown in figure 

71. The optical micrographs revealed to main geometrical patterns: fiber and 

filler particle re-orientation, and porosity. The fiber re-orientation of the glass 

fiber was due to the fact that the temperature built up in the polymer –metal 

interface exceeded melting point of the PPS matrix. 
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Figure 71. (I)  Interface between metal and polymer within the metallic nub with 

white arrows showing fiber re-orientation and black arrow showing porosity; (J) 

consolidated polymer layer beneath the metallic nub [94]. 

 

The fracture surface analysis of the PPS- CF/AZ31 joint in, figure 72A revealed a 

mixed cohesive-adhesive type of fracture at the joint interface. In composite 

workpiece, a cohesive failure was observed and can be seen by partial polymer 

matrix and fiber attachment on the magnesium plate figure 72A. Adhesive mode 

of fracture was observed in the polymer-metal interface and this was seen as 

black regions on the magnesium plate figure 72B. The occurrence of partial 

adhesive failure informs about the role of adhesion in joint formation. 

 

 

            Figure 72. Fracture surface of PPS-CF/AZ31 lap joint [94]. 
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Finally, they concluded that, hybrid metal - polymer joints obtained by friction 

spot joining depicts a greater joint strength as compared to adhesive joining and 

resistance spot joining even without surface preparation. The joint strength of the 

metal to polymer hybrid joints could be increased up to 50% by surface 

roughness of the metallic workpiece from 0.75 µm to 3.45 µm. 
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10  FRICTION STIR WELDING 
 

Friction stir welding is a solid – state hot joining technique which produces weld 

between workpieces via heating and plastic material displacement as a result of a 

rapidly rotating tool moving along the weld joint as shown in figure 73 [95]. The 

heating needed for joining is achieved by both frictional rubbing between the tool 

and workpiece and by visco-plastic dissipation of the plastically deformed 

material at high strain rates [95,96].  

 

The solid nature of this joining technique would mean that usual flaws such as 

slag inclusions and porosity can be minimized or completely eliminated as joint is 

formed via extrusion and forging processes [96]. The reduced processing 

temperature during the welding process makes this technique ideal for joining 

dissimilar materials as compared to conventional fusion welding [97]. Friction 

stir weld is essentially employed in fabricating either butt or lap joints in varieties 

of material thicknesses and lengths [95]. 

 

 

 

(a)                                                                                                                  (b) 

Figure 73.  (a) Friction stir welding (b) Schematics of friction stir welding 

process [98]. 
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10.1  Principle of friction stir welding 
 

In friction stir welding, a nonconsumable welding tool is used to initiate frictional 

heat locally for joining [99]. The nonconsumable rotating tool directed and 

plunged to the workpiece joint interface and hereby hot-works the material 

surrounding the weld interface to produce a continuous solid state weld [99]. The 

rotating consists of shoulder and a pin which is coaxial with the rotation axis as 

shown in figure 74b. Usually the pin is designed in a way that it is shorter than 

the thickness of the joint as to avoid contact with the backing plate and to 

facilitate complete penetration [99]. The tool is plunged into the weld interface 

until the shoulder of the tool makes a contact with top surface of the welded joint. 

This however brings about frictional rubbing and significant plastic deformation 

which causes the heated material to soften and plastically flow [99,100]. The tool 

rotary motion promotes displacement of plastically softened material and hence, 

eventual weld is formed via forging of the plasticized material in to the cavity 

behind the tool probe from retreating side to advancing side [99]. This welding 

process can be thought to be a keyhole welding technique since a hole to 

accommodate the probe is generated, then refilled during the welding sequence as 

shown in figure 74a [95].  

 

   

(a)                                                                 (b) 

Figure 74. (a) Typical friction stir welding process showing a keyhole formation 

(b) Friction stir welding tool showing the pin and shoulder [101]. 

 

In friction stir welding, four distinct microstructural zones are formed namely; 

base metal, heat affected (HAZ), thermomechanically affected (TMAZ) and 

stirred (nugget-zone) as shown in figure 75 [102,103,104]. The heat affected zone 

in friction stir weld is similar to that in conventional welds with a slight 

difference due to maximum peak lower temperature compared to solidus 

temperature [101]. Also, the heat source in friction stir weld is diffused in 
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contrast to fusion welds. The nugget zone is seen as an onion ring appearance and 

it experiences a more significant deformation compared to other zones. The 

thermomechanically affected zone (TMAZ) lies between the heat affected zone 

(HAZ) and the nugget. The grains of the original precold worked structure are 

retained in this region but usually in a deformed state [101]. 

 

 

Figure 75. Typical microstructural zones formed in friction stir weld (A) 

unaffected base metal (B) heat affected zone (HAZ), (C) thermo-mechanically 

affected zone (TMAZ), and (D) nugget/ friction stir processed zone [102]. 

 

The formation of these zones is dependent on the material flow behavior under 

the influence of rotating non-consumable tool [105]. Moreover, the material flow 

behavior is solely influenced by the FSW tool profile figure 77, tool dimensions 

figure 76, and process parameters [106]. 

 

 

     Figure 76. Friction stir welding tool dimensions (in mm) [105]. 



101 

 

 

                Figure 77. Typical friction welding tool pin profile types [105]. 

 

The four most important welding parameters in friction stir welding are; 

downward force control (z-axis) [107], tool rotation rate in clockwise or anti 

clockwise direction, tool transverse speed, and tool tilting angle [108]. The 

influence of these parameters are summarized in table 4. 

 

Downward force control 

The downward force control ensures high quality weld even if exist tolerances in 

the material to be joined. It allows for higher welding speeds, as it is the main 

parameter in friction generation for material plasticization [107]. 

 

Tool rotation rate and transverse speed 

The tool rotation rate either in clockwise or anti-clockwise direction plays a vital 

told in joining process. Takehiko et al. [109] observed that, in the welding 

aluminum alloy to steel when the pin rotates anti-clockwise no fusion of the 

workpieces occurs. They observed that when pin rotates clockwise, the whirling 

Al in the fluidized plastic state as shown in figure 78a is pressed to the Fe faying 

surface (shown by a bond line ) that has been activated due to the frictional 

motion of the rotating pin and consequently adheres to the Fe bring about the 

joining of both workpieces. In contrast, when the pin rotates anti-clockwise as 

shown in figure 78b, the whirling Al in plastic state is pressed to the Fe faying 

surface that has not been activated by the rotating pin hence, no weld is formed. 
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Figure 78. Schematic presentation of why anti-clockwise rotation of pin cannot 

weld aluminum to steel: (a) clockwise rotation of pin and (b) anti-clockwise 

rotation of pin [109]. 

 

Moreso, the tool rotation is an essential factor in the stirring and mixing of 

plasticized material around the pin [108]. The tool transverse motion however, 

moves the stirred plasticized material back and forth of the pin and eventually 

enabling weld completion [108].  

 

Tool tilt angle 

The tilt angle of the tool at the workpiece surface plays a significant role in 

joining process. A suitable tilt angle would ensure the shoulder of the tool holds 

the stirred  

Plasticized material by threaded pin and move the material perfectly from the 

front to the back of the pin [108]. 
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     Table 4. Important welding parameters in friction stir welding [107]. 

Parameters Influence 

Rotation speed  Friction heat, stirring and mixing, 

oxide layer breaking 

Tilting angle Weld appearance and thinning 

Welding speed Weld appearance and heat control  

Downward force Frictional heat 

 

                    

10.2  Friction  stir welding of polymers 
 

Conventional FSW technique for metals suffers from problems when applied to 

welding of plastics [110]. These problems are related to the poor thermal 

conductivity and diffusion due to macromolecular structure of thermoplastics 

[111]. Hence, it is a difficult task to obtain a sound and quality weld in friction 

stir welding of plastics [112]. To avoid these problems, a special tool fixed with a 

shoe figure 79, in contrast to a rotating shoulder in conventional FSW of metals is 

necessary to successfully weld thermoplastics [110].  

 

 

Figure 79.  Schematics of designed tool for friction stir welding (FSW) of 

polymers [112]. 
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The shoe is incorporated with a heating system in order to optimize the FSW 

process. Moreso, smooth pin tools are unacceptable, threaded tools with both 

straight and tampered pin appears to be efficient [110]. The designed tool enables 

mixing and joining of the thermoplastic in the presence of heat. The shoe is 

similar to the shoulder in FSW of metals used to contain the displaced material 

with a major difference that the shoulder is stationary relative to the pin. Whereas 

in FSW of metals, the shoulder rotates with the pin [112]. The embedded heater, 

allows for additional heating for the workpieces and slowing down the cooling 

rate of material [112] 

 

The most important parameter in FSW of plastics is the machine spindle speed 

[110]. This influences significantly to the overall weld quality as shown in figure 

80. 

 

 

Figure 80. Weld appearance in FSW of polyethylene sheets with varying process 

parameters [111]. 
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11  CONCLUSIONS AND SUMMARY 
 

The feasibility of the joining methods for metal-polymer hybrid components has 

been investigated. Different joining techniques present their advantages and 

disadvantages alongside with the adaptation of the processes. 

 

Mechanical joining guarantees a reliable and high joint resistance between metal 

and polymer typically with riveting joining. However, they have limitations due 

to the poor flexibility in terms of design of the joint as the joint shape and 

position is usually fixed with mechanical joining and moreso, the production rate 

is relatively slow. 

 

Adhesive joining techniques are undoubtedly the most used process for joining 

plastic to metal. It is a relatively simple technique and high design flexibility can 

be achieved. However, this joining process presents several disadvantages as 

explained thus: 

 

1. Mechanical resistance in adhesively bonded joint is relatively low as a 

consequence, this joining methods is restricted to components with low loading 

during service life.  

2. Working temperature is also limited as the polymeric adhesive depolymerize at 

high service temperatures. 3. Moreso, the resistance of adhesive joint in 

chemically reactive environment is significantly low resulting in loss of adhesion 

of the bonded joint. 

 

4. Finally, Inability to forecast the long term durability of adhesive joints 

alongside with extensive specimen surface preparation has significantly limited 

the use of this joining method in engineering structures. 

 

Ultrasonic metal-polymer welding seem to be a more promising methods for 

joining metal to polymer hybrid structures, and has been employed to 

successfully join metal and fiber reinforced polymers. 
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This welding method is a solid state joining technique and no microstructural 

changes occurs in both base materials. There is uniform mixing between the 

metallic and polymeric partner in this joining method which promotes 

intermolecular contact and mechanical interlocking in the weld zone. High joints 

strength can be achieved with this joining method with relatively low energy 

input and very short welding times as compared to other welding methods. 

 

Friction spot joining as compared to ultrasonic metal welding presents almost 

similar results. The joining is achieved in solid state and also with uniform 

mixing of the metal and plastic workpieces at the joint interface. However, this 

joining method has only been successfully applied to low melting point metallic 

materials such as magnesium and aluminum. 

 

The main advantages of friction spot joining process are: availability of 

commercial welding equipments, short joining cycles, operation simplicity and 

good mechanical performance of the joints. The limitations of the joining 

technique includes: technique is mostly suitable for low melting point materials 

and not suitable for very thick metallic partner (at moment, the tested thicknesses 

are within 1-2 mm). 

 

Laser direct joining of metal to polymer can be used to achieve stable metallic, 

chemical and covalent bonds between metal and polymer hybrid components. It 

should however be noted that, bonding occurs in the molten – solid interphase 

between plastic and metal as the metal do not melt in this joining process. High 

pressure rapidly expanding bubbles formed in the welding process enables to 

initiate physical and chemical bonding between the metal and plastic components. 

 

High joint strength can be achieved in laser direct metal to polymer joining, and 

this method is applicable to several combinations of metals, such as steel 

titanium, aluminum and iron. The advantages of this process are: very fast 

welding times, small heat input and high adaptability of the process. The 

limitations of the process are: there exist several parameters such travel speed 

welding power which influences the quality and reliability of the eventual joint. 

Also, the joining method has limited design flexibility as it is suitable mainly for 

lap joints for proper absorption of the laser beam. 
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The feasibility of friction stir welding of metal to polymer is not fully understood. 

This is because of the wide variations and dissimilarities between friction stir 

welding method for metals as compared to friction stir welding of plastics. The 

low thermal conductivity of polymers alongside with their complex molecular 

structures warrants for changes in welding tools and tool design which makes the 

simultaneous welding process less feasible. More studies still need to be done in 

other to understand how the welding method can be initiated. 

 

In conclusion, beside mechanical fastening and adhesive bonding joining 

mechanism, all other joining process for metal-polymer hybrid components are 

still in the developmental stages and more studies still needs to be done to 

effectively understand the feasibility and durability of the processes. However, it 

can be concluded that, the new emerging joining techniques for metal to polymer 

hybrid joints are promising and offers alternative methods compared to traditional 

techniques for realization of dissimilar metal to polymer joints. 
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