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ABSTRACT 
 
Hybrid structures including aluminum-thermoplastic and aluminum-reinforced 
thermoplastic composite are increasingly important in the near future innovations due 
to its lightweight and high strength-to-weight ratio. A critical point for metal-polymer 
application is that sound joining of these materials is difficult to achieve owing to a large 
difference in surface energy and dissimilar structure between metal and polymer. In 
practice, two major joining methods for hybrid structures are mechanical joining and 
adhesive bonding. However, there are some drawbacks of these conventional methods 
such as stress concentration, long curing time and low reliability joints. A new novel 
metal-polymer hybrid joining is required to overcome these issues as well as 
manufacturing and cost perspectives. 
 

To this end, this work aims to develop a general methodology to apply friction stir 
welding techniques to join a wide range of thermoplastics with and without fibers to 
aluminum alloy sheets. The present work proposed an experimental study to attain 
insight knowledge on the influences of welding parameters on the quality of hybrid 
joints in term of the maximum tensile shear strength. This includes the role of tool 
geometries, welding methodology as well as material weldability in the investigation. The 
results showed that friction stir welding is a promising technique for joining of 
thermoplastic to aluminum. Microstructural observation showed that a good mixing 
between aluminum and thermoplastic as well as defect-free weldments were obtained. 
Tool geometries and welding speed are two factors that significantly contribute to the 
quality of friction stir welded hybrid joints. The results also demonstrated that weld 
fracture modes are associated with material mixing as well as interfacial bonding 
between aluminum and thermoplastic.  
 

An evaluation of the joint strength was benchmarked with the relevant literatures on 
hybrid joining. The results of proposed technique showed that the maximum tensile 
shear strength of friction stir welded joints were the same order of magnitude as the 
joints welded by laser welding. 
 

Keywords: friction stir welding, hybrid welding 
 

 

 

 

 



ii 

 

ACKNOWLEDGEMENTS 
 

The author is indebted to Professor Arne Melander, KTH/Swerea KIMAB for his 
continuous support and guidance during the present work. The contributions to the 
present work from Eva Lindh-Ulmgren , Swerea KIMAB, Professor Malin Åkermo, 
KTH Light weight structures, Dr Magnus Burman , KTH Light weight structures, is 
also acknowledged. The friction stir welding trials were carried out in the laboratories of 
ESAB under the guidance of Jörgen Säll which is gratefully acknowledged. The author is 
indebted to the Royal Thai Government for a scholarship grant. The present master 
thesis was a part of the VINNOVA project “Dnr 2010-01982 Friction stir welding för 
hybridfogar mellan metaller och Polymerer”. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 

 

LIST OF ACRONYMS 
 
ABS Poly(Acrylonitrile, Butadiene, Styrene) 
AS Advancing side 
CCW Counterclockwise direction 
CFRP Carbon-fiber-reinforced polymer 
CW Clockwise direction 
DSC Differential scanning calorimetry 

DTB Distance to backing 

FSLW Friction stir lap welding 
FSpJ Friction spot joining 
FSSW Friction stir spot welding 
FSW Friction stir welding 
GFRP Glass-fiber-reinforced polymer 
HAZ Heat affected zone 
HDPE High-density polyethylene 

PA Polyamide 
PET Polyethylene terephthalate 
PP Polypropylene 
PPS Polyphenylene sulfide 

RS Retreating side 
RSW Resistance spot welding 
SEM Scanning electron microscope 
TMAZ Thermomechanically affected zone 
TWI The welding institute (UK) 
UHMW Ultra High Molecular Weight 
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1. INTRODUCTION 
 

1.1 Background 
 

Lightweight structures are increasingly important in variety of applications. They are 
used as body parts in modern automobile structures or as reinforced plastics wing or 
fuselage sections in modern aviation structures. In addition, composite materials such as 
carbon-fiber-reinforced polymer (CFRP) or glass-fiber-reinforced polymer (GFRP) are 
also integrated to lightweight metals such as aluminum or magnesium for a very strong 
and lightweight hybrid structure. However, joining between dissimilar materials 
especially metal-polymer joining is still a main issue in the development of new 
advanced hybrid structures.  
 

 
Fig. 1 Hybrid structures of thermoplastic composites and metals in automotives applications [1]. 
 

Currently, one of the major joining methods for metal-polymer hybrid structures is 
mechanical joining. This method can be used to join variety of dissimilar materials 
together including metal to metal, polymer to polymer and metal to polymer. The strong 
advantage of mechanical joining is that the joints can be disassembled in case of repair 
or modification. However, stress concentration near holes of riveted joints can lead to 
crack formation or crack propagation inside the materials. In addition, the weight of 
mechanical fasteners such as bolts or rivets will increase the overall weight of the 
structures. 
 

Adhesive bonding is another method widely used for metal-polymer hybrid joining at 
present. This method gives many advantages in material joining including uniform stress 
distribution, small distortion effect, ability to join almost any combination of materials, 
ability to join complex joint geometry and ability to control physical properties of joints 
[2]. The strength of adhesive bonding joints strongly depends on surface free energy and 
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wettability of materials [2]. The higher the surface free energy, the better the adhesive 
bonding they can reach. Adhesive bonding joints of metal-polymer hybrid structures are 
more likely to have the problems due to large surface free energy difference and very 
low surface free energy of polymers. The following table shows the surface free energy 
of common used materials. 
 

Table 1: Surface free energy value for some common materials [2] 
 

 
 

Welding is a developing method to join metal-polymer hybrid structures at the present. 
This joining technique has many strong advantages over conventional joining methods 
such as mechanical joining and adhesive bonding. It requires less surface preparation, 
shorter processing time and also less chemical wastes when comparing with two 
conventional methods. In the work of Amancio-Filho and Santos [3], they reviewed 
present welding literatures on polymers and metal-polymers joining that have already 
been published. Friction Riveting [4] is one of newly developed techniques for joining 
dissimilar materials proposed by Amancio-Filho et al. The rotating metal screw rivet is 
used to penetrate the metal-polymer structures. When it reaches the desired penetration 
depth, the rotation speed will abruptly increase to generate more frictional heat. The 
rivet tip will consequently be plastically deformed by heat softening, the metal and 
polymer are finally held together. This method can reduce the stress concentration from 
drilled holes, however; it can be used to join in spot joints only.  
 

Friction Stir Welding (FSW) is a successful method that is typically used to join 
aluminum and some lightweight alloys such as magnesium and titanium. It is a solid-
state welding method that uses rotating tool to generate heat and forge the plasticized 
materials into joint line for consolidation. The stirred materials are softened by frictional 
heat mainly from work-piece and shoulder surfaces. Without melting, FSW can visibly 
solve the conventional problems in fusion welding such as porosity, distortion or 
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solidification cracking with very good mechanical properties especially fatigue strength 
due to unchanged material microstructure. In addition, FSW can be effectively used to 
join a variety of thermoplastic materials by the method proposed by Nelson et al. [5]. 
The details of friction stir welding literatures including polymer and metal-polymer 
welding will be illustrated in chapter 2. 
 

1.2 Objectives 
 

The aim of this thesis is to develop the fundamental knowledge on the possibilities to 
apply friction stir welding techniques to join a variety of thermoplastics to aluminum 
alloy sheets by using the conventional FSW tools. 
 

In order to understand the metal-thermoplastics welding, the effects of welding 
parameters are investigated. The maximum tensile shear strength of friction stir welded 
joints will be benchmarked with the relevant literatures on hybrid joining. 
 

1.3 Scope and limitations 
 

This thesis focuses on the applicability of friction stir welding process for joining metal-
thermoplastic sheets. In order to understand the effect of welding variables, the 
mechanical joint strength and joint structure are investigated. The joint configuration 
used in this thesis is limited to lap joint configuration. The FSW tools used in the 
experiments are based on the existing FSW tools at ESAB laboratory. There is no tool 
development included in this thesis. 
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2. LITERATURE REVIEW 
 
In this chapter, the basic principles of friction stir welding processes and the existing 
literatures on polymer and metal-polymer welding are illustrated. The focused welding 
methods across this chapter are based on lap welding including friction stir lap welding 
and friction stir spot welding. In the first section, the fundamental knowledge of friction 
stir welding is reviewed. This section is followed by the extensive works on friction stir 
welding of lap joints for metal to metal joining. The research works on friction stir spot 
welding is also investigated in the third section. For the rest of the chapter, the extensive 
works on polymers and polymer-metal hybrid welding are reported. Currently, 
polymeric materials such as polypropylene and ABS have been successively joined by 
friction stir welding technique [5]. However, there are few cases so far for an 
achievement of polymer-metal hybrid welding. 
 

2.1 Friction stir welding basic principles 
 

Friction stir welding is a solid-state welding method that was invented by Thomas W.M. 
at The Welding Institute (TWI) in United Kingdom. At the initial state, it was used for 
welding of aluminum and aluminum alloys applications. To date, FSW has been used as 
a common welding technique for other lightweight metals such as magnesium and 
titanium alloys. It was proven that it results in low distortion of work-pieces, high joint 
strength and low porosity especially in joining of active metals such as aluminum or 
magnesium. The basic principles of FSW are rather simple compared to other 
conventional fusion welding techniques. FSW uses a rotating non-consumable tool with 
shoulder and pin to insert into the work-piece, transverse along the joint line and retract 
from the plates as shown in Fig. 2. 

 
Fig. 2 The basic principles of friction stir welding of a butt joint [6]. 
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Friction stir welding is a thermomechanical process that involves the complex 
interactions between different phenomena and varies throughout the weld regions [6, 7]. 
Generally, friction stir welded material can be divided into four regions as shown in Fig. 
3. In the heat affected zone (HAZ), there is no plastic deformation; however, 
metallurgical microstructure and mechanical properties of parent material are modified 
by the heat generated from the weld-center. In the thermomechanically affected zone 
(TMAZ) and the stirred zone, the combination of plastic deformation, dynamic 
recrystallization and recovery occur simultaneously during the process [6]. Whilst the 
deformed grains are still retained in TMAZ, fully recrystallization significantly occurs in 
the stirred zone only.  
 

 
 

Fig. 3 The schematic shows different regions of the cross section of friction stir welded material. 
A) Parent material  B) Heat affected zone (HAZ)  C) Thermomechanically affected zone 
(TMAZ)  D) Stirred zone [8]. 
 

One of the main factors that controls mass and heat transport inside the friction stir 
welded material is a rotating tool. It involves three functions in friction stir welding 
process, heating weld material, transporting plasticized material and constraining soften 
material [7]. Heat is generated during the friction stir welding process by severe plastic 
deformation of the work-piece and frictional heat between the rotating tool-weld 
material surfaces [6, 7]. The process can be considered as a keyhole welding process 
where the plasticized material being welded is transported from the leading edge to the 
backside of the tool where it is consolidated by the forging pressure from the shoulder 
to the work-piece. These phenomenas can be regarded as extrusion and forging 
processes of metal by the rotating FSW tool.  
 

There are many advantages of friction stir welding over the conventional welding in 
terms of properties, eco-friendly and economy [9]. FSW can be used for most joint 
configurations in contrast to conventional friction welding. It can also weld variety of 
alloys with low distortion, absence of solidification cracking, uniform alloying element 
and excellent mechanical properties especially fatigue strength. Friction stir welding 
operation requires no shielding gas, no consumable materials such as wire, rugs or any 
filler materials. It also uses low energy without any toxic fumes and slag wastes. 
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In this project, the lap joint configuration was used for friction stir welding of metal-
thermoplastic hybrid structures. To focus on this specific application, friction stir lap 
welding will be illustrated in detail in the next section. 
 

2.2 Friction stir lap welding (FSLW) 
 

The conventional friction stir welding process was successfully used to join aluminum 
butt welding in variety of applications such as ship building and aerospace fabrication. 
However, lap joining which is the replacement of mechanical fasteners such as bolts and 
rivets is also widely used in industrial applications. In contrast to butt welding, sound 
friction stir lap welding is more difficult to achieve by typical pin tools because: 1) 
thinning of the upper sheet due to severe uplift material at advancing side.  2) the oxide 
layer is difficult to break up due to the parallelism between oxide layer and horizontal 
material flow velocity [7]. TWI has overcome these disadvantages of the conventional 
butt joint tools by developing the new tool geometries called Flared-Triflute and Skew-
stir tools as shown in Fig.4.  
 

                                      
               a)                       b)                           c) 
 

Fig. 4 Friction stir lap welding tools developed by TWI.  a) Skew-stir tool  b) Swept region by 
Skew-stir tool  c) Flared-Triflute tools [10, 11]. 
 

For Skew-stir tool, the motion of A-skew probe as shown in Fig.4b can enhance the 
plastic deformation of the work-piece material resulting in an improvement of oxide 
layer disruption and lower weld defects formation [11]. The variants of Skew-stir tool 
can be illustrated by the position of the focal point which is an intersection between 
machine spindle axis and skew probe axis. If the focal point is on the work-piece top 
surface, the probe will rotate in rotary motion only. However, when the focal point is 
above or below the work-piece top surface, the probe will rotate in both rotary and 
orbital motion.  
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The micrographs investigation showed that there are interfaces between the upper and 
lower plates on both advancing and retreating sides in all specimens. The reason to this 
is associated with the residual oxide layer on the surface and oxide film formation during 
friction stir welding [11]. The presence of oxide layers causes partially bonding instead 
of fully bonding during the original faying surface consolidation. As a result, the 
interfaces are formed leading to weaker mechanical properties and undesirable fracture 
path of the weldments. 
 

The tensile test results revealed that Skew-stir tool gives twice maximum tensile loads 
comparing with the results achieved by conventional threaded pin tool. The higher 
maximum tensile loads were due to desirable interface location and greater bonding area 
on the fracture surface [11]. The cross sections of joints welded by Skew-stir tool and 
conventional threaded pin tool are shown in Fig.5. The fracture paths are indicated by 
the white lines on the figures. 

 

Fig. 5  Macrographs of joint cross sections welded by different tools. a) Right-hand Skew-stir 
tool joint  b) Right-hand conventional threaded pin tool joint  c) Left-hand Skew-stir tool joint  
d) Left-hand conventional threaded pin tool joint [11]. 
 

In friction stir lap welding of thin sheets, the size of shoulder plays an important role in 
joint properties rather than pin or probe. Zhang et al. [12] reported the interfacial 
bonding is achieved by oxide layer disruption and vertical intermixing of material by 
rotating shoulder. 
 

Two large featureless shoulder tools (15, 20 mm) without pin were used to investigate 
the role of shoulder on bonding area and its mechanism. The results showed that the 
larger shoulder diameter can improve both joint surface appearance and joint properties 
while the absence of pin has no significant effects on heat generation and weld cross 
section microstructure. The role of wide shoulder on interfacial bonding is called 
boundary effect by the authors. This boundary effect causes vertical intermixing and 
interfacial bonding with dense structure especially near the weld boundary as shown in 
Fig.6b. 

  a)  b) 

  c)  d) 
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The bonding area of wide shoulder tool is similar or superior comparing with probe 
tool. However, the bonding of material can be well achieved only near the weld 
boundary while it was poor at the central region. The reason is from a lack of torsion 
action which is the result of tangential material flow driven by shoulder and the forging 
effect. The level of tangential flow depends on two factors: linear velocity and tool axial 
load. When the tool axial load is increased up to a certain value, the material in sub-
surface layer will be dragged by rotating shoulder in the tangential direction. This 
shoulder-driven flow causes velocity gradient at the bonding interface resulting in an 
oxide disruption. However, at the central region, the linear velocity is too low; therefore, 
the level of tangential flow is also weak to induce metal flow within upper plate. 
Consequently, the interfacial bonding at the central region across the thickness cannot 
be well achieved. 
 

 
 

Fig. 6 Micrographs of specimen cross sections of FSLW joints welded by 15-mm-shoulder tool:  
a) weld boundary  b) inside weld boundary  c) central region  [12]. 

 

 

 

 

a) 

b) 

c) 
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2.3 Friction stir spot welding (FSSW) 
 

In modern vehicle body structures, sheet metals are widely used as closure panels in 
pillars, hoods or door panels. The closure components made of steel sheets are normally 
joined by conventional resistance spot welding (RSW). However, an increasing in weight 
reduction requirement from fuel economy improvement leads to the replacement of 
material from steel to lightweight alloys such as aluminum or magnesium. Conventional 
RSW has been proved that it is not suitable for joining lightweight alloys due to its high 
heat input which induces high distortion and defect formation inside the joints. 
Recently, friction stir spot welding (FSSW) has shown that it is an alternative method 
for spot welding of lightweight alloys due to its low heat input, low operating costs, 
short cycle time and good weld strength [13]. 
 

The friction stir spot welding can be classified into three categories [13]: Pure FSSW, 
Refill FSSW [15] and Swing FSSW [16]. Pure FSSW uses conventional friction stir 
welding tools with or without probe to penetrate into the work-piece, hold for a certain 
duration and finally withdraw from the work-piece as shown in Fig. 7. This method was 
firstly used in the real production line for Mazda RX-8 rear door panel in 2003 [14]. The 
main advantages of pure FSSW over conventional RSW are lower investment costs, 
better mechanical properties and lower energy consumption. The key parameters that 
determine the weld strength of pure FSSW joints are rotation speed, tool plunge depth 
and holding time [17, 18]. The optimum tool plunge depth is suggested to be the value 
that the pin plunges approximately 25 percent of the bottom sheet thickness [19]. 
 

 
                          a)                     b)                                           c) 
  

Fig. 7 Pure FSSW principles with probe tool. a) Plunging.  b) Holding.  c) Withdrawing. [20]. 
 

When the rotating tool plunges into the work-piece, the metal is drawn upward along 
the pin periphery by backward extrusion phenomena. However, by the pressure from 
shoulder surface, the metal is pushed downward and hook is formed at the interface 
between upper and bottom sheet. The hook formation as well as plastic flow are 
dependent on tool geometry used in FSSW [18]. S. Hirasawa et al. analyzed the effect of 
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various tool geometries on material flow during FSSW by use of simulation together 
with experimental results. The results showed that triangular pin gives enhanced upward 
plastic flow compared with cylindrical pin tool due to its strong plastic deformation by 
asymmetric pin shape. They also reported that triangular pin can enhance the mixing of 
materials due to the different horizontal flow between the corner and the surface of the 
pin. The strength of joints welded by triangular and cylindrical pin tools are investigated 
by Badarinarayan et al. [17]. The results showed that the weld strength of triangular pin 
joint is twice higher than cylindrical pin joint in cross-tension test. The reasons are from 
the difference in failure mode due to different hook geometry and also the grain size 
after spot welding of triangular pin joint is finer than cylindrical pin joint which gives 
rise to higher material strength. 
 

One limitation of pure FSSW comparing with conventional RSW is it leaves pin hole 
behind after spot welding. Many studies have tried to develop alternative methods for 
FSSW without pin hole, however; if the pure FSSW tool has no pin, the material can 
flow vertically just only 0.5 mm depth from the shoulder surface [21]. This insufficient 
penetration into the bottom sheet leads to low energy failure by shear mode due to weak 
bonding along the weld line. 
 

Tozaki et al. [22] have proposed a newly developed tool which uses scroll groove to 
displace the material in vertical direction instead of profiled pin. The experimental 
results showed that scroll groove tool without pin gives equally or superior results 
compared with conventional convex shoulder tool with cylindrical pin. They also 
investigated the importance of scroll groove on plasticized material flow by comparing 
with convex plain shoulder tool without pin. The results showed that plain tool gives 
very weak bonding between upper and lower plate while scroll groove tool gives very 
good bonding at interface as visibly seen by micrographs. The downward material flow 
can also be seen in scroll groove tool joints only. The schematics of proposed tool by 
Tozaki et al. are shown in Fig. 8. 
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Fig. 8 Dimensions and tool configuration developed by Tozaki et al. [22]. 
 

A study of Bakavos et al. [23] gives very deep insight into material interaction in FSSW 
with pinless tools. Their study used five novel pinless tools as shown in Fig. 9 to 
investigate the material flow and mechanisms of weld formation of 0.93-mm-thick 
AA6111 spot joints. The results showed that the long flute wiper tool gives highest 
failure energy among all the pinless tools while the flat tool gives the lowest one.  
 

 
 
Fig. 9 The pinless tools configuration with 10-mm-shoulder diameter used in friction stir spot 
welding of thin AA6111-T4 sheets: a) flat tool  b) short flute wiper tool  c) long flute wiper tool  
d) scroll tool and e) proud wiper tool [23]. 

  a)  c)   b) 

 d)  e) 
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The material flow investigation results showed that the flute wiper tool and scroll tool 
give very good material penetration into the bottom sheets while the flat tool gives only 
shallow penetration just below the weld line. The results also showed that the 
penetration depth can be increased by the longer tool holding time. However, very long 
tool holding time (greater than 1 second) will give rise to hook formation by higher 
radial flow which causes lower pull out failure energy. They suggested that the depth of 
penetration and the level of hooking should be balanced by the tool holding time in 
order to achieve the highest weld strength. 
 

Although, the surface features such as flute wiper and scroll surfaces can increase the 
penetration depth of material into the bottom sheets, they also lead to weld defect 
formation inside the welds. The failure load testing results of all tool features as shown 
in Fig.10 gives unexpected results that the scroll tool weld strength is among the lowest 
group even it has a very good material penetration. The reason for low weld strength of 
this tool is from a large circumferential cracking near the weld edge. The cracking occurs 
during the initial plunging of the tool while the top sheet is not sufficiently hot. The 
high contact friction of the top sheet and scroll groove while it is cold causes very high 
shear stress below the tool surface. When the disk tries to rotate, the shear cracking will 
be formed near the tool periphery. They suggested that this circumferential cracking can 
be eliminated by slower plunge rate in order to let the sheet temperature to be 
sufficiently hot. 
  

 
 

Fig. 10 The failure load graph of pinless tools with different tool holding time. [23] 
 

The second technique in FSSW which can fulfill the need in spot welding without pin 
hole is refill FSSW invented by GKSS [15]. This technique uses a retractable pin which 
can move independently from the shoulder when plunging into the work-piece. After 
the retractable pin is plunged, the material is displaced by backward extrusion upward 
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towards the shoulder similar to conventional FSW. The pin is then retracted and both 
pin and shoulder push the displaced material back for consolidation. The experimental 
results also showed that refill FSSW can improve tensile strength of joints by 
approximately 30% compared with FSSW with probe hole under the same parameters 
[24]. The increased tensile strength was due to greater cross section area when the probe 
hole was filled. The refill FSSW processes illustration is shown in Fig. 11.  
 

In pure FSSW, a rotating tool plunges into the work-piece, holds for a certain of time 
and retracts from the work-piece. Instead of only holding for a certain of time, stitch 
and swing FSSW translate the tool in a short distance before retracting [13]. This 
translating results in an increased weld area between upper and lower sheets which can 
improve the strength of the joint [16].  
 

 
 

Fig. 11 Refill FSSW principles [24]. 

 

2.4 Polymer welding 
 

There are a number of successful techniques used for thermoplastics welding such as 
hot gas welding, extrusion welding, ultrasonic welding, friction welding, etc. [25]. As the 
scope of this thesis focusing on friction-based welding, this section will mainly review 
the literatures relating to this technique only.  
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Despite friction-based welding such as friction stir welding or ultrasonic welding were 
very successful for metals, there are some limitations for plastic welding that is difficult 
to overcome such as [25, 26]: 1) Low welding speed  2) Insufficient heat input due to 
very low thermal conductivity and inadequate friction energy of lubricous polymer  3) 
Non-uniform weld bead  4) Uneven polymer mixing  5) Ejection of melted 
thermoplastic from the weld region. Furthermore, there are additional considerations 
when welding thermoplastic composites including fiber breaking and distortion of fiber 
elements [27]. 
 

Friction stir welding technique is potentially applicable to weld polymeric materials such 
as PP, HDPE and UHMW [26]. Kiss and Czigany [28] have studied the applicability of 
friction stir welding to join polymeric materials by investigating 15-mm-thick 
polypropylene sheets. They reported the tensile test results of butt-joint specimens were 
approximately about 50% of the parent material. The crystallinity of different zones is 
also investigated by DSC techniques. The thermal analysis results showed that the 
crystallinity in the seam and seam border line is lower than in the matrix. The reason for 
the reduced crystallinity is from the rapid cooling of molten material by the heat 
absorption to the tool. The lower crystallinity causes the embrittlement of the seam 
resulting in low interfacial boding strength at the matrix-seam interface. The SEM 
micrograph also showed the difference of fracture surface between the matrix and 
welded seam. 
 

To overcome the limitations of thermoplastic welding, Tracy Nelson et al. [26] proposed 
the patented friction stir welding tool with a hot shoe as shown in Fig. 12. This tool was 
developed to overcome the problems from conventional FSW tools including 
insufficient frictional energy between shoulder-work-piece and ejection of thermoplastic 
by rotating shoulder. An electric heater connecting with the hot shoe is used to provide 
heat input for thermoplastic fusion instead of frictional energy from the shoulder. In 
this way, the hot shoe also functions to provide forging pressure for thermoplastic 
consolidation and to retain molten thermoplastic inside the weld region. The joints 
welded by this tool have very good tensile properties at least 75% of the base polymer.  
 

There are some differences in friction stir welding process between thermoplastics and 
aluminum [26]. Tilted angle and forging pressure are beneficial for aluminum FSW 
resulting in enhanced material consolidation and better weld strength. However, such 
high pressure and large tilted angle can cause polymer expansion and high weld bead 
after the tool has passed (pressure is removed) due to its viscoelastic property.  
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Fig. 12 Friction stir welding tools for thermoplastics developed by Tracy Nelson et al. [26]. 
 

Another variant of friction stir welding technique for plastics is called Viblade method 
[29]. Its tool system consists of oscillating blade and shoulder that are moving in the 
horizontal direction as shown in Fig.13. The use of the oscillating blade is to overcome 
an insufficient heat input near the root of the joint because the heat produced by the 
shoulder cannot reach the bottom of the weld due to very low thermal conductivity of 
thermoplastics. Viblade method can weld thicker thermoplastic plates comparing with 
conventional hot gas welding and extrusion welding when the longer blade is used. 
However, it can weld linear weld line only due to the limitation of blade tool. 
 

          
                                       a)                                                                b) 
 

Fig. 13 Viblade welding process invented by TWI.  a) Viblade machine  b) Description of 
Viblade process. [29]. 
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2.5 Metal-polymer hybrid welding 
 

Hybrid structures such as metals-thermoplastics or metals-reinforced polymers are 
increasingly important in the near future innovations. In modern automobile bodies, the 
material trimming and the replacement of steel to lightweight materials are emerging as 
the key development in automobile technologies. In addition, the research communities 
are also interested in combining lightweight alloys to engineering polymers such as 
CFRP or GFRP for further weight reduction of the structures. However, due to the 
large dissimilarities between metals and polymers, the sound joining of these materials is 
difficult to achieve. 
 

Despite the achievement of thermoplastics welding in industrial applications, metal-
polymer welding is still a developing method so far due to the differences between metal 
and polymer properties [3]. As mentioned in chapter 1, there is a large difference in 
surface energy between metals and polymers which affects the adhesive bonding at 
interfaces of these two materials. In addition, they also have the dissimilarity structures. 
Metals have crystalline structures with very high cohesive energy while polymers have 
long chain molecules with the weak secondary forces in between. When embedded in 
polymers, metals tend to form round clusters instead of mixing [30] resulting in low 
solubility of metals in polymers. Degradation of polymers is significantly important 
especially in metals-polymers joining by welding method. The reasons are from high 
melting point or high plasticizing temperature of metals which are normally above the 
degradation temperature of polymers. It can result in lower molecular weight or 
breakage of polymeric molecules. 
 

One alternative joining method that is successfully used to join metals to composites is 
friction spot joining (FSpJ) [31]. The principles of FSpJ are developed based on refill-
FSSW technique invented by GKSS and shown in Fig.14. Magnesium alloys AZ31 with 
the thickness of 2 mm were joined to eight-millimeter PPS-CF and PPS-GF. Amancio-
Filho et al. reported the results that the shear strength of FSpJ joints is comparable or 
superior with those reported in the literatures. The failure modes of FSpJ joints can be 
seen into two categories. At the central region beneath the pin, cohesive fracture can be 
seen by the adhesion of fiber and polymer matrix to Mg AZ31 plate. Outside the central 
region, shear mode fracture took place which can be seen from smooth Mg AZ31 plate 
without the attachment of polymer matrix or fiber. The fracture surfaces of FSpJ joints 
can be seen in Fig.15. 
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Fig. 14 Schematic showing the principle of friction spot joining welding:  Friction spot  
joining tool assembly  b) An illustration of friction spot joining welding process [31]. 

 

 
 
Fig. 15 Fracture surface of AZ31/carbon fiber-reinforced PPS friction spot joining joint.  a) PPS-
CF plate  b) Mg AZ31 plate  c) Micrograph showing the central region of spot joint on AZ31 
surface [31]. 

 

a) b) 

c) 

b) a) 
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Ultrasonic welding is one of the welding methods that can achieve high quality metal-
polymer hybrid joints [32, 33]. A group of researchers at University of Kaiserslautern, 
Germany reported that the ultrasonic metal welding technique can achieve the highest 
tensile shear strengths of 23 MPa and 31.5 MPa for AlMg3/Glass-PA12 and 
AA5754/CF-PA66 respectively. They claimed that the achieved tensile shear strength by 
ultrasonic metal welding is comparable to those joined by adhesive bonding [32]. The 
shear strength of joints welded by ultrasonic metal welding is dependent on the level of 
direct contact between fibers and the metal sheet. As can be seen in Fig. 16, the intimate 
contact between aluminum alloy and fibers can result in intermolecular bonding and 
mechanical locking between metal and fibers. At the highest tensile shear strength, the 
polymer matrix has left the interface between metal and fibers, the direct contact 
between metal and fibers does develop which enhances the tensile shear strength of 
hybrid joints. 
 

 
 

Fig. 16 Schematic showing SEM micrograph of Al/CF-PA66 composite joint welded by 
ultrasonic metal welding process [33]. 
 

2.6 Summary 
 

In order to achieve sound joining by FSW, tool geometries, welding parameters 
including rotation speed, welding speed and tilt angle should be considered. Whilst large 
tilt angle promotes material mixing and enhances material consolidation, it may cause 
material eruption in case of metal-polymer welding due to viscoelastic property of 
polymer. According to literatures, friction stir spot welding has high possibility to join 
metal-polymer hybrid structures; however, it is also beneficial to use stitch welding 
which has the weld length in between ordinary FSW and FSSW in the experiment. In 
addition, the degradation of polymer and lower crystallinity of polymer should be taken 
into account when friction stir weld metal-polymer due to the large differences in 
thermophysical properties.  
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3. EXPERIMENTAL METHODS 
 
Friction stir welding of thermoplastics and thermoplastic composites to aluminum 
sheets have been carried out at ESAB laboratory in Laxå. Two sets of trials including 
one preliminary trial and one main trial were performed using ESAB SuperStirTM 
machine. The details of material specifications, experimental equipments and 
experimental setup are reported in this chapter. In order to study the quality of FSW 
joints, mechanical test with a test standard has been done to evaluate the mechanical 
properties of the joints. The details of mechanical testing machine setup are also 
reported in this chapter.  
 

This chapter begins with the specification of material properties including mechanical 
and thermophysical properties. The second part of this chapter illustrates the 
equipments used in the experiments including welding machine, FSW tools and testing 
machines. The details of welding variables are reported in the experimental procedures 
section in this chapter. 
 

3.1 Materials 
 

The materials used in this study were chosen based on automotive industry applications. 
The typical aluminum sheets for vehicle bodies are based on Al-Mg alloys such as 
AA5182, AA5754 and Al-Si-Mg alloys such as AA6016 and AA6111. In this study, two 
grades of aluminum alloys, AA5754 and AA6111, were investigated. Typical physical 
and mechanical properties of these two aluminum alloys are given in table 3.1 and 3.2 
respectively. 
 

For the first trial, both fiber- reinforced polymers and non-reinforced polymers were 
used as specimens in the study. The types of investigated polymeric materials are 
Polypropylene (PP), Polyamide-12 (PA-12), Polyethylene terephthalate (PET), Fiber-
reinforced polyethylene terephthalate (PET-PET) and Glass-fiber-reinforced polyamide 
(PA-glass). Typical thermal properties of investigated polymers are shown in table 3.3. It 
is noted that the properties shown in table 3.1-3.3 are typical properties from material 
properties tables, there was no material properties characterization in this study. 
 

Table 3.1  Thermophysical properties of aluminum alloys used in this study [34, 35, 36]. 
 

Properties AA5754-H22[34, 35] AA6111-T4[36] 

Liquidus temperature (C) 642 652 

Solidus temperature (C) 603 582 

Thermal conductivity (W/m∙K) 138 167 
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Table 3.2  Typical mechanical properties of aluminum alloys used in this study [34, 35, 36]. 
 

Properties AA5754-H22[34, 35] AA6111-T4[36] 

Young Modulus (GPa) 70 70 
Yield strength (MPa) 177 165 
Ultimate tensile strength (MPa) 250 295 
% Elongation 13.5 26.0 

 
Table 3.3    Physical properties of polymers used in this study [37, 38, 39]. 
 

Properties PP  PA-12 PET PET-PET PA-glass 

Glass transition temperature (C) -10 45 60/80 60/80 45 

Melting temperature (C) 165 184 160/265 160 184 

Decomposition temperature (C) 350 N/A 340 N/A N/A 

Thermal conductivity (W/m∙K) 0.22 0.24 0.24 0.24 0.40 
Thermal expansion coefficient (10-4∙K-1) 6.60 N/A 14.40 0.50 0.08 

 
3.2 Experimental Apparatus 
 

The experiments were performed using ESAB SuperStirTM machine at ESAB laboratory 
in Laxå, Sweden. ESAB SuperStirTM machine is a custom-designed FSW machine that is 
suited for high volume production. The picture of ESAB SuperStirTM and its clamping 
system are shown in Fig.17.  
 

    
                                       a)                                                                       b) 
 

Fig. 17 Schematic showing ESAB SuperStirTM machine.  a) ESAB SuperStirTM machine 
b) Fixtures and clamping system during FSW operation on ESAB SuperStirTM. 
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3.2.1 Welding Tool 
 

Tool geometries play an important role in thermomechanical characteristics and heat 
generation in friction stir welding. In the first trial, the specimens were welded by a 
standard cylindrical threaded pin tool with concave geometry shoulder (Tool E) as 
shown in Fig.18a. It was made of tool steel with the shoulder diameter and concavity of 

15 mm and 7 respectively. The pin dimensions are M6 of diameter and 3.2 mm of 
length. In the second trial, one additional cylindrical pin tool with scroll groove shoulder 
(Tool G) was used to investigate the effect of shoulder profile on the quality of hybrid 
joints. Tool G has the pin dimensions of M6 in diameter and 1.2 mm in length. A 
groove shoulder diameter is 15 mm and shown in Fig. 18b. 
 

       
a)                                                                          b)  

 

Fig. 18 Schematic showing the welding tools for friction stir lap welding. a) Tool E  b) Tool G. 

 

3.3 Experimental Procedures 
 

Two trials were performed in order to study the possibility and conditions of the 
applicability of friction stir welding for joining various thermoplastics to aluminum alloy 
sheets. The samples were cut with the dimension of 100×300 mm and assembled in a 
lap joint configuration. An aluminum alloy sheet was put on the top of a thermoplastic 
sample on the ESAB SuperStirTM anvil and clamped by two hydraulic fixtures as shown 
in Fig.17b. Both thermoplastic and aluminum alloy specimens are in the as-received 
condition without any surface preparation.  
 

The first set of trials investigated the potential material combinations and the effects of 
welding parameters on the quality of aluminum-thermoplastic hybrid joints. This 
preliminary study welded various thermoplastics (PP, PA-12, PET) as well as 
thermoplastic composites (PET-PET, PA-glass) to aluminum alloy sheets by FSW with 
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Tool E. The parameters under investigation in the first set of trials are material type, 
sample thickness, rotation speed, tool travel speed and tool plunge depth. The range of 
parameters for the first trial is summarized in Table 3.4. The results from the first trial 
were used to determine the potential materials and the test matrix for the second trials.  
 

Table 3.4  Range of welding parameters of each material combination in the first trial 
 

Aluminum Polymer 
Rotation speed 

(rpm) 
Travel speed 

(rpm) 
DTB 

AA5754 (1.5) PP (2.0) 700-2000 10-30 0.1-0.4 
AA5754 (2.0) PP (2.0) 1000-1800 10 0.8 
AA6111 (2.0) PP (2.0) 1600-2000 10 0.7-0.9 
AA5754 (1.5) PA-12 (6.3) 1800 10-20 (-2.2)-(-3.0) 
AA5754 (1.5) PET (2.5) 300-2000 10-20 0.1-0.4 
AA5754 (1.5) PET-PET (2.5) 1000-2000 20-60 0.8 

AA5754 (1.5) PA-glass (0.82) 800-1800 20-40 N/A 

 
The preliminary study from the first set of trials indicated that welding parameters 
especially tool travel speed and welding speed have the great effect on the structure of 
the joints. The results also showed undesirable structures of the joints such as pores, 
bending and poor interfacial bonding between metal-polymer. The detail and discussion 
on the first trial results are given in chapter 4. After analyzing the preliminary study 
results of the first set of trials, tool geometries and tool tilt angle were added to welding 
variables under investigation for the second trial. Based on the preliminary study results, 
the polymers with largest potential to be joined by FSW are two thermoplastics (PP and 
PA-12) without fibers. In addition, one appropriate aluminum alloy sheet was selected 
for this joining condition which is AA5754 with thickness of 1.5 mm. Therefore, in the 
second trial there are two metal-thermoplastic combinations which are AA5754 (1.5) – 
PP (2.0) and AA5754 (1.5) – PA-12 (2.0) to be performed. Furthermore, Tool E and 
one additional tool, Tool G, were used for the study of the effect of tool geometries on 
the weld quality. The range of parameters for the second trial is summarized in the 
following table. 
 

Table 3.5  Range of welding parameters of each set of experiments in the second trial. 
 

Polymer Tool 
Rotation 

direction 

Rotation 
speed (rpm) 

Travel speed 
(cm/min) 

Tilt 
angle 

DTB 

PP E CW, CCW 1000-1800 0.5-20 0.5, 2.0 0.2-0.5 
PP G CCW 1500-1800 3-20 0.5 0.6-1.5 

PA-12 G CCW 1200-1500 3-5 0.5 5.8-5.9 
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In the second trial, a set of specimens were visually examined. Selected specimens and 
welding conditions were used for lap shear mechanical testing. In this case, lap shear 
specimens were made by one aluminum and one thermoplastic sheet with dimension for 
each of 50×100 mm. The specimens were positioned together with 50×50 mm overlap 
area by placing the top sheet on the advancing side as shown in Fig.19. Additionally, the 
specimens were welded with a controlled weld length of 30 mm. 
 

 
 

Fig. 19 Schematic showing the lap joint configuration for tensile test [11]. 

 

3.4 Tensile test 
 

The lap shear testing was performed using an Instron 4505 testing machine according to 
ASTM D1002-05 standard [40]. The tested specimens were loaded at a constant 
displacement speed of 2 mm/min at room temperature. The strain was measured by 
two extensometers with the length of 50 mm. The load was measured by a 100 kN load 
cell. The photograph of a specimen under test is shown in Fig. 20 
 

 
 

Fig. 20 The photograph showing a specimen in tensile test fixture.  
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4. RESULTS AND DISCUSSION 
 

As mentioned earlier in chapter 3, there were two sets of trials carried out in this thesis. 
The first trial was the preliminary study on the effect of major welding parameters for 
joining of aluminum-thermoplastic by FSW. More detailed experiments to improve the 
weld quality and insight knowledge regarding the influence of each welding variable 
have been carried out in the second trial. The results of the entire experiments will be 
reported and discussed in this chapter. 
 

This chapter includes the results of preliminary study, detailed experiments in the 
second trial and joint performance analysis by mechanical testing. The weld quality of 
aluminum-thermoplastic joints was examined by cross-sectional microstructures in 
terms of pore formation, interfacial bonding, material mixing, chip morphology, sheet 
rollover and burr formation. The joints characteristics were investigated by electro-
deposition and micrographs analysis. The quality of joints in term of weld strength was 
determined by lap shear test and the results were discussed by fracture mechanics at the 
end of the chapter. 
 

4.1 First welding trial 
 

A range of thermoplastics and thermoplastics with fibers were joined to aluminum alloy 

sheets by FSW using Tool E with tilt angle of 2. There were five kinds of 
thermoplastics and thermoplastics with fibers including polypropylene (PP), polyamide-
12 (PA-12), polyethylene terephthalate (PET), fiber-reinforced polyethylene 
terephthalate (PET-PET) and fiber-reinforced polyamide (PA-glass) were investigated in 
the experiments. Two aluminum alloy grades including AA5754 and AA6111 with the 
thickness of 1.5 and 2.0 mm were chosen to be used. The direction of tool rotation was 
in a clock-wise direction in the entire experiments. The influence of four main welding 
variables: type of material, upper plate thickness, rotation speed and travel speed has 
been studied. The micrographs of welds and the welding parameters used in the first set 
of trials are summarized in table 4.1. It is noted that advancing side of welds is on the 
left side of cross-sectional micrographs while retreating side of welds is on the right side.  
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Table 4.1a The weld results for each material combination in the first trial 
 

No Material 
Rotation 

speed (rpm) 
Travel speed 

(rpm) 
DTB* Top view Cross section 

1 AA5754 (1.5)-PP 1800 10 0.1 

 

2 AA5754 (2.0)-PP 1800 10 0.8 

 

3 AA6111 (2.0)-PP 1800 10 0.8 

 

4 AA6111 (2.0)-PP 1600 10 0.7 

 

Partially bonded interface 

Void 
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Table 4.1b The weld results for each material combination in the first trial 
 

No Material 
Rotation 

speed (rpm) 
Travel speed 

(rpm) 
DTB* Top view Cross section 

5 AA5754 (1.5)-PA12 1800 10 -2.2 

 

6 AA5754 (1.5)-PA12 1800 20 -2.2 

 

7 AA5754 (1.5)-PET 2000 10 0.1 

 

8 AA5754 (1.5)-PET 1500 20 0.2 

 

Horizontal layer Burr 

Void 

Pellet 

Melted PET 

Burr 

Void 
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Table 4.1c The weld results for each material combination in the first trial 
 

No Material 
Rotation 

speed (rpm) 
Travel speed 

(rpm) 
DTB* Top view Cross section 

9 AA5754 (1.5)-PET 1000 20 0.2 

 

10 AA5754 (1.5)-PET-PET 1000 40 0.8 

 

11 AA5754 (1.5)-PA-glass 1800 20 N/A 

 
 

Note: * - DTB stand for distance to backing of FSW tool 
 

 

 

Burnt fibers 

Void 
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The micrograph analysis of weld cross sections in table 4.1a-4.1c showed that specimens 
welded by FSW in the first trial contain defects and flaws in almost all specimen 
samples. However, it is also showed that FSW can possibly be applied to join 
thermoplastics to aluminum alloy sheets if appropriate welding parameters are used.  
 

4.1.1 Material flow and microstructure 
 

The microstructure of aluminum-thermoplastic welds is asymmetric about the center of 
weld line. The asymmetric flow is developed around the pin by the deviation in velocity 
and pressure fields [41]. Fig.21a shows the microstructure of the weld consisting of 
aluminum chips surrounded by thermoplastic matrix. The direction of molten 
thermoplastic flow is controlled by threaded pin to flow in vertical direction near the pin 
towards the shoulder. Voids can be seen at retreating side (right-hand side of cross-
sectional micrographs) in case of clock-wise rotation as can be seen from sample 1, 6, 8 
and 9. It is evident from Fig.21a that partially bonded interfaces between aluminum 
parent material (upper plate) and aluminum-thermoplastic composite weldment can be 
visually seen at some welding parameters.  
 

          
 

          
 

Fig. 21 The micrographs of aluminum-thermoplastic joint cross. a) AA5754 (1.5)-PP joint welded 
with 1800 rpm, 10 cm/min b) AA5754 (2.0)-PP joint welded with 1800 rpm, 10 cm/min c) 
AA5754 (1.5)-PA12 joint welded with 1800 rpm, 10 cm/min  d) AA5754 (1.5)-PA12 joint 
welded with 1800 rpm, 20 cm/min 
 

Void Horizontal thin layer 
Burr 

  a)  b) 

  c)  d) 

Burr Partially bonded interface 

Void 
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Fig 21c and 21d show the effects of tool travel speed on aluminum chip morphology 
and existence of horizontal thin layer. It can be seen that low travel speed results in fine 
aluminum chip weldment compared with higher travel speed. This is associated with 
metal cutting theory which can be used to explain friction stir welding process [42]. For 
both FSW and metal cutting process, the term weld pitch, which is the ratio of travel 
speed to rotation speed, controls chip morphology during the process. For FSW, chip 
formation morphology changes from continuous to segmented when the weld pitch is 
increasing. It is comparable to a decreasing in cutting speed causes chip morphology to 
be changed from continuous to discontinuous in case of machining or metal cutting 
process. 
 

Horizontal thin layer tends to form when using low travel speed friction stir welding as 
shown in Fig 21b and 21c. The thickness of upper plate that the rotating tool can be 
used is associated with tool geometries, tool dimension and tool travel speed [43]. In 
aluminum-thermoplastic FSW, softening of thermoplastic sheet reduces the upper plate 
thickness that can be used. The maximum thickness of upper plate that can be used for 
Tool E is up to 1.5 mm as shown in Fig 21a. An increase in thickness up to 2.0 mm 
(both AA5754 and AA6111) is not possible for this tool geometry because the tip of the 
pin cannot plunge into the thermoplastic sheet as can be seen in case of sample 2 and 3 
in table 4.1a. However, it is not clear from the first trial results that this horizontal thin 
layer is influenced by low travel speed or together with high degree of tilt angle. This 
issue will be investigated further in the second trial.  
 

4.1.2 Defects 
 

The defects found in aluminum-thermoplastic friction stir welding are porosity, surface 
roughness, flash formation, burr formation, upper plate rollover and thermoplastic 
eruption. The formation of voids can be seen at the retreating side of welds as shown in 
Fig 21a, and 21d. This is a result of insufficient material flow near the bottom of the pin 
due to insufficient heat generation, high weld pitch or large pin diameter [44]. If the 
generated heat is too low, the molten thermoplastic cannot flow properly to fulfill the 
weld line behind the tool especially in case of large pin diameter. If too high travel speed 
were used, the molten thermoplastic will solidify before all spaces are filled. The 
porosities or voids will form at the retreating side in case of clock-wise rotation 
direction where the material has inadequate flow.  
 

Burr formation can be observed in several aluminum-thermoplastic combinations: PP, 
PA-12 and PET which can be seen in Fig.21a-21d. In addition, upper plate rollover 
(bending) as shown in Fig.21a occurs in case of AA5754-PP welding when using high 
travel speed. Both burr formation and upper plate rollover are due to soften 
thermoplastic sheet and high welding forces exerting on the work-piece. During the 
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process, local frictional heat at the contact between shoulder and work-piece surfaces 
causes the adjoining thermoplastic to be softened. This leads to deformation of the 
upper work-piece when the rotating tool exerts force on the weld due to softening of 
underlying support plate. Welding forces are associated with the degree of tilt angle, 
rotation speed and travel speed [41]. The produced forging pressure on the weld 
increases by increasing tilt angle or travel speed. However, insufficient welding forces 
leads to low heat generation and poor joint quality. Therefore, it is necessary to optimize 
the degree of tilt angle by considering tool geometries, thermophysical properties of 
thermoplastics and welding parameters. 
 

Fig 22a and 22b present the surface appearance of AA5754-PP and AA5754-PET 
showing the excess flash forms on the work-piece surfaces. This corresponds with 
surface overheating due to excess frictional heat between the shoulder and the work-
piece [44]. In addition, the large tool plunge depth (small distance to backing) also 
increases the size of flash on the surface. 
 

          
 

Fig. 22 Photographs of aluminum-thermoplastic joint surface appearances. a) AA5754-PP joint 
welded with 1800 rpm, 10 cm/min b) AA5754-PET joint welded with 2000 rpm, 10 cm/min 
 

Eruption of thermoplastics can be found in some specimens when welding with high 
rotation speed and low travel speed as shown in Fig 23a-23b. Small weld pitch, low ratio 
of travel speed to rotation speed, leads to an increase in peak temperature during 
friction stir welding due to high heat generation rate per unit weld length. The 
occurrence of thermoplastic eruption is visibly seen in case of Al-PET welding. The 
cross section of sample 7, 8 and 9 in table 4.1 show the eruption of PET and regular 
melted PET pellets in wide trench along the weld line. Typically, viscoelastic property of 
polymers causes high weld bead due to polymer expansion after the tool pressure was 
removed as shown in Fig. 21c. High weld bead tends to form when using high welding 
force condition such as small distance to backing (DTB). In addition, low melting 
temperature and high coefficient of thermal expansion of thermoplastics will further 
increase the level of volume expansion as can be seen in case of thermoplastic eruption. 

 

  a)  b) 
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4.1.3 Polypropylene (PP) 
 

The micrographs in Fig 21a-21b present microstructure of welds made by AA5754-PP 
combination. The results showed that AA5754-PP combination had good weldability 
using friction stir welding. By lowering travel speed and increasing rotation speed, the 
mixing of aluminum and PP is promising with a good surface finish. The best obtainable 
result of AA5754 (1.5)-PP weld was achieved with rotation speed of 1800 rpm and 
travel speed of 10 cm/min as shown in Fig.21a. However, burr and upper plate bending 
are found in AA5754-PP joint cross sections when using high travel speed FSW.  
 

4.1.4 Polyamide-12 (PA-12) 
 

A good mixing of aluminum and thermoplastic can be seen from the micrograph in 
Fig.21c and 21d for AA5754-PA-12 combination. This material combination has a good 
weldability in term of material mixing, small size of burr and low distortion. However, 
porosities and voids can be seen across the weldment when joining with high weld pitch 
as can be seen in Fig. 21d. There was no PA-12 eruption or melted pellet found in the 
experiments. It is also noticed that flash can be seen on the surface of the specimens. 
 

4.1.5 Polyethylene terephthalate (PET) 
 

Fig 23a shows the cross section of AA5754-PET weld containing melted PET pellets 
and high weld bead.  According to table 3.3, the coefficient of thermal expansion of 
PET is at least two times higher than other thermoplastics. It results in additional 
volume expansion when PET is melted during friction stir welding. In addition, there 
was smoke and burning of PET when using low weld pitch. On the other hand, while 
using large weld pitch, lack of material filling and wide trench become two main 
problems instead of PET eruption. Micrographs of Al-PET cross sections also showed 
that trapped bubbles inside weldment is significantly found in Al-PET cross sections 
compared to other material combinations as shown in Fig 23b. 
 

          
 

Fig. 23 Photographs of AA5754-PET joint cross sections and surface appearance. a) Joint welded 
with 1500 rpm, 20 cm/min b) surface appearance of joint welded by 1500 rpm, 20 cm/min. 

  a)  b) 
Trapped bubbles 

Void 

PET Pellet 
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4.1.6 Fiber-reinforced thermoplastics 
 

Two thermoplastics with fibers, fiber-reinforced polyethylene terephthalate (PET-PET) 
and glass-fiber-reinforced polyamide (PA-glass), were joined to aluminum alloy sheets in 
the first trial. However, for aluminum-thermoplastic with fibers FSW, fiber breakage 
and distortion of fibers in polymer-matrix composites can be seen in Fig.24a and 24b. In 
addition, there was burning of fibers and polymer matrix during friction stir welding due 
to high friction coefficient between the rotating tool and fiber elements especially 
joining of AA5754-PA-glass. This can be visually seen as the dark region in Fig.24b. 
Additionally, glass fibers also hinder thermoplastic upward flow to fill in the joint which 
results in wide trench and longitudinal void along the weld line as seen in Fig 24a.  

 

          
 

Fig. 24 The macrographs of aluminum-thermoplastic with fibers joint cross sections. a) AA5754-
PET-PET joint welded with 1000 rpm, 40 cm/min b) AA5754-PA-glass joint welded with 1800 
rpm, 20 cm/min. 
 

The best obtainable welds in the first set of trials as well as welding parameters are 
summarized in Table 4.2. The values of welding parameters together with the analysis 
will be used as the guideline for a design of test matrix of the second trial which is 
summarized in Table 3.5 in the previous chapter. 
 

Table 4.2 The obtainable welding results for each material combination in the first trial 
 

Aluminum Polymer 
Rotation speed 

(rpm) 
Travel speed 

(rpm) 

AA5754 (1.5) PP (2.0) 1800 10 
AA5754 (1.5) PA-12 (6.3) 1800 20 
AA5754 (1.5) PET (2.5) 1500 20 
AA5754 (1.5) PET-PET (2.5) 1000 40 

AA5754 (1.5) PA-glass (0.82) 1800 20 

 

 

  a)  b) 

Longitudinal void 

Burnt fibers 
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4.2 Summary from the first trial 
 

Welding parameters including rotation speed and travel speed play the important role in 
aluminum-thermoplastic friction stir welding. More detailed investigation of the 
influences of these parameters will be systematically investigated in the second trial. In 
order to improve the aluminum-thermoplastic joint quality especially burr formation and 
upper plate bending, the effects of tilt angle will be studied in the second trial. 
 

According to micrographic analyses, PET, Fiber-reinforced PET (PET-PET) and Glass-
fiber-reinforced PA (PA-glass) are excluded in the test matrix of the second trial due to 
physical properties limitation. The materials under investigation in the second trial are 
PP and PA-12 only. The maximum pin length of existing tools at ESAB laboratory is 
only 3.2 mm (Tool E); therefore, only AA5754 with thickness of 1.5 mm will be used in 
the second trial. 
 

The best obtainable welding parameters in table 4.2 will be used as the guideline for 
welding parameters selection in the second trial. The aim for a design of test matrix in 
the second trial is to minimize pore and defect formation. By doing this, loss of 
aluminum chips during FSW should be reduced and the term weld pitch should be 
closely considered. 
 

4.3 Second welding trial 
 

Apart from the basic factors that have been studied in the first trial, more detailed 
experiments on the influences of welding parameters including tool rotational direction, 
tool tilt angle and tool geometries have additionally been investigated. The causes of 
defect formation such as non-optimum welding parameters and abnormal material flow 
characteristics were analyzed and discussed. The agreement of the weld quality was 
clarified by the mechanical test at the end of the section. The welding parameters and 
the micrographs of specimen cross sections are summarized in the following tables 
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Table 5.1a Welding parameters of each experiment in the second trial. 

 

Sample Polymer Tool 
Rotation 

direction 

Rotation speed 
(rpm) 

Travel speed 
(cm/min) 

Tilt 
angle 

DTB Top view Cross section 

1 PP E CCW 1800 5 2 0.5 

 

2 PP E CW 1800 5 2 0.5 

 

3 PP E CW 1800 5 0.5 0.5 

 

4 PP E CCW 1800 5 0.5 0.5 
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Table 5.1b Welding parameters of each experiment in the second trial. 

 

Sample Polymer Tool 
Rotation 

direction 

Rotation speed 
(rpm) 

Travel speed 
(cm/min) 

Tilt 
angle 

DTB Top view Cross section 

5 PP E CW 1800 20 0.5 0.5 

 

6 PP E CW 1000 5 0.5 0.5 

 

7 PP E CW 1000 20 0.5 0.5 

 

8 PP E CW 1800 5 0.5 0.2 
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Table 5.1c Welding parameters of each experiment in the second trial. 

 

Sample Polymer Tool 
Rotation 

direction 

Rotation speed 
(rpm) 

Travel speed 
(cm/min) 

Tilt 
angle 

DTB Top view Cross section 

9 PP G CCW 1800 5 0.5 1.6 

  

10 PP G CCW 1800 5 0.5 1.4 

  

11 PP G CCW 1800 5 0.5 1.5 

  

12 PP G CCW 1500 5 0.5 1.5 
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Table 5.1d Welding parameters of each experiment in the second trial. 

 

Sample Polymer Tool 
Rotation 

direction 

Rotation speed 
(rpm) 

Travel speed 
(cm/min) 

Tilt 
angle 

DTB Top view Cross section 

13 PP G CCW 1500 20 0.5 1.5 

  

14 PP G CCW 1500 3 0.5 1.5 

  

15 PA-12 G CCW 1500 5 0.5 5.8 

  

16 PA-12 G CCW 1500 3 0.5 5.8 
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Table 5.1e Welding parameters of each experiment in the second trial. 

 

Sample Polymer Tool 
Rotation 

direction 

Rotation speed 
(rpm) 

Travel speed 
(cm/min) 

Tilt 
angle 

DTB Top view Cross section 

17 PA-12 G CCW 1200 3 0.5 5.8 
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4.4 Weld formation and material flow 
 

The welding results of the second trial revealed that there was a significant improvement 
on weld quality in terms of material mixing and weld defects compared with the first 
trial. A promising mixing between aluminum and thermoplastic was obtained as shown 
in Fig 25a and 25b. A small size of voids can be found at retreating side of weldment for 
AA5754 and PP combination, while void-free weld was obtained when AA5754 and 
PA-12 combination was joined as shown in Fig 25b. 
 

            
 

Fig. 25 The micrographs of aluminum-thermoplastic joint cross sections. a) AA5754-PP (1800 

rpm, 5 cm/min, 0.5, CCW, Tool E)  b) AA5754-PA-12 (1200 rpm, 3 cm/min, 0.5, CCW, Tool 
G) 
 

Fig 26a-26d show the cross sections of AA5754-PP welds at different degree of tilt 
angle in both rotational direction. It is evident from the micrographs that asymmetric 
microstructure of welds was developed about the weld centerline. The friction stir 
weldment consists of aluminum fragments (chips) surrounded by thermoplastic matrix. 
Voids can be seen at retreating side of weldment while void-free can be obtained at 
advancing side for both rotational direction. Material flow characteristic is considered to 
be an important factor that influences the defect formation and the quality of welds [45]. 
During friction stir welding, the welding parameters including rotation speed, travel 
speed, axial force, tool tilt angle and tool geometries control the motion of material 
inside the weld nugget. It is also noticed from the micrographs that flash is formed on 
the work-piece top surface in all specimens in Fig 26a-26d. 
 

Voids or groove-like defect in Fig. 26b-26d are caused by an insufficient material filling 
up the weld cavity beneath the shoulder. It occurs by the consequences of material loss 
due to ejected aluminum chips/flash formation and lack of adequate material flow 
inside the weld cavity. Fig. 26a and 26c also show that the size of voids reduces as the 
degree of tilt angle increases in case of counterclockwise rotational direction. On the 
contrary, an increase of tilt angle leads to a greater size of voids in case of clockwise 

  a)  b) Undercut 

RS RS AS AS 
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rotational direction. The different material flow characteristic is believed to be the 
reason for the positive and negative effect when the degree of tilt angle was changed. 

 

          
 

          
 

Fig. 26 The micrographs of AA5754-PP joint cross sections. a) 1800 rpm, 5 cm/min, 2, CCW  

b) 1800 rpm, 5 cm/min, 2, CW  c) 1800 rpm, 5 cm/min, 0.5, CCW  d) 1800 rpm, 5 cm/min, 

0.5, CW.   
 

 
 

 
 

 
Fig. 27 a) Schematic of friction stir tool geometries in longitudinal view showing the leading and 
trailing edge [46]. b) Stream line showing the asymmetric material flow around the rotating tool 
during the translation (horizontal view during CCW rotation) [47].  
 

Flash 

Trailing edge Leading edge 

Advancing side 

Retreating side 

  a)  b) 

  c)  d) 

RS AS AS RS 

RS AS AS RS Large aluminum fragments 

  a)  b) 
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4.4.1 Material flow in different rotational direction 
 

The micrographs in Fig 26a-26d presented a large difference in material flow 
characteristic between specimens welded by counterclockwise and clockwise rotational 
direction. It can be observed from the micrographs that a large worm-hole defect is 
formed in the weldment of specimens welded using CW tool rotational direction. While 
using CCW tool rotational direction, a smaller size of voids or even void-free can be 
obtained in the weldment. 
 

When the tool rotates in CCW rotational direction, the incoming material from the 
leading edge is transported to the trailing edge by so-called pin-driven material flow as 
schematically illustrated in Fig 27a. The motion of this material is driven by the pin 
threads which push the deformed material downward to the pin bottom in the thickness 
direction. The resulting equivalent amount of material is driven by this deformed 
material to flow upwards somewhat farther away [6]. The stream trace in Fig 27b 
indicates that the material in the leading edge is intensely transported to the weld cavity 
behind the tool mainly through the retreating side [47]. In the weld cavity, during the 
material is upwardly transported from retreating to advancing side, the relatively cooler 
base material resists the motion of transported material to reach the advancing side. If 
this resistance is high or the pressure underneath the shoulder is low, the material will 
tend to flow out at the channel between the shoulder and the workpiece, the flash is 
formed on the surface at the retreating side [45]. 
 

The microstructure investigation of Fig 26c show that the relatively large size of 
aluminum fragments are obviously found in the region of void formation compared to 
the void-free region in which contains finer aluminum fragments. The presence of the 
large fragments at the lower retreating side leads to a lack of adequate material flow 
inside this region. This consequently causes the stagnant zone where the flow of the 
transferred material is not capable to pass the region; the voids are subsequently formed 
due to an insufficient material filling. The occurrence of heterogeneous size of 
aluminum fragments is stimulated by the non-uniform temperature at the different 
position of pin threads. While the upper zone near the shoulder has significant higher 
temperature by the interaction of shoulder and work-piece surface, the lower zone near 
the pin bottom has relatively low temperature due to only viscous heat is generated. As a 
result, the different size of aluminum chip is formed. The large size of aluminum 
fragments found in the stagnant zone may result from the chip formation at the bottom 
of the pin where the temperature is lowest. 
 

The reason that coarse aluminum fragments were found in the lower retreating side 
region is due to the fact that aluminum chips in front of the tool are picked up by the 
rotating tool and transferred predominately via the retreating side to the weld cavity. As 
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shown in Fig 27a and 27b, the pin threads transfers the incoming material (aluminum 
chips) by superposition of vertical flow and redial flow mainly around the pin in the 
retreating side. However, due to the large size of fragments and weak circulation, the 
aluminum fragments become trapped in this region; an insufficient of material flow 
subsequently occurs which leads to void formation in the region.  
 

Fig 26c and 26d show the influences of tool rotational direction when the direction was 
changed from CCW to CW rotational direction. It is obviously seen from the 
micrographs that the size of voids at the retreating side is significantly larger in the joint 
welded using CW rotational direction compared to the joint welded using opposite 
rotational direction. By using the same pin thread (right-hand thread), the deformed 
material in front of the tool is conveyed in upward direction towards the shoulder as can 
be seen in Fig 28. The deformed material will consequently leave the weld cavity at the 
leading edge in front of the tool. A huge loss of material due to ejected aluminum 
fragments and flash formation leads to an insufficient amount of material to fill up the 
weld cavity, the large size of voids will be formed. 
 

 
Fig. 28 Schematic of friction stir tool geometries in longitudinal view showing the leading and 
trailing edge when using the tool rotates in clockwise direction [46]. 

 
In the following section, the mechanism of joining and weld defect formation that are 
influenced by welding parameters will be illustrated. The heat generation and aluminum 
chip formation morphology are significantly affected by so-called weld pitch as 
previously mentioned in section 4.1. It is noticed from the first trial that weld defects 
such as voids and flash are caused by non-optimum friction stir welding conditions 
especially rotation speed and welding speed. However, sheet rollover and burr 
formation have not yet been classified in the previous section.  
 

 

 

Trailing edge Leading edge 
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4.5 Effects of tool tilt angle and geometries 
 

Fig 26a and 26c, 26b and 26d present the role of tool tilt angle on the size of voids 
formed in the weldments of AA5754-PP combination. It can be observed from the 
cross sections that there are positive and negative effects when the tilt angle was 

changed from 2 to 0.5. For the specimens welded using CCW rotational direction, an 
increase of tilt angle promotes a more promising mixing and defect formation 
improvement in the weldments. While using CW rotational direction, a larger degree of 
tilt angle increases the size of voids or worm-hole at the retreating side of the welds. 
 

          
 

Fig. 29 a) Schematic showing the tool interaction to the work-piece at the leading edge and 

trailing edge [48]  b) The cross sections of joint welded with a high degree of tilt angle (2) 
showing a large mass of flash at the retreating side (1800 rpm, 10 cm/min, , CW). 
 

The tool tilt angle is an essential factor that controls the heat generation rate and the 
material flow inside the weld cavity. During the process, the heat generation rate as well 
as the peak temperature increase with the degree of tilt angle while other welding 
parameters are kept constant. The resulting flow of material is subsequently enhanced 
due to an easing movement of deformed material at elevated temperature. Furthermore, 
a small degree of tilt angle results in an increase in contact pressure between the tool 
and the work-piece especially in the trailing edge [45]. Consequently, a more intense of 
material flow at the back of the tool is developed due to enhanced material extrusion 
near the pin end and sub-surface material flow beneath the shoulder [45, 48]. 
 

In case of CCW rotational direction, a change of tilt angle from 2 to 0.5 promotes the 
circulation of material inside the weld cavity. A thread-driven action which transfers the 
deformed material in vertical direction is enhanced by an increase in tilt angle. The 
better flow of material inside the weld cavity is subsequently obtained. A promising 
mixing and resulting void-free welds will possibly be achieved in the weldment. 
 

On the other hand, in case of CW rotational direction, an increase in thread-driven 
action due to a large tool tilt angle gives the negative effect to the quality of welds. Both 

Flash 

AS RS 
Leading edge Trailing edge 

  a)  b) 
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thread-driven action and easing material flow inside the weld cavity increase a loss of 
aluminum fragments though the leading edge in front of the tool as shown in Fig 28. An 
insufficient amount of material to fill up the weld cavity will become a significant 
problem which results in a larger void formation in the weldment as the one in Fig 26b. 
 

The results from the experiments also showed that a high degree of tilt angle promotes 
an excessive flash formation formed on the work-piece top surfaces. It can be seen from 

Fig. 29b that when a high tilt angle of 2 was used, a large mass of flash is generated in 
both the advancing and retreating side. However, the size of flash formed on the 
retreating side is significantly greater than those formed on the advancing side. The 
description of the origin of flash formation has briefly discussed in the previous section. 
In this section, the more detailed description of a role of tilt angle on flash formation 
will be further illustrated. 
 

          
 

Fig. 30 Material flow inside the weld cavity at the various shoulder interaction [45] a) Flash 
formed on the work-piece top surface  b) Material flow under the pin-driven and shoulder-driven 
flow without flash.   
 

Tool tilt angle plays an important role on contact pressure between the shoulder and 
work-piece top surface. A proper degree of tilt angle can generate sufficient amount of 
heat and hydrostatic pressure for producing a defect-free welds [45]. However, a large 
degree of tilt angle tends to generate a great deal of contact pressure due to confinement 
of deformed material within the weld cavity [45]. This results in an excess heat 
generation and flash formation which is generally formed at the retreating side of 
weldment as schematically shown in Fig 30a. The flash formation is a result of an escape 
of transferred material from the weld cavity through the gap between the shoulder and 
the work-piece surface. The tradeoff between void formation and flash formation 
should be compromised by considering a well-adjusted tilt angle coupling with 
appropriate welding conditions during the process. 
 

  a)  b) 
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Another way to reduce flash formation on the surface is to use different shoulder 
geometries for friction stir welding tool. Fig. 30a-30b present the joint welded using 
scroll shoulder tool (Tool G) which delivers a flash-free weld with low level of void 
formation. The main advantage of replacement of the concave tool (Tool E) by the 
scroll shoulder tool is an elimination of flash by shearing of material on the work-piece 
top surface. It is also noticed that the tool is normal to the work-piece surface (zero-tilt 
angle) when the scroll shoulder tool is used in friction stir welding operation. This can 
drastically reduce the axial load as well as contact pressure that the tool exerts on the 
work-piece surface, the flash and sheet roll over are then eliminated. 
 

          
 

Fig. 30  a) The micrographs of AA5754-PA12 joint cross sections (1200 rpm, 3 cm/min, 0.5, 
CCW)  b) The photographs of surface appearance of the same joint as in Fig 30a. 
 

4.6 Effects of travel speed and rotation speed 
 

Fig. 31a-31d show the upper sheet rollover (bending) and burr formation of the welds 
are influenced by an excess travel speed. It is evident from the micrographs that a 
promising cross section (Fig. 31a, 31c) in terms of burr-free and non-distortion sheet 
was obtained using low travel speed. By increasing the travel speed from 5 to 10 
cm/min, burr and sheet rollover were found in the welds as shown in Fig. 31b. 
 

The concept of friction stir welding process can be regarded as equivalent to the 
mechanisms of milling operation in typical metal cutting processes [49]. Fig 32 
schematically presents the analogy in terminology between so-called advancing side and 
retreating side in FSW and up-milling and down-milling in plain milling operation. The 
shear surface around FSW tool and the metal cutting shear plain in milling operation is 
comparable with each other. The results from the experiments demonstrated that during 
aluminum-thermoplastic FSW, there were dramatic changes in operation from milling-
like FSW (Fig. 31a, 31c) to milling-shearing-like FSW (Fig. 31b, 31d) when the travel 
speed increases. The results of micrographic analyses of specimen in Fig. 31b presented 
the grain shape of aluminum alloy near the tip is elongate and different from the grain 
shape of parent material somewhat far away as can be seen in Fig.33a-33b.  

  a)  b) 
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Fig. 31 The micrographs of AA5754-PP joint cross sections. a) 1800 rpm, 5 cm/min, 2, CW  b) 

1800 rpm, 10 cm/min, 2, CW. c) 1000 rpm, 5 cm/min, 0.5, CW  d) 1000 rpm, 20 cm/min, 

0.5, CW 
 
 
 
 
 

 
 
Fig. 32  Comparison of the terminology in FSW and typical milling operation [9].  
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Fig. 33  a) Microstructure of AA5754-PP joint cross sections (1800 rpm, 10 cm/min, 2, CW)  

b) Elongated grains of burr formed in AA5754-PP joint (1800 rpm, 10 cm/min, 2, CW)  
 

At a high travel speed, the rotating threaded pin is unable to perform adequate cutting 
action for incoming aluminum alloy work-piece. This results in insufficient material 
removal from the cutting zone which leads to an increase of cutting forces and the 
distortion of aluminum alloy sheet. The milling-like FSW then become milling-shearing-
like FSW. The deformation of grains from equiaxed to elongated grains in Fig.33b 
results from shearing of aluminum alloy sheet in the thickness direction by mechanical 
punching during the tool transverses along the weld line. The shearing of aluminum 
sheet during FSW can be regarded as the process of sheet metal cutting by shearing 
processes as shown in Fig. 34a. The mechanism of burr formation and upper sheet 
rollover of the welds at high travel speed will be discussed by the theory of metal 
trimming process. 
 

 
Fig. 34  a) Principle of sheet metal cutting by shearing process showing the mechanisms of crack 
propagation [50]  b) Schematic showing draw-in action founded in typical mechanical clinching 
and sheet metal cutting [51]. 

Draw-in action 
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In sheet metal cutting by shearing process, sheet bending action is caused by draw-in 
action (shown in Fig.34b) which draws the upper sheet into the aperture (softened 
thermoplastic in this case) and continues until the bending resistance is high enough for 
shear fracture to start [52]. The depth of sheet rollover and the height of burr increase 
with increasing cutting clearance [50]. During the tool is being driven into the work-
piece, a mixture of material softening and work hardening occur simultaneously. The 
occurrences of these phenomena directly depend on temperature of material, strain rate 
and physical properties of material. It is also noted that welding parameters especially 
travel speed play a significant role on the amount of these factors which control the 
deformation during FSW. 
 

4.7 Mechanical test 
 

The strength of aluminum-thermoplastic hybrid joints were evalutated by lap shear 
testing on an Instron 4505 testing machine. Three effects of welding parameters on the 
joint strength including effect of travel speed,  rotational direction and shoulder 
geometries were investigated. The results of tensile strength of joints made by AA5754 
and polypropylene are graphically represented in Fig.35. The maximum tensile strength 
of hybrid joints is approximately 845 N from joint 5b using the scroll shoulder tool.  
 

The mechanical test results in Fig. 35 indicated that the tensile strength of hybrid joints 
is strongly affected by a change in tool travel speed. It can be obviously seen from the 
scatter plot in Fig. 36 that the strength of joint welded with a low travel speed (3C) is 
significatly higher than the one welded using a high travel speed (3E) for concave 
shoulder tool under the same welding parameters. The relatively low tensile strength of 
specimen 3E may result from the formation of groove-like defect at the retreating side 
of the weldment as shown in Fig. 37b. A lack of material filling at the retreating side 
causes a reduction of polypropylene sheet cross section; as a result, the joint strength 
will be reduced when the tensile test is performed. The so-called necking of 
thermoplastic sheet leads to a weaker interface fracture between the weldment and 
aluminum alloy sheet. This is the result of higher bending action when the sheet cross 
section is small. 

 

Flash 
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Fig. 35  The tensile strength of AA5754-Polypropylene joint welded by various welding 

condition. The joint “5d” gives the maximum tensile strength of 845 N which was made using 
the scroll shoulder tool. 

 

         
 

Fig. 36  The scatter plot of maximum tensile force versus travel speed. 
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Fig. 37 The micrographs of AA5754-PP joint cross sections. a) specimen 3C (1800 rpm, 5 

cm/min, 0.5, CW  b) specimen 3E (1800 rpm, 20 cm/min, 0.5, CW). 
 

The effects of rotational direction on the value of tensile strength can be investigated by 
considering the schematic in Fig. 38. The joint welded using CCW rotational direction 
has higher tensile strength compared with the joint welded using another direction for 
all tool geometries. The consistent microstructure investigation in Fig. 39 showed that a 
large worm-hole defect can be found in the specimen welded using CW rotational 
direction. While there is only small void defects can be detected from the joint welded 
using CCW rotational direction. Fig 39a-39b schematically show the different fracture 
paths of specimens welded using CW and CCW rotational direction. The fracture 
surfaces of welds after lap shear test presented two distinct failure modes including 
interfacial mode and pull-out mode occurred during the tensile test as can be seen in Fig 
39c-39d. The unsatisfactory defect position and shape due to abnormal stirring when 
the tool rotates in CW direction significantly reduces the strength of hybrid joint. It is 
evident from the figure that the failure of weld is initiated near the tip of the worm-hole 
defect and continuously propagated along the nugget until the weld is torn off. This 
failure mechanism has relatively low energy failure which results in a low maximum 
tensile load under the lap shear test compared to other failure mechanisms. 
 

               
 

Fig. 38  The scatter plot of maximum tensile force of various tools in both rotation direction. 
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Fig. 39 a) AA5754-PP joint cross sections welded with 1800 rpm, 5 cm/min, 0.5, CW  b) 

AA5754-PP joint cross sections welded with 1800 rpm, 5 cm/min, 0.5, CCW c) fracture surface 
of joint in Fig 39a. d) fracture surface of joint in Fig 39b.  
 

The scatter plot in Fig. 41 presents the maximum tensile load as well as strain at the 
peak load of specimens welded by various welding conditions. It can be seen from the 
figure that sample “5b” which was weld using scroll shoulder tool has a highest 
toughness among all tested samples. The fracture surface of this specimen in Fig. 40a, b 
revealed that the zone near the metal-weldment interface contains an amount of 
thermoplastic matrix without aluminum fragments. This pure thermoplastic zone may 
result in an enhancement of interface bonding between aluminum sheet and weldment 
which subsequently increases the maximum tensile load of tested specimen. It is also 
noticed from the results that this pure thermoplastic matrix zone can be visibly found in 
the sample “5b” only. It can also be seen in Fig 40 that the region with melted 
thermoplastic material outside the stir zone is exceptionally large. This large bonding 
area can contribute to the high strength in this case. 
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Fig.40 AA5754-PP joint cross section and fracture welded with 1500 rpm, 5 cm/min, 0.5, CCW 

 

        
 

Fig. 41  The scatter plot of maximum tensile force versus strain at maximum tensile load. 

 

4.8 Failure analysis 
 

Table 5.2 summarized the fracture surface characteristics, fracture modes as well as 
mechanical test results of lap shear specimens which had been done in this thesis. High 
tensile force was obtained when the samples were failed by pull-out fracture mode 
which has highest failure energy. The metallographic examination in Table 5.2 showed 
that the presence of zigzag interface between aluminum alloy sheet and weldment 
enhances the maximum tensile force of sample which can be seen in case of sample 5b 
and 5d. A larger bonding area of weld nugget due to the zigzag interface results in an 
increase in weld strength of pull-out effect during specimen failure. This large bonding 
area of weld nugget coupling with a presence of thermoplastic matrix at external stir 
zone significantly increase the bonding strength of weld and produce the joint with the 
highest tensile strength (5b). Indeed, the tensile force is also increased by the mechanical 
locking effect between aluminum alloy sheet and weldment caused by the locking effect 
between zigzag feature and melted thermoplastic. 

Concave, CCW 
Concave, CW 
Scroll, CCW 

Thermoplastic matrix 
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Table 5.2 Failure analysis tables 
 

Sample 
Fm 
(N) 

Strain at max 
(mm) 

Interface 
feature 

Fracture 
mode 

Cross section 

3c 370.1 0.9 Plain Shear 

 

3d 671.5 0.5 Plain Pull-out 

 

3e 134.7 0.2 Plain Pull-out 

 

5b 846.7 0.6 Zigzag Pull-out 

 

5d 597.9 0.5 Zigzag Pull-out 

 
 
Note: Fm is the maximum tensile force of tested sample 
 
 

 

 

 

Zigzag 

Zigzag 
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5. SUMMARY 
 

5.1 Conclusion 
 

Friction stir welding was used to join aluminum alloy sheets to thermoplastics. Two 
aluminum alloys were studied – one AA5000 and one AA6000 alloy. A range of 
thermoplastic materials were studied including, PP, PA12 and PET. Two materials with 
fibre reinforcement were also studied with PA-glass fibre and PET –PET fibre. Joints 
were created by friction stir welding with the tool contacting on the aluminum side. The 
effect of different process parameters was studied both by evaluation sections through 
the joints and with lap shear mechanical tests. The results of the studies can be 
concluded as follows; 

 Joints were created by generating a stir zone of aluminum chips which was filled 
with melted thermoplastic entering from below. 

 A number of defects could be identified in the joint zone like cavities, regions 
with very large or no chips. Flash of different extent on the top side of the 
aluminum alloys was also observed. The melted plastic could penetrate into the 
interface between aluminum alloy and thermoplastic to different degrees.  

 The most important process parameters were pin geometry and thread, 
translation speed and rotation direction. They all had a significant effect on 
presence of defects in the joints. Relatively low travel speed and counter 
clockwise rotation was favoured. 

 The most successful joints were created with scroll shoulder tool, right-hand 
thread pin rotating in counterclockwise rotational direction. 

 Typical process parameters with good joint results were pin length 1.5 times the 
aluminum sheet thickness, cylindrical threaded pin, translation speed of 5 
cm/min and counterclockwise rotation at a speed of 1800 rpm. 

 Lap shear strengths were recorded up to 846N with a joint width of 40 mm. 
The elongations to failure were up to 0.9 mm. 

 Voids or groove-like defect are caused by a lack of material circulation and 
insufficient amount of material to fill up the weld cavity due to the material loss 
from ejected aluminum chips/flash formation. 

 Flash are caused by an excess contact pressure between the shoulder and work-
piece top surface which is a result of a large tool tilt angle. Flash can be reduced 
by the action of shoulder geometries such as using scroll shoulder tool 

 Aluminum chip morphology and chip size are controlled by so-called weld 
pitch which is the ratio of travel speed to rotation speed. Low weld pitch 
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welding produces the welds with small void formation and finer aluminum 
fragments compared to the welds using a high weld pitch. 

 Tool rotational direction controls the direction of material flow inside the weld 
cavity. Using CW rotational direction is not preferable due to a loss of material 
through a work-piece surface. 

 A moderate material mixing is more desirable due to its low void formation as 
well as good material circulation in the weld cavity.  
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