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Abstract 
 

Combinations of different materials are increasingly used in the modern 

engineering structures. The driving forces of this trend are rising fuel 

costs, global warming, customer demands and strict emission standards. 

Engineers and industries are forced to improve fuel economy and cut 

emissions by introducing newly design engines and lightweighting of 

structural components. The use of lightweight materials in the structures 

has proved successful to solve these problems in many industries 

especially automobile and aerospace. However, industry still lacks 

knowledge how to manufacture components from polymeric materials in 

combination with metals where significant differences exist in properties. 
 

This thesis aims to demonstrate and generate the methodology and 

guidelines for hybrid joining of aluminium alloys to thermoplastics using 

friction stir welding. The developed technique was identified, optimized 

and evaluated from experimental data, metallography and mechanical 

characterization. The success of the technique is assessed by 

benchmarking with recent literatures. 
 

In this work, lap joints between aluminium alloys (AA5754, AA6111) and 

thermoplastics (PP, PPS) were produced by the friction stir welding 

technique. The specimens were joined with the friction stir welding tools 

under as-received conditions. Metallic chips were generated and merged 

with the molten thermoplastic to form a joint under the influence of the 

rotating and translating tool. The effects of process parameters such as 

rotational speed, translational speed and distance to backing were 

analyzed and discussed. The investigation found joint strength was 

dominated by mechanical interlocking between the stir zone and the 

aluminium sheet. The results also show that the joint strength is of the 

same order of magnitude as for other alternative joining techniques in the 

literature. 
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Sammanfattning 

 
Hybridkonstruktioner med flera olika materialtyper blir allt vanligare i 

bärande strukturer. De drivande krafterna bakom denna trend är ökande 

bränslekostnader, global uppvärmning, kundkrav och utsläppsgränser. 

Producenter tvingas förbättra bränsleekonomi och skära i utsläpp genom 

nya motorer och genom att göra strukturer lättare. Användning av lätta 

material har varit en framgångsrik väg att nå dessa mål i t.ex. fordons- 

och flygindustrin. Men industrin saknar fortfarande kunskap om hur 

komponenter ska tillverkas av polymermaterial i kombination med 

metaller där det finns signifikanta skillnader i egenskaper. 
 

Målet med denna avhandling är att demonstrera och skapa en metod och 

anvisningar för hybridfogning av aluminium till termoplast med hjälp av 

Friction Stir Welding, FSW. Metoden optimerades baserat på 

experimentella FSW-resultat, metallografi och mekanisk provning. 

Resultaten jämfördes med resultat som uppnåtts med andra 

fogningstekniker för samma materialkombination. 
 

I detta arbete producerades överlappsfogar mellan aluminium (AA5754, 

AA6119) och termoplast (PP, PPS) med FSW. Proverna fogades utan 

någon speciell ytbehandling. I processen bildades spånor av aluminium 

som mixades med smält plast genom det roterande FSW verktyget. 

Processparametrar som rotationshastighet, translationshastighet och 

avstånd till mothåll studerades. Styrkan hos förbanden dominerades av 

mekanisk låsning mellan fogningszonen och aluminiumplåten. 

Jämförelser med litteraturdata visade att hållfastheter uppnåddes som 

var i nivå med andra alternativa metoder. 

 

Nyckelord: 

Alumnium, termoplast, friction stir welding, hybridfogning. 
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BM Base material 

BIW Body-in-white 

CCW Counterclockwise 

CFRP Carbon fiber reinforced polymer 

CTE Coefficient of thermal expansion 

CW Clockwise 

DTB Distance to backing 

FPJ Friction press joining 

FSpJ Friction spot joining 

FSW Friction stir welding 

FSSW Friction stir spot welding 

GFRP Glass fiber reinforced polymer 

HAZ Heat affected zone 

HDPE High-density polyethylene 

TMAZ Thermo-mechanically affected zone 

PA Polyamide 

PEI Polyethylenimine 

PET Polyethylene terephthalate 

PP Polypropylene 

PPS Polyphenylenesulfide 

SEM Scanning electron microscope 
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1. Introduction 
 

Light weight of automobiles is beneficial to fuel economy, driving 

performance and greenhouse emissions to environment [1], [2], [3]. 

Rising fuel prices as well as tightened automotive regulations force 

automobile manufacturers to develop low fuel consumption engines and 

lightweight cars. The technical strategy for vehicle weight reduction is to 

replace conventional materials such as steels with lighter ones such as 

light metals and polymers [4]. However, industries still lack knowledge 

on the manufacturing of reliable and low cost structures. This is 

particularly the case in the hybrid structures of metals to thermoplastics 

where significant differences in material properties exist. 
 

Engineers are moving towards an increased use of lightweight materials 

in vehicle structures [5]. However, the manufacturing processes can 

create limitations. Joining of lightweight materials like light metals and 

polymers causes many new challenges. 

1.1 Background 
 

Vehicle body weight and CO2 emissions show a strong relationship as 

shown i.e. in studies by University of California and Volkswagen [2], [3]. 

Fuel consumption can be reduced by 3.5% for every 10% reduction of 

body weight [3]. As a result, weight reduction is one of major priorities 

for car manufacturers today. 
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Figure 1:  Body in White structures with selected multi-materials concept  [3], [6]. 

 

Body-in-white (BIW) structures are today mainly made of different types 

of steels including ultra-high strength steels, high strength steels and 

mild steels. The conventional BIW comprises around 20-25% of total 

vehicle weight [7]. Steel is still attractive because of its material properties 

(high modulus and strength), ease of joining, well-established recycling 

procedures and relatively low price and manufacturing cost [7], [8]. 

Material substitution is one main route to weight reduction [7], [8]. Mild 

steels have been replaced by more advanced materials such as high and 

ultra-high strength steels, aluminium, magnesium and fibre-reinforced 

polymers [8]. Multi-material combinations become more common in 

modern vehicles [8]. The projection of automotive industry indicates that 

polymer composites and plastic will even play more significant role by 

2025 and beyond [9]. This creates challenges to create joining techniques 

to bring low-cost, high-volume and high-yielding techniques into 

practice. 
 

This thesis focuses on the development of innovative joining techniques 

between aluminium and polymers especially thermoplastics. 

Traditionally these types of materials have been joined with mechanical 

joining like screws or rivets or with adhesive bonding. These techniques; 

however, have disadvantages in cost and productivity. Thermoplastics 

have the interesting property to melt above a certain temperature. The 

temperature should, however; not be too high because disintegration will 

occur. This means that a number of techniques based on welding can be 
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applied. Friction stir welding (FSW) is a successful joining technique for 

welding of light metals such as aluminium. When the technique is applied 

to metals it is a solid-state process. This offers high weld quality in terms 

of low distortion, defect-free joint and ability to weld active metals due to 

low welding temperature. Thus, it is a method that has potential to apply 

for hybrid joining of aluminium and thermoplastics where the aluminium 

should stay in solid state and the polymer in the interval between melting 

and disintegration.  

1.2 Research objective 
 

This work aims to generate fundamental knowledge on hybrid joining of 

aluminium alloys and thermoplastics with friction stir welding. This 

knowledge was established based on the studies of correlation among 

process parameters, defect formation, mechanical behavior and tool 

geometries. The knowledge is gained from experimental data such as 

cross-section characteristics and joint mechanical properties to establish 

the explanation of the mechanisms of joining between metals and 

thermoplastics. The knowledge was used to optimise process parameters 

and suggest FSW tools. The results of the study were assessed by 

benchmarking with the literature on hybrid joining. 

1.3 Research methodology 
 

To find out the feasibility of friction stir welding for joining of aluminium 

alloys to thermoplastics, initial experiments were carried out for joining a 

broad range of thermoplastic types. The initial preliminary results 

underpin the selection of materials used in the study. In this study, weld 

quality are defined in terms of maximum joint strength, porosity, 

interface integrity, level of material mixing and surface appearance.  
 

The quality characterisations were mainly done by metallographic 

techniques including light optical microscopy and SEM analysis. The 

quality of weld in terms of maximum strength was determined by lap 

shear tensile test. The feedback from early experimental results was used 

for FSW tool design that was tested for various welding conditions. The 

essential part of the study was to study joining mechanisms and weld 
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formation. These have been done by using fracture analysis as well as 

cross-sectional characteristics obtained from metallography.  

1.4 Outline of the thesis 
 

This thesis work is divided into six chapters including introduction, 

research framework and theoretical background, experiments and 

methodology, results and discussion and conclusion and future work. The 

thesis begins with general problems and background which leads to the 

research questions and hypothesis. The thesis statements are followed by 

scope and limitation of the study. Chapter 2 presents theoretical 

background and literature studies involved in this study. The chapter 

gives surveys of current joining techniques of metals to polymers in terms 

of joint properties, weldability as well as advantages and limitations. The 

basic principles of FSW are also presented in this chapter. In chapter 3, 

the basic milling theory is included in the chapter as FSW of metals to 

thermoplastics has similarity to milling operation. This chapter also 

presents the critical properties of polymeric materials which are normally 

sensitive to the applied temperature in welding processes. In chapter 4, 

the experimental setup and methodology will be presented. The chapter 

presents detailed information on the joint configurations, tool properties, 

welding parameters and mechanical testing procedures used in the study. 

The experimental results are presented in chapter 5 in terms of 

microstructure evaluation, mechanisms of joint formation and joint 

strength. The explanation of defect formation is also included in this 

chapter. The final chapter will summarise all results and conclusions of 

the research study. The suggestions for future work and possible 

improvement of the study are presented at the end of the chapter. 
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1.5 Research questions and hypothesis 
 

The research questions have been formulated into three main steps 

aiming to answer three following questions;  
 

1. Is it possible to join thermoplastics to aluminium alloys by FSW? 

2.  What are the joining mechanisms of hybrid welding of aluminium to 

thermoplastics with FSW? 

3.  What joint strengths can be obtained with FSW for thermoplastics to 

aluminium? 
 

The global answers of the above three questions are incorporated to 

validate the following hypothesis; 
 

1. Friction stir welding is a promising joining technique for hybrid 

joining of aluminium alloy to thermoplastics. 

2. Chemical bonding and mechanical interlocking are the main joining 

mechanisms of FSW of aluminium to thermoplastic 

3. The strength of aluminium-thermoplastic friction stir welded joints is 

comparable to those obtained with alternative joining techniques. 
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2. Research framework 
 

In this chapter, the literature is surveyed of joining methods for 

dissimilar materials. The review is dedicated to the joining procedures of 

each method, joint properties as well as advantages and limitations of 

each technique. This is followed by the basic terms and principles of 

friction stir welding which is the technique used in this study.  

2.1 Basic principles of hybrid joining 
 

Hybrid joining of multi-material structures faces a number of problems 

additional to the ones experienced in conventional joining. For example, 

the significant differences in coefficient of thermal expansion between 

metals and thermoplastics could lead to high thermal residual stresses 

which in its turn can lead to premature fatigue failure [10]. The high 

melting temperature of metals means that thermoplastics could degrade 

considerably if fusion welding is used. The mismatch between material 

properties currently limits the utilisation of hybrid structures even 

though they can deliver good weight saving. 

 

2.1.1 Criteria for the selection of hybrid joining methods 

 

Joint mechanical properties are major factors in the selection of joining 

technique. The properties are described as strength, elongation, fracture 

mode and anisotropy [10], [11]. Certain tests have carried out prior to 

approval of selected methods according to regulation and legislation. 

Currently, environmental and safety concerns are becoming increasingly 

important in the industry. This includes residual harmful and chemical 

wastes from joining processes, material life cycle considerations as well as 

recycling of end-of-life disposals [5]. 
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The chosen joining methods may not be feasible if they are linked to high 

cost. The term of cost includes investment cost for equipment and 

training, maintenance cost, operating cost as well as inspection cost [5], 

[8]. A good reliability and good robustness of the production method is 

also crucial because it can reduce inspection related cost, prevent 

production line stoppages and minimise scraps [8]. Thus, both technical 

and economic factors have to be evaluated for the selection of hybrid 

joining methods. 

 

2.1.2 Factors determining the hybrid joint properties 

 

Material properties  

 

Multi-material joining and particularly so in the case of metals to 

thermoplastics encounters the difficulty from large differences in material 

properties. Metallic materials are generally ductile, shiny, and have high 

melting temperature, good thermal and electrical conductivity. The 

metallic atoms typically arrange in structures as crystalline solids and 

bond by a free flowing electron cloud or metallic bonding. While a 

polymeric material is a large macromolecule consisting of repeated sub-

units. The properties of a polymer are strongly influenced by the physical 

arrangement of monomers along the chain rather than types of monomer. 

A Polymeric material tends to form glasses and semi-crystalline solids 

rather than crystals. Polymer chains particularly in thermoplastics are 

held together by secondary bonds such as van der Waals, dipole and 

hydrogen bonds. These secondary bonds are normally weaker than 

primary bond in metals around 10-50 times. The thermoplastic material 

has typically lower melting temperature, poor thermal and electrical 

conductivity as well as being thermally degraded rather than corroded 

like metals. The key factors for hybrid joint properties due to material 

effects are coefficient of thermal expansion and surface energy. 

 

- Coefficient of thermal expansion 

 

Thermal expansion is the change of material volume or length in response 

to temperature change [12].  The degree at which a material contracts or 

expands for a unit change in temperature is called the coefficient of 

thermal expansion (CTE). In joint design, relatively large thermal 



2. Research framework | 9 

 

 

 

expansions can limit a sound bonding due to internal stresses (thermally 

induced stresses) leading to premature failures [12]. This can occur in 

joining of plastic to metals. Generally, polymers have a high CTE when 

compared with metallic materials [10]. For example, the coefficient of 

thermal expansion of aluminium is 22×10-6K-1 while Polypropylene (PP) 

has high CTE value of 81-100×10-6K-1 [10]. The internal stresses are also 

affected by joint dimensions such as thickness of an intermediate layer, 

thickness of the bonded materials, modulus of elasticity, moisture content 

and pressure of application to produce the bond [12]. 

 

- Surface energy 

 

Surface energy of a material is defined as the energy that must be 

supplied to separate or create the new surface per unit area [13].This 

energy is associated with the number of polar groups at the surface and is 

a physical constant [13]. It characterises adhesion energy (the energy to 

adhere or separate an interface between two different materials) which is 

the main property to quantify the strength of bonding in solid materials 

[13]. 
 

Generally, the adhesion between two surfaces results from diffusion, 

chemical interaction, van der Waals interactions and mechanical 

interlocking [14]. Van der Waals forces play a key role in the creation of 

adhesion in polymeric materials [15]. However, this force is very low due 

to the very low surface energies of polymers. Even with the best materials, 

the value might be only 35-45 mN/M [10], [16]. Special surface pre-

treatments are required in order to raise the surface energy of polymeric 

materials. Widely used surface pre-treatments for polymers includes 

chemical etching, priming and energetic techniques such as flame, laser, 

plasma, and corona treatments [10]. 

 

Material surface 

 

The basic principle of joining of dissimilar materials is that the surface of 

materials must be clean. For metals and ceramics, roughening of surface 

generally enhances bonding strength. It can be simply done by abrading 

and blasting of joining surfaces. The roughening of surface increases 

surface area, improves mechanical interlocking and opens fresh and 

reactive surfaces by removing residual oxides and dirt [10]. However, it is 
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not always true for polymers. The results of roughening of polymer 

surfaces are quite variable [10]. The study of Bergmann and Stambke [17] 

indicated that generation of surface roughness to polyamide 6.6 joined 

with DC01 steel has no correlation to shear strength. The increased 

surface area by roughening can compromise localised damages of bond 

breaking or fibre breaking of polymers [10]. The joint strength may 

decrease instead of increase.  

 

Corrosion 

 

Dissimilar joining between different metallic materials may experience 

galvanic corrosion, for example, steel to aluminium. In general, metals 

are protected from corrosion by applying pre-treatments such as 

conversion coating, anodizing, physical coating as well as metallic coating 

[10]. The corrosion tolerance of joined materials can be improved if it is 

combined with polymers and thermoplastics [11]. However, corrosion 

resistance may degrade considerably by the joining procedures. For 

example, mechanical fastening may cause local damage of coating by 

holes as well as fit tolerance [10]. The resistance can also be improved by 

adding an intermediate layer such as adherend in adhesive bonding. It is 

also noted that carbon fibres can lead to galvanic corrosion if they have 

direct contact with metals [10]. 

 

Anisotropy 

 

Anisotropy of materials can cause problems depending on loading 

direction, type and magnitude of loading conditions [10]. This can 

happen in fibre-reinforced composite materials and drawn materials such 

as thermoplastics and metals. Load transfer within the joint should be 

taken into consideration especially in asymmetric joints such as single lap 

joint or flange joint [10]. The load design and distribution should be in 

line with the internal alignment and internal stresses. For example, the 

load path in bonded fibre composite sheet may results in peak stresses 

within the first two layers of composite ply [10]. The rest of the bulk 

material may be isolated from the load which reduces the joint properties. 
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2.2 Current methods for dissimilar joining 
 

2.2.1 Adhesive bonding 
 

Adhesive bonding and mechanical fastening are today the two most 

common techniques for joining of dissimilar materials in engineering 

structures [10], [11]. The adhesive bonded joints are extensively used in 

modern aerospace industry where the fatigue cycle load is a main concern 

of structures [11]. Adhesive bonded components normally exhibit a good 

fatigue resistance [18]. The adherend can also be used as an intermediate 

layer to reduce galvanic corrosion, noise and vibration [11]. The technique 

also offers weight saving in comparison to mechanical fastening. 

However, adhesive bonded joints have suffered from poor environmental 

resistance due to exposure of high temperature, moisture and solvents 

[11]. 
 

Although, the use of adhesive bonding to join materials is rapidly growing 

there are several limitations which need to be solved.  For example, the 

analysis of joint strength and failure behavior are not well understood 

[11]. It is still difficult to predict the durability of bonded structures over 

their lifetime under different environmental factors. Inspection of 

bondline quality is still under development [19]. Hart-Smith also pointed 

out that the mechanical properties of adhesive bonded joints can be 

significantly degraded if proper surface preparation or curing conditions 

are not met [19].  

 

2.2.2 Mechanical fastening 

 

This joining method is one widely used joining method for dissimilar 

materials. The most common techniques to produce metal-polymer joints 

are riveting and bolting. Riveting is predominantly the main joining 

technique in the aerospace industry [8]. The reason is that it is robust and 

easy for visual inspection for damages [8]. It is also rapid, cheap and 

simple to fabricate joints. Dissembling and recycling of joined structures 

are possible for mechanical fastening. This is contrary to adhesive 

bonding and welding where disassembly can be more difficult and 

components are damaged during disassembly. However, the method 

requires drilling of several holes through materials to be joined, stress 
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concentration becomes a major concern due to uneven stress distribution 

around holes [8], [20]. So, the fatigue resistance is problematic if 

structures are subjected to cyclical load. It is also noted that mechanical 

fastened joints of polymer has lower joint efficiency due to high notch 

sensitivity of polymers [21]. The other disadvantages of the technique are 

weight addition to structures, loosening of fasteners due to creep and 

stress relaxation and residual stresses in joining of dissimilar materials 

[20]. 
 

Another type of mechanical fastening of metal-polymers is clinching. The 

method uses die and punch to mechanically deform joined sheets. Sheet 

materials are pushed to flow into die edge and formed undercut [22]. It is 

a rather simple and fast process to join dissimilar materials but is limited 

by material formability [20]. 
 

A new innovative technique to reduce stress concentration from holes was 

developed by Amancio-Filho et al. and was called friction riveting [23]. 

They use a spinning rivet to penetrate joined materials without pre-

drilling hole as in conventional riveting. At a pre-determined depth, the 

rotational speed of spinning rivet will be raised to create deformation of 

rivet itself by frictional heat. The metal and polymer are finally held 

together. They concluded that joints can be achieved by a combination of 

mechanical interference as well as bonding between metal and polymer. 

The method also offers a single side accessibility which reduces cycle time 

and process steps. 

 

 

 
 

Figure 2:   Schematic showing a) different microstructural zone in typical friction 
stir riveted joint  b) distribution of microhardness of aluminium (left), 
PEI (right) [24]. 
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2.2.3 Laser welding 

 

Dissimilar joining of metals to thermoplastics has been recently 

investigated by means of laser welding [17], [25], [26], [27]. Wahba et al. 

have developed a laser direct joining process of metals to thermoplastics 

[25]. In their study, the laser is applied to the specimen surface under lap 

configuration. Tight bonding can be achieved at the interface between 

AZ91D and PET with the aid of induced pressure due to generation and 

expansion of gas bubbles. They remarked that irradiation of laser beam 

from metal side offers stronger joint strength due to discrete bubble 

morphology which is not found in plastic-side laser-irradiated joints. 

Yusof et al. further studied the effect of anodizing of aluminium alloys on 

the strength of pulsed laser joining of PET and AA5052 [26]. The study 

results showed that the strength of anodised surface joints was higher 

than joints with as-received surface. They described that anodised surface 

can absorb higher heat energy and use it to form deeper molten pool. 

Strength was also improved by increasing the heat input and pulse 

duration due to a larger welded area. Bergmann and Stambke have found 

that there is no correlation between surface roughness and strength of 

laser-manufactured joints [17]. This suggests that polymer-metal joints 

are formed by a combination of physical and chemical bonding rather 

than mechanical locking. 

 

 
 
Figure 3:  Schematic showing equipment setup of laser joining of metals to 

polymers [27]. 
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2.2.4 Ultrasonic welding 

 

Hybrid joints of light metals such as aluminium and magnesium to 

thermoplastics can be joined by ultrasonic welding [28], [29]. The study 

of researchers at University of Kaiserslautern, Germany reported that 

shear strength of joints welded by ultrasonic welding depends on the 

degree of intimate contact between the metal sheet and fibres. Shear 

strength can be enhanced if a good intimate contact can be achieved. The 

reason is because a good contact results in mechanical interlocking and 

intermolecular bonding between metal and fibres. They claim that the 

technique can create comparable joint strength to adhesive bonding, 

however; this method requires a high investment cost in term of welding 

equipment. 

 

2.2.5 Friction-based welding 

 

The use of fusion welding for hybrid joining suffers from the degradation 

of the thermoplastic due to an excess of heat generation. In addition, 

fusion welded joint is likely to suffer from a substantial residual stress 

when the temperature cools down because of a large thermal mismatch. 

Recent research focuses on the development of new innovative methods 

that produces smaller heat generation into hybrid joints. In welding of 

metal, friction and friction welding offer a low heat generation by 

maintaining joined material in solid-state. This way can reduce problems 

arising in fusion welding such as high distortion and porosities in welding 

of active metals due to a large heat input.  
 

Several recent publications proposed modification of conventional 

friction-based processes particularly FSW. Liu et al. investigated a 

process that was modified from conventional FSW [30]. A modified tool 

without pin functions as a frictional heat source that generates heat input 

which is conducted from top aluminium sheet to the thermoplastic below. 

Since no pin is used, material mixing does not take place as in ordinary 

FSW process. Thermoplastic is brought into a melting state, and the 

consolidation with aluminium is done by the pressure of the tool axial 

force. The highest shear strength of 8 MPa was obtained at optimised 

welding parameters. A similar technique namely friction press joining 

(FPJ) was also investigated in a recent study with glass-fibre-reinforced 

polyamide [31]. The study shows that with FPJ it is possible to join  
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Figure 4: Schematic of FPJ of aluminium and thermoplastics [31]. 

 

reinforced polyamide with maximum shear strength of 11 MPa for laser 

textured aluminium. The study shows that the primary binding 

mechanism between the materials is by micro form fit. 
 

The study of Khodabakshi et al. reported the potential results of friction-

stir welded joint between aluminium and high density polyethylene 

(HDPE) [32]. The process is done by translating an ordinary FSW tool 

along a butt line. The tool at position of 15% offset into thermoplastic 

delivers the best quality joint. The investigation showed that a 

combination of secondary bonding and mechanical interlocking 

contributes to the hybrid joint strength. However, the joints can be 

achieved at a narrow process window around tool rotational speed of 710 

rpm. The microstructural characterisation indicates that the weldment 

contains entrapped aluminium fragments surrounded by polymer matrix 

as seen in figure 5.  

 

 

 
Figure 5: Macrographs of AA5059-HDPE friction stirred joint [32]. 
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Figure 6:   Schematic drawing of friction spot joining welding process (tool 

assembly) [33]. 

 

Amancio-Filho et al. successfully applied the principles of refill-FSSW 

invented by GKSS to join metals to composites as schematically shown in 

figure 6 [33]. The technique is called friction spot joining (FSpJ) which 

uses a retractable sleeve and a stationary clamping ring to refill the 

material that was initially deformed by the rotating pin. The study results 

of joining between magnesium alloy (AZ31) and PPS with CF and GF 

show the joint shear strength is comparable or superior to those in the 

literatures. The fracture study reported two failure modes were indicated 

depending on the location. At the central region, the adhesion of fibres 

and polymer matrix to magnesium sheet indicates cohesive fracture took 

placed in this region. On the contrary, the surface of magnesium sheet 

outside the central region was smooth without the attachment of any 

fibres and polymer matrix. This indicates shear mode fracture took place 

at the outer joining area where the effect of stirring action by the pin is 

lower. 

2.3 Friction stir welding basic principles 
 

Friction stir welding (FSW) is a solid-state welding process that was 

initially used with light metals especially aluminium. Conventionally, 

high heat input when fusion welding of aluminium limits the quality of 

joints due to the formation of porosity and the distortion of work-piece. 

Aluminium is an active metal which can rapidly react with the oxygen to 

form an oxide film on its surface. This film can lead to the absorption of 
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hydrogen in the weld pool which forms pores in the solidifying weld 

metal. FSW has proved successful to solve these conventional problems 

because the joined material is still in solid state at lower temperature, 

that is, no melting. In recent years, the application of FSW has been 

applied to other light metals such as magnesium and titanium alloys as 

well as thermoplastics [34], [35].  
 

FSW uses a rotating non-consumable tool that consists of pin (threaded 

or non-threaded) and shoulder to penetrate and then transverse along the 

joint line between two edges [34]. When it reaches the final edge, it is 

then retracted from the plates as shown in figure 7. The process can be 

regarded as a thermomechanical process that is induced by the rotation 

and translation of the tool.  
 

The tool involves three main functions including heating of material, 

transferring of plasticised material and forging of material beneath the 

tool shoulder [36]. Heat is generated by severe plastic deformation of 

material and friction between the tool and the work-piece. The material is 

then softened by the generated heat and is mechanically transferred by 

the tool. As the tool is moved forward, the plasticised material being 

welded is transported from the leading edge to the trailing edge (behind 

the tool) by a combined action of the rotation and translation. At the final 

stage, the joint line is filled and consolidated by a forging pressure from 

the shoulder to the work-piece. 

 

 
 

Figure 7: Schematic diagram of friction stir welding process (butt welding) [34]. 
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Figure 8:  Schematic of different microstructural regions of the friction stir welded 

material. A) unaffected material, B) heat affected zone (HAZ), C) 
thermo-mechanically affected zone (TMAZ)  and D) stir zone [37]. 

The microstructures of the friction stir weld can be classified into four 

different regions as indicated in figure 8 [34], [36]. The base material or 

unaffected material (indicated by A) is a region where the material has 

not been deformed by the action of the tool and the microstructures are 

not changed by the thermal cycle. In the heat affected zone (HAZ), the 

material has experienced the peak temperature which changes its 

microstructures from the original base material. However, there is no 

plastic deformation in the region. In the thermo-mechanically affected 

zone (TMAZ), grains are normally in the deformed state but there is no 

recrystallisation in this region. The weld nugget or the stir zone (indicated 

by D) is a region that experiences the severe plastic deformation due to an 

action of the tool pin. Fully recrystallisation takes place only in this region 

which creates the fine grain microstructures in the stir zone.  
 

Apart from its superior weld quality, FSW also offers a number of 

advantages in terms of economy and environmental friendliness [38]. 

Joining by FSW can be performed on an ordinary milling machine 

without shielding gas and any consumable materials such as wire and 

filler materials. It requires lower energy compared to fusion welding 

techniques. The process produces no toxic fumes and slag wastes with a 

low radiation of heat to the welder. It is also possible to join most joint 

configuration in contrast to conventional friction welding.  
 

The basic ideas of FSW are in this thesis applied to join thermoplastic 

materials to light metals (aluminium). Conventionally, FSW was mainly 

used to join metallic materials such as aluminium, magnesium and steel. 

Since, properties of thermoplastics significantly differ from metallic 

materials, modification of FSW tool and parameter optimisations have to 
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be conducted. The actual joining mechanisms of thermoplastic-

aluminium are also different than in the conventional FSW process. This 

is due to a significant drop in process temperature to much below the 

recrystallise temperature. The extrusion like process is then not possible 

in the aluminium. Consequently, the joining process becomes like a 

milling operation where the FSW tool acts as a cutting tool. The basic 

principles of milling operations will be illustrated in the next section. 
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3. Theoretical background 
 

In this chapter, theories of milling are presented in the first section. This 

is followed by a literature review on the analogy between milling and 

friction stir welding. The final part of this chapter presents the basic 

theories of polymeric materials focusing on properties. 

3.1 Milling and cutting operations 
 

Milling is the machining process to remove materials, for example, 

metals, plastics, from a work-piece by cutting edges on a rotary cutter 

[39].  The work-piece can either remain stationary or be fed into a 

rotating cutting tool. The milling cutter generally has multiple cutting 

edges which repeatedly cut into and leave the material. The material is 

removed by shear deformation in different shapes of chips depending on 

material type and process parameters. The milling processes generally 

have two major types, namely up milling (conventional milling) and down 

milling (climb milling). A schematic showing the characteristics of each 

type can be seen in figure 9.  

 

3.1.1 Up milling 

 

In this type, the work-piece is fed against the milling cutter velocity [39]. 

The cut begin when each tooth reaches the work-piece with zero depth of 

cut. The depth then gradually increases and achieves the maximum point 

when the tooth leaves the work-piece. This means that the chip thickness 

starts from zero and increases to its maximum value at the end of cycle. 

The cutting force in up milling is directed upward; so there is a tendency 

for pulling the work-piece out of the fixture in heavy cuts. However, the 

shock load is minimised because the teeth start to cut with very small 

depth.
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Figure 9:   Schematic showing basic methods of milling which have different 

direction of feed: a) up milling and b) down milling [40]. 

 

3.1.2 Down milling 

 

Down milling or climb milling feeds the work-piece in the same direction 

of the cutter velocity (see (b) in figure 9) [39]. The teeth enter the work-

piece and generate chips with highest thickness at the beginning. It is 

continuously decreased as the teeth progressively rotate until leaving the 

work-piece. This process delivers better surface finish because chips can 

be disposed of easily. The direction of cutting force also assists the work-

piece to stay against the fixture. However, a high shock load at the 

beginning of each cycle does not permit the use on some materials which 

might damage the milling tool. 

3.2 Friction stir welding and milling operation 
 

The principles of milling theory have been extensively applied to friction 

stir welding by the studies of Arbegast and Payton [41], [42]. The attempt 

is to identify the process parameter window to avoid defects formed in the 

weld. The advancing side in FSW is treated as up milling process where 

the cutting edge velocity opposes the work-piece. The retreating side is 

treated as down milling process where the cutting edge velocity is in the 

same direction as for the work-piece.  
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The classical milling theory explained by Martellotti [43] and Silin [44] 

were incorporated to predict the temperature at the tool tip. Equation 1 

was derived by using the data in ASM Handbook of Metals (9th edition) 

for typical aluminium [42]. The study by McClure confirmed the 

predicted temperatures by the results of thermocouple measurement 

[45]. The equations indeed predict the temperature differences between 

the advancing side and the retreating side. The temperature of the cutting 

edge can be obtained from the following equation [42]; 

                               

𝑇𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑒𝑑𝑔𝑒 = [16485.58]𝐻𝑃𝑠√
𝑉𝑡

𝑘𝑤(𝑐𝑝𝜌)𝑤

 

 

where specific horsepower of the work-piece, V is the cutting velocity at 

the cutting tip, 𝑘𝑤 is the thermal conductivity of workpiece, (𝑐𝑝𝜌)
𝑤

 is the 

volume specific heat of the work-piece and t is the uncut chip thickness 

and is calculated by the following expression; 

                                 

𝑡𝑎𝑣𝑔 =
𝐹𝑡𝑑

𝑅 cos−1 (1 −
𝑑

𝑅
) +

𝐹𝑡𝑛

𝜋𝐷
√𝐷𝑑 − 𝑑2

 

 

where 𝐹𝑡 is the feed per tooth, d is the depth of cut, R is the radius of the 

cutting edge, D is the diameter of the cutter and n is the number of total 

teeth. 
 

In the present research on joining of aluminium to thermoplastics, the 

process temperature is apparently lower than that achieved in 

conventional FSW process where the work materials are similar in the 

two joined work pieces. This is caused by the significant difference in 

melting properties between aluminium and thermoplastic. A large axial 

pressure cannot build up on the work-piece because the thermoplastic 

sheet starts to soften and melt at elevated temperatures before reaching 

extrusion temperature of aluminium. Hence, the rotating pin performs a 

cutting action in the aluminium substrate rather than an extrusion like 

action in the conventional FSW process. This results in chip formation for 

that part of the pin which is translating through the aluminium sheet. 

 

 

(1) 

(2) 
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Figure 10: Three basic types of chips: a) discontinuous, b) continuous and c) 

built-up edge [46]. 

 

Three principal chip types generated in machining processes are 

schematically shown in figure 10 [46]. The discontinuous or segmented 

chip type (see (a) in figure 10) is generally formed when cutting brittle 

and hard materials such as grey cast iron. The second type is continuous 

and smooth chip type (see (b) in figure 10). This is normally formed when 

cutting soft and ductile materials such as aluminium. Highly ductile 

materials can increase heat generation and temperature as well as friction 

due to remaining chips in contact to the tool surface. The shape of this 

type can be long and even entangled. Type three is commonly called built-

up edge type as shown in (c) in figure 10. It is formed when chips weld to 

the face of the tool or build up with the tool. Payton proposed that chips 

in conventional FSW are distinct from these three basic types and are 

called contained or extruded chips [41]. 
 

As the joined specimens are the combinations of aluminium alloy 

(AA5754, AA6111) and thermoplastics (PP, PPS), it is important to 

understand some key properties of thermoplastics which are not so well-

known in welding of metals research. The basic properties of 

thermoplastics which influence the weldability, quality, and properties of 

joint will be introduced in the next section. It is also noted that typical 

numbers of some properties of aluminium and thermoplastic are shown 

in the summary at the end of this chapter. 
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3.3 Properties of thermoplastics 
 

In this section, the basic theory of polymer physics will be provided to 

illustrate characteristics of polymer properties. Generally, properties of 

polymeric materials are related to secondary bonding, molar mass, 

crystallinity, physical structures and so on. Only the crucial properties for 

FSW will be presented in this section. This section aims to introduce the 

basic theory of polymer physics that will be used in the explanation of the 

mechanisms and properties of dissimilar joint of thermoplastic to 

aluminium. 

 

3.3.1 Molar mass 

 

The molar mass is the main parameter that governs the properties and 

behavior of polymers. Melting temperature, fracture toughness and 

Young’s modulus show strong dependence on the molar mass [47]. The 

values usually reach a constant number when the molar mass approaches 

a range of 10000-30000 g/mol as can be seen in figure 11. High molar 

mass polymers generally exhibit better mechanical properties especially 

strength; however, they encounter difficulty for polymer processing due 

to rheological properties such as melt viscosity [47]. In addition, molar 

mass distribution also influences the flow behavior of polymer melts 

during polymer processing.  

 

 
 

Figure 11: The relationship between melting temperature and molar mass of 
polyethylene [47], [48]. 
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Poor rheological behavior can cause dimensional instability, low quality 

of surface finish and low mechanical properties such as strength, impact 

resistance and toughness [49]. 

 

3.3.2 Physical structures 

 

Polymers can be classified into two categories, amorphous and 

semicrystalline polymers, according to the physical structure [47]. A 

molten polymer may solidify into amorphous states if it has a high 

content of irregular chains such as atactic or asymmetric structures. 

These structures often inhibit crystallisation of the molten polymer.  
 

Semicrystalline polymers are composed of two components, crystalline 

and amorphous [47]. Usually, isotactic polymers and polymers with 

strong secondary bonding such as polyvinylchloride may take a 

semicrystalline state. The degree of crystallinity can be up to 90% if it is a 

low molar mass linear polymer [47]. Cooling conditions also control the 

degree of crystallinity of the solidified polymer. Rapid cooling may lead to 

an amorphous state instead of a crystalline state regardless of chain 

structure. Crystallisation of polymers requires time for a short range 

diffusion of chains as well as time to change into regular chain 

conformation [47]. The differences of cooling curves between amorphous 

polymer and semicrystalline polymer are shown in figure 12. 

 

 
Figure 12: The cooling curves of molten polymers undergo amorphous and 

crystalline state [47]. 
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3.3.3 Melting temperature and glass transition temperature 

 

The main difference between amorphous polymers and crystalline 

polymers is the glass transition temperature (Tg). Crystalline polymers 

have a certain melting temperature when the secondary bonding fall out 

and the polymer chains become a disordered liquid. Unlike crystalline 

polymers, amorphous polymers have no clear melting temperature. They 

rather have the glass transition temperature where the polymer chains 

begin to slide above this temperature. Tg is in fact a range of temperatures 

where polymers change from a rigid and glassy state to a rubbery state. 

Significant mobility of molecular chains occurs above this temperature. 

The modulus and stiffness of polymers may significantly drop by a factor 

of 1000 at the transition [47]. The relaxation of modulus of different 

molecular structures versus temperature is shown in figure 13. 
 

Many polymers exhibit both glass transition temperature and melting 

temperature. Even in semicrystalline polymers, they are composed of a 

proportion of amorphous state and of crystalline state. This means that 

the glass transition temperature and melting temperature are mutually 

exclusive; performed by the amorphous and the crystalline component 

respectively. 

 

 
 

Figure 13: The relaxation of modulus at different temperature of polystyrene [47], 
[50]. 
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3.4 Summary 
 

Friction stir welding can be regarded as one machining process similar to 

milling. The advancing side in FSW is analogous to an up milling process 

whereas the retreating side is similar to down milling. The classical theory 

of milling will be used to explain the chip formation in joining of 

aluminium to thermoplastic. This includes the investigation of chip 

characteristics such as chip size and shape to joining parameters. 
 

The crucial properties of polymers have been introduced in this chapter. 

These properties were analysed to understand the behavior of the 

materials used in the study, optimisation of joining parameters, joint 

properties, as well as bonding mechanisms. It is noted that the 

preliminary selection of polymers were based on thermal properties of 

materials. 
 

In the next section, properties of materials including physical and 

thermal properties are quantified. The numbers show that some 

properties of aluminium significantly differ from thermoplastics. For 

example, the thermal expansion coefficients of AA6111 and PP are 2.5 and 

11×10-5K-1 and the thermal conductivities of AA5754 and PPS are 147 and 

0.288 W/MK. These numbers will be taken into consideration during the 

design of experimental procedures. 
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4. Experiments and methodology 
 

This chapter describes materials and methods used throughout this 

study. The chapter begins with material properties in terms of chemical 

composition, physical and thermal properties. This is followed by detailed 

experimental procedures where friction stir tool specifications, specimen 

preparations and joining parameters are provided. The final section deals 

with procedures for mechanical testing. 

4.1 Materials 
 

In the present study, two grades of aluminium alloys, AA5754 and 

AA6111, were investigated. The selection of these materials was based on 

the applications in the automotive industry. The AA5754 is a non-heat 

treatable aluminium alloy with additions of magnesium and is widely 

used for structural panels such as floor panels and inner door panels. The 

alloy has good deep drawing properties and impact energy absorption 

[50]. The other material (AA6111) is a heat-treatable aluminium alloy 

with additions of magnesium and silicon. It is mostly used for closure 

panels such as hoods and outer door panels. This alloy offers good 

formablity and a high surface quality after pressing and paint finish [4]. 

The chemical compositions of the aluminium alloys are listed in table 1. 

 

Table 1: Typical chemical compositions of aluminium alloys AA5754 and AA6111 
[51]. 

Material Mg Mn Cu Si Fe Ti Cr Zn 

AA5754
 

2.6-3.6 0.5 0.1 0.4 0.4 0.15 0.3 0.2 

AA6111 0.5-1.0 0.1-0.45 0.5-0.9 0.6-1.1 0.4 0.1 0.1 0.15 
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Two types of thermoplastics have been investigated in this study. 

Polyethylene (PP) is a crystalline thermoplastics widely used in a number 

of applications [52]. It can be found in home appliances, automotive 

components, piping systems, medical equipment and containers. PP is 

often opaque, flexible and tough. It offers good thermal and chemical 

resistance [52]. However, PP has a low surface free energy which makes 

adhesive bonding difficult. Generally, PP needs special surface 

preparation prior to bonding in order to get a high and consistent joint 

strength. 
 

Polyphenylenesulfide (PPS) is a crystalline thermoplastic known for its 

good thermal and chemical resistance. This engineering plastic is used for 

electrical insulation, gaskets and automotive parts [52]. The degradation 

temperature of PPS is up to 500 C. Table 2 shows the physical and 

thermal properties of all materials used in this study. 
 

It can be seen from the table 2 that the thermoplastics have much lower 

melting temperature (at least 50%) than the aluminium alloys. This limits 

the applicability of joining by fusion welding. It is not possible to melt 

aluminium while maintaining the initial thermoplastic properties since 

you exceed the decomposition temperature of thermoplastic. This means 

that joining can be done only when aluminium is in solid state. 
 

There is a big difference in thermal expansion between the plastics and 

the aluminium alloys. Table 2 indicates that the thermal expansion of 

thermoplastics is twice as that of aluminium alloys. This thermal 

mismatch could lead to premature cracks when specimens cool down. So, 

it is important to monitor cooling conditions, fixturing conditions as well 

as joining parameters. 

 

Table 2: Typical physical and thermal properties of thermoplastics and aluminium 
alloys [29], [53], [54], [55], [56]. 

 

Properties PP PPS AA5754 AA6111 

Thermal conductivity (W/MK) 0.22 0.288 147 167 

Thermal expansion coeff. (10
-5
K

-1
) 11 4.5 2.4 2.5 

Melting temperature (C) 165 285 603-642 582-652 

Glass transition temperature (C) -18 88 - - 

Decomposition temperature (C) 315 500 - - 
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4.2 Experimental procedures  
 

4.2.1 Specimen preparation and equipment 

 

In this study, PP and PPS thermoplastic sheets with a thickness of 2.0 

mm and aluminium alloy sheets (AA5754 and AA6111) with a thickness of 

1.5 mm were used in as-received condition. All material blanks were cut 

into dimensions of 50×100 mm for tensile testing. A lap shear specimen 

is formed by placing a thermoplastic coupon on top of an aluminium 

coupon. It is rinsed by ethanol prior to placing in the fixture for joining. 

Once a controlled lap area of 50×50 mm2 is met, the specimen is clamped 

at both ends. Joining has been done on a universal milling machine for all 

combinations. Position control was used throughout the experiments and 

was indicated by distance to backing (DTB). The schematic showing 

typical joint configuration and dimensions is shown in figure 14. 

 

 
 

Figure 14: Schematic of typical joint configuration. 

Thermoplastic 

AA6111 



4. Experiments and methodology | 32 

 

 

 

           
 

Figure 15: Schematic of FSW used in the study: a) for AA5754-PP and b) for 
AA6111-PPS. 

This thesis investigated two material combinations. The first case is the 

lap joining between AA5754 and PP, the second case is the lap joining 

between AA6111 and PPS. A number of different tool geometries were 

used. The tool geometries were adopted to the different physical and 

thermal properties in the different substrate combinations. The 

description of tool geometries can be found in the section 4.2.2 and 4.2.3. 

 

4.2.2 Combination I: AA5754-Polypropylene joining  

 

The joining trials between AA5754 and PP were done with a standard 

FSW tool with cylindrical pin with M6 threads. The tool was made of heat 

treated H13 tool steel with a hardness of 53 HRC. The tool shoulder has a 

7 concavity and 15 mm diameter. The length of the threaded pin is 3.2 

mm. The tool geometry can be seen in figure 15a. Joining was done with 

the parameters of table 3. 

 

4.2.3 Combination II: AA6111-Polyphenylene sulfide joining 

 

Joining between AA6111 and PPS was done with a modified tool as shown 

in figure 15b. The tool was made of H13 tool steel with a hardness of 53 

HRC. The shoulder consists of wiper profile with five grooves. It is a flat 

shoulder with a diameter of 15 mm. The pin is 2.7 mm long and the pin 

diameter is 4 mm. It was threaded in accordance with ISO metric M4 size. 

The purpose of the wiper features is to reduce flash formation on the 

aluminium surface. The pin size is also smaller than the first tool in order 

to reduce void formation due to insufficient material flow inside a large 

weld line (large pin diameter). 

 a) Tool 1  b) Tool 2 
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Table 3: Process parameters of dissimilar joining between aluminium and 
thermoplastics. 

Parameters AA5754-PP AA6111-PPS 

Translational speed (mm/min) 0.5-20 10-25 

Rotational speed (RPM) 1000-1800 1200 

Rotational direction CW, CCW CCW 

Tilt angle () 0.5 2 

DTB (mm) 0.5 0.4-0.5 

Translation distance (mm) 30 30 

 

4.3 Mechanical testing 
 

Joint strength was measured by lap shear tensile testing on an Instron 

4505 machine. The test has been done in accordance to ASTM D1002-05 

standard for single lap joint [57]. The specimens are gripped with a 

crosshead distance of 105 mm. The load is measured by a 100 kN load cell 

and the displacement is measured with an extensometer with a 

measuring distance of 50 mm. The specimens were loaded at a constant 

crosshead speed of 2 mm/min at room temperature. At least three 

replicates were tested for each joining condition. 
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5. Results and discussion 
 

The study of dissimilar joining was initially concentrated on the materials 

AA5754 and PP. The results from the initial study were analysed and used 

in the early development of the proposed joining processes. It was 

subsequently realised that the materials AA6111 and PPS could be more 

interesting from the application point of view. Most of the development 

work after that was performed on that combination. This included 

selection of new tool geometries together with optimisation of process 

parameters. 
 

This chapter begins with an illustration of the typical joint appearance 

after FSW of aluminium to thermoplastic. This is followed by observation 

of defects of the joints. Next, the mechanisms of joint formation are 

illustrated. In addition, joint strength and effect of joining parameters are 

shown. Finally, the mechanical performance of the dissimilar joints from 

this work will be benchmarked with existing literature. 

5.1 Dissimilar joint formation 
 

The top and bottom surface views of the aluminium and thermoplastic 

joint are shown in figure 16a-b. The translation of the FSW tool rubs the 

aluminium surface (see figure 16a) as a result of an encounter with the 

rotating shoulder profiles. Flash on the aluminium surface can be 

eliminated by a change in shoulder features from tool 1 (figure 15a) to tool 

2 (figure 15b).  
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Figure 16: AA 6111-PPS dissimilar joint appearances (joined by Tool 2): a) top 
aluminium side and b) bottom thermoplastic side. 

 

The hybrid joints were created by plunging the rotating pin through the 

top sheet and translating over it. The hybrid joint contains a narrow 

channel which is filled by a mixture of aluminium chips and 

thermoplastic. The combined action between translation and rotation of 

the tool induces molten thermoplastic to move upward and mix with 

aluminium chips in a stir zone. From the study, aluminium has not been 

plasticised as in conventional FSW process; however, it has rather been 

cut into small chips. The investigation revealed that the sizes of the chips 

varied depending on the translational speed where the higher speeds tend 

to create the thicker chips. 
 

The results of the study showed that the process temperature is 

significantly lower than in conventional FSW processes for aluminium. 

This is emphasised by a generation of aluminium chips instead of plastic 

flow of the aluminium. The reason is the low axial pressure exerted by the 

tool shoulder on the aluminium sheet since the polymer begins to soften 

and melt adjacent to the alumunium sheet at a low temperature. This 

leads to low pressure when a displacement controlled process is used. 

Thus, at the present process temperature in the aluminium sheet which is 

lower than its recrystallisation temperature, the rotating pin performs a 

cutting action at its leading edges and generates aluminium chips instead 

of plastic flow. 

 a)   b)  
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5.2 Formation of defects and results from the 

initial study 
 

Formation of defects in the FSW joints was observed both in the joints of 

AA5754 to PP and of A6111 to PPS. The cross-sectional investigation of 

AA5754-PP joints contained a high level of porosities especially in the stir 

zone as seen in figure 17a. Large voids could be seen near the interface of 

aluminium-stir zone on the retreating side (see figure 17b). At high 

translational speed, the formation of burr as well as the bending of the 

aluminium sheet can be observed as indicated in figure 17b. Such defects 

were much smaller at the lower translation speed (5 cm/min) of figure 

17a. Flash can be found on the aluminium faces at both translational 

speeds. 
 

Small porosities and voids inside the stir zone are caused by insufficient 

material circulation [58]. Generally, this can happen if the high 

translational speed is used, the heat generation is not sufficient, and the 

diameter of pin is excessively large [58]. The microstructure in figure 17a 

and figure 17b indicate that the high translational speed (20 cm/min) 

leads to a larger extent of voids and porosities. The reason for this is that 

the molten thermoplastic solidifies before all spaces are filled. This is a 

result of short cycle time and low heat generation. However, the effects of 

high translational speed can be reduced if a smaller diameter of pin is 

used [58] since the transferred material can completely fill up a narrow 

cavity behind the FSW tool better for a narrow than for a wide pin. 
 

      
 

Figure 17: Cross-sections of AA5754-PP joint at a constant rotational speed of 
1800 RPM (in CW direction): a) translational speed = 5 cm/min and b) 
translational speed = 20 cm/min. 

Void Void 

Burr 
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Even at the low translational speed of 5 cm/min, there are still a number 

of porosities which indicate an insufficient material circulation. However, 

further reduction of the translational speed is impractical in reality due to 

the time constraints. Thus, the heat generation at the shoulder-

aluminium surface must be increased to compensate for the low 

translational speed in order to reduce the formation of pores. This can be 

done by introducing a new design of the tool shoulder. The thermal 

properties of thermoplastic such as melting temperature should also be 

higher than that of PP. This prevents high weld bead and molten pellets 

which is a result of high heat generation. 
 

From the results of the initial study on AA5754-PP, several suggestions 

were made to modify processing conditions; 
 

1. The shoulder should be changed from smooth and concave shoulder to 

wiper and flat shoulder. 

2. The diameter of threaded pin should be reduced from 6 mm to 4 mm. 

3. A new heat resistance thermoplastic (PPS) has been used instead of 

PP. 
 

The results of the initial study have been published in Paper A. The 

modified processing conditions were used in the subsequent studies, 

Paper B and C. 

5.3 Mechanisms of joint formation 
 

Two mechanisms contribute to the strength of aluminium-thermoplastic 

joint namely surface bonding and mechanical interlocking. Joint is 

successfully created when molten thermoplastic fills up the cavity and 

mixes with aluminium chips and later solidifies (see figure 18). The 

surface attraction between thermoplastic and aluminium sheet is assisted 

by the tool axial pressure. This includes the adhesion areas between the 

thermoplastic sheet and aluminium sheet as well as the areas where the 

molten thermoplastic has penetrated into the stir zone of the aluminium 

sheet (see figure 19). The joint strength is created by these adhesion 

effects together with the topographical interlocking caused by the 

extension of the stir zone. This creates mechanical interlocking when the 

specimen is subjected to shear loading. 
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Figure 18: Schematic of joining mechanisms of aluminium to thermoplastic. 

 

Figure 18 illustrates the joining mechanisms of aluminium to 

thermoplastic by FSW. The schematic shows two different zones which 

are the cutting zone and the stir zone. Threads on the rotating pin act as 

cutting edges and create aluminium chips in the cutting zone during 

rotation and translation. The aluminium chips are transferred from the 

cutting zone to the stir zone by screw action of the rotating threads. The 

chips are later mixed with molten thermoplastic and circulated in both 

vertical and horizontal direction. The mixture fills up the channel behind 

the FSW tool with assistance of the tool translation. The cutting action 

can be regarded as similar to an ordinary milling process. The advancing 

side in FSW is equivalent to up milling while the retreating side is 

equivalent to down milling.  
 

Explanations of how process parameters influence the chip formation was 

proposed by Payton [42] and Martellotti [43] using the similarity between 

FSW and a milling processes. The sizes of chips are influences by pin 

dimension, number of threads and translational speed (in FSW process). 

The detailed description and equation have been already described in 

chapter 3. 

5.4 Joint strength 
 

In this study, the mechanical strength of the joints was measured by 

tensile shear testing. The maximum forces for various joining parameters 

are shown in figure 20 for the material combination AA6111-PPS. The 

largest force was 1167 N. It is clear from figure 20 that both distance to 

backing and translational speed influences the strength significantly. 
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The size of the aluminium chips increases with larger translational speed. 

This effect leads to void formation and non-uniform mixing which are 

negative to the strength. However, increased translational speed also 

reduces the process temperature. This could benefit joint strength since 

the flow in upward direction will be reduced which results in a smaller 

thermoplastic filled region near the interface as indicated in figure 19.  
 

The DTB has a small effect on chip sizes at least compared with the effect 

of translational speed. It rather influences the size of thermoplastic filled 

zone in between the stir zone and the aluminium. The high pressure of 

smaller DTB stimulates upward flow of molten thermoplastic into the stir 

zone. The presence a zone with only melted thermoplastic filled zone is 

negative to joint strength because it promotes the stir zone to slide out 

from the metallic trench during mechanical loading. This is because the 

pure thermoplastic filled zone has a lower strength and smaller 

mechanical sliding resistance compared with the stir zone which has been 

filled by aluminium chips. This can be understood since the aluminium 

chips strengthen the thermoplastic due to the higher stiffness and 

strength of aluminium compared to only pure thermoplastic. 

 

 

 
 

Figure 19: AA6111-PPS cross-sections joined at a constant rotational speed of 
1200 rpm: a) DTB=0.5 mm, V=10 mm/min and b) magnified 
micrograph. 

 a)  

 b)  



5. Results and discussion | 41 

 

 

 

 
 

Figure 20: Tensile force of AA6111-PPS joint at various joining parameters. 

 

5.5 Comparison with joint strengths from the 

literature 
 

The results in the previous section presented the lap shear strength and 

the largest value obtained was 1167 N. However, to compare this strength 

with literature data, it is necessary to convert to strength per lap area. 

This is done by dividing the force with the nominal area of 120 mm2. The 

joint strength is then 9.7 MPa. It is also noted that the parent PPS sheet 

has the maximum tensile strength of 32.5 MPa. 

 

Table 4: Dissimilar joining between metals and thermoplastics from literatures. 

 

Method Materials Surface pretreatment 
Strength 

(MPa) 

Adhesive [59] AA6061-

PP 

Metal: Coated with Cytec BR6747-1 

PP: Atmospheric plasma 

11.30 

Adhesive [59] AA6061-

PP 

Metal: Coated with Cytec BR6747-1 

PP: Degreased only 

0.33 

Induction welding [60] AlMg3-

CF/PA66 

Metal: Acetone treated 

CF/PA66: Acetone treated 

7.20 

Induction welding [60] AlMg3-

CF/PA66 

Metal: Acetone treated, blasting 

CF/PA66: Additional 100 µm PA66 film 

14.20 

Hot pressing [61] AA6061-

PP 

Metal: Anodizing 

PP: Atmospheric plasma treated 

19.00 
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Results on lap shear strength of joints between metals and thermoplastics 

have been listed in table 4. In this table, we can categorise the results into 

two different groups after surface pretreatment. The first group is joining 

without special surface pretreatments while the second group does.  It 

can be seen in the literature data that adhesive joining without surface 

pretreatment suffers from very low joint strength values (0.33 MPa). This 

means that the present FSW joining method without surface 

pretreatment offers superior strength compared to adhesive bonding. 
  

The joint strength of friction stir welded joint is comparable with the 

induction welding with acetone cleaning [60] and slightly lower than the 

adhesive bonding with plasma pretreatment [59]. The results from 

literatures show the strength obtained from the hot pressing [61] and the 

induction welding [60] are significantly higher than the achieved strength 

in this study if and only if special surface pretreatment has to be applied.  
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6. Conclusion and future work 
 

This thesis has presented a new innovative technique for joining 

aluminium alloys to thermoplastics. The technique is successfully 

adapted from the conventional FSW method using similar principles. The 

joining process uses a rotating non-consumable tool and translates it over 

the upper aluminium sheet. The results have shown that this technique is 

promising and requires no special surface pre-treatment like other 

existing joining methods. 
 

This chapter presents the conclusions of this thesis work in the first 

section. This is followed by suggestions for future work at the end of the 

chapter.  

6.1 Conclusion 
 

The results of the study show that the joint between aluminium and 

thermoplastic consists of a mixture of aluminium chips and thermoplastic 

matrix in the stir zone. This zone is created as a result of the translation of 

the FSW tool which simultaneously generates alumimium chips and 

merges them with molten thermoplastic. The material circulation inside 

the stir zone is driven by an action of the translating tool and screw 

threads on the rotating pin. This thesis work can be summarised as 

follows; 
 

1. The joining mechanisms are dominated by mechanical interlocking 

between the stir zone and the aluminium sheet. The interface bonding 

is rather weak.  

2.  The translational speed and the distance to backing, DTB, significantly 

influence the characteristics of material circulation. Excessive vertical 

flow of molten polymer increases by a slow translational speed or low 

DTB. This considerably degrades the strength of the dissimilar joints. 

3.  Formation of defects such as porosities and voids can be found at the 

interface and inside the stir zone. This is associated with joining 
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parameters including translational speed, rotational speed and 

rotational direction. 

4.  The sizes of the aluminium chips in the stir zone are influenced by the 

translational speed. Rapid translational speed generates coarser 

aluminium chips. 

5.  Failure of the joint takes place in two distinct mechanisms. The initial 

fracture propagates along the boundary between the aluminium sheet 

and the stir zone while the final fracture occurs through the parent 

polymer sheet. 

6.  The performance of aluminium and thermoplastic joint welded by 

FSW is comparable to other joining techniques in literature. However, 

this technique benefits from no special pre-treatments are needed 

prior to joining.  

6.2 Future work 
 
This present thesis work has proposed the main joining mechanisms of 

dissimilar joining between aluminium and thermoplastics. The results 

have shown that this technique can offer reasonable joint properties. 

However, some issues are still needed to address in order to improve the 

joint quality.  

 

Although, the strength of dissimilar joint joined by FSW is comparable to 

results in the literature, it is still lacking behind the joint strength 

obtained from adhesive bonding with special surface pretreatments. The 

results of the present study have shown the joint strength is dominated 

largely by mechanical interlocking between the stir zone and the 

aluminium sheet. The joint strength can, however; be enhanced by 

promoting interface bonding between the aluminium sheet and the 

thermoplastic sheet. This can be done by applying additional surface 

pretreatments prior to joining. This is recommended for future studies. 
 

Fibre-reinforced composites such as carbon-fibre-reinforced polymer 

(CFRP) and glass-fibre-reinforced polymer (GFRP) are of particular 

interest because they are increasingly used in the next generation 

engineering structures such as airplanes and vehicles.  Thermoplastic 

based composites can be joined to metals using the same principles of the 

present study. It is also noted that damage of fibres should be taken into 

consideration if the rotating pin has a large penetration into composite  
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