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Abstract 

Current polymer joining methods are usually limited by the parent materials characteristics and 

geometries, and for each individual application and configuration, a specific setup is required. The 

introduction of a more sophisticated joining method, prompts the possibility of welding polymers in 

any configuration with reduced weight and easier manufacturing automation. This thesis aims at 

advancing the knowledge related to Friction Stir Welding (FSW), in particular to study the possibility 

of using this innovative manufacturing technology to weld polymeric materials. Even though FSW of 

metallic materials has been studied in previous works, there are scarce researches regarding FSW 

of polymers, especially concerning systematic tool design and quality assurance processes. 

 

The polymeric materials behave differently than the metallic ones during the FSW process, and the 

same tool design concept is not able to produce strong welds with good surface quality. Basically, 

for welding polymers, a stationary shoulder is essential to guarantee the production of sound welds. 

However, the absence of a rotating shoulder causes the amount of the frictional heat generated by 

the welding tool to drop significantly, and the low thermal conductivity and friction coefficient of 

polymers further worsens this problem. This behaviour led researchers to use a stationary shoulder 

equipped with an auxiliary heat source, and using a low welding speed to compensate the lack of 

frictional heat. To overcome these drawbacks, the present work aimed at developing a new 

technical solution for FSW of polymers. 

 

As the welding tool plays a fundamental role in this process, the main objective of this work was 

the development of a new welding tool with the potential to create strong welds for any kind of 

polymers regardless the configurations, with no need of an additional heat source. Initially, the 

study focused on the tool development and optimization of the welding parameters. Different tools 

were designed, manufactured and tested during this study, until obtaining the final tool design, 

which was able to generate 4 times more frictional heat than the first tested tool, making it possible 

to weld 10 times faster than before. Two types of joint configurations and parent materials were 

tested during this work: lap joint of dissimilar polymers and butt joint of identical polymers. In both 

configurations, the welding processes were optimized using statistical tools, and mechanical tests 

were extensively performed to evaluate the weld strength. 

 

A sensitized clamping device was designed and developed to acquire the acting forces during the 

welding process. The developed force platform allowed the use of the axial force as a welding 

parameter even when using a position control welding method. The magnitude of the axial force is 

critical in this process, since it is responsible for heat generation and forging the soft material inside 
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the weld nugget. In order to understand the welding process better, the generated welding 

temperature was measured for different sets of welding parameters with the aid of thermocouples 

and a thermography camera. The obtained results showed that the most effective welding 

parameters affecting the temperatures are all those related to the welding tool design, proceeded 

by rotational speed, welding speed and axial force. The measurements also confirmed the fact that 

FSW of polymers cannot be considered absolutely a solid-state process, and in order to produce 

strong welds, the weld temperature will exceed the melting point of the parent materials. 

 

In order to compare the produced Friction Stir (FS) lap-welded specimens with commercially 

available joining techniques, several specimens were produced using riveting and ultrasonic welding 

techniques. The results showed that FSW of polymers produce strong welds when subjected to static 

and fatigue loadings. Using the developed tool, it was possible to produce welds with 97% strength 

of the parent materials. The potential for a new conceptual design for polymer FSW was 

demonstrated in this thesis, leading to an easier path to its industrial application. 
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Resumo 

Os métodos de ligação actuais para polímeros são normalmente limitados pelas características e 

geometrias dos materiais-base, sendo que cada aplicação e configuração individual requer um 

dispositivo específico. A introdução de um método de ligação mais sofisticado possibilita a soldadura 

de polímeros em qualquer configuração com peso reduzido e mais fácil automação do fabrico. Esta 

tese pretende contribuir para o avanço do conhecimento relacionado com a Soldadura por fricção 

linear (SFL), em particular o estudo da possibilidade de utilizar esta tecnologia de fabrico inovadora 

com o objectivo de soldar materiais poliméricos. Apesar da SFL de materiais metálicos ter sido 

estudada em trabalhos anteriores, são escassos os trabalhos de investigação sobre a SFL de 

polímeros, especialmente no que diz respeito ao design sistemático da ferramenta e a qualidade do 

processo. 

 

Os materiais poliméricos comportam-se de forma diferente dos materiais metálicos durante o 

processo de SFL e o mesmo conceito de design da ferramenta não é capaz de produzir soldaduras 

com boa resistência e qualidade superficial. Basicamente, para soldar polímeros, um encostador 

estacionário é essencial para garantir a produção de soldaduras com boa qualidade. Contudo, a 

ausência de um encostador rotativo leva a que a quantidade de calor gerado por fricção pela 

ferramenta de soldadura desça significativamente, e as baixas condutividade térmica e coeficiente 

de fricção dos polímeros piorem ainda mais este problema. Este comportamento levou os 

investigadores a utilizarem um encostador estacionário munido de uma fonte de calor auxiliar e a 

usar uma velocidade baixa de soldadura para compensar a falta de calor gerado por fricção. Para 

ultrapassar estes inconvenientes, o presente trabalho tem como objectivo o desenvolvimento de 

uma nova solução técnica para a SFL de polímeros. 

 

Como a ferramenta de soldadura tem um papel fundamental neste processo, o principal objectivo 

deste trabalho foi o desenvolvimento de uma nova ferramenta de soldadura com o potencial de criar 

ligações resistentes para qualquer tipo de polímero independentemente das configurações, sem a 

necessidade de uma fonte adicional de calor. Inicialmente, o estudo focou-se no desenvolvimento 

da ferramenta e na optimização dos parâmetros de soldadura. Diferentes ferramentas foram 

projetadas, fabricadas e testadas durante este estudo, até se obter o seu design final, que foi capaz 

de gerar por fricção quatro vezes mais calor do que a primeira ferramenta testada, tornando possível 

soldar dez vezes mais rapidamente do que antes. Dois tipos de configuração de juntas e materiais 

de base foram testados durante este trabalho: juntas sobrepostas de materiais poliméricos 

dissimilares e juntas topo-a-topo de polímeros idênticos. Em ambas as configurações, os processos 
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de soldadura foram optimizados utilizando ferramentas estatísticas e a resistência das soldaduras 

foi extensivamente avaliada através de ensaios mecânicos. 

 

Foi ainda projetado e desenvolvido um sistema de fixação sensorizado para medir as forças actuantes 

durante o processo de soldadura. A plataforma de força desenvolvida permitiu a utilização da força 

axial como parâmetro de soldadura, mesmo quando se usa um método de soldadura em controlo de 

posição. A magnitude da força axial é crítica neste processo, já que é responsável pela geração de 

calor formando material amaciado dentro da pepita de soldadura. De forma a compreender melhor 

o processo de soldadura, a temperatura gerada foi medida para diferentes valores dos parâmetros 

de soldadura com a ajuda de termopares e de uma câmara termográfica. Os resultados obtidos 

mostram que os parâmetros de soldadura mais eficazes que afectam as temperaturas são todos 

aqueles relacionados com o design da ferramenta de soldadura, seguidos da velocidade de rotação, 

velocidade de soldadura e força axial. As medições também confirmaram o facto de que a SFL de 

polímeros não pode ser considerada um processo no estado sólido, pois de modo a produzir 

soldaduras resistentes as temperaturas de soldadura excedem o ponto de fusão dos materiais-base. 

 

De forma a comparar os provetes de juntas sobrepostas produzidas por SFL com as técnicas de 

ligação comercialmente disponíveis, vários provetes foram produzidos utilizando rebites e técnicas 

de soldadura ultrasónica. Os resultados mostram que a SFL de polímeros produz soldaduras muito 

resistentes quando submetidas as cargas estáticas de fadiga. Utilizando a ferramenta desenvolvida 

foi possível produzir soldaduras com 97% da resistência dos materiais-base. O potencial para um 

novo design conceptual para SFL de polímeros foi apresentado neste tese, com o objectivo de elevar 

a tecnologia a um caminho mais fácil para a sua aplicação industrial. 

  



vii 

 

 
 
 
 
 

 
 
 

To Masoud and Azam...  



viii 

 

  



ix 

 

Acknowledgments 

Foremost, I would like to express my gratitude to my supervisor Dr. Pedro Moreira. I am grateful for 

his guidance and support without which this work would not have been possible. His patience with 

my ambitious ventures has been instrumental in the completion of this thesis. I have received so 

much complementary and additional supervision from Dr. Paulo Tavares. He has always been there 

for me and responded to my every need with supportive kindness. I cherish every bit that I have 

learned from my supervisors, and I cannot thank them enough. 

 

To address the issues that were faced in the execution of this research many interactions occurred 

with many people that I would like to acknowledge. I would like to give special thanks to Professor 

Virginia Infante for supporting my work, especially regarding the ultrasonic welding and DSC 

analysis. Also, I acknowledge the immense support from Dr. Luis Mourão for his dedication to 

developing the force platform and LabView algorithm. I would like to acknowledge the constant 

support from Professor Mário Vaz, Engineer Miguel Figueiredo and Engineer Nuno Viriato for their 

guidance and supporting my work during this study. 

 

A big thank you to my beloved family. It’s not possible for me to express how substantial and 

essential the support of my parents, Masoud and Azam, have been in every step of my life. I don’t 

know how to, and I believe I cannot thank them enough. I will be indebted to them forever. Thank 

to my lovely sisters, Shebreh and Shafagh for all the kindness, support, and love you provided me. 

And a special thanks to Tara for giving me a reason to smile. I express my “deepest” gratitude to 

Saeed and Morteza for our stimulating meetings and all the Taguchi talks, and I am grateful for all 

the wisdom they shared with me. 

 

The support from everyone at Laboratório de Ótica e Mecânica Experimental (LOME) in INEGI, were 

crucial too all the developed work in this thesis. I am in debt to all the friends who made my PhD 

life a pleasant journey and making me feel at home. I would like to thank all my friends and 

colleagues for their support, encouragement and motivation throughout my entire PhD project. 

 

Also, I would like to express my gratitude to INEGI for supporting this research study. Funding 

provided from NORTE-01-0145-FEDER-000022 SciTech – Science and Technology for Competitive and 

Sustainable Industries is acknowledged. The funding provided by project Sold&Maq - Equipamento 

integrado de soldadura em estado sólido multimateriais e maquinagem NORTE-01 0247-FEDER-

023694 is acknowledged. 



x 

 

  



xi 

 

Table of Contents 

1 Introduction ................................................................................................... 1 

1.1 Motivation and Problem Statement ............................................................... 2 

1.2 Objectives ............................................................................................... 4 

1.3 Outline of This Thesis ................................................................................ 5 

1.4 Investigation Overview ............................................................................... 6 

2 Background .................................................................................................... 9 

2.1 Friction Stir Welding of Polymers ............................................................... 11 

2.1.1 Conventional Friction Stir Welding .......................................................... 11 

2.1.2 Friction Stir Spot Welding ..................................................................... 12 

2.1.3 Stationary Shoulder Friction Stir Welding ................................................. 13 

3 System Design ............................................................................................... 15 

3.1 Welding Tool .......................................................................................... 16 

3.2 Sensitized Clamping Device ....................................................................... 18 

4 Experimental Results ...................................................................................... 21 

4.1 Lap joint of dissimilar polymers ................................................................. 21 

4.1.1 FSW process optimization ..................................................................... 25 

4.1.2 Riveting method ................................................................................. 36 

4.1.3 Ultrasonic welding .............................................................................. 38 

4.1.4 Fatigue assessment ............................................................................. 41 

4.1.5 Discussion ......................................................................................... 50 

4.2 Butt joint of similar polymer ..................................................................... 51 

4.2.1 Clamping system for butt joint configuration ............................................. 52 

4.2.2 FSW process optimization ..................................................................... 54 

4.2.3 Temperature measurements ................................................................. 59 

4.2.3.1 Weld temperature ...................................................................... 60 

4.2.3.2 Tool temperature ...................................................................... 62 

4.2.4 Welding forces ................................................................................... 68 

4.2.5 Discussion ......................................................................................... 75 

5 Conclusions and Future Research ...................................................................... 77 

5.1  Concluding remarks ................................................................................. 77 

5.2  Future works ......................................................................................... 79 

6 References ................................................................................................... 81 

7 Appendix ..................................................................................................... 87 



xii 

 

 



xiii 

 

List of figures 

Figure 1- Schematic of a butt joint FSW using conventional tool. .................................. 10 

Figure 2- Schematic representation of the friction stir spot welding process [31]. ............. 12 

Figure 3- Welding tool for thermoplastics. a) the patented "hot shoe" [3], b) the modified 
welding tool using the same concept [38]. ............................................................. 14 

Figure 4- The evolution of the welding tool design. ................................................... 16 

Figure 5- Sensitized Clamping platform. a) CAD model of the developed Force platform; b) 
photo of the device assembled in the CNC machine. ................................................. 19 

Figure 6- The schematic view of the data acquisition for each force direction. ................. 19 

Figure 7- The setup used for calibrating the force platform. ....................................... 20 

Figure 8- Lap joint configuration of dissimilar polymers. a) CAD model of lap joint using 
stationary FSW tool; b) welded plate; c) dimensions of the tested specimens. ................. 22 

Figure 9- DIC cameras position. a) top view schematic; b) DIC setup during the test. ......... 23 

Figure 10- a) calibration pattern; b) painted specimen for DIC measurement. .................. 24 

Figure 11- The tool used for welding lap jointed polymers. a) front view; b) section view, 
c) bottom view; d) probe geometry with flat faces; e) triangular probe geometry. ............ 25 

Figure 12- Linear graph for L16 orthogonal array [48]. ................................................ 28 

Figure 13- a) welded specimens before test; b) grips and setup; c and d) specimen under 
the shear stress; e) specimen after failure [50]. ...................................................... 29 

Figure 14- Main effects plot for mean [50]. ............................................................. 31 

Figure 15- Lap joint of dissimilar polymers. a) Schematic of the remote are of the welded 
joints; b) remote stress vs strain for PP, PE and “S5” specimen [50]. ............................. 32 

Figure 16- DSC plots for lap joint of dissimilar polymers. a) PP base material; b) PE base 
material; and c) weld nugget. ............................................................................. 35 

Figure 17- Dimensions of the riveted specimens. a) Single rivet; b) double rivet [58]. ........ 36 

Figure 18- Remote stress results for PP, PE base materials, and FS welded, single- and 
double riveted specimens. ................................................................................. 37 

Figure 19– Ultrasonic welded specimens. a) 5 ultrasonically welded specimens before the 
test; b) cross section of a welded specimen; c) tested specimen UW001 with crack on PP; 
d) tested specimen UW002 failed from the overlapped area. ....................................... 39 

Figure 20- Remote stress results for ultrasonic welded specimens and FSW. .................... 40 

Figure 21- Fatigue behaviour of tested specimens: base material, FS welded joints, and 
single and double riveted joints [58]. .................................................................... 43 



xiv 

 

Figure 22- Fatigue analysis of the overlapped specimens. a) PP, single-riveted, double-
riveted and FSW specimens after the fatigue test; b) FSW temperature variation during the 
fatigue test; c) and double rivet temperature variation during the fatigue test [58]........... 44 

Figure 23- The double riveted specimen during the fatigue test with cooling system. ......... 45 

Figure 24- Different stages of the fatigue cycles with cooling system and temperature 
variation. ...................................................................................................... 46 

Figure 25- a) probabilistic S-N field of PP specimens; b) corresponding probabilistic paper; 
c) Weibull cumulative distribution. ...................................................................... 47 

Figure 26- a) probabilistic S-N field of FSW joints; b) corresponding probabilistic paper; c) 
Weibull cumulative distribution. .......................................................................... 48 

Figure 27- a) probabilistic S-N field of double riveted joints; b) corresponding probabilistic 
paper; c) Weibull cumulative distribution. ............................................................. 49 

Figure 28- Butt joint of identical polymers. a) FSW process in butt joint configuration using 
stationary shoulder [41]; b) tensile test specimen geometry according to ASTM standard; 
c) the designed fixture for machining the specimens. ................................................ 51 

Figure 29- a) lateral movement of the plates and gap formation; b) the adjustment of the 
plate before welding; c) clamping system setup for the butt joint welding [41]. ............... 53 

Figure 30- The welding tool used for butt joint. a) rotating probe and copper sleeve; b) 3D 
CAD of the final assembly; c) the welding tool ready for welding; d) 5 mm probe geometry; 
e) tool’s components. ....................................................................................... 55 

Figure 31- a) tensile strength of the S3 welded specimen compared to the base material; 
b) surface quality of a welded specimen at the top and the bottom [77]. ....................... 57 

Figure 32- DSC plots for butt joint of identical polymers. a) PE base material; b) weld 
nugget. ........................................................................................................ 58 

Figure 33- Heat dissipation during FSW process [85]. ................................................. 59 

Figure 34- The location of thermocouples. a) 3D model; b) the actual positioning [77]. ...... 60 

Figure 35- a) 5 mm rotating probe inside the copper sleeve design for PEEK shoulder; b) 
PEEK stationary shoulder attached to the thermocouple before the welding process; c) 
sleeve design and geometry for the PEEK stationary shoulder; d) the crossed section of the 
final tool with thermocouple shaft. ...................................................................... 62 

Figure 36- The final system setup for friction stir welding of polymers. .......................... 63 

Figure 37- Temperature characterization for 10 seconds dwell time. a) thermography 
camera after the dwelling stage; b) the temperature variation between A-B; c) the sleeve 
temperature measurement. ............................................................................... 65 

Figure 38- The sleeve temperature measurement for 20 seconds dwell time. ................... 66 

Figure 39- The sleeve temperature measurement for 40 seconds dwell time. ................... 67 

Figure 40- Temperature characterization for 40 seconds dwell time. a) thermography 
camera image during the welding process; b) the temperature variation between A-B; c) 
the stationary shoulder heat dissipation; d) the rotating probe temperature after 
retrieving; e) the heat dissipation around the sleeve. ................................................ 68 



xv 

 

Figure 41- a) the active forces during the welding in the final assembly; b) The height 
calibration setup for setting the axial force before welding. ....................................... 70 

Figure 42- The recorded applied forces for 7 different parameters combinations [41]. ....... 73 

 

 

  



xvi 

 

  



xvii 

 

List of tables 

Table 1- Academic publications ............................................................................. 7 

Table 2- FSW welding parameters and levels for Taguchi design ................................... 25 

Table 3- L16 orthogonal array for 5 welding parameters each in 2 levels .......................... 28 

Table 4- The tested specimens with three repetitions ............................................... 30 

Table 5- Analysis of variance and percentage of contribution ...................................... 30 

Table 6- crystallinity percentage of the parent material and weld nugget for the lap joint 
of dissimilar polymers ....................................................................................... 34 

Table 7- Process parameters for ultrasonic welded specimens ..................................... 38 

Table 8- Average fatigue cycles for 12.2 MPa stress range........................................... 45 

Table 9- Tensile properties of 3 mm thick High molecular weight Polyethylene [77] ........... 52 

Table 10- Process parameters and levels for butt joint of HMW-PE ................................ 54 

Table 11– Analysis of variance and contribution percentage [77]................................... 56 

Table 12- crystallinity percentage of the parent material and weld nugget for the butt 
joint of identical polymers ................................................................................. 58 

Table 13- Temperature readings for the last run of the DOE experiment [77] ................... 61 

Table 14- The tested parameters combinations for measuring the active forces ................ 71 

 



xviii 

 

  



xix 

 

Acronyms and Symbols 

Symbols 

 

𝛽 Weibull shape parameter 

𝛿 Weibull scale parameter 

𝜆 Weibull location parameter 

ρ𝑝 percentage of contribution 

∆𝜎 Stress range 

∆𝜎0 Endurance fatigue limit 

𝜎𝑚𝑎𝑥 Maximum stress 

𝜎min Minimum stress 

𝐷𝑇 Total degree of freedom 

𝐷𝑝  The degree of freedom of each parameter 

𝐹𝑝 F-value 

𝑁0 Threshold value of lifetime 

𝑁𝑓 Number of cycles at failure 

R Ratio between minimum and maximum stress in cyclic testing 

𝑆𝑚 Sum of squares due to mean 

𝑆𝑆𝑒 Sum of squared error 

𝑆𝑆𝑝 Sum of the squared deviations of each process parameter 

𝑆𝑆𝑇 Total sum of squares 

𝑆𝑌𝑗 Sum of the experimental results involving parameter “p” and level “j” 

𝑇 Sum of data 

𝑉𝑒 Mean square 

𝑉𝑃 Variance of the parameter 

 

  



xx 

 

  



xxi 

 

Acronyms 

 

ANOVA Analysis of variance 

AS Advancing Side 

CAD Computer-Aided Design 

CNC Computer Numerical Control 

DIC Digital Image correlation 

DOE Design of Experiments 

DSC Differential Scanning Calorimetry 

FS Friction Stir 

FSSW Friction Stir Spot Welding 

FSW Friction Stir Welding 

HMW-PE High Molecular Weight Polyethylene 

INEGI Institute of Science and Innovation in Mechanical and Industrial Engineering 

MIG Metal Inert Gas 

NDT Non-Destructive testing 

PA6 Nylon6 

PC Polycarbonate 

PE Polyethylene 

PEEK Polyether ether ketone 

PMMA Poly(methyl methacrylate) 

PP Polypropylene 

PTFE Polytetrafluoroethylene 

PVC Polyvinyl chloride 

RPM Revolutions Per Minute 

RS Retreating Side 

RSW Resistance Spot Welding 

S/N Signal Noise Relation 

TIG Tungsten Inert Gas 

TWI The Welding Institute 

UTS Ultimate Tensile Strength 

UW Ultrasonic Welding 

 
  



xxii 

 

 

 

 



1 

 

1 Introduction 

In recent years, the Friction Stir Welding (FSW) technology has been widely used in multiple 

industrial applications due to its advantages over conventional fusion welding methods. Up to now, 

there are many industrial segments, which successfully implemented FSW to fabricate sound welds, 

including automotive, railway, marine and aerospace industries. The technology was developed by 

The Welding Institute (TWI) for joining light alloys and to weld materials that are difficult to weld 

with traditional welding methods [1]. The main advantage of FSW of metallic materials stems from 

its solid-state philosophy, which hinges on the generated frictional heat below the parent 

material’s melting point, preserving the mechanical properties of the base materials. FSW 

technology is a highly adaptable welding technique with ability to weld dissimilar materials in 

different configurations without the limitations of traditional welding methods. Also, FSW is an 

inherently environmental-friendly process due to the absence of filler materials, toxic fumes or 

shielding gases, usually associated with the fusion welding techniques. 

 

The advantages of this method and the increase in modern industrial demand for lightweight 

design structures, naturally led this method into the attempt to weld polymeric materials. 

However, polymers behave differently than metals, due to their low thermal conductivity, melting 

point and hardness [2]. The welding tool plays a fundamental role in this process and the main 

difference between FSW of metallic and polymeric materials regards the tool design concept. The 

conventional FSW tool is not suitable for welding polymers, prevents producing welds with a good 

surface quality and mechanical properties. Since the tool plays a critical role in this process, the 

development of appropriate FSW tools for polymers is considered a topic that needs further 

investigation. This thesis is focused on the development of a new tool concept for producing sound 

polymer welds in laboratory settings, with the potential to be adopted for industrial applications. 

FSW of polymeric materials is proven to have numerous advantages and few drawbacks compared 

to the available welding methods, an allegation which will be further explored in this thesis. 

However, the objectives and motivations of implementing such a case study will be presented prior 

to that assertion. 
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1.1 Motivation and Problem Statement 

Joining different components together to obtain a single object has always been an important 

challenge throughout human history. Since the industrial revolution, the necessity to cope with the 

fast-growing industrial requirements demanded more adaptable and environmental friendly joining 

methods. Nowadays, joining methods and joint performance are some of the most crucial and 

attractive engineering subjects, which have been under investigation worldwide by engineers in 

diverse industrial sectors. Among all the joining methods, “welding” is one of the most practical 

and adaptable joining techniques capable of producing strong joints for a wide range of materials. 

Welding is the term used to describe the joining process of different parts into one by means of 

fusion, applying heat and using a filler material. Friction Stir Welding (FSW) is a relatively new 

welding process, which was initially developed with the aim to join metallic materials that were 

difficult or impossible to weld using conventional fusion welding techniques. The numerous 

advantages of this process, alongside the increase of industrial demand for lightweight designed 

structures, naturally led to studying the possibility of using FSW for welding non-metallic materials. 

The commercially available joining techniques for joining polymers are usually limited to specific 

applications, customized design and materials. For instance: 

 

 Riveting method and in general mechanical fasteners are usually limited to overlapped 

joints, and lead to substantial weight increase of the final assembly; 

 Adhesive bonding needs careful surface preparation due to low surface energy of plastic 

materials, and environmental conditions can affect the joint quality; 

 Hot gas and heat sealing welding methods are required for filler rods to melt and weld the 

materials together, along with welding position limitation due to the gravitation effect; 

 Vibration welding is not suitable for non-flat components; 

 Ultrasonic welding needs surface preparation, parent material design modification and 

large joints cannot be welded in a single operation; 

 Other available techniques are generally limited to materials’ thicknesses and 

configurations, and usually require third party filler materials, expensive equipment, 

physical changes in the parent materials, or produce weak joints. 

 

Since the invention of FSW, the majority of the studies have been focused on different aspects 

of welding metallic materials, and scarce investigations were focused on polymeric materials. 

However, few researchers tried to adapt FSW technique to weld polymers using different tool 

designs than conventional ones. Nevertheless, this area suffers from lack of investigation, in 

particular regarding: 

 

1. A systematic tool design that is cost-efficient and easy to manufacture, without using an 

external heat source; 

2. Sensitised fixture design without using expensive sensors, to generate and control the 

welding process in order to guarantee a sound weld; 
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3. Fatigue life assessment of FS welded joints to study the joints behaviour under cyclic load 

conditions; 

4. The evaluation of the temperature generated during FSW and optimization of welding 

parameters. 

 

This work proposes a new cost-effective and robust solution for FSW of polymeric materials. 

After stating the limitations of current polymer joining methods, this work attempts to propose a 

systemic solution to overcome the limitations regarding polymer joining. Different aspects of the 

FSW process were investigated and experimental tests were carried out to tackle the obstacles in 

this path. 
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1.2 Objectives 

The main objective of this thesis was to develop a new FSW conceptual solution to weld 

polymeric materials. For this purpose, there are various aspects that needed to be addressed 

carefully. In order to demonstrate the flexibility of the developed system, welding was performed 

in two commonly used configurations in industry. The first welding configuration was performed in 

lap joint for dissimilar polymers with different thicknesses. Then, the welding parameters were 

optimized using Taguchi design of experiments (DOE), and the optimized parameters were used to 

fabricate several specimens to evaluate the weld strength under static and cyclic loading 

conditions. The second configuration was butt joint of identical materials, which is the most 

common FSW usage in industry. 

 

As the tool plays an important role in this process, one of the main objective of this study was 

to develop a new tool design with the ability to weld similar and dissimilar polymers in different 

configurations without the need of an auxiliary heating source. The conventional tool design 

produces weak welds with poor surface quality and is not suitable for welding polymers. The most 

effective welding tool for welding polymers consists of a metallic stationary shoulder equipped 

with external heat source and a thermocouple to control the additional heat [3]. The main focus 

of this study was to develop a welding tool without the use of an additional heat source, capable 

of welding different materials in the aforementioned configurations, using higher welding speed 

than the ones in the literature. Different tool designs and geometries were tested to shape the 

final tool design, which is able to generate frictional heat up to 400ºC and weld 10 times faster 

than the initial tool design. 

 

Additionally to the tool design, the axial force also plays a fundamental role in this process, 

and for producing strong welds with a good surface quality, its value needs to be in the optimum 

range. Therefore, a cost-efficient sensitised clamping system was required and assembled on a CNC 

machine, without the need of any high-cost sensors and robot arms, to obtain sound welds with 

great repeatability. The sensitized clamping device was developed to monitor all the generated 

forces in three pre-defined directions during the welding process, and support the evaluation of 

the weld quality as a function of load output. With the developed clamping device, it was possible 

to find the relationship between the vertical load and the weld quality, even when using a position 

control approach. 

 

The generated heat is a crucial factor in any welding technique, and measuring the welding 

temperature can help to optimise the welding process and its parameters. Due to this fact, a 

temperature measurement device was required to be able to measure the welding temperature in 

the different positions of the weld extension. It was critical to understand how much heat could 

be generated at the bottom and the surface of the weld nugget using different welding tools and 

parameters. The temperature measurement near to the welding operation gives a reliable 

indication of the amount of generated heat that can be used for parameter optimization. 
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1.3 Outline of This Thesis 

The outline of this thesis is presented below, which provides a binding version across the 

contents and contributions of the appended papers. This thesis by compilation is divided into 6 

chapters as follows: 

 

Chapter 1 – Introduction. The motivation of the work has been given with an overview of 

the needs for investigation in polymer FSW. Then, a brief description of the problem statement 

was provided to justify the motivation of the presented work, followed by the objectives of this 

work and a summary of academic publications. 

 

Chapter 2 – Background. In this chapter, background information on the FSW process is 

provided, including different methods, welding tools and process optimizations. As the tool 

plays an important role in this process, the main focus of this chapter is to introduce the 

developed welding tools used to friction stir weld different polymers in various configurations.  

 

Chapter 3 – System Design. In this study, the main focus was to design and develop a system 

to weld polymeric materials. This chapter is dedicated to the design and the developments 

carried out on the welding system, namely: the welding tool evolution and the developed 

sensitized force platform. The design concept and developments of these two essential welding 

tools are also exposed in this chapter. 

 

Chapter 4 – Experimental Results. This chapter presents the results the characterization of 

the developed welds. The effect of the different welding parameters on the weld strength, the 

measurements of the forces generated during the welding and the amount of generated 

frictional heat are described in this chapter. 

 

Chapter 5 – Investigations Output and Future Research. This chapter has the purpose of 

presenting the conclusions achieved, followed by the suggested future investigation outlook and 

necessary steps. 

 

Chapter 6 – Annexes. This chapter is dedicated to the academic publications by the author 

related to FSW of polymeric materials. They consists of a patent, six journal articles and two 

conference papers. 
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1.4 Investigation Overview 

This section provides a brief description of the academic publications obtained during the 

period of this PhD study. This work attempted to overcome the problems regarding FSW of 

polymeric materials and find systematic solutions, which resulted in publications of a patent for 

welding tool, six articles in high impact Science Citation Index journals and two conference papers 

as presented in Table 1. 
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Table 1- Academic publications 

Patent   

Authors Title Publisher Annex 

Shayan Eslami et al. Ferramenta de soldadura INPI – Pat. N.º PT108455 P-I 

Journal articles 

Authors Title Journal Annex 

Shayan Eslami et al. 
Friction stir welding tooling for 
polymers: review and prospects 

The International Journal 
of Advanced 
Manufacturing Technology A-I 

Eslami, S., P.J. Tavares, and P.M.G.P. Moreira Friction stir welding tooling for polymers: review and 
prospects. The International Journal of Advanced Manufacturing Technology, 2016. 1-14 DOI: 
10.1007/s00170-016-9205-0. 

Shayan Eslami et al. 
Shoulder design developments for 
FSW lap joints of dissimilar 
polymers 

Journal of Manufacturing 
Processes 

A-II 
Eslami, S., et al. Shoulder design developments for FSW lap joints of dissimilar polymers. Journal of 
Manufacturing Processes, 2015. 20, Part 1, 15-23 DOI: 10.1016/j.jmapro.2015.09.013. 

Shayan Eslami et al. 
Multi-axis force measurements of 
polymer friction stir welding 

Journal of Materials 
processing technology 

A-III 
Eslami, S., et al. Multi-axis force measurements of polymer friction stir welding. Journal of Materials 
Processing Technology, 2018. 256, 51-56 DOI: 10.1016/j.jmatprotec.2018.01.044. 

Shayan Eslami et al. 
Parameter optimisation of friction 
stir welded dissimilar polymers 
joints 

The International Journal 
of Advanced 
Manufacturing Technology A-IV 

Eslami, S., et al. Parameter optimisation of friction stir welded dissimilar polymers joints. The 
International Journal of Advanced Manufacturing Technology, 2017. 1-12 DOI: 10.1007/s00170-017-0043-5. 

Shayan Eslami et al. 

Fatigue behaviour evaluation of 
dissimilar polymers joints: Friction 
stir welding, single- and double-
rivets 

International Journal of 
Fatigue 

A-V 

Eslami, S., et al. Fatigue behaviour evaluation of dissimilar polymer joints: Friction stir welded, single and 
double-rivets. International Journal of Fatigue, 2018. 113, 351-358 DOI: 10.1016/j.ijfatigue.2018.04.024. 

Shayan Eslami et al. 
Polyethylene friction stir welding 
parameter optimization and 
temperature characterization 

The International Journal 
of Advanced 
Manufacturing Technology A-VI 

Eslami, S., et al. Polyethylene friction stir welding parameter optimization and temperature 
characterization. The International Journal of Advanced Manufacturing Technology, 2018. DOI: 
10.1007/s00170-018-2504-x. 

Conference papers 

Authors Title Conference Annex 

Shayan Eslami et al. 

Effect of friction stir welding 
parameters with newly developed 
tool for lap joint of dissimilar 
polymers 

1st International 
Conference on Structural 
Integrity, ICSI 2015, 
Madeira, Portugal 

C-I 

Eslami, S., et al. Effect of Friction Stir Welding Parameters with Newly Developed Tool for Lap Joint of 
Dissimilar Polymers. Procedia Engineering, 2015. 114, 199-207 DOI: 10.1016/j.proeng.2015.08.059. 

Shayan Eslami et al. 
Fatigue life assessment of friction 
stir welded dissimilar polymers 

2nd International 
Conference on Structural 
Integrity, ICSI 2017, 
Madeira, Portugal 

C-II 

Eslami, S., P.J. Tavares, and P. Moreira Fatigue Life Assessment of Friction Stir welded Dissimilar Polymers. 
Procedia Structural Integrity, 2017. 5, 1433-1438 DOI: 10.1016/j.prostr.2017.07.208. 

 
  

https://doi.org/10.1016/j.ijfatigue.2018.04.024
http://www.sciencedirect.com/science/article/pii/S1877705815016987
http://www.sciencedirect.com/science/article/pii/S1877705815016987
http://www.sciencedirect.com/science/article/pii/S1877705815016987
http://www.sciencedirect.com/science/article/pii/S1877705815016987
http://dx.doi.org/10.1016/j.proeng.2015.08.059
https://www.sciencedirect.com/science/article/pii/S245232161730327X
https://www.sciencedirect.com/science/article/pii/S245232161730327X
https://doi.org/10.1016/j.prostr.2017.07.208
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2 Background 

Welding is a crucial process in the manufacturing industry, and choosing a right welding method 

is critical, depending on several factors such as quality of the final product, the geometry and the 

weld materials [4]. The FSW process is a method based on the generation of frictional heat, 

between the FSW tool and the surface of the parent materials. The heat generated by friction is 

used to forge the materials together under an axial force. Originally, this welding technique was 

used to weld materials that are difficult to weld using traditional fusion welding techniques [5]. 

FSW has a high potential to weld similar and dissimilar materials with good mechanical and physical 

properties. Welding dissimilar materials became an intense research subject at both industrial and 

academic levels in recent years [6]. FSW is one of the most attractive methods to weld dissimilar 

materials due to its solid-state philosophy, the ability for full automation and environmental-

friendliness. Even though FSW was originally developed for joining aluminium alloys [7], the 

advantages of this technique naturally led into the development of the technique for welding other 

materials such as polymers [3], titanium alloys [8], steel [9], copper [10] and even joining dissimilar 

metallic materials [11]. 

   

A conventional FSW tool consist of a rotating probe attached to a shoulder, which penetrates 

the parent materials and traverses along the weld line. The schematic representation of a typical 

FSW butt joint is shown in Figure 1. The frictional heat forces the materials into reaching the plastic 

deformation stage [12], and the rotating probe stirs the plasticized materials under the shoulder’s 

axial force. 

 

As presented in Figure 1, the weld seam can be divided into two sides: 

1. Retreating Side (RS), where the tool rotational direction is opposite of the welding direction; 

2. Advancing Side (AS), where the tool rotational direction is the same as the welding direction. 
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Figure 1- Schematic of a butt joint FSW using conventional tool. 

 

Taking into consideration the advantages of the FSW technique and the increase of a global 

need for consumption of lightweight design structures [13], more adaptable and environmental 

friendly joining methods are desired in order to keep up with the fast-growing industrial demand. 

The applicability of the FSW technique is not limited to metallic materials [3], and recently new 

studies investigated the possibility of joining polymer-polymer [14] and polymer-aluminium [15]. 

However, since the invention of FSW, the majority of the studies have been focused on metallic 

materials, and scarce investigations were focused on polymeric materials, in particular regarding 

tool design, welding temperature and the forces generated during welding. Polymers behave 

differently than metallic materials, especially in what concerns the tool design. A full review and 

a complete state of the art for FSW tooling of polymeric materials is provided in Annex A-I [16]. 

However, a brief background of the polymer FSW and most effective tools used to weld polymeric 

materials is presented in this chapter. 

 

Welding of polymers can be categorised into two groups as follows [17]: 

1. Mechanical movement to generate heat, such as vibration welding, friction welding and 

ultrasonic welding; 

2. Additional heating technique, such as hot gas welding, hot pipe welding, resistive and 

implant welding. 

 

For all the above welding techniques, the first step is to generate enough heat in order for the 

parent materials to reach the plastic deformation stage, then the soft materials will bond together 

under the applied pressure, and the final stage will be to let the material cool down under pressure 

to avoid formation of voids inside the weld nugget [18, 19]. 
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2.1 Friction Stir Welding of Polymers 

The FSW technique can be applied for a wide variety of joint configurations and thicknesses, 

although butt and lap joint configurations are the most commonly used ones for industrial 

applications. Using this technique, welding is possible in all positions due to the absence of the 

gravitation effect. Since FSW of metallic materials obtains strong welds with good mechanical 

properties, several researchers attempted to weld polymeric materials using this welding method. 

Initially, the possibility of polymer FSW was investigated using the same tool design concept as 

used to weld metallic materials [16]. However, due to the mechanical properties of polymers, some 

adjustments were necessary regarding the tool design, in order to produce strong welds with good 

surface quality. As mentioned earlier, the main advantage of this method is based on its solid-state 

nature where the materials do not reach the melting point, helping to preserve the materials 

mechanical properties. However, as claimed by Strand [19], FSW of polymeric materials is not an 

absolute solid-state process due to the different molecular weights and chain lengths in polymers. 

During the process, the shorter chains can reach their melting points, whereas the longer chains 

might not reach the required temperature. A brief background of the most effective FSW tools 

developed up to this point is presented in the following section, and the full description is provided 

in Annex-I as a review article. 

 

2.1.1 Conventional Friction Stir Welding 

 

The conventional FSW tool consists of a rotating probe attached to a cylindrical shoulder with 

a larger diameter, as presented in Figure 1. Using this tool design concept, the shoulder generates 

most of the heat by rotating on the plate surface, while the probe stirs the soft materials under 

the axial force. In order to analyse the weld strength using a conventional welding tool, different 

polymeric materials were tested and analysed. Some of the tested materials using conventional 

friction stir welding tools are: Polypropylene (PP) [20, 21], Polyethylene (PE) [14, 17], Nylon6 (PA6) 

[5, 22], Polyvinyl Chloride (PVC) [5, 23], Polycarbonate (PC) [24] and Polymethyl Methacrylate 

(PMMA) [25]. 

 

One of the main conclusions from the initial experimental tests was the importance of the 

probe geometry on the heat generation, material flow and weld strength. Ahmadi [26] claimed that 

probe length and geometry have a significant effect on the weld quality, and compensating the 

shortness of the probe by pushing more into the weld materials would require an extra amount of 

axial force, leading to the formation of flash defect. Flash defect refers to the materials expelled 

from the weld bead due to the applied axial force. Moreover, threaded [26] or grooved [27] probes 

are essential for polymer FSW, responsible for mixing the soft materials due to greater amount of 

turbulence on the weld seam. 

 

Some researchers tried to friction stir weld polymeric materials with the use of an auxiliary 

heating system, in order to compensate the lack of heat due to the low thermal conductivity and 
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the friction coefficient of polymers [28]. They claimed that in order to increase the temperature, 

it is necessary to heat up the parent materials, rather than heating the welding tool directly. Using 

a hot plate as an auxiliary heating source created very strong welds, yet lack of repeatability was 

one of the main issues using this tool and method. The main conclusion from the initial experiments 

was that the conventional FSW tools may not be suitable for welding polymeric materials due to 

the flash defect formation [2]. Tensile strength of the produced welds is normally low and mostly 

affected by the probe geometry and welding speed, which brings about the formation of defects in 

weld seams. So, new developments are required regarding the tool design in order to create quality 

welds with good repeatability. 

 

2.1.2 Friction Stir Spot Welding 

 

One of the methods that stemmed from FSW, is Friction Stir Spot Welding (FSSW), which 

benefits from the same concept as FSW but not in a linear motion. In the FSSW method, the welding 

tool plunges into the base materials under an axial force, and the tool retracts when the desired 

temperature is achieved by dwelling, eliminating the traversing part of the process. FSSW was 

originally developed by Mazda Motor Corporation and Kawasaki Heavy Industry, to replace 

Resistance Spot Welding (RSW) for aluminium sheets [29]. The main benefits of this method 

compared to the other commercially available techniques are: low energy consumption, cost-

efficient method due to minimal equipment requirement and environmentally friendly process [30]. 

However, obtaining quality welds using FSSW for polymeric materials is a challenging task due to 

the mechanical characteristics of polymers. 

 

In FSSW, the rotating tool plunges into the overlapped base materials as illustrated in Figure 2. 

Depending on the base materials and the welding tool, the conditions of the illustrated phases 

might be different. Usually, the probe plunges partially on the surface of the base materials in 

order for the temperature to increase and reach to the desired value. Then, the tool plunges until 

the shoulder contacts the top of the base material to the predefined axial force or plunge depth. 

At this stage, the tool stops its vertical positioning and just rotates and stirs the soft material under 

the shoulder’s axial force (dwell time). The tool suddenly stops after the dwell time, and remains 

in the workpiece to consolidate the materials, followed by a retracting phase, when the tool is 

pulled from the base materials [31]. 

 

 Figure 2- Schematic representation of the friction stir spot welding process [31]. 
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Tool geometry, dimensions, material and in general, all the parameters related to the spot 

welding tool have a significant effect on the weld quality, as it is responsible for heat generation 

and stirring of the materials [32]. Some researchers investigated the use of FSSW method to weld 

polymeric materials, such as High Density Polyethylene (HDPE) [33], ABS [34], PP [35], PMMA [36] 

and even dissimilar PMMA/ABS materials [37]. However, it is hard to obtain quality welds with a 

great repeatability using conventional welding tools, due to ejection of the plasticized material 

out of the weld nugget. To avoid this unwanted behaviour, a stationary shoulder was used to push 

the material down [37], however, with absence of a rotating shoulder, heat generation is reduced 

drastically. This issue is even more pronounced in linear FSW welding, when the tool traverses 

along the weld line. Also, FSSW is limited for specific applications, geometries and necessity of 

overlapped positioning. With all this in mind, a new systematic tool design is required to produce 

sound welds for different polymeric materials, thicknesses and configurations. 

 

2.1.3 Stationary Shoulder Friction Stir Welding 

 

Since the tool plays a critical role in the FSW process, the development of adequate FSW tools 

for polymeric materials is considered a topic that must be fully addressed. As mentioned above, it 

is difficult to obtain good surface quality and mechanical properties of the welded part with 

conventional FSW tools for polymers [2]. It was realized [3, 27] that the conventional tools push 

the soft material out of the weld seam. This material loss is responsible for poor joining, mainly on 

the retreating side of the weld, leading to low tensile strength and poor mechanical properties. 

 

Up to now, the most effective tool for polymer FSW was developed by Nelson and it is called 

“hot shoe” [3]. The patented schematic of this tool is presented in Figure 3a) and consists of a 

static shoulder made of aluminium and coated at the bottom with PTFE, in order to produce a 

smooth welding surface and prevent sticking of the materials at the bottom of the tool. The static 

shoulder with a thrust bearing, forces the plasticized materials into the weld seam under the shoe’s 

axial force. A thermocouple and a heater were located inside the shoe with the intention of 

measuring and controlling the desired heat. The “shoe” is mainly responsible for trapping the soft 

material inside the weld bead and holding the weld under the axial force, as it begins to cool down. 

 

After the hot shoe invention, many researchers investigated different polymers and 

configurations using the hot shoe concept in order to optimize and evaluate the effect of this tool 

on the weld quality and appearance [17, 19, 38]. An example of a modified version of this tool is 

presented in Figure 3b). This tool creates strong welds with good appearance and mechanical 

properties and repeatability. The input temperature and probe geometry of the tool can be varied 

regarding the base material‘s characteristics, thickness and joint configurations. As mentioned 

above, different materials successfully welded together with the joint characteristics close to the 

parent materials, such as: HDPE, PP and ABS. 
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Figure 3- Welding tool for thermoplastics. a) the patented "hot shoe" [3], b) the modified welding tool using 

the same concept [38]. 

 

There are different approaches regarding the tool design in the literature, using stationary 

shoulder and external heating source, as explained fully in the Annex A-I. However, tools able to 

produce sound welds, usually have complex geometries with additional external heating, which 

requires thermocouples to monitor and control the additional heat applied during welding. This is 

a drawback for the FSW method, as one of the most significant factors of this process is being a 

simple, cost-effective and green process. 

 

As an answer to this challenge, the main objective of this study was to develop a welding tool 

that is easy to manufacture, low-cost and without any sort of additional heating. To achieve this 

objective, the developed welding tool went through different design stages and experimental tests. 

The evolution of the developed FSW tool in this study is explained in the next chapter.  
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3 System Design 

This study aimed at developing an innovative FSW solution for polymer joining. For this purpose, 

an inexpensive Optimum BF20 3-axis CNC milling machine was used and modified. The machine was 

controlled with G/M codes using Mach3 software. In order to produce quality welds, different 

aspects were considered and developed. The first, with the main effect on weld quality, is the 

welding tool. A new tool concept was developed and patented, which is presented in Annex P-I. 

Another important aspect was the development of a sensitized clamping system with the ability to 

measure the forces generated during welding, and to clamp the parts rigidly during the welding 

procedure. 

 

As the FSW tool plays a fundamental role in this process, depending on the parent material’s 

characteristics and joint configuration, tool design modifications are required to adopt to the new 

conditions. This chapter summarizes the development of the system design for FSW of polymeric 

materials. Although this system was developed for welding polymeric materials, this system design 

concept can be modified to weld a wide range of materials.  
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3.1 Welding Tool 

Different tool concepts, designs, geometries and materials were tested in a path to the final 

tool design. The evolution of the developed tool and its process is shown briefly in Figure 4. First, 

a conventional welding tool was used, testing different shoulder diameters and probe geometries. 

The most common FSW tool for welding metallic materials consists of a rotating probe attached to 

a shoulder with a larger diameter. In this case, the shoulder has the main role of generating heat 

due to the friction between the shoulder and the top surface of the parent material. The initial 

tests were performed using conventional rotating shoulder designs with different diameters. It was 

therefore concluded that the rotating shoulder design concept is not a good solution for welding 

polymeric materials. The produced weld nugget presented a very rough surface, and flash and root 

defects occurred along the weld regardless of welding parameters and tool geometry [27]. 

 

 Figure 4- The evolution of the welding tool design.

 

Afterwards, a new tool design was tested, which consisted of a rotating probe with a free 

rotational movement relatively to the stationary shoulder. In order to avoid the shoulder rotation, 

a tool incorporating bearings was designed. Stationary shoulders with different materials have been 

developed, tested and analysed. Polycarbonate, PTFE, Aluminium, wood, ceramic, copper and 

brass stationary shoulders have all been tested, and full results are published and presented in the 

Annex A-II. 

 

Using stationary shoulders, there are some challenges that had to be addressed in order to 

produce sound welds. Without the rotating shoulder, the rotating probe generates all the frictional 
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heat. Most of the previous studies in this area used an external heating source located inside the 

shoulder to compensate lack of generated heat [19]. Also, another challenge when using a 

stationary shoulder is to prevent the injection of the soft material inside the shoulder, which is one 

of the main causes for the shoulder to deform and fail, especially using low welding speeds and 

long weld lines. 

 

Different shoulder materials behaved differently during the welding process depending on 

which material was used for the stationary shoulder. The metallic stationary shoulders produced 

rough surface quality, and most of the frictional heat was transferred to the shoulder body instead 

of the weld nugget. Using stationary shoulders made of PTFE, Polycarbonate and Polyether ether 

ketone (PEEK) created welds with very good surface quality when compared to the other tested 

materials. However, in order to avoid material loss in the weld nugget, brass and copper sleeves 

with lubrication capability were tested. These highly heat conductive metals used as sleeves around 

the probes, heated up the probe excessively and caused the PTFE around the probe to deform. It 

was concluded that for this design concept, the most effective solution is to have a brass sleeve 

inside a copper sleeve. It gives one more degree of freedom and even though the brass sleeve 

rotates, it does so inside the copper sleeve and will not damage the polymeric shoulder [27]. This 

method can easily increase the functional life of the shoulder and eliminates defects such as 

material loss in the weld bead. The PTFE stationary shoulder and two sleeves produced strong 

welds with good surface quality for thin polymer plates with low melting points. However, using a 

probe diameter smaller than 4 mm caused the probe to fail due to the high lateral force during 

welding. These issues led to improvements of the tool design as presented in Figure 4. 

 

The final tool design has the potential to generate excessive amount of heat by choosing the 

right design and geometry. The new tool was designed in a way that axial forces are transferred to 

the stationary shoulder instead of the probe, which enables the probe to have any desirable size 

and shape. The final tool design consists of a stationary shoulder made of PEEK material with an 

angular contact bearing that allows independent rotational movement between the rotating probe 

and the shoulder. An innovative design was used promoting heat generation between the copper 

sleeve and rotating probe. To avoid any unwanted vertical movement of the copper sleeve inside 

the stationary shoulder, two locking shafts were used to fix it onto the shoulder. The frictional 

heat generated between the copper sleeve and the rotating probe preheats the base material 

before passing of the tool. This hot sleeve creates a path on top of the weld materials under the 

axial force, which is named as “sleeve layer”. The sleeve layer width is the same size as the copper 

one and can be modified regarding to the weld material properties, thicknesses and configurations. 

The final tool design was able to generate frictional heat up to 400ºC and produce welds with 97% 

strength of the base material’s tensile strength. Also, dwell time plays an important role in this 

process to preheat the welding tool, promoting welding in higher speed. 
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3.2 Sensitized Clamping Device 

The FSW process can be divided in three main phases: heating, deforming and forging. When 

the welding tool advances in the base materials, frictional heat between the tool and the parent 

materials is generated, which leads to plastic deformation of the materials, and forges the soft 

material into the weld bead under the axial force. In this process, the applied forces play an 

important role to obtain strong welds with high mechanical properties. The importance of 

measuring the forces arises from the fact that the generated frictional heat is proportional to the 

applied force during welding [39]. This issue is even more prominent for welding polymeric 

materials, due to possible formation of flash defects and the necessity of a stationary shoulder to 

forge and avoid material ejection from the weld seam [16]. During this process, linear and 

rotational movements of the welding tool generate forces in different directions due to the inertial 

and viscous forces [40]. For this purpose, a sensitized clamping system with the ability of acquiring 

the generated forces was developed in three predefined directions, FX, FY and FZ. Using this device 

it was possible to consider the axial force as a welding parameter when using a position control 

welding system. 

 

The developed force platform consists of 3 parallel plates and 12 load cells [41]. The clamping 

system assembles over the top plate in order to fix the parent materials rigidly. To measure the 

axial force, four load cells were located at the bottom of the top plate and fixed on top of the 

floating plate with M4 bolts. Then the floating plate was fixed over the bottom plate with 4 rod-

end spherical ball bearings. The reason for using a floating plate concept is to have free linear 

movements to measure the traversing and lateral forces accurately without disturbing the vertical 

forces in X and Y directions. The 3D CAD model of the developed force platform is shown in Figure 

5a), and the actual clamping device made for this purpose is illustrated in Figure 5b). A journal 

article [41] was published, Annex A-III, regarding the multi-axis force measurements and the effect 

of the welding parameters on the active forces during welding. 

 

 

a) 
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Figure 5- Sensitized Clamping platform. a) CAD model of the developed Force platform; b) photo of the 

device assembled in the CNC machine. 

 

For each force direction, four Vetek planar load cells (202WA) were employed with a maximum 

capacity of 300 kg each. Then, the load cells were connected to a DB-25 electrical connector, 

which transfer the acquired data to the National Instrument bridge input module (NI-9237). Three 

such modules, one for each force direction were booked on the slots of the NI cDAQ-9188 chassis, 

and data was acquired using a developed LabView algorithm, as depicted in Figure 6. The Load 

cells were calibrated before acquiring the multi-axial force measurements. 

 

 

Figure 6- The schematic view of the data acquisition for each force direction. 

b) 
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The calibration was performed for all the three axes and the calibration values were added to 

the LabView algorithm. For the Z axis, simply different loads were added on top of the plates and 

the axial forces were measured and calibrated. However, in order to apply different forces in X 

and Y axes, a structure was used to guarantee an accurate measurement in the same plane as the 

measured axis. Figure 7 illustrates the calibration setup for the X direction. Similarly to the Z axis, 

different loads were added and the applied forces were measured and added to the LabView 

algorithm. For the actual calibration process, to ensure the accuracy of the measured forces, a 

calibrated load cell was added to the axis that is being measured, as show in the Figure 7. The 

calibration has performed once after assembling the force platform, and then always before 

starting the welding process, several loads were added on top of the force platform to validate the 

measured axial force. 

 

 

 
Figure 7- The setup used for calibrating the force platform. 
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4 Experimental Results 

This chapter is focused on the mechanical characteristics of the produced joints and the effect 

of each welding parameter on the weld strength, appearance, welding temperature and forces 

during welding. For this purpose, similar and dissimilar polymers with various thicknesses were 

welded in two different configurations: lap joint of dissimilar polymers and butt joint of identical 

polymers. The mechanical behaviour was evaluated with tensile and fatigue tests. 

4.1 Lap joint of dissimilar polymers 

One of the chief advantages of FSW is the capability to weld in different configurations. Butt 

joint, lap joint and T-joint are the most common configurations, which are being used in different 

industrial segments. The lap joint is broadly used in assemblies of components in the transportation 

industry, with the aim of replacing the riveting method [42], mainly because the rivet holes are 

stress concentration raisers. Moreover, the elimination of mechanical fasteners for assembly 

reduces the weight and cost of the final product. In order to evaluate the joint quality of polymer 

FSW in lap joints, two dissimilar polymers with different thicknesses were used, and the welding 

parameters were optimized using a Taguchi Design of Experiments (DOE). 

 

The schematic of FSW process in the lap joint configuration is presented in Figure 8a). Two thin 

plates of dissimilar polymers were welded in lap joint configuration using position control FSW 

method. A 2.0 mm thick High-Molecular-Weight-Polyethylene (HMW-PE) and a 1.2 mm thick 

Polypropylene (PP) were cut to 120×120 mm2 plates and fixed using the sensitized clamping device. 

After welding process, the welded plates, Figure 8b), were machined to prepare the specimens for 

assessing the tensile strength and fatigue life of the produced joints. Three specimens were 

machined and tested from each welded plate with a 600 mm2 overlapped area, Figure 8c). For this 

optimization process, 48 plates were welded using 16 set of welding parameters, each repeated 

three times. 

 

Generally, in the FSW technique, tool design and its variables have the main influence on the 

weld quality and strength. In order to optimize the welding process, instead of testing the entire 
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welding parameters range, a Design of Experiment (DOE) method was selected and implemented 

to reduce the number of experimental runs during the study. The Taguchi method is one of the 

most popular methods for quality control that has been widely used for process optimization, to 

keep the number of experiments under control, avoiding the evaluation of all the parameters 

combinations. A Taguchi array was selected to define the best parameter combinations to perform 

these FSW experiments. 

 

 

 
 

Figure 8- Lap joint configuration of dissimilar polymers. a) CAD model of lap joint using stationary FSW tool; 
b) welded plate; c) dimensions of the tested specimens. 

  

a) 

b) c) 
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In this work, digital image correlation (DIC) technique was employed in order to achieve the 

full displacement and strain field of the parent materials and friction stir welded specimens. DIC 

is an optical, full-field, non-contact technique to measure displacement fields both in-plane (2D) 

and out-of-plane (3D) applications [43]. It works based on recording images in different stages of 

a test, by tracking blocks of pixels and measuring surface displacement when subjected to a 

deformation. DIC method has proven to be a reliable and flexible tool for deformation analysis. In 

this study, a VIC-Gauge 3DTM system from Correlated Solutions with two 4 MPixel cameras was used 

for measurement of the strain field in the failure region. The cameras were equipped with Rodagon 

80 mm focal length lenses from QiOptic and positioned at approximately 1000 mm from the 

specimen. The DIC cameras position and orientation is shown in Figure 9a), and the actual DIC 

setup during the tensile test is presented in Figure 9b). 

 

  

 
Figure 9- DIC cameras position. a) top view schematic; b) DIC setup during the test. 

 

A random speckle pattern is applied to the test specimen, Figure 10b), which offers the correct 

contrast required for the monochromatic cameras that are used for the experiment. This is 

commonly implemented by applying a sprayed black ink over a smooth white layer over the surface 

of the specimen. This random pattern is captured in a reference image and followed throughout 

the experiment. The displacement field due to straining the specimen is calculated from the 

correlation of each image with the reference. Before acquiring the data, the system was calibrated 

using a 12 x 9 dots calibration pattern as it is illustrated in Figure 10a). The calibration was 

implemented in order to measure both intrinsic and extrinsic cameras parameters to enable a 

stereo surface reconstruction by VIC-Gauge 3DTM. 

 

b) a) 
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Figure 10- a) calibration pattern; b) painted specimen for DIC measurement. 

 

Before running each test, a reference image was captured. Then the specimen was loaded using 

2 mm/min testing rate, and the real-time strain was measured with a 50 mm virtual length 

extensometer until failure. The results are presented in Figure 15. The load was measured by the 

Instron E1000 machine equipped with a 1 kN load cell. 

 

Subsequently, after optimization of the welding parameters, and analysing the weld strength 

for different set of parameters, several specimens were produced using optimized welding 

parameters. Then, the prepared specimens were used to compare with commercially available 

joining methods. For this purpose, the FS welded specimens were compared with the parent 

materials, riveting technique and ultrasonic welding. The following sub-sections are dedicated to 

this subject.  

a) 

b) 
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4.1.1 FSW process optimization 

 

In order to study the welding parameters and their interactions, a L16 (2
15) Taguchi orthogonal 

array was selected. This Taguchi design was selected because of its special feature to study all the 

interactions between the main welding parameters. From the preliminary tests, the five most 

influential welding parameters were chosen, each in two levels as presented in Table 2. 

 
Table 2- FSW welding parameters and levels for Taguchi design 

Symbol Welding parameter Unit Level 1 Level 2 

A Probe shape ---- Flat face (F) Triangular (T) 

B Rotational speed (rpm) 1500 2500 

C Welding speed (mm/min) 20 100 

D Probe diameter (mm) 3 6 

E Probe length (mm) 2.4 2.8 

 

With the absence of a rotating shoulder to assist in the heat generation, the probe plays an 

even more important role to produce frictional heat and stir the materials together. The welding 

tool used for these polymers in overlapped position is presented in Figure 11. As concluded in 

previous studies [27], probes should have threads or grooves to allow the softened material to flow 

easily. Without grooves or threads the soft materials tend to stick on the advancing side of the 

weld nugget. With this in mind, two different probe geometries were manufactured and tested, 

which consist of 60º groove with 1 mm distance from the bottom of the probes, named as: flat face 

probe, Figure 11d), and triangular shaped probe, Figure 11e). 

 

 

Figure 11- The tool used for welding lap jointed polymers. a) front view; b) section view, c) bottom view; d) 
probe geometry with flat faces; e) triangular probe geometry. 
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For analysing the quality characteristics, Taguchi defines three categories of signal-to-noise 

(S/N) ratio, [44]: 

(y1, y2 … yn are data points) 

 

1. The nominal-the-better, equation (1-4); 

 

 
𝑇 = 𝑆𝑢𝑚 𝑜𝑓 𝑑𝑎𝑡𝑎 =  ∑ 𝑦𝑖

𝑛

𝑖=0

 
(1) 

 
 

𝑆𝑚 = 𝑆𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑚𝑒𝑎𝑛 =
𝑇2

𝑛
 

(2) 

 
 

𝑉𝑒 = 𝑀𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒) = ∑
(𝑦𝑖 − �̅�)2

𝑛 − 1

𝑛

𝑖=1

 
(3) 

 
 

𝑆
𝑁⁄ = 10 𝑙𝑜𝑔 [

1
𝑛

 (𝑆𝑚 − 𝑉𝑒)

𝑉𝑒

] 

(4) 

 

The S/N ratio is calculated based on the S/N analysis. The higher value of the S/N ratio identify 

the control factor settings that minimize the effect of the noise factors, corresponding to better 

quality characteristics. Minimizing the S/N ratio is equivalent to minimizing the variations or the 

standard deviation. 

 

2. The lower-the-better, equation (5); 

 
𝑆

𝑁⁄ = −10𝑙𝑜𝑔 (
1

𝑛
∑ 𝑦𝑛

2

𝑛

𝑖=1

)  
(5) 

 

3. The larger-the-better, equation (6); 

 
𝑆

𝑁⁄ = −10𝑙𝑜𝑔 (
1

𝑛
∑

1

𝑦𝑖
2

𝑛

𝑖=1

)  

(6) 

 

The optimal level of each factor is the one that satisfies the requirements of the output 

variables. In order to determine which factor has a statistically significant effect on the final 

quality, the analysis of variance (ANOVA) can be applied. ANOVA is a standard statistical technique 

to analyse and interpret the experimental results [45]. The purpose of ANOVA is to find the input 

parameters that have statically significant effect on the output variables, and the level of 

importance of these parameters in the process. Then, the contribution of each factor is calculated 

for each significant factor and/or interactions. The contribution of each parameter is the portion 

of the total variation observed in the experimental tests, which is a function of the sum of the 

squares for each significant factor [46]. Total sum of squares (SST) in ANOVA is calculated by using 

the following equation (7) [47]: 
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𝑆𝑆𝑇 = ∑(𝑌𝑖 −  �̅� )2

𝑁

𝑖=1

 
(7) 

 

Where N is the number of tests in the selected orthogonal array, Y i is the tested result of the 

ith experimental test, and �̅� is calculated by the following equation (8): 

 
 

�̅� =
1

𝑁
∑ 𝑌𝑖

𝑁

𝑖=1

 
(8) 

 

The total sum of the squared deviation (SST) is decomposed into the sum of the squared 

deviations of each process parameter (SSP) and the sum of squared error (SSe), which are calculated 

as follows: 

 

 
𝑆𝑆𝑝 = ∑

(𝑆𝑌𝑗)2

𝑡
− 

1

𝑁
 [∑ 𝑌𝑖

𝑁

𝑖=1

]

2𝑡

𝑗=1

 

 

(9) 

 
𝑆𝑆𝑒 = 𝑆𝑆𝑡 −  ∑ 𝑆𝑆𝑝𝑖

𝑖

𝑗=1

 
(10) 

 

Where “p” represents one of the experimental parameters, “j” is the level number of 

parameter “p”, and “t” is the number of repetitions of each level of the parameter “p”. SYj 

corresponds to the sum of the experimental results involving parameter “p” and level “j”. 

 

The total degree of freedom is 𝐷𝑇 = 𝑁 − 1, and the degree of freedom of each parameter is 

𝐷𝑝 = 𝑡 − 1. Moreover, the variance of the parameter tested (Vp), F-value and the percentage of 

contribution ρ can be calculated as following equations, 11, 12 and 13: 

 

 
𝑉𝑝 =  

𝑆𝑆𝑝

𝐷𝑝

 

 

(11) 

 
𝐹𝑝 =  

𝑉𝑝

𝑉𝑒

 

 

(12) 

 
ρ𝑝 =

𝑆𝑆𝑝

𝑆𝑆𝑇

 (13) 

 

In order to study the influence of the welding parameters and their interaction on the weld 

quality for the lap jointed dissimilar polymers, L16 (2
15) orthogonal array was selected and tested 

as presented in Table 3. In this study, which aims at the optimization of the joints’ shear strength, 

the function proposed by Taguchi for signal-to-noise ratio was calculated according to “larger-the-

better” as presented in equation 6. 
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Table 3- L16 orthogonal array for 5 welding parameters each in 2 levels 

 

The distribution of the welding parameters and their interactions were defined using the linear 

graph proposed by Taguchi for the L16 design [48], as presented in Figure 12. 

 

 

Figure 12- Linear graph for L16 orthogonal array [48]. 

 

Specimen 
ID 
    

FSW process parameters 

A B C D E 

Probe Shape 
Rotational 

speed 
Welding 
Speed 

Probe 
Diameter 

Probe 
length 

--- (rpm) (mm/min) (mm) (mm) 

S1 Flat face 1500 20 3 2.4 

S2 Flat face 1500 20 6 2.8 

S3 Flat face 1500 100 3 2.8 

S4 Flat face 1500 100 6 2.4 

S5 Flat face 2500 20 3 2.8 

S6 Flat face 2500 20 6 2.4 

S7 Flat face 2500 100 3 2.4 

S8 Flat face 2500 100 6 2.8 

S9 Triangular 1500 20 3 2.8 

S10 Triangular 1500 20 6 2.4 

S11 Triangular 1500 100 3 2.4 

S12 Triangular 1500 100 6 2.8 

S13 Triangular 2500 20 3 2.4 

S14 Triangular 2500 20 6 2.8 

S15 Triangular 2500 100 3 2.8 

S16 Triangular 2500 100 6 2.4 
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Following the Taguchi method, each set of welding parameters were repeated three times for 

averaging purposes, and three specimens were extracted from each welded plate from beginning, 

middle and the end of the weld with 600 mm2 overlapped area, as shown in Figure 8c). The shear-

strength of the fabricated welds was analysed using an Instrom ElectroPuls™ machine. The tests 

were performed according to ASTM D-638 [49] standard test method for tensile properties of plastic 

using a 2 mm/min loading rate. As an example, different stages of one of the specimens under the 

shear stress loading are shown in Figure 13. 

 

 
Figure 13- a) welded specimens before test; b) grips and setup; c and d) specimen under the shear stress; e) 

specimen after failure [50]. 

 

In order to determine the optimal combination of the variables, the significance level of each 

parameter and interaction on the weld strength is required. As explained above, to analyse the 

statistical significance of the welding parameters on the weld quality, the ANOVA method was 

applied. This section presents the tests results and application of variance analyses on those to 

determine which parameters or interactions had more influence on the mechanical properties of 

the produced joints. The ANOVA was implemented considering a level of significance of 5% 

(confidence level of 95%). The mean value of each welded plate (three specimens each) and the 

calculated signal-to-noise ratio for each set of the parameters are presented in Table 4. 
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Table 4- The tested specimens with three repetitions 

 Test ID Maximum load 1 Maximum load 2 Maximum load 3 S/N Ratio 
 (N) (N) (N) (dB) 

S1 264.5 264.9 243.5 48.2 

S2 133.4 94.9 68.0 38.9 

S3 302.9 220.5 208.9 47.4 

S4 274.9 198.5 201.2 46.8 

S5 311.4 305.8 300.1 49.7 

S6 128.2 137.7 140.7 42.6 

S7 179.1 171.5 182.0 44.9 

S8 93.51 227.6 98.1 41.0 

S9 167.7 183.9 152.6 44.4 

S10 111.1 98.9 119.6 40.7 

S11 108.4 104.9 107.1 40.6 

S12 158.4 158.1 181.9 44.3 

S13 131.3 110.1 108.3 41.2 

S14 116.8 222.0 134.9 43.1 

S15 179.5 182.8 230.2 45.7 

S16 255.4 181.9 172.8 45.8 

 

The statistical analysis of the results was performed using Minitab and SUPERANOVA software. 

Table 5 shows the p-value and percentage contribution of each welding parameters and their 

interactions, according to the Taguchi statistical analysis explained above. These results on process 

optimization of dissimilar polymers were published and are appended as Annex A-IV and Annex C-

I. 

 
Table 5- Analysis of variance and percentage of contribution 

Source df 
Sum of 
Squares 

Mean 
Square 

F-
Value 

p-Value 
Contribution

% 

Probe Shape 1 23991.6 23991.6 20.80 0.0001 11.5 

RPM 1 622.5 622.5 0.50 0.4669 0.0 

Welding Speed 1 2267.6 2267.6 1.90 0.1695 0.6 

Probe Diameter 1 21397.6 21397.6 18.60 0.0001 10.2 

Probe Length 1 3991.3 3991.3 3.40 0.0714 1.4 

Probe Shape × RPM 1 6864.4 6864.4 5.90 0.0202 2.9 

Probe Shape × Welding Speed 1 3309.2 3309.2 2.80 0.0993 1.1 

Probe Shape × Probe Diameter 1 35423.0 35423.0 30.80 0.0001 17.3 

Probe Shape × Probe Length 1 4808.5 4808.5 4.10 0.049 1.8 

RPM × Welding Speed 1 2075.4 2075.4 1.80 0.1882 0.5 

RPM × Probe Diameter 1 49.1 49.1 0.04 0.8375 0.0 

RPM × Probe Length 1 6759.1 6759.1 5.80 0.0211 2.8 

Welding Speed × Probe Diameter 1 23521.9 23521.9 20.40 0.0001 11.3 

Welding Speed × Probe Length 1 1083.8 1083.8 0.90 0.3385 0.0 

Probe Diameter × Probe Length 1 25403.7 25403.7 22.10 0.0001 12.2 

Residual error 32 36739.6 1148.1   26.4 

Total 47 198309.3    100 
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According to the obtained results, probe shape and probe diameter are the most influential 

welding parameters on the weld strength, 11.5% and 10.2% contributions respectively. Also, the 

most influent interactions were all those related to the tool design parameters. The residual error 

presents a contribution of 26.4%, which is due to the effect of uncontrollable factors such as 

vertical force oscillations. 

 

The mean effect analysis of the main welding parameters, confirmed that the tool plays an 

important role and other parameters are passive compared to the tool design. In FSW the 

interaction between the welding parameters can affect the weld quality significantly. This 

phenomenon was carefully studied. The main effect plot for means is presented in Figure 14, where 

the optimized values are those with maximum mean values, except for welding speed, which is 

under influence of interaction with the probe diameter. As it can be seen in Figure 14, all the main 

parameters whose statistical significance on the weld strength cannot be disregarded are related 

to the tool design and geometry, which are probe shape, probe diameter and probe length. The 

tool used to weld these polymers was designed initially with a smaller copper sleeve in compared 

to the final tool design, consequently in order to reach the desired temperature, slow welding 

speed was required. 

 

 
Figure 14- Main effects plot for mean [50]. 

 

Statistically, using this tool design, Figure 11, and selected range of the welding parameters, 

the tool rotational speed has no significant effect on the weld quality or at least, the hypothesis 

that this variable is insignificant cannot be disregarded. The range of the tool’s rotational speed 

was selected based on the preliminary investigations and the milling machine’s capability. 

However, using higher values of tool rotational speed, it is observed an influence on the weld 

quality. The interactions of tool rotational speed with probe shape and rotational speed with probe 

length do not have an important contributions on the weld strength, although the variable 

significance is below the null hypothesis, at α=5%. Nevertheless, interaction of probe shape with 
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the tool rotational speed has the highest effect on the weld quality among all the interactions 

involving the tool rotational speed. The full study of the process optimization and interactions 

between the welding parameters are attached as Annex A-IV. 

 

However, it was concluded that “S5” set of welding parameters produce joints with the highest 

shear strength. In order to compare the tensile strength of the welded specimens with the parent 

materials, the concept of remote stress was employed. The remote stress of the welded specimens 

was calculated using the remote area away from the overlapped area of the thinnest parent 

material, as illustrated in Figure 15a). The tensile strength of the parent materials was obtained  

according to ASTM D-638 [49] standard test method for tensile properties of plastic using a 2 

mm/min loading rate. When comparing the remote stress of “S5” specimen with the highest 

performing parent material, PP, a joint efficiency of 76% was achieved, as presented in Figure 

15b). 

 

 

 

 

 

 
Figure 15- Lap joint of dissimilar polymers. a) Schematic of the remote are of the welded joints; b) remote 

stress vs strain for PP, PE and “S5” specimen [50]. 

a) 

b) 
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As it can be observed from Figure 15b), the developed tool produced strong welds without a 

need of using the external heating source, but with less ductility when compared with the parent 

materials. This behaviour of the welded joints can be explained due to the excessive heat 

generation and high axial force during welding. The fabricated joints consist of a mixture of two 

different polymers with different mechanical characteristics, which were stirred and forged 

together under a relatively high temperature. These factors led the weld nugget to suffer from 

lower elongation under shear stress than the parent materials. However, in order to analyse the 

fatigue life of the produced joints, several specimens were fabricated using the optimized welding 

parameters, and their fatigue life was evaluated for different loading conditions, which will be 

explained in the section 4.1.4. 
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DSC Analysis: 

 

In order to analyse the thermal transitions and structural change during the welding process, 

crystallinity of the weld nugget was measured and compared with the base materials, using 

Differential Scanning Calorimetry (DSC) technique. DSC is a method that measures heat flow as a 

function of time or temperature. The crystallinity of polymers can be determined using DSC by 

quantifying the heat associated with melting (fusion) of the polymer. This heat is presented as 

crystallinity percentage by normalizing the observed fusion heat to that of a 100% crystalline 

sample of the same polymer [51]. 

 

In this study, the crystallinity of the welded samples and the base materials were compared by 

means of DSC analysis, performed at a ramp rate of 10°C/min using Q200 equipment by TA 

instrument. Heat added to the system during the melting process is the latent heat of melting, this 

is calculated by the area of the melting peak in the DSC plot [52]. The degree of crystallinity (𝑊𝑐) 

is quantified by following equation [53]: 

 

𝑊𝑐 =
∆𝐻𝑚

∆𝐻𝑚
0

 × 100% (14) 

 

where  ∆𝐻𝑚 is the enthalpy of melt of the sample, and the ∆𝐻𝑚
0  is the enthalpy of melt of the 

perfectly crystalline polymer, for polyethylene, the value of ∆𝐻𝑚
0  is 293.6 J/g and for 

polypropylene, the value of ∆𝐻𝑚
0  is 207.1 J/g [54]. For the weld nugget of dissimilar polymers, the 

weighted average from both base materials were chosen to calculate the enthalpy of melt of 2 mm 

PE and 1.2 mm PP, which the calculated value is shown below. 

 
(2 × 293.6) + (1.2 × 207.1)

2 + 1.2
= 261.2 J/g (15) 

 

Figure 16 presents the typical DSC results obtained for samples taken from the weld seams and 

from the base materials for lap joint of dissimilar polymers. The crystallinity percentage of the 

parent materials and the weld nugget are presented in Table 6. 

 
Table 6- crystallinity percentage of the parent material and weld nugget for the lap joint of dissimilar 

polymers 

 Crystallinity percentage [%] 

Joint configuration PP PE Weld nugget 

Lap joint of dissimilar polymers 22 32 25 

 

Figure 16 shows the DSC plots for lap joint of dissimilar polymers. Particularly, Figure 16a) 

refers to the PP as base material: in the presented graph two different peaks are seen, which may 

correspond to the presence of at least two different crystal lamellae [55]. The peak at lower 

temperature indicates the melting of the thinner lamellae and the one at higher indicates the 

melting of thicker lamellae. Figure 16c) shows the DSC plot of the weld nugget: here two different 

peaks indicate the presence of two different materials at the weld nugget. Melting temperature at 
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the weld nugget is closer to the PE sample as the PE has higher thickness, which thereby contribute 

more to the melting region. The second curve in Figure 16c) corresponds to the melting point of 

the PP material, which is similar to the PP parent material, Figure 16a). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 16- DSC plots for lap joint of dissimilar polymers. a) PP base material; b) PE base material; and c) 
weld nugget. 

a) 

c) 

b) 
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4.1.2 Riveting method 

 

Rivets are a type of semi-permanent mechanical fasteners that are widely used throughout all 

industries, in particular in transportation [56]. They are made up of a cylindrical shaft with a head 

at one end, which is referred to as the bulk-tail. The rivets are placed into a pre-drilled hole, and 

then the bulk-tail section is deformed while the rivet is inside the hole, and it will expand up to 

1.5 times the original shaft diameter [56]. This mechanical fastener process can introduce high 

stresses around the rivets and the drilled holes. To reduce the stress concentration a large rivet 

head or a large washer can be used [57]. 

 

In order to evaluate the soundness of the friction stir welded joints, dog bone shaped base 

material specimens, both single-riveted, Figure 17a), and double-riveted Figure 17b), were 

fabricated and tested under the same testing conditions and geometries. To fabricate the riveted 

joints, Gesipa PolyGrip® 4.0 x 10.0F aluminium blind rivets with steel dome head were used. The 

blind rivets were inserted into 4.1 mm drilled holes with an identical overlapped area as FS welded 

lap joints, Figure 8c). 

 

 

 

Figure 17- Dimensions of the riveted specimens. a) Single rivet; b) double rivet [58]. 

 

The tensile strength of the parent materials (PP and PE) was obtained in quasi-static tests and 

compared to the remote stress of the overlapped specimens, Figure 18. Remote stress was 

calculated using the area, away from the overlap in the thinnest plate, PP [27]. The tensile tests 

were carried out according to the ASTM D-638 tensile properties standard [49]. The tensile strength 

properties were performed at a loading rate of 2 mm/min at room temperature. Figure 18 

b) 

a) 
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represents the obtained remote stress-strain curves for PP and PE parent materials, and single, 

double-riveted and welded specimens under shear stress. The double-riveted specimens presented 

the strongest joints among the investigated joining techniques followed by the FS welded 

specimens. Unlike the other tested specimens, the FSW joints presented a fracture with lower 

elongation than the base materials due to the polymer degradation when subjected to high 

temperature and axial force. The single-riveted specimens showed the weakest strength among all 

other specimens due to the stress concentration around the drilled hole. However, using two rivets 

in the same overlapped area decreases the load carried out by each rivet, creating stronger joints. 

 

 
Figure 18- Remote stress results for PP, PE base materials, and FS welded, single- and double riveted 

specimens. 

 

The double-riveted specimens showed a higher strength during static tests when compared to 

the FSW method. However, one should take into account that double riveting demands a larger 

overlap area, which has drawbacks such as additional weight. The riveting method produces strong 

joints, but compared to FSW it has some disadvantages: 

 The need of physical change in the parent material due to the necessity of a hole; 

 Joint discontinuity is an indoor for external agents that may harm the structure; 

 Limited to the overlap joint type; 

 Excessive stress concentration around the drilled hole; 

 The weight increase of the final assembly; 

 Time consuming and introduces a metallic part to a plastic structure. 
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4.1.3 Ultrasonic welding 

 

Ultrasonic welding method is a popular welding technique, which is well suited for spot welding 

of small thermoplastic components mainly in the lap joint configuration. This method is based on 

high-frequency and low amplitude vibration transversally applied to the weld materials, commonly 

used in the lap joint configuration [59]. Compared to the other spot welding methods, ultrasonic 

welding is a straightforward welding procedure, which produces high quality welds in a short time 

without the necessity of a third party material. This method is very well suited for welding small 

areas in lap joint configuration. 

 

This welding technology is based on the high-frequency (10–70 kHz) and low-amplitude (10–250 

µm) vibrations under pressure [60]. Mechanical vibration and pressure are simultaneously applied 

by a sonotrode, connected to a piezoelectric transducer through a booster, which converts a high-

frequency alternating current into high-frequency vibration [61]. Most of the heat in this process 

is generated due to the viscoelastic friction and surface friction [62]. The main welding parameters 

in this stage are: vibration time, vibration amplitude and welding force. Then, to achieve 

consolidation, the weld needs to cool down under pressure during the solidification stage. For this 

stage, solidification time and solidification force are the main process parameters. 

 

In this work, the welding process of the dissimilar polymers was performed using a Herrmann 

Ultrasonic VE20 Slimline Dialog 6200 ultrasonic welder at Delft University of Technology (Faculty 

Aerospace Engineering, Structural Integrity & Composites). Based on the institute’s previous 

knowledge and experiences on ultrasonic welding of thermoplastic composites [61, 63, 64], some 

trials were performed and the welding parameters were selected for the PP-PE lap joint. The 

overlap extension of the produced joints was defined such that it is comparable to the effective 

welded area produced with the FS welded specimens. Moreover, it was found that if an overlap 

length of 20x30 mm2 (same as the FSW specimens) would have been used, the ultrasonically welded 

specimens would break in the adherents and not at the overlapped region. For that reason, 5 

specimens were produced with a 20 kHz sonotrode, using displacement control with an overlapped 

area of 20x15 mm2. Table 7 presents the process parameters used to produce the ultrasonic welded 

specimens. A titanium rectangular sonotrode with dimensions of 15x30 mm2 was used, with the 

width of the joint parallel to the smallest dimension of the sonotrode. Then, 5 specimens were 

tested under the same conditions as the FS welded and the riveted specimens. The ultrasonic 

welded specimens before and after the lap-shear tests is shown in Figure 19. 

 
Table 7- Process parameters for ultrasonic welded specimens 

Welding parameter value 

Travel 0.03 mm 

Vibration amplitude 50 μm 

Trigger force 300 N 

Hold force 600 N 

Hold time 60 seconds 
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Figure 19– Ultrasonic welded specimens. a) 5 ultrasonically welded specimens before the test; b) cross 
section of a welded specimen; c) tested specimen UW001 with crack on PP; d) tested specimen UW002 

failed from the overlapped area. 

  

a) 

b) 

c) d) 
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The ultrasonic welded specimens presented good strength under the lap-shear stress. To 

evaluate the weld strength, in a similar procedure to the FSW method, the concept of remote stress 

was applied away from the overlap in the thinnest plate. As shown in Figure 20, the 5 welded 

specimens with the same welding parameters behaved significantly different regarding the 

maximum shear strength (27% difference between the maximum and minimum shear strength). 

UW000 and UW001 specimens were the strongest joints regarding the lap-shear strength. They 

failed after crack initiation on the PP material, as presented in Figure 19c). The other specimens 

were subjected to a sudden drop of the load, and shortly after, total failure of the welded 

specimens occurred, as can be seen in Figure 20. 

 

  
Figure 20- Remote stress results for ultrasonic welded specimens and FSW. 

 

Even though the ultrasonic welding method was able to create strong welds in a short time, it 

suffers from a number of limitations when compared to the FSW method, such as [56]: 

 Selection of the joint design must be considered when designing the components, and 

mainly restricted to the lap joint configuration; 

 Large joints cannot be welded in a single operation; 

 It has limitation for parent materials thicknesses; 

 The geometry of the sonotrode must be designed following the component’s design; 

 Expensive tooling costs and fixture setup; 

 Can damage electrical components during the welding process.  
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4.1.4 Fatigue assessment 

 

The FSW process proved to be a reliable method producing joints with good mechanical 

properties. Yet, failure due to fatigue is a critical issue, particularly in the transportation 

industries, because of the different loading conditions in distinct applications [65]. Fatigue 

assessments is one of the most common testing methods to evaluate joint efficiency [50]. Several 

studies have been published in the literature to study the effect of the most influential parameters 

on the metallic joints’ fatigue strength, to optimize the joining process and the structures’ lifetime 

[66, 67]. These parameters have been identified as geometric properties, material parameters, 

loading configurations, and surface treatment and curing conditions. The interest in fatigue life 

evaluation of FSW joints has grown recently, due to increasing demands of the technology across 

most industries. It was noticed that the fatigue life of aluminium specimens fabricated by FSW 

process is higher than in traditional fusion welding methods such as MIG and TIG [68]. In another 

study, it was concluded that lap joints of dissimilar aluminium alloys shows a lower fatigue strength 

than that from identical alloy lap joints, which has been justified by the lower fatigue strength of 

the base materials [69]. However, there are very few case-studies regarding fatigue life 

assessments of FSW joints for polymeric materials. This section is devoted to fatigue assessment of 

the optimized lap welded joints for dissimilar polymers. For comparison purposes, base material, 

single and double riveted specimens were also manufactured and tested [70]. 

 

In order to evaluate the fatigue life of the FSW joints, several specimens were welded using 

the optimized welding parameters obtained by Taguchi DOE [50]. Then, the fatigue life of the 

welded specimens was evaluated for different load levels of the Ultimate Tensile Strength (UTS) 

of the highest performing parent material (PP). The stress ratio was R=0.1 (R= σmin/σmax) and a 

loading frequency of fTest=25 Hz was employed using an electromechanical Instron ElectroPuls™ 

testing machine at room temperature. Since most of the secondary structures where these 

technique is expected to be used are loaded under high frequencies, it was decided to use the 

maximum load frequency allowed by the ASTM standard. Four specimens were tested for each load 

level according to ASTM D-7791 standard for uniaxial fatigue properties of plastics [71]. The 

specimens’ geometries and experimental procedures can be found in the Annex A-V and Annex C-

II [58]. 

 

Fatigue lifetime assessment has fundamentally a probabilistic nature, and in order to describe 

the different sources of uncertainty that appear in the fatigue lifetime analysis, it is essential to 

use probabilistic fatigue models. The basic probabilistic model proposed by Castillo and Canteli 

[72] delivers the whole S-N field by assuming simple variables, which in this case is the number of 

cycles for the given stress range. Using this model, makes it possible to compare the fatigue data 

given by the loading conditions and using a hyperbolic field derived from Weibull or Gumbel 

distributions. Considering the physical conditions and statistical requirements, the probabilistic S-

N (p-S-N) field might be defined by the following equation 14: 
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𝐹(𝑙𝑜𝑔𝑁𝑓; 𝑙𝑜𝑔∆𝜎) = 𝑝 = 1 − 𝑒𝑥𝑝 {− [
(𝑙𝑜𝑔(𝑁𝑓) − 𝐵) ∙ (𝑙𝑜𝑔(∆𝜎) − 𝐶) − 𝜆

𝛿
]

𝛽

} 

 
(𝑙𝑜𝑔(𝑁𝑓) − 𝐵) ∙ (𝑙𝑜𝑔(∆𝜎) − 𝐶) ≥ 𝜆 

(16) 

 

where 𝑁𝑓 is the number of cycles at failure; ∆𝜎 is the stress level; 𝐹() is the cumulative 

probability distribution function of 𝑁𝑓 for a given ∆𝜎, 𝐵 = 𝑙𝑜𝑔(𝑁0), 𝑁0 being a threshold value of 

lifetime; 𝐶 = 𝑙𝑜𝑔(∆𝜎0), ∆𝜎0 being the endurance fatigue limit; and 𝛽, 𝛿 and 𝜆 are non-dimensional 

model parameters. 𝛽 being the Weibull shape parameter, 𝛿 the Weibull scale parameter and 𝜆 the 

Weibull location parameter defining the position of the zero-percentile curve. The probabilistic 

fatigue curves were obtained using ProFatigue® software by introducing the presented parameters 

in the regression probabilistic Weibull fatigue model [73]. 

 

Along with the FS welded specimens, the highest performing parent material (PP), single- and 

double-riveted specimens were manufactured and tested to compare the fatigue life of the welded 

joints with the base material and a commercially available joining method. The fabricated 

specimens were tested under the same conditions, and S-N fatigue curves were obtained. Figure 

21 shows the median curves of all the tested specimens: Polypropylene dog bone specimens, FS 

welded joints, single- and double-riveted joints. The horizontal axis represents the number of 

cycles and the vertical axis, the stress range. From the obtained S-N plot in Figure 21, it was 

verified that the fatigue life of polymeric FS lap welds is similar to the double-riveted specimens, 

which are compatible with the highest performing parent material, PP. For the riveted joints, the 

major concern is stress concentration due to the presence of a drilled hole [74]. Single riveted 

joints have the shortest fatigue life due to the stress concentration effect on the central circular 

hole. For each cyclic load, the drilled hole, where the rivet was inserted, stretched out more and 

caused the rivet to protrude from the stretched hole very fast. However, double riveting technique 

exhibited strong joints with a fatigue life similar to the FSW joints [58]. Using two rivets in the 

same overlapped area decreases the load carried out by each rivet, preventing the drilled hole to 

stretch out during cyclic loading. 

 

The comparison between double-rivet and FS lap joining methods gives a good insight regarding 

the joint efficiency under equal loads applied to the same overlapped area. The riveting method 

contains some drawbacks when compared to FSW. The FSW seals the two plates along the entire 

weld extension, which makes it suitable for applications involving liquids and gases, like piping. 

Additionally, the weight increase of the final assembly, the restriction to lap joint configuration, 

time-consuming setup and introducing a metallic part to a plastic structure are some of the 

corresponding drawbacks when compared to the FSW method. 



43 

 

 

Figure 21- Fatigue behaviour of tested specimens: base material, FS welded joints, and single and double 
riveted joints [58]. 

 

However, as presented in Figure 22a), two types of failure modes were observed during fatigue 

tests of the different specimens using 25 Hz test frequency: mechanical fatigue and thermal fatigue 

[75]. To analyse the temperature variation during the fatigue test, a thermographic camera (FLIR 

SC7000) was used to acquire the thermal properties in the failure regions. The camera was located 

in front of the specimen with a horizontal distance of 700 mm using a frequency 4 times greater 

than the test system , fcam=100 Hz. The obtained results showed that the FS welded and single-

riveted specimens failed because of crack initiation caused by cyclic mechanical loading conditions. 

In contrast, it was settled that the double-riveted and PP specimens suffered from significant 

temperatures raise during the fatigue loading conditions, almost 30°C, leading to thermal softening 

of the specimens. The thermal fatigue failure is a common behaviour amongst thermoplastics 

subjected to high cyclic stress and frequency due to the low thermal conductivity and high damping 

properties of thermoplastics [75, 76]. The motivation for temperature monitoring came from this 

behaviour, and a comparison of temperature variation was performed on all the tested specimens 

[58]. Even though the double-riveted specimens showed a higher strength during static tests when 

compared to the FSW method, their fatigue lives were found to be similar, due to the thermal 

fatigue failure of double riveting technique. Despite having a larger overlapped area when 

compared with FSW, the double riveted specimens have localized stress raisers which caused 

temperature to rise under the cyclic loading, leading to thermal failure. 
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Figure 22- Fatigue analysis of the overlapped specimens. a) PP, single-riveted, double-riveted and FSW 

specimens after the fatigue test; b) FSW temperature variation during the fatigue test; c) and double rivet 
temperature variation during the fatigue test [58]. 

 

However, to prove that the temperature rise was the failing reason during the fatigue test, a 

different experimental test was implemented. The double riveted specimens were tested again 

under the same testing conditions, but a cooling system was used based on room temperature 

compressed air, facing the specimens’ back during the test. The tests were performed for the two 

highest stress ranges, 18.0 MPa and 12.2 MPa, to assure the occurrence of thermal fatigue failure. 

 

For the 18.0 MPa stress range, no significant change on the fatigue life was observed. However, 

for a lower stress range, a very different behaviour was detected. Using the cooling system, the 

temperature increased to the range but at a much lower rate. The average fatigue cycles of the 

a) 

b) c) 
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double riveted specimens subjected to 12.2 MPa stress range was 13,329 cycles without the cooling 

system. However adding cooling, the specimens’ temperature increased much slower which 

improved the fatigue life significantly, as presented in Table 8. 

 
Table 8- Average fatigue cycles for 12.2 MPa stress range 

Method Average fatigue cycles 

Double riveted without cooling 13,329 

Double riveted with cooling 164,693 

 

The thermographic camera confirmed that the temperature rose up 50°C, but at a much slower 

rate. The cooling system for testing the double riveted specimen is shown in Figure 23. The air 

nozzle was connected with a hose to the compressor, which provided the pressured air at ambient 

room temperature. Even the failure behaviour of the specimen was different than the one without 

cooling, Figure 22a). In this case, the thermal softening phenomenon occurred as well, but the air 

flow did not allow for the heat to transfer from the top rivet to the surrounding areas, which has 

the maximum temperature, then the rupture occurred from sides of the top rivet. Different stages 

of the fatigue cycles captured by the thermographic camera are shown in Figure 24. 

 

 

 
Figure 23- The double riveted specimen during the fatigue test with cooling system. 
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Figure 24- Different stages of the fatigue cycles with cooling system and temperature variation. 

 

The FSW and double-riveting method proved to be reliable joining techniques for polymers, 

creating strong joints when subjected to static and cyclic loading conditions. Despite the fact that 

the double-riveting method benefits from a larger overlapped area than the FSW method, the 

fatigue life of these two methods was found to be similar. The FS welded specimens failed from 

the retreating side of the weld without a significant temperature increase, Figure 22b). The less 

ductile failure of the FSW joints compared to the base material can be explained due to polymer 

degradation caused by high welding temperature and axial force. To compare these joining 

methods, besides a higher final assembly weight of the riveting method, it is expected that FS 

welded joints will be more suited to ‘high’ temperature working environments under cyclic loading, 

due to the absence of the thermal failure [58]. 

 

The probabilistic S-N fields and corresponding probabilistic papers and Weibull cumulative 

distributions for the highest performing parent material, FS welded specimens and double riveted 

specimens are presented in Figure 25, Figure 26 and Figure 27 respectively. 
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Figure 25- a) probabilistic S-N field of PP specimens; b) corresponding probabilistic paper; c) Weibull 
cumulative distribution. 

  

a) 

b) c) 
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Figure 26- a) probabilistic S-N field of FSW joints; b) corresponding probabilistic paper; c) Weibull 
cumulative distribution. 

a) 

b) c) 
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Figure 27- a) probabilistic S-N field of double riveted joints; b) corresponding probabilistic paper; c) Weibull 
cumulative distribution. 

  

a) 

b) c) 
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4.1.5 Discussion 

 

In this chapter the possibility of welding dissimilar polymers in lap joint configuration was 

investigated. After the optimization process, the fabricated specimens were compared to the 

parent materials, riveting method and ultrasonic welding. The strength of the joints was evaluated 

using two approaches: lap-shear strength and cyclic load conditions. Using 20 mm/min welding 

speed and 2500 rpm rotational speed produced enough heat to weld successfully 1.2 mm PP to the 

2 mm PE, obtaining 76% shear stress strength comparing to the highest performing base materials. 

 

Correlating the joint efficiency of the FS welded specimens with riveting and ultrasonic welding 

methods enabled to compare the FSW method with other commercially available joining 

techniques. The riveting method created strong joints when a second rivet was used, which 

decreased the load carried out by each rivet. Although the double riveted specimens showed a 

higher shear stress than FSW method, their fatigue lives was similar due to the thermal fatigue 

failure. The main drawback of riveting method is the necessity of holes, increase the final assembly 

weight and imposes the used overlaps. When installed, each rivet used in this study weights 0.6 

gram, and if rivets installed 10 mm apart, for joining one meter plate, 100 holes and rivets will be 

added to the structure in a time consuming process, increasing the final weight up to 60 grams. 

 

Unlike riveting, the ultrasonic welding process is a fast welding procedure that produces strong 

welds. However, the main issues of this method are that large components cannot be welded in a 

single operation and most likely, design modification for the parent material is required. The 

welded part demonstrated a good strength under shear loading, but with low repeatability. The 

average remote stress of ultrasonic welded specimens were close to that of FSW. The main benefit 

of FSW comes from its flexibility to weld long extensions in any joint configuration. By selecting 

the right tool and suitable welding parameters, FSW is capable of producing sound welds for 

polymeric materials. This experimental study and parameter optimization proved that the FSW tool 

plays the most important role for polymer FSW, and it was the foundation of the final tool design 

concept, which will be explained in the next chapter.  
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4.2 Butt joint of similar polymer 

One of the advantages of FSW over other available joining techniques is the ability to weld in 

the butt joint configuration, and not being limited to the lap joint type alone, such as: ultrasonic 

welding, adhesive bonding, or most of the mechanical fastening methods. For this purpose, 3 mm 

thick High-Molecular-Weight-Polyethylene (HMW-PE) plates were welded in the butt joint 

configuration. The schematic representation of the FSW process in the butt joint configuration 

using the developed stationary shoulder tool is illustrated in Figure 28a). An improved welding tool 

with a larger area of the copper sleeve was designed and manufactured, and three different probe 

diameters were tested [77]. 

 

The edge of the plates were machined before the welding process to assure a perfect surface 

contact between the abutting edges of the plates to be welded. After welding, three specimens 

were machined from each plate perpendicular to the welding direction using a fixture designed for 

this purpose, Figure 28c). 

 

 

 
 

Figure 28- Butt joint of identical polymers. a) FSW process in butt joint configuration using stationary 
shoulder [41]; b) tensile test specimen geometry according to ASTM standard; c) the designed fixture for 

machining the specimens. 

 

 

a) 

b) 

(c) 
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Tensile tests were performed using a speed of 5 mm/min in a MTS® 810 tensile testing machine 

equipped with a piezoelectric load cell with a maximum capacity of 10 kN, according to the ASTM 

Standard D638-2a [49]. Tensile test specimen geometry according to ASTM standard is shown in 

Figure 28b). For measuring the true strain during the tensile test, a MTS® clip gage extensometer 

was used [78]. Dog bone shaped base material specimens were also tested as a benchmark for the 

welded solution. For the averaging purpose, five specimens were machined and tested to obtain 

the mechanical properties of the parent material, as presented in Table 9. 

 
Table 9- Tensile properties of 3 mm thick High molecular weight Polyethylene [77] 

Test results Maximum load (N) Maximum stress (MPa) Young´s (GPa) 

Mean 921.7 23.6 1.39 

Standard deviation 1.30 0.05 0.02 

 

 

4.2.1 Clamping system for butt joint configuration 

 

Welding in the butt joint configuration is much more challenging than in the lap joint 

configuration, and a modification in the clamping setup was required to guarantee that the welding 

tool is always in-between the abutting plates, as well as avoiding lateral movements of the plates 

under the axial forces. Usually, the lateral movement of the plates occurs due to the tool’s torque 

during the plunging stage, which pushes the plates aside from the tool, and consequently results 

in defect formation, Figure 29a). To guarantee a perfect alignment, the first step is to assure that 

the plates’ edges are parallel to the CNC table and clamping device. Using the predefined holes in 

the clamping device and a T-shaped aluminium plate it was possible to ensure that the plates were 

always in the correct position relative to the welding tool, as shown in Figure 29b). Then, after the 

alignment of each plate, they were fixed to the clamping device using four step blocks (a) to push 

down the bar (c) and to avoid any vertical movements and bending under pressure, Figure 29c). 

Using this routine for adjusting the plates made the clamping procedure much easier and faster 

[41]. 

 

Generally, for welding in this configuration a set of three clamping components were used to 

fix the plates as shown in Figure 29c). The original clamping system, developed for lap joint 

configuration, was very effective to prevent any vertical movement of the sheets by forcing them 

against the backing plate. However, the lateral movement was prevented by the friction between 

the clamp bars (c) and the weld plates, which was not enough for welding in the butt joint 

configuration. To tackle this obstacle, four U-shaped metallic parts (b) were introduced at the 

edges of the plates, and fixed to the clamping device to avoid the undesired lateral movements 

during the welding process. Using this setup, no movement was detected during the welding 

procedure. The newly designed clamps provided an excellent support during welding to assure 

producing quality welds in the butt joint configuration. 
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Figure 29- a) lateral movement of the plates and gap formation; b) the adjustment of the plate before 
welding; c) clamping system setup for the butt joint welding [41]. 

b) 

c) 

a) 
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4.2.2 FSW process optimization 

 

The process optimization was implemented with a Taguchi DOE technique, according to a L9 

(34) Taguchi orthogonal array. In this optimization process, based on accumulated experience from 

the previous lap joint configuration, the four welding parameters which have the most influence 

on the generated heat and weld quality were chosen. A three-level Taguchi design with the 

following four parameters was chosen: tool diameter, axial force, welding speed and rotational 

speed. The three levels of the selected welding parameters can be seen in Table 10. Using the 

developed sensitized clamping device [41], it was possible to consider the axial force as a welding 

parameter even using position control welding technique. 

 

Table 10- Process parameters and levels for butt joint of HMW-PE 

Welding Parameters (unit) Level 1 Level 2 Level 3 

Tool diameter (mm) 3 4 5 

Rotational speed (rpm) 1500 2000 2500 

Welding speed (mm/min) 30 50 70 

Axial Force (N) 800 950 1100 

 

The tools used to weld the identical polymers in butt joint configuration had the same design 

concept of the tool developed to weld lap joints, but with modifications to cope with the new 

welding configuration. To prevent root defects and increased the welding speed, around the 

rotating probe, a larger copper sleeve was designed to store more frictional heat, as shown in 

Figure 30a). The frictional heat generated between the copper sleeve and the rotating probe 

preheated the base material before passing of the tool. For welding 3 mm HMW-PE material, 2.95 

mm probe length and double grooved conical probes with diameter of 3, 4 and 5 mm, and flat 

surfaces at the tips were used, as shown in Figure 30d). The cross-sectional view and the actual 

FSW tool are illustrated in Figure 30. The root defect is the most common defect for the butt joints, 

and it refers to the non-welded section at the bottom of the weld nugget, and it affects the weld 

quality directly. So, the probe length was selected as close as possible to the bottom surface in 

order to avoid the root defect. Also, it is essential that the welding tool has the capacity to 

generate enough heat along with a good stirring of the soften material to avoid this defect. 
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Figure 30- The welding tool used for butt joint. a) rotating probe and copper sleeve; b) 3D CAD of the final 

assembly; c) the welding tool ready for welding; d) 5 mm probe geometry; e) tool’s components. 

 

Following the Taguchi L9 orthogonal array, 9 experimental welding conditions were defined for 

the four welding parameters, each in three levels. In order to investigate the effect of the main 

process parameters on the weld strength, all experiments were repeated three times for averaging 

purposes according to the principles of Taguchi design. At the last repetition, the temperature 

beneath the weld nugget was measured and recorded, which will be discussed in the next section 

of this thesis. In this study, Ultimate Tensile Strength (UTS) of the joints was used to optimize the 

welding process according to the “larger-the-better” (equation 6), which is the function proposed 

by Taguchi for signal-to-noise (S/N) ratio calculation explained in the previous chapter. 

 

As proposed by the Taguchi L9 design, 9 welding conditions were performed, with 3 repetitions 

for each condition, and three specimens from each welded plate. All specimens were tested in 

order to obtain the joint efficiency [77]. The analysis of variance with 5% level of significance 

indicates that all the selected welding parameters have a statistically significant effect on the weld 

quality with a p-value below 0.05, as presented in Table 11. A journal article was published 

regarding the process parameter optimization of for similar polymer butt joining, and attached as 

Annex A-VI [77]. 

  

a) 

c) 

d) 
e) 

b) 
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Table 11– Analysis of variance and contribution percentage [77] 

Source 
Degrees of 

freedom 

Sum of 

squares 

Mean 

square 
F-value p-value 

Contribution 

percentage 

Tool diameter 2 147051 73525 8.52 0.002 11.9 

Rotational speed 2 455033 227516 26.37 0.000 40.1 

Welding speed 2 250571 125286 14.52 0.000 21.4 

Axial force 2 84593 42296 4.90 0.020 6.2 

Residual error 18 155292 8627 – – 20.4 

Total 26 1092540 – – – - 

 

As presented in Table 11, the residual error has the overall contribution of 20.4%, which can 

be justified due to the uncontrollable factors during the welding process, such as: the fact that 

force control was not imposed through a closed-loop system during the welding, the misalignments 

between the plates interface, the trajectory of the tool, the vibration of the entire system and the 

effect of the measuring thermocouples on the weld quality [78]. The most influential welding 

parameters were the welding speed and rotational speed, which are responsible for most of the 

frictional heat and for transferring the heat to the base material. The importance of the probe 

diameter is mainly observed during the dwelling time, while the probe rotates inside the copper 

sleeve without advancing. Larger probe diameter generated more frictional heat as the contact 

area between the rotating probe and the sleeve was higher. Regarding the axial force, the 

intermediate value produced welds with the optimum result. Using an axial force higher than the 

optimum value creates a weld nugget thinner than the base material’s thickness, and a low value 

of the axial force is not enough to forge the soft materials into the weld nugget, which affects the 

weld quality. 

 

The analysis of the mean effect indicates that the strong welds were obtained using the highest 

welding and rotational speed, largest tool diameter and intermediate value of the axial force [77]. 

The maximum joint efficiency of 97% was achieved compared to the parent material’s UTS. As 

shown in Figure 31a), despite a nonlinear deformation before failure during a 10 mm extension, 

this type of joints presented a much lower elongation, when compared with the parent material, 

where a ductile behaviour was found. However, three types of fractures occurred for different set 

of welding parameters, depending on the welding parameters and the generated heat, which were 

categorized by the welded specimen’s ductility and elongation after reaching their UTS [77]. Under 

tension, the specimens ruptured mainly in the retreating side of the weld, which is a common 

behaviour for FSW of polymeric materials, and can be explained by material flow and low thermal 

conductivity of polymers [79]. 

 

Regardless of the mechanical testing to obtain the weld strength, the visual inspection of the 

welded plates was focused in three different aspects. The first was the top surface quality of the 

weld, which need to be smooth without any flash defect, Figure 31b). Secondly, the bottom surface 

of the weld, to assure the plates were perfectly aligned without a root defect. Lastly, the distortion 
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of the welded plates due to the high welding temperature and axial force during the welding 

process. 

 

  

 
Figure 31- a) tensile strength of the S3 welded specimen compared to the base material; b) surface quality 

of a welded specimen at the top and the bottom [77]. 

 

 

 

 

 

 

 

a) 

b) 
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DSC Analysis: 

 

Similar to the lap jointed specimen, DSC was performed for the butt joint of identical polymers 

to analyse the crystallinity of the base material and the weld nugget. As it can be seen in Figure 

32, no significant change was detected as the materials have the same thickness and the same 

properties. However, the weld region slightly lost its crystallinity, which could be explained by the 

effect of the probe and the welding process, Table 12. Probably, due to the fast material tearing, 

the crystals are broken and after passing the probe, the material temperature is too low to allow 

the polymer to crystallise again [52]. 

 
Table 12- crystallinity percentage of the parent material and weld nugget for the butt joint of identical 

polymers 

 Crystallinity percentage [%] 

Joint configuration PE Weld nugget 

Butt joint of identical polymers 50 49 

 

 

 

 

 

 

 

 
 

Figure 32- DSC plots for butt joint of identical polymers. a) PE base material; b) weld nugget. 

a) 

b) 
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4.2.3 Temperature measurements 

 

As the welding temperature has a significant effect on the weld quality and strength, accurate 

temperature measurements during FSW of polymeric materials was assessed. Similar to all the 

welding methods, previous studies shown a direct relationship between the weld temperature and 

mechanical properties of FS welded joints [80, 81]. Welding temperature and material flow play 

fundamental roles in FSW process to produce sound welds. Since the welding temperature is defined 

by the process parameters, it is important to better understand their relationship. The generated 

frictional heat was measured during the welding, both on the welding tool and bottom of the weld 

materials. 

 

Basically, in a conventional FSW process, heat is generated by the tool’s rotational speed and 

axial force, the first cause being the most important [82]. Predictably, a high rotational speed and 

axial force leads to a higher welding temperature. However, the welding speed has an opposite 

behaviour; a high welding speed leads to a decrease in the welding temperature. Also, it was 

reported that the increase of the welding speed magnifies the temperature field asymmetry due 

to the lost heat [80]. However, it has been reported that other factors such as the backing bar 

material [83], tool thermal capacity and parent material’s mechanical properties have also 

influence on the welding temperature [84]. The heat dissipation using a conventional welding tool 

is shown in Figure 33. The generated heat is transferred from the weld nugget to the backing bar, 

tool body and surrounding area [85]. 

 

 

Figure 33- Heat dissipation during FSW process [85]. 

 

As mentioned in the previous chapter, before this study the most effective welding tool for 

FSW polymeric materials consists of an external heat source due to the absence of the rotating 

shoulder. In this study, an innovative tool design was developed, Figure 4, without the need of an 

auxiliary heating source. To analyse the amount of the frictional heat generated by this newly 

developed tool, two different approaches were implemented, to understand the effect of the 

welding parameters on heat generation.  
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4.2.3.1 Weld temperature 

 

In order to analyse the weld temperature using the developed welding tool, 3 mm thick HMW-

PE plates were welded in butt joint configuration. The chosen parent material for this purpose had 

a density of 0.96 g/cm3, a melting temperature range of 130-135ºC and a thermal conductivity of 

0.41 W/mK [77]. The temperature beneath the weld nugget was measured in four equally located 

positions, at the last repetition of the DOE experimental tests, as presented in section 4.2.2. 

Different sets of welding parameters were tested following the selected Taguchi’s orthogonal array 

to determine the optimal process parameters, and the welding temperature was recorded for a 

better understanding of the generated frictional heat during this process [78]. However, the use of 

a stationary shoulder and the low thermal conductivity of the parent material restricted the options 

for locating the thermocouples. As the stationary shoulder blocks the top surface below the tool, 

it was impossible to measure the temperature on the top surface of the plates. Due to that fact, 

four thermocouples were located underneath of the abutting plates, as presented in the Figure 34. 

Then, for the data acquisition, AD 595’s IC’s from Analog Devices® were employed as complete 

instrumentation amplifiers for K-type thermocouples with cold junction compensation and a gain 

of 247.3 (10 mV/ºC divided by 40.44 μV/ºC) for amplifying and measuring the thermocouple 

electromotive force. The full description and results has published and appended as Annex A-VI. 

 

 
 

Figure 34- The location of thermocouples. a) 3D model; b) the actual positioning [77]. 

 

There were some difficulties regarding temperature readings for some sets of welding 

parameters due to the positions of the thermocouples. The thermocouples were located at the 

bottom surface to avoid touching the tool as shown in Figure 34b). Even positioning at the bottom 

surface, some of the thermocouples were damaged when the tool passed by, introducing noise on 

the acquired measurements. The thermocouples that failed are marked with "–" in Table 13. In 

some cases, it was noticed that the acquired data recorded a temperature 2 or 3 times higher than 

the actual temperature. These abnormal recorded measurements resemble the passing of the hot 

welding tool above the thermocouple under tool’s high axial force and rotational speed. As the 

temperature of the welding tool is higher than the temperature beneath the weld bead, those high 

temperature values correspond to the tool temperature. As shown in Table 13, for some welding 

conditions, the recorded temperatures reached over 250ºC, which made it impossible to accurately 

a) 

b) 
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differentiate whether the acquired temperature corresponds to the temperature at tip of the 

welding tool or beneath the weld nugget. For example, the "S8" set of parameters suffered the 

most from this undesirable behaviour. The lowest welding speed and the highest axial force 

produced an excessive amount of heat and forced the welding tool to pass very close to the 

thermocouple, which made it hard to separate temperature of the tool from bottom of the welded 

plate [77]. This statement was confirmed by inserting a thermocouple into the copper sleeve in an 

additional test, to monitor the frictional heat generated inside the copper sleeve [77]. 
 

 
Table 13- Temperature readings for the last run of the DOE experiment [77] 

Test 
ID 

Tool 
diameter 

(mm) 

Rotational 
speed 
(rpm) 

Welding 
Speed 

(mm/min) 

Axial 
force 
(N) 

Measured temperature (ºC) 

T1 T2 T3 T4 

S1 3 1500 30 800 90 90 – 140 

S2 3 2000 50 950 140 – 160 160 

S3 3 2500 70 1100 90 – 150 160 

S4 4 1500 50 1100 – 110 115 115 

S5 4 2000 70 800 – 105 120 120 

S6 4 2500 30 950 170 250 >250 >250 

S7 5 1500 70 950 155 185 185 190 

S8 5 2000 30 1100 >250 >250 >250 >250 

S9 5 2500 50 800 250 – – >250 

 

Regardless of the encountered difficulties, the majority of the recorded temperatures were 

reliable and stable. The comparison between the parent material’s melting temperature range 

(130-135ºC) and the welding temperature presented in Table 13, confirms Strand’s study [18], 

which claimed that FSW of polymers is not an absolute solid-state welding process, but a mixture 

of molten materials with a relatively small amount of solid materials. The analysis of the mean 

effect shows that strong welds are produced using a large probe diameter, high rotational speed 

and high welding speed [77]. One of the remarkable points of this tool design was the capability of 

welding with higher welding speed by just changing the sleeve design and size [79]. Depending on 

the heat generation and material flow, the specimens failed in three different modes, as mentioned 

in the Annex A-VI. The next section focused in more detailed the temperature generation on the 

welding tool and the copper sleeve, when subjected to different welding parameters.  
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4.2.3.2 Tool temperature 

 

The final tool design in this study was improved in two main components. First, the PTFE 

stationary shoulder was replaced with a Polyether ether ketone (PEEK) stationary shoulder due to 

its mechanical characteristics and better resistance when subjected to high temperatures, as 

presented in Figure 35. Also, the copper sleeve designed for this tool was larger, Figure 35c), than 

the one with PTFE stationary shoulder in order to generate more frictional heat, and potential 

capacity of welding using higher welding speed than before. The same 5 mm rotating probe was 

used, Figure 35a), to investigate the tool temperature using a thermography camera and a K-type 

thermocouple. The main objective of this tool geometry and design was to investigate the 

maximum heat that can be generated using this design concept, and increase the welding speed by 

pre-heating the tool in the dwelling stage. 

 

  

  
 

Figure 35- a) 5 mm rotating probe inside the copper sleeve design for PEEK shoulder; b) PEEK stationary 
shoulder attached to the thermocouple before the welding process; c) sleeve design and geometry for the 

PEEK stationary shoulder; d) the crossed section of the final tool with thermocouple shaft. 

a) b) 

c) d) 
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As illustrated in Figure 35d), a shaft was designed to attach the thermocouple tip and insert it 

inside the copper sleeve, as close as possible to the rotating probe. Additionally to the 

thermocouple, a FLIR SC7000 thermographic camera was used to measure the parent material’s 

upper surface temperature while the tool was advancing. Figure 36 shows the final developed setup 

for welding polymers. The 3-axis Optimum (BF20) milling machine was used in this study for the 

welding operation (a), the final tool design made of the PEEK material and the attached 

thermocouple (b) which is assembled to the machine’s spindle. The parent material is fixed to the 

develop sensitized clamping system (c), which is connected to the National Instrument modules (d) 

to measure the active forces during the welding process. Finally, the welding temperature was 

measured by a FLIR thermographic camera to measure the temperature on the surface of the base 

materials, and inside the welding tool using a K-type thermocouple. First, the thermographic 

camera was positioned in front of the machine to detect the surface temperature on the both sides 

of the welding tool when advancing. However, during the welding operation, there was no 

temperature variation detected in front of the tool, so the camera was located facing back of the 

welding tool as shown in Figure 36, to focus on the weld nugget surface after passing the tool. 

However, the use of a large stationary shoulder and the low thermal conductivity of the polymeric 

materials, limited the areas that could be monitored for obtaining more detailed welding 

temperature data. 

 

 

 
Figure 36- The final system setup for friction stir welding of polymers. 
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As the developed PTFE tool, Figure 30, created strong and defect-free welds, Figure 31, the 

main objectives of testing the PEEK tool was to investigate the maximum frictional heat that can 

be generated without using an external heat source, and check the possibility of welding using a 

higher speed. Like the conventional FSW tools, most of the heat is generated during the dwell time, 

when the welding tool rotates under pressure on top of the parent material without advancing. 

However, the main difference is the way that the heat is generated during the dwelling phase. The 

conventional FSW tool generates the frictional heat by contact of the rotating shoulder on top of 

the parent material under an axial force. The necessity of developing a new tool was to develop 

the capability of welding at a higher speed without the need of an additional heat source. In the 

dwelling stage, depending on the dwell time, the friction between the rotating probe and the 

copper sleeve reaches the desired temperature, which dissipates the heat through the sleeve to 

the probe and the parent materials. 

 

To study the amount of heat generation during the dwelling stage, different dwell times were 

tested and the temperature was measured inside the copper sleeve as well as on the surface of the 

parent material. Three different dwelling times were tested: 10 seconds, 20 seconds and 40 

seconds. The other welding parameters were kept constant during the welding. This test was 

conducted with a 5 mm probe diameter, a rotational speed of 2500 rpm, a welding speed of 200 

mm/min and an axial force of 1000 N. This parameter combination, especially the tool diameter 

and tool rotational speed are responsible for most of the heat generation on the copper sleeve 

[77]. 

 

Previously, it was concluded that the temperature rises significantly during the dwell time, and 

the heat is transferred from the copper sleeve to the base material when advancing along the weld 

extension. For welding butt joint of 3 mm HMW-PE, the 10 seconds dwell time was enough for the 

tool to reach the desired temperature, which produced strong welds. Using the same tool diameter 

and welding parameters, the low welding speed generated an excessive amount of heat on the 

parent materials, which affects the weld quality significantly. Basically, using a suitable sleeve size 

and welding parameters, enables welding at a higher speed. The temperature of the welding tool 

was measured by inserting the designed thermocouple shaft inside the copper sleeve as close as 

possible to the rotating probe Figure 35d). The thermal isolation of the PEEK and high thermal 

conductivity of copper ensured that this method was reliable to measure the tool temperature 

accurately. Also, the thermography camera gave useful information to analyse the heat generation 

on the surface of the weld materials after advancing the tool. 
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Figure 37- Temperature characterization for 10 seconds dwell time. a) thermography camera after the 
dwelling stage; b) the temperature variation between A-B; c) the sleeve temperature measurement. 

 

One of the welding parameters that was kept constant during these experimental tests was the 

plunging rate. Initially, using the height setup [41], the tip of the tool is located above the pre-

defined position, then the tool starts to plunge into the base material and dwelling starts just 

afterwards under the axial force. The plunging stage took 20 seconds, then in this case, 10 seconds 

of dwelling. As presented in Figure 37c), after the 10 seconds of dwelling at 2500 rpm, the sleeve 

temperature reached around 75ºC, then advanced along the weld bead. As it can be seen in Figure 

37a), the thermographic camera shows that after the dwell time and when the tool moves away 

from the plunge hole, the surface temperature of the weld nugget reached 47ºC after the tool 

started to travel, Figure 37b). Afterwards, when the tool is advancing, the rotating probe generates 

more heat until temperature reaches 146ºC. Using the high welding speed of 200 mm/min does not 

allow the tool to accumulate excessive heat while advancing. So, for welding at higher speeds, the 

tool needs to get heated during the plunging stage. However, as can be seen in Figure 37a), no 

temperature variation was detected in front of the welding tool. 

 

Similarly, for the next test, 20 seconds of dwelling was implemented. After dwelling, the sleeve 

temperature increased to around 130ºC, then while the tool was advancing, it reached 180ºC 

(Figure 38). Consequently, by increasing the dwell time from 10 to 20 seconds, the initial tool 

a) 
b) 

c) 
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temperature increased from 75ºC to 130ºC. However, when using the higher dwell time, there is 

more time for the heat to transfer from the hot sleeve to the parent material, and the surface of 

the weld reached 120ºC after the tool has passed by. Then, similarly to the previous test, the tool 

temperature was slowly increased until it reached 180ºC. In both cases, after advancing the tool, 

the temperature increased significantly but at some point the growth rate decreases. This is due 

to the heat exchange between the hot welding tool and the vicinity. 

 

  

Figure 38- The sleeve temperature measurement for 20 seconds dwell time. 

 

For the last test, 40 seconds, dwell time was used to see the generated frictional heat in an 

exaggerated scenario. As presented in Figure 39, the sleeve temperature peaked to around 400ºC 

just by dwelling under the axial force. The thermographic camera recorded a maximum 

temperature of 215ºC after the tool began advancing. After advancing the sleeve temperature 

decreased to below 250ºC due to the heat transfer to the parent material along the weld extension. 

Also, the sleeve temperature data after 40 seconds of dwelling shows that the same temperature 

that would be achieved after 32 seconds of dwelling. It can be concluded that using a proper tool 

design and welding parameters the desired temperature can be achieved. The heat generated 

between the rotating tool and the copper sleeve enables the parent materials to be preheated by 

the copper sleeve before advancing the rotating probe, without the need of an external heating 

element. The ratio of the rotational speed and the welding speed should be considered with great 

care, as the plasticized materials must have enough time to stir properly when advancing. However, 

due to the capacity of the milling machine, we were not able to increase the rotational speed, and 

consequently, the produced welds using the high welding speed were not as strong as using the 

lower welding speed [77]. 
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Figure 39- The sleeve temperature measurement for 40 seconds dwell time. 

 

Locating the thermographic camera behind the welding tool provided an important information 

regarding the cooling rate and how the welding tool and the parent material behaved during the 

welding process, Figure 40. Initially, the temperature of the point “A” was 215ºC, and Figure 40a) 

shows that the temperature dropped 125ºC from its initial value in a short time. As presented in 

Figure 40b), the parent material’s surface temperature after the tool passage, dropped from 215ºC 

to 185ºC, when compared to the dwelling stage. The temperature variation between the point “A” 

and “B” indicates how the parent material cools down. The other images taken by the camera are 

to show the heat dissipation on the PEEK stationary sleeve, Figure 40c), the rotating probe, Figure 

40d), and around the sleeve, Figure 40e). Basically, any part that is in touch with the copper sleeve 

suffered from the excessive amount of heat, and some damages were detected after welding with 

40 seconds dwell time, especially around the sleeve. The heat distribution at the bottom of the 

stationary shoulder around the sleeve is pictured in Figure 40e). The sleeve area was excluded by 

the thermographic evaluation software to monitor just the heat distribution around the sleeve. 

Predictably, the back of the welding tool, which is in touch with the plasticized material, is exposed 

to more heat than the front section. Even the locking pin on the back of the tool got hotter than 

the pin on the front part of the tool. Due to the absence of a rotating shoulder, it was impossible 

to accurately point the camera around the rotating probe and measure the temperature in stirring 

position. 
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Figure 40- Temperature characterization for 40 seconds dwell time. a) thermography camera image during 
the welding process; b) the temperature variation between A-B; c) the stationary shoulder heat dissipation; 

d) the rotating probe temperature after retrieving; e) the heat dissipation around the sleeve. 

 

4.2.4 Welding forces 

 

Along with the welding tool, the axial force is one of the most influential welding parameters 

affecting directly the heat generation, surface quality and weld strength. The FSW process can be 

categorized in three main stages: heating, deforming and forging. The axial force has a critical role 

in all the three stages [41]. Without an appropriate axial force, the welding process will suffer from 

lack of heat and forging pressure. The design concept of the developed sensitized clamping system 

is explained in the section 3.2, and an article was published and attached as Annex A-III. 

 

The schematic representation of the sensitized clamping device and measured active forces 

during welding is illustrated in Figure 41a). The axial force direction is defined in the downward 

direction (-Z) due to the negative value of the axial force in the original coordinate system. The 

traversing force (FX) corresponds to a force applied in the same direction as the welding direction. 

When the welding tool travels along the weld extension, the traversing force pushes the tool to 

penetrate the weld materials. The lateral force (FY) is as the result of the FSW tool rotational 

movement [41]. The direction of the lateral force is defined from the retreating side of the weld 

to the advancing side [86]. Initially, this clamping device was used to monitor the axial force during 

the welding operation. Meanwhile, it was proved that by using the developed stationary welding 

a) 

e) 

b) 

c) d) 
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tool, the axial force is almost constant during welding [79]. The development of the welding tool 

and the force platform enabled the use of the axial force as a welding parameter and analyse the 

effect of the axial force on the weld quality. The DOE to use the axial force as a welding parameter 

is presented in section 4.2.2, and a journal article was published as Annex A-III. 

 

A height setup calibration was developed to correlate the vertical position command of the 

CNC machine (G codes), to the force that is applied by the tool to the base materials. Two parallel 

shims with 3 mm height and 0.01 mm precision were located between the welding tool and the 

base materials as presented in Figure 41b). Then, the spindle pushes the tool in the –Z (FZ) direction 

until the desired force is measured, and after stabilization of the axial force, the current vertical 

position is set as zero to the machine. When the force is released from the tool and the shims are 

removed, with respect to the defined zero, the plunging starts, then followed by the pre-defined 

dwell time. 
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Figure 41- a) the active forces during the welding in the final assembly; b) The height calibration setup for 

setting the axial force before welding. 

  

a) 

b) 
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With the intention of studying the effect of the most influential welding parameters on the 

active forces during different sets of welding conditions, the welding parameters were changed 

individually, and the generated forces in three directions (FX, FY and FZ) were recorded and 

analysed. The selected welding parameter combinations to acquire the generated force are shown 

in Table 14. Test 5 is the optimized welding parameters studied in the section 4.2.2, which 

produced welds reaching 97% of the parent material’s tensile strength. 

 
Table 14- The tested parameters combinations for measuring the active forces 

Parameter set 
Pre-force 

(N) 
Welding speed 

(mm/min) 
Rotational speed 

(rpm) 
Probe 

diameter (mm) 

Test 1 (T1) 1100 70 2500 3 

Test 2 (T2) 1100 50 1500 4 

Test 3 (T3) 950 30 2500 4 

Test 4 (T4) 950 70 1500 5 

Test 5 (T5) 950 70 2500 5 

Test 6 (T6) 950 30 2500 5 

Test 7 (T7) 950 200 2500 5 

 

By analysing the acquired data, the different phases of the welding are easily distinguished, as 

presented in Figure 42. At the beginning, when the welding tool plunges into the solid base material 

to the predefined vertical position, the axial force increases above the adjusted value. Then, the 

axial force decreases when is subjected to a high temperature and the material is plasticized under 

the axial force. During the dwell time, which in this case was 10 seconds, as the temperature rises, 

the axial force decreases, and afterwards it tends to a stable value along the weld extension. At 

the end of the weld, the amount of axial force increases slightly due to flexural deformation of the 

welded plate caused by the generated heat and applied forces, which intensify by extending the 

weld line. The retracting stage is shown at the end of the welding, at which stage the welding tool 

is pulled out of the parent material, and all the forces return to zero [41]. 
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Figure 42- The recorded applied forces for 7 different parameters combinations [41].  
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Among all the active forces during the FSW process, the axial force (FZ) is the most influential 

welding force, and one of the main parameters responsible for frictional heat and forging the soft 

materials inside the weld bead. As shown in Figure 42, even using a position control welding 

method, this sensitized device enables a good estimation for adjusting the desired axial force 

value. For welding 3 mm HMW-PE, the axial force ranges between 700 N to 1200 N. Using an axial 

force higher than the optimum value (950 N) deforms the weld nugget excessively, and produces 

joints thinner than the base material, affecting the joint strength. An axial force lower than 950 N 

does not generate an adequate frictional heat on the sleeve, which is responsible for transferring 

the generated heat to the base material during welding. 

 

To investigate the effect of the welding speed on the generated forces, a much higher welding 

speed of 200 mm/min was applied, as presented in Figure 42-T7. It has been settled that the 

traversing force is a function of the welding speed. The applied traversing force is low when using 

low welding speed, as the weld materials have more time to heat up and plasticize, notably using 

a high rotational speed (Figure 42-T3), which generates less torque. By increasing the welding 

speed from 70 mm/min (Figure 42-T5) to 200 mm/min (Figure 42-T7), the traversing force 

increased roughly from 100 N to 550 N. 

 

The recorded values for the lateral forces were too small compared to the axial and traversing 

forces. The lateral force is a function of tool’s torque and rotational speed, and it has the least 

influence on the weld quality. Using low rotational speed, more torque is applied by the tool during 

the welding and higher lateral force was measured. The opposite behaviour was observed when 

using high rotational speed, with a lower lateral force recorded. 

 

It has been shown that the probe diameter has a significant effect on frictional heat [77], and 

due to the larger area of the 5 mm probe and more contact area between the rotating probe and 

copper sleeve, this tool created the strongest welds for this material and thickness. However, 

regarding the applied forces and its connection with the probe diameter, the most noticeable point 

was the beginning of the welding process (Figure 42-T5 T6 T7), when the probe started to plunge 

and touch the solid surface of the base materials. Consequently, the initial values of the axial 

forces were increased by using larger probe diameter and contact surface. 

 

Regarding dwell time and its effect on the active forces during welding, it has been noticed 

that the value of the axial forces dropped when dwelling started due to soften the base materials. 

For traversing and lateral forces, during the dwell time, no remarkable changes were detected, 

however when the dwell time stopped and advancing began, both forces increased significantly. 

 

The advantages of multi-axis force measurements is not restricted to recording the active 

forces. Analysing the generated forces provides an important insight into how the welding process 

is performed and can help in defect analysis. For an example, in the case of Test 2 set of parameters 

(Figure 42-T2), the formation of a gap between the plates was detected in the axial force. This 

unwanted behaviour occurred due to the high axial force and torque, which forced the plates to 

move laterally and disturb the welding process, Figure 29a. By using this tool, the sleeve creates a 
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layer on top of the weld nugget, which most of the times precludes the visibility of such a defect. 

The red circles demonstrated in Figure 42-T2 shows this abnormal behaviour by creating a 

distinguished step on the acquired applied force. Although the applied forces are not as steady as 

a force controlled system, using this device enabled the production of strong welds compatible 

with base materials even using a position control welding method. This cost-efficient device can 

be used and installed on typical milling machines, without the need of any high-cost sensors and 

robot arms, obtaining sound welds with great repeatability [41]. 

 

 

4.2.5 Discussion 

 
Following the development of the welding process in the previous chapter, in this chapter a 

modified tool was used to weld 3 mm identical HMW-PE in the butt joint configuration. After the 

optimization process, the final tool was able to produce joints with 97% strength of the base 

material’s tensile strength. Using a larger sleeve more frictional heat was generated, enabling 

welding in a higher speed than the previous tool used for lap joints. The welding operation was 

improved by preheating the tool during the dwell time, when the rotating part of the tool is rotating 

inside the copper sleeve under the axial force. Then, it is up to the welding speed to give enough 

time to the base material to plasticize and stir them properly. Also, a calibration setup was used 

to correlate the vertical positioning of the tool associated with axial force. It was possible to 

optimize the axial force value to guarantee producing sound welds. 

 

The sensitized clamping device developed during this PhD study was an essential part of the 

optimization process, and helped to understand the process much better. Studying active forces 

during welding process demonstrate how materials behave when subjected to a specific parameter. 

For example, in a situation that there is a limitation for the maximum axial forces that can be 

applied, the compensation can be done by decreasing the welding speed or increasing the 

rotational speed to generate less torque. The welding tool and its parameters should follow the 

applications’ requirements, however, the flexibility of FSW makes it an excellent technique to 

tackle those challenges. 

 

The welding temperature measurements showed that for producing strong welds, the 

temperature need to go higher than the base material’s melting point. Basically, it claims that FSW 

of polymeric material is not a solid-state welding process, nevertheless it produces strong joints 

with excellent surface quality. The new tool was able to generate frictional heat up to 400ºC in 

the dwelling stage just by generating frictional heat between the rotating probe and the copper 

sleeve. The hot sleeve and stirring action of the probe mixed the materials together, then the PEEK 

shoulder created an excellent surface quality by forging the material inside the weld nugget. This 

developed system produced sound welds, and yet it has a potential to improve to have the capacity 

to weld polymeric materials using high welding speed. 
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5 Conclusions and Future Research 

 

5.1  Concluding remarks 

 

There is an extensive employment of polymers and their composites in many different 

applications. Common joining techniques such as adhesive bonding or fusion-based processes show 

several disadvantages due to performance limitations, process issues such as cost, productivity, 

pre-processing requirements, environmental impact and etc. FSW process of polymers is exposed 

as a valid technology alternative, as its advantages are shown to produce strong joints with 

excellent surface quality. This study verified that FSW is a sound method for joining polymeric 

materials that can be used for both structural and non-structural applications. 

 

In the course of this research project, a system was developed with the capability of welding 

polymeric materials in different configurations. It was concluded that the tool plays the most 

important role for producing sound welds with good surface quality. Due to that fact, the main 

focus was to develop a welding tool, capable of producing quality welds without an additional heat 

source. Different design concepts and tool materials were tested to develop the final tool design. 

For welding polymers, a stationary shoulder proved to be an essential factor, however the welds 

suffered from insufficient heat generation in the absence of a rotating probe. To compensate the 

lack of heat, an innovative solution was used, in which a copper sleeve was added inside the 

stationary shoulder around the rotating probe. The probe’s rotation and its axial force inside the 

copper sleeve generated enough heat to plasticize the base material. Using this tool design, the 

dwell time plays an important role to heat up the welding tool before advancing. After testing 

various shoulder materials, it was concluded that PTFE and PEEK are the best options as they 

produce excellent surface quality, as well as their mechanical properties when subjected to the 

welding temperature. Regarding the probe, the diameter should be chosen in such a way that 

generates enough frictional heat, and should have grooves or threads to stir the soft materials 

properly. The final tool was capable of producing quality welds with excellent surface quality. The 
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design, material and geometry of the welding tool can be varied regarding the parent materials’ 

mechanical properties and joint configuration. 

 

In order to evaluate the flexibility of the developed system, welding trials were perform in butt 

and lap joint configurations. Two dissimilar polymers with different thicknesses were chosen to 

weld in the overlapped position. A Taguchi DOE was used for parameter optimization, to study their 

effect and interactions on joint strength. After analysing the data, it was concluded that the most 

effective parameters are those related to the tool design and their interactions. Regardless of the 

tool design and geometry, rotational speed and welding speed are the most influential factors to 

generate adequate frictional heat. These statistical analysis helped to improve and develop the 

final tool design, which was used to weld identical polymers in butt joint configuration. The final 

tool design was able to generate frictional heat up to 400ºC and produce joints with a tensile 

strength within 97% of the parent material’s tensile strength. Using a larger sleeve and longer dwell 

time than those used for the lap welding, made it possible to weld using a higher speed without 

the need of an external heat source. The DSC analysis of the weld nugget compared to the base 

material showed no significant change for butt joint of identical polymers. However, for the lap 

joint of dissimilar polymers, the crystallinity of the weld nugget was dominated by the thicker 

material, and the weld nugget presented two types of crystallinity due to mixture of two different 

material structures. 

 

In this study, the weld analysis was performed using two different approaches. For the lap 

joint, after the optimization process, the fatigue life of the welded specimens was evaluated and 

compared against the one of joints obtained using riveting method and ultrasonic welding. For the 

butt joint, the welding temperature and active forces during the welding were monitored under 

different welding conditions. The multi-axis force measurements were performed using the 

developed sensitized clamping device. The active forces during welding were recorded and the 

effect of different welding parameters on the axial forces was analysed. 

 

The comparison of different joining methods in the overlapped position was obtained under 

static and cyclic loading conditions. Even though the double-riveted specimens showed the highest 

strength during static tests when compared to the other methods, its fatigue life was found to be 

similar to the FSW produced joints, due to the thermal fatigue failure of double riveting technique. 

The FS joints failed on the retreating side of the weld and were not subjected to thermal damage, 

when using the same testing frequency. As no significant temperature increase was monitored 

during the FS welded specimens fatigue tests, it was verified that this method is more suitable for 

structures exposed to high temperature or high frequency fatigue loads. 

 

During the butt joint welding process, the welding temperature was monitored inside the 

welding tool and bottom of the weld nugget. The main conclusion from measuring the welding 

temperature is that unlike metallic materials, polymer FSW is not a solid-state welding process, 

since the welding temperature will reach above the parent materials’ melting points.  Measuring 

the sleeve temperature confirmed that the dwell time is an essential welding parameter to heat 

up the tool before advancing. The ratio of rotational speed and welding speed should be select 
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such that the tool is able to generate enough heat to plasticize the material, as well as having 

enough time for the probe to stir the materials while the tool is advancing. Moreover, the multi-

axis force measurements showed that the axial force is an essential factor during welding, which 

is responsible for the heat generation and forging the soft materials inside the weld nugget. Also, 

it was concluded that the rotational and welding speeds have the main effect on the lateral and 

traversing forces, respectively. Using this sensitized force platform enabled to distinguish the 

formation of some defects that are invisible to the visual inspection. Basically, with the appropriate 

tool design and judicious parameters, FSW is capable of producing strong welds with good 

mechanical properties to weld a wide range of similar/dissimilar polymeric materials in different 

configurations. 

 

 

5.2  Future works 

 

Considering that all of the development work in this PhD research was developed and performed 

at low technology readiness level, it is expected that much work is still required before the 

adoption of this joining solution be ready for industrial applications. There are two main further 

development paths for FSW of polymers. The first is to develop a close loop for controlling the tool 

temperature to guarantee a constant tool temperature along the weld extension. The tool 

temperature can be controlled by the rotational speed, which has the main effect on the frictional 

heat. The second path is developing a force control clamping device to relate the vertical 

positioning of the tool to the axial force, and guarantee a constant axial force along the welding 

process. These two factors can assist in the automation of this welding process and the ability to 

produce constant welds for long extensions. 

 

Regarding the weld quality and defect analysis, further development is required. Non-

destructive testing (NDT) approach of the welded specimens would give useful information to 

analyse how the materials behave under high axial force and welding temperature. Also, measuring 

the degradation of the parent materials during the welding process can help understand and predict 

the failure better. In particular, for welding dissimilar materials, NDT can give a good insight into 

how the weld nugget behaves and is close to which of the parent materials. 

 

Another interesting approach for future works could be welding thermoplastic composites and 

metal-polymer hybrid joints. Some initial experiments have already been performed in this area, 

however the tool needs a significant improvement to have the capacity of producing sound welds. 

In this case, new design methodologies and procedures should be investigated, along with physical 

properties relevant to this application.  
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RESUMO “Ferramenta de soldadura”  

  

O presente pedido descreve uma ferramenta de soldadura 

utilizada na soldadura de polímeros por Soldadura por Fricção 

Linear (SFL) ou equipamento de maquinar com controlo numérico 

computorizado (CNC).  

  

A ferramenta agora descrita é útil para a soldadura de 

polímeros utilizando a técnica de soldadura por fricção 

linear ou equipamento de maquinar com controlo numérico 

computorizado (CNC), com a capacidade de utilização em 

materiais dissimilares ou idênticos com diferentes 

espessuras e abaixo do seu ponto de fusão.  
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D E S C R I Ç Ã O “Ferramenta de soldadura”  

  

  

Domínio Técnico  

O presente pedido descreve uma ferramenta de soldadura.  

  

Antecedentes  

Num trabalho de investigação anterior [1], concluiu-se que 

para a Soldadura por Fricção Linear (SFL) de polímeros, as 

ferramentas tradicionais empurram o material mais dúctil 

para fora do cordão de soldadura. Esta perda de material é 

responsável pelo empobrecimento da ligação, levando a baixas 

tensões de ruptura e pobres propriedades mecânicas.  

  

Até recentemente, a ferramenta mais comum utilizada em SFL 

de polímeros foi o denominado “hot shoe”, desenvolvido por 

Strand [2]. Esta ferramenta consiste num encostador estático 

em alumínio munido de uma resistência de aquecimento e de um 

termopar interiores, e um pino em rotação para misturar o 

material quási-fundido. Esta ferramenta aprisiona o material 

no cordão de soldadura, promovendo a formação de um 

acabamento superficial com qualidade.   

  

Mais recentemente, foram desenvolvidas novas ferramentas 

para soldar polietilenos de densidade elevada por Kiss e 

Czigány [3]. A ferramenta desenvolvida consiste num “hot 

shoe” com um pino roscado. No entanto, devido à baixa 

condutividade térmica dos polímeros, constatou-se que as 

propriedades mecânicas das soldaduras obtidas são altamente 

dependentes do calor gerado no processo. Num outro estudo 

[4], foi utilizado um encostador aquecido com um pino roscado 

para soldadura topo-a-topo de plásticos de Acrilonitrilo 

Butadieno Estireno (ABS), tendo-se obtido uma boa aparência 
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da soldadura com esta ferramenta. Em contraste com esta 

ferramenta, a ferramenta que agora é apresentada não 

necessita de um sistema auxiliar de aquecimento controlado 

por monitorização de temperatura com termopar.  

  

Nelson [5], desenvolveu uma ferramenta para soldadura de 

polímeros denominada “spindle shoulder”, para manter o 

encostador estacionário à medida que o pino gira, numa 

tentativa para conter o polímero quase fundido na zona da 

soldadura. Nesta configuração, o encostador foi desenhado 

para se montar no casquilho de rotação da fresadora de forma 

a manter-se estacionário. No entanto, o próprio autor afirmou 

que este desenho do encostador não funciona correctamente 

pois as cargas dinâmicas no pino induzem ciclos severos de 

fadiga que o levam a partir num curto espaço de tempo. Foi 

estabelecido que este desenho não funcionaria em produção 

por ter uma baixa fiabilidade.  

 

Num outro estudo, Aydin [6] investigou o efeito dos 

parâmetros de soldadura e pré-aquecimento na SFL de 

polietileno de ultra alto peso molecular (PEUAPM). Nesta 

experiência, foram utilizadas três temperaturas diferentes 

para aquecimento: (1) soldadura à temperatura ambiente; (2) 

soldadura com pré-aquecimento do lado inferior do plástico 

a 50ºC e (3) a 80ºC. Durante o processo de soldadura, as 

alterações de temperatura foram monitorizadas com um 

termopar do tipo K (Cr-Ni) e um dispositivo óptico com laser. 

O aquecimento adicional foi aplicado por uma placa de 

resistências colocada por baixo das placas de material a 

soldar. Foi determinado que a aplicação de pré-aquecimento 

para aumento da temperatura de SFL dos materiais plásticos 

melhora a qualidade da junta soldada e da sua resistência à 

tração. No entanto, os melhores resultados foram obtidos com 
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a utilização de 50ºC adicionais, que se revelaram suficientes 

para atingir a deformação plástica durante a soldadura.   

Sumário  

O presente pedido descreve uma ferramenta de soldadura que 

compreende os seguintes elementos:  

- um encostador estacionário; 

- um pino;   

- um componente de rotação;   

- um casquilho.   

 

Numa forma de realização, o componente de rotação da 

ferramenta de soldadura é um rolamento.  

  

Noutra forma de realização, o encostador estacionário da 

ferramenta de soldadura é um polímero.  

  

Numa outra forma de realização, o encostador estacionário da 

ferramenta de soldadura é um Policarbonato (PC) ou um 

Politetrafluoretileno (PTFE).  

  

Numa forma de realização, o casquilho da ferramenta de 

soldadura é metálico.  

  

Noutra forma de realização, o casquilho da ferramenta de 

soldadura é estacionário e solidário com o encostador 

estacionário.  

  

Numa outra forma de realização, o pino da ferramenta de 

soldadura inclui entalhes, rosca e superfícies com ângulos 

de ataque ou qualquer outro tipo de geometria.  
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Numa forma de realização, a ferramenta de soldadura utiliza 

uma sonda térmica num componente interno ou externo da 

referida ferramenta de soldadura.  

 

Numa outra forma de realização, o casquilho da ferramenta de 

soldadura é construído em cobre, bronze, latão ou outro 

material metálico ou não metálico ou combinação entre os 

dois.  

  

O pedido descreve ainda um equipamento de soldadura por 

fricção linear compreendendo a ferramenta de soldadura 

mencionada anteriormente.  

  

O pedido descreve ainda um equipamento de maquinar com 

controlo numérico computorizado (CNC) compreendendo a 

ferramenta de soldadura mencionada anteriormente.  

  

 

Descrição Geral  

O presente pedido descreve uma ferramenta de soldadura que 

pode ser utilizada com materiais dissimilares com diferentes 

espessuras abaixo do ponto de fusão, de preferência para 

junção de polímeros. Podem ser utilizadas quaisquer 

espessuras dos materiais a unir, apesar de deverem ser 

utilizados valores razoáveis tais como valores superiores à 

resolução do passo do movimento axial do equipamento. As 

suas características principais incluem a não-

obrigatoriedade da utilização de uma fonte externa ou interna 

de geração de calor ou por ultra-sons, construção e montagem 

simples, baixo custo de fabrico, capacidade para ser 

utilizada com um equipamento de SFL ou outro de maquinagem 

CNC convencional e ainda a capacidade de garantir uma força 

de compressão constante durante o processo de soldadura.  
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A ferramenta proposta difere das ferramentas para SFL de 

polímeros convencionais na forma como a força axial no 

encostador estacionário é conseguida, e na não-

obrigatoriedade da utilização de uma fonte externa ou interna 

auxiliar de calor, vibrações ou ultra-sons. Este efeito 

técnico é conseguido porque o casquilho de 

cobre/bronze/latão conduz e distribui o calor gerado na 

soldadura para a área frontal do pino, entendendo-se área 

frontal a área que fica à frente do pino no sentido de avanço 

da ferramenta, pré-aquecendo a secção sem o auxílio de 

qualquer equipamento externo.  

  

 

O presente pedido descreve ainda uma forma precisa de guiar 

o pino relativamente ao encostador estacionário, prevenindo 

cargas excessivas e tensões sobre este componente durante a 

soldadura. Este efeito técnico é uma consequência da forma 

como o pino transmite as forças axial e tangencial à parte 

superior do pino, que as transmite directamente ao rolamento 

que as comunica directamente ao encostador estacionário. 

Esta transmissão das forças previne a sua comunicação à parte 

mais esbelta, e portanto mais crítica, do pino directa ou 

indirectamente.  

 

A ferramenta apresentada permite a produção de soldaduras de 

polímeros utilizando a técnica de SFL sem recurso a qualquer 

fonte auxiliar externa tal como calor, vibração ou ultra-

sons. Pode ainda ser utilizada num equipamento convencional 

de maquinagem CNC e ser produzida fácil e economicamente.  

  

A sua capacidade para garantir uma força constante de 

compressão e manter o material quási-fundido confinado ao 

cordão de soldadura durante o processo de soldadura, tem 

como consequências:  
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- Boas propriedades mecânicas no cordão de soldadura;  

- Boa qualidade superficial que evita operações 

subsequentes de acabamento;  

- Boa mistura de materiais;  

- Não requerer material de adição;  

- Baixa distorção superficial;  

- Reprodutibilidade da eficiência das juntas;  

- Capacidade de criar juntas de diferentes geometrias;  

- Preparação prévia mínima das superfícies a soldar;  

- Possibilidade de executar soldaduras em áreas de 

diferentes dimensões.  

  

Com esta ferramenta, as soldaduras longas em percursos 

complexos tornam-se mais baratas e simples de executar, dado 

que se pode dispensar a conjugação e movimento de sistemas 

secundários, por exemplo fontes de aquecimento ou ultra-

sons.  

  

Breve Descrição das Figuras  

Para uma melhor compreensão das formas de realização, a 

figura representa uma dessas formas, que não deverá, de forma 

alguma, ser vista como uma limitação ao objecto da invenção.  

  

Na Figura 1 é ilustrada uma visão esquemática da secção da 

ferramenta proposta, na qual é possível observar os seguintes 

componentes:  

1. Encostador estacionário;  

2. Pino;  

3. Rolamento; 

4. Casquilho; 
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Descrição Detalhada das Formas de Realização  

Este pedido descreve uma ferramenta de soldadura que pode 

ser utilizada com materiais dissimilares com diferentes 

espessuras abaixo do ponto de fusão, de preferência para 

soldar polímeros com cordão de soldadura pelo método de 

soldadura por fricção linear utilizado habitualmente em 

aplicações de alumínio nos domínios da Engenharia Mecânica.   

Esta ferramenta deverá ser montada num equipamento 

específico de SFL ou num equipamento de maquinar CNC com a 

capacidade de girar o pino, aplicar uma força axial para 

comprimir a ferramenta contra as superfícies a soldar e 

descrever um movimento linear ao longo da trajectória 

desejada.  

  

A construção da ferramenta de soldadura compreende os 

seguintes componentes:  

- Um encostador estacionário (1) para aplicação de força 

axial sobre a secção de soldadura para garantir um bom 

acabamento superficial;  

- Um pino (2) que penetre nas superfícies a soldar, 

misturando-as e criando um cordão de soldadura;  

- Um rolamento (3) ou outro elemento de rotação que 

permita separar o movimento de rotação do veio do 

equipamento que é solidário com o pino (2), do 

encostador estacionário (1) e ao mesmo tempo garantir 

a posição vertical do pino (2);  

- Um casquilho (4) com capacidade lubrificante para guiar 

o pino (2) durante a soldadura, proteger o encostador 

estacionário (1) e pré-aquecer as superfícies a soldar. 

 

O pré-aquecimento das superfícies dependerá fortemente dos 

materiais a soldar, da geometria da ponta do pino (2) e ainda 

dos parâmetros de soldadura.  
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O material do encostador estacionário (1) deverá ser 

polimérico, macio e “derrapante” para garantir um bom 

acabamento superficial do cordão de soldadura, constituindo 

bons exemplos o policarbonato (PC) e o politetrafluoretileno 

(PTFE). Este material também poderá ser metálico ou então 

uma combinação de materiais metálicos e não metálicos. 

  

O casquilho (4) permite guiar com precisão o pino (2) com 

fricção reduzida. Também evita a possível indução de danos 

no encostador estacionário (1) se se verificar um 

escorregamento angular do pino durante o procedimento de 

soldadura. Por ser metálica, consegue redirigir algum do 

calor gerado pelo procedimento para o(s) material(ais) base 

à frente do pino (2), pré-aquecendo os mesmos antes da sua 

mistura. O casquilho (4) deverá ser igualmente estacionário 

e solidário com o encostador estacionário (1).   

 

A geometria do pino (2), deverá incluir entalhes, rosca e 

superfícies com ângulos de ataque para promover uma mistura 

adequada do material das superfícies a soldar, bem como a 

necessária geração de calor suficiente para conduzir o 

processo. Neste pedido, um ângulo de ataque é definido como 

sendo o ângulo entre uma aresta do pino e a tangente ao arco 

descrito pela rotação do mesmo na extremidade dessa aresta, 

que deverá ser superior a 0º.  

  

Se for utilizado um entalhe no pino (2), o mesmo deverá ter 

uma orientação oposta à direcção de rotação, de forma a 

prevenir a ejecção de material dúctil para fora do cordão de 

soldadura.  

 

Para monitorizar a evolução da temperatura no pino (2), na 

ferramenta ou no cordão de soldadura ao longo do processo, 
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uma sonda térmica, tal como um termopar ou qualquer outro 

tipo de sensor ou forma de se medir a temperatura, poderá 

ser utilizada em qualquer um dos componentes da ferramenta, 

como, por exemplo, o casquilho (4).  

  

A força axial exercida pela ferramenta sobre o polímero a 

soldar não deverá ser transmitida para a extremidade da 

secção de trabalho do pino (2), para prevenir a falha deste 

componente por carregamento dinâmico. Assim, por forma a 

garantir que as forças axial e tangencial são transmitidas 

do veio do equipamento ao encostador estacionário (1), o 

veio do equipamento deverá transmitir a força ao pino (2), 

que por sua vez a deverá transmitir ao rolamento (3) e este 

ao próprio encostador estacionário (1).  

 

Exemplos de Aplicação  

  

Uma forma possível de se utilizar a ferramenta proposta é 

descrita em seguida:  

Após inserir a ferramenta numa fresadora CNC ou equipamento 

de SFL, e colocadas as superfícies a soldar na respectiva 

posição relativa de acordo com o tipo de união a realizar, 

que pode ser de juntas topo-a-topo, sobrepostas ou em T, 

entre outras, posicionar a ferramenta, na região onde se 

executa a soldadura, até o pino entrar em contacto com a 

superfície adjacente ao encostador.  

  

Se desejado e para um controlo da posição da ferramenta, 

reiniciar a zero todas as dimensões dos eixos do equipamento 

neste ponto e elevar a ferramenta a uma cota conhecida. 

Iniciar o funcionamento da máquina (rotação do pino) e 

executar a soldadura consoante os parâmetros pré-definidos: 

tempo de permanência, velocidade de avanço, velocidade de 

rotação, penetração do pino, dimensões da soldadura, etc.   
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Quando o cordão de soldadura atinge o comprimento desejado, 

parar o avanço linear do equipamento e remover a ferramenta 

de forma perpendicular à superfície soldada sem interromper 

a sua rotação. Após parada a máquina a união soldada está 

pronta para acabamento e inspecção. É preferível remover o 

componente apenas após estabilização da temperatura em torno 

da temperatura ambiente.  
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A invenção não está naturalmente limitada de forma alguma às 

formas de realização descritas, sendo que alguém com 

conhecimento mediano sobre a matéria poderá prever ou 

conceber várias modificações dentro do âmbito das 

reivindicações anexas.  

  

As formas de realização descritas são conciliáveis entre si. 

As reivindicações seguintes definem formas de realização 

adicionais da presente invenção.  

  

Lisboa, 07 de Abril de 2016  

  



 

R E I V I N D I C A Ç Õ E S  

  

1. Ferramenta de soldadura para materiais poliméricos sem 

utilização de fontes de calor externas composta pelos 

seguintes elementos:  

- Encostador estacionário (1) com geometria adaptável às 

geometrias das juntas a soldar e composição em material 

polimérico, tal como policarbonato ou 

politetrafluoroetileno para soldadura de polímeros de 

baixo ponto de fusão, ou em material cerâmico ou 

revestido por um metal para soldadura de polímeros de 

elevado ponto de fusão;  

- Pino (2) em material metálico, em que num dos topos 

existem sulcos ou rosca, ou combinação dos dois ou outro 

tipo de geometria, de forma a misturar os materiais a 

soldar sob o encostador estacionário (1) e o casquilho 

(4); 

- Um rolamento ou componente de rotação (3); 

- Um casquilho metálico (4) com elevada condução térmica 

e propriedades lubrificantes na zona de contacto com o 

pino (2) por forma a gerar e transferir o calor gerado 

ao(s) material(ais) base, com forma e tamanho adequadas 

às propriedades mecânicas do(s) material(ais) base, e 

com geometria e configuração adaptada à geometria 

superficial do(s) material(ais) base; 

 

2. Ferramenta de soldadura de acordo com qualquer uma das 

reivindicações anteriores, caracterizado por o 

encostador estacionário (1) ser um policarbonato ou um 

politetrafluoroetileno.  

  



 

3. Ferramenta de soldadura de acordo com qualquer uma das 

reivindicações anteriores, caracterizado por o casquilho 

(4) ser metálico.  

  

4. Ferramenta de soldadura de acordo com qualquer uma das 

reivindicações anteriores, caracterizado por o casquilho 

(4) ser estacionário e solidário com o encostador 

estacionário (1).  

  

5. Ferramenta de soldadura de acordo com qualquer uma das 

reivindicações anteriores, caracterizado por o pino (2) 

num dos topos incluir entalhes, rosca e superfícies com 

ângulos de ataque ou qualquer outro tipo de geometria.   

6. Ferramenta de soldadura de acordo com qualquer uma das 

reivindicações anteriores, caracterizado por compreender 

uma sonda térmica ou qualquer outro tipo de sensor que 

permita medir a temperatura, num componente interno ou 

externo ou por outro forma qualquer da referida 

ferramenta de soldadura.  

 

7. Ferramenta de soldadura de acordo com qualquer uma das 

reivindicações anteriores, caracterizado por o casquilho 

(4) ser construído em cobre, bronze, latão ou qualquer 

outro tipo de material metálico, não metálico ou 

combinação dos dois.  

  

8. Equipamento de soldadura por fricção linear 

caracterizado por compreender a ferramenta de soldadura 

descrita em qualquer uma das reivindicações 1 a 8.  

  

9. Equipamento de maquinagem com controlo numérico 

computorizado (CNC) caracterizado por compreender a 



 

ferramenta de soldadura descrita em qualquer das 

reivindicações 1 a 8.  

  

Lisboa, 07 de Abril de 2016  
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Abstract Friction stir welding (FSW) is a solid-state joining
technique, which has been developed remarkably during the
last decade. Due to its benefits over conventional welding
techniques, along with growing industrial demands for light-
weight design structures, FSW found its way into becoming
one of the fascinating engineering subjects of today. FSW
process is based on the generation of heat due to friction and
material deformation under an axial force. Originally, this
method was developed for welding metallic materials which
were difficult to weld with conventional techniques. However,
due to the significant increase in polymeric materials con-
sumption in the industry, the possibility for implementing this
technique in polymer welding received a considerable share of
interest. Nevertheless, polymeric materials behave differently
from metallic ones and, currently, there is still a limited num-
ber of research works in the literature concerning this specific
topic. This article reviews previous studies, which were fo-
cused on welding polymers using the FSW technique.
Development of FSW tools, welds strength and the most ef-
fective welding parameters for different polymeric materials
are now analysed. New materials, configurations and test
specifications are currently under research, including the pos-
sibility for dissimilar materials joining, taking FSW into a new
phase in industrial applications.

Keywords Friction stir welding (FSW) . Polymer . Tool
deign .Welding .Welding tool .Weld strength

1 Introduction

Friction stir welding (FSW) technology is a promising technique
that has been developed at The Welding Institute (TWI) in 1991
for joining light alloys [1]. Originally, FSW was used to weld
materials that are difficult to weld with traditional methods.
Subsequently, the advantages of this method and the increase in
industrial demand for lightweight design structures [2], naturally
led this method into welding polymeric materials. However,
scarce research works have been done with the aim of evaluating
the possibility for joining polymers with this relevant new
technique.

FSW is based on the generation of heat due to friction be-
tween the welding tool and the base materials and material de-
formation [3]. A typical butt-joint welding procedure by a com-
mon FSW tool is illustrated in Fig. 1. The rotating tool consists
of a shoulder and a probe. Using this tool, the shoulder generates
most of the heat by rotating on the plate surface, while the probe
stirs the material under the axial force from the shoulder in order
to reach a plastic deformation stage. The main advantage of this
method consists in the fact that it is a solid-state procedure that
does not reach the materials melting point, helping to preserve
the materials mechanical properties. However, as claimed by
Strand [4], FSW of polymeric materials is not an absolute
solid-state process due to the different molecular weights and
chain lengths in polymers. During the process, the shorter chains
can reach their melting points, whereas the longer chains might
not reach the required temperature. It was verified that a con-
ventional FSW tool may be unsuitable for welding polymeric
materials due to the low thermal conductivity, melting point and
hardness of polymers, Scialpi et al. [5].

2 Welding tools

Since the tool plays a primordial role in this technique, a
number of modifications to obtain appropriate FSW tool
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solutions for welding polymers were required. Given that
polymers behave differently than metallic materials during
FSW, new tool developments are needed to minimize the de-
fects in order to achieve sound welds. In the first set of studies
[1, 6–8], conventional FSW tools have been used with differ-
ent geometries in order to analyse the welds strength and the
properties of the weld beads. An overall perspective of differ-
ent FSW tools that have been developed for friction stir
welding of polymeric materials is given next.

2.1 Conventional friction stir welding

The FSW technique can be applied for a wide variety of joint
configurations, and thicknesses, although butt and lap joints
are the most used for industrial applications. Due to the ab-
sence of the gravitation effect, welding is possible in all posi-
tions. Since FSW of metallic materials obtained strong welds
with high mechanical properties, some researchers tried to
weld polymeric materials using conventional FSW tools in
order to analyse the welds quality and strength. This section
summarizes previous studies of polymer FSW using conven-
tional welding tools.

Defect-free joints were achieved with grooved square and
triangular pins with minimum linear applied force, when eval-
uating the tool forces and joint defects for FSW butt joint of
10-mm polypropylene (PP) plates, [9]. It was verified that
threaded tools apply lower linear force in comparison with
non-threaded pins. Even though some pin geometries, like
the square one, produced good quality welds, blowhole de-
fects were observed on the weld beam.

In order to analyse the defects and optimize the welding
parameters, a DOE was conducted, [10]. The effects of the
welding parameters, welding speed, spindle speed and pin
geometry, were investigated by Rockwell hardness and micro-
structure measurements. It was concluded that, due to lack of
sufficient heat on the retreating side, the material did not stir
properly to the weld nugget on the retreating side of the welds.
Consequently, most of the defects occurred in the retreating

side. However, there were no significant differences between
both sides regarding hardness. The threaded tool produced
welds with the highest hardness without defects, while the
triangular pin produced good quality surface but with some
defects inside the weld nugget.

The suitable welding conditions for 5-mm-thick polymers
high-density polyethylene (HDPE), PA6 and polyvinyl chlo-
ride (PVC) in butt-joint configuration materials, and effect of
the FSW process on physical properties and weld strength,
were investigated, [1]. The FSW tool used was a M10 right-
handed screw made of SCM435 with 4.8-mm in length con-
ventional tool with a K-type thermocouple located inside the
rotating pin, as can be seen in Fig. 2a. The “weldable condi-
tion” refers to the suitable welding parameters defined by the
occurrence of no burr in the joints. Predictably, these condi-
tions are different and dependent on the base materials and
their melt viscosity values (Fig. 2b). Excessive amount of heat
generation above those weldable conditions led to thermal
deformation and burr to happen in the weld beads. However,
due to the low thermal conductivity of polymers, material
deformation and softening are hard to occur with high traverse
speed. It was verified that using high traverse speed requires
high rotational speed in order to reach the desired temperature.
Basically, welding with low welding speed provides adequate
time for stirring and homogenization of the parent materials,
[11]. The rotational speeds outside of the “weldable condi-
tion” produced the lowest mechanical properties for 4-mm
HDPE in compared to the obtained results inside the “weld-
able condition” range, [12]. The maximum temperature de-
tected by a thermocouple proved that a solid state welding
was successfully implemented, and joint efficiency of PA6,
PVC and HDPE were about 35, 45 and 70 % of the parent
materials, respectively. The specimen failed on the retreating
side of the welds for all three materials due to formation of the
voids at the retreating side.

The effect of the probe geometry on friction stir lap welds
of 4-mm polypropylene composite plates reinforced with
20 % carbon fibre was investigated, [13]. Surface appearance
and tensile tests were used to investigate the effect of probe
geometry on the appearance and strength of the welds, while
other welding parameters were kept constant. Probe length, of
around 96 % of the overall thickness, was a constant param-
eter in this experiment. It was concluded that compensating
the shortness of the probe by pushing the tool more into the
plate would require an extra amount of axial force, leading to
the formation of flash defects in the weld seam. However,
results indicated that the FSW tool geometry plays a signifi-
cant role in the frictional heat generation, material flow and
weld strength. In this study, four different probe geometries
were selected, and it was concluded that the threaded conical
probe produces the best surface quality without any porosity
or voids, as well as strong welds, in comparison to the other
probe geometries. The weakest welds were produced by non-

Fig. 1 Schematic of conventional FSW process
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threaded probe profiles. Threads around the probe mix the soft
material properly due to a greater amount of turbulence on the
weld seam.

The effects of welding parameters, such as probe geometry,
traversing speed, tool rotational speed and tilt angle, on the
weld appearance and tensile strength to weld 5-mm PP com-
posite plates having 30% glass fibre in butt joint configuration
were studied, [14]. One of the most important characteristics
of a proper weld is a good surface quality: the more similar the
weld is to its parent material, the more it retains the parent
material characteristics. The best surface quality and the max-
imum tensile strength were produced by the tool with grooved
taper probe and had about 25 % of the base material tensile
strength. Regarding the welding parameters, it is claimed that
at 400 rpm, elongated pores known as wormholes or tunnel
defects, occurred in the retreating side of the welds due to
insufficient heat generation, and with rotational speed higher
than 1000 rpm, tunnel defects were formed in the weld seams.
Rotational speeds at 630 rpm, 10-mm/min traversing speed
and 2° tilt angle were found to produce the strongest welds.

Tensile properties and microstructure of 4-mm dissimilar
polymers were investigated in the lap joint configuration, [15].
Acrylonitrile butadiene styrene (ABS) and HDPE were
welded successfully using conical screwed probe with diam-
eter of 8–10 and 6-mm in length. In this study, 4-mm groove
was machined along the longitudinal direction of the ABS
plate in order to fill the gap with multi-walled carbon nano-
tubes (MWCNT). Due to the high ductility of carbon nano-
tubes, the welded joints had improvement regarding the ten-
sile strength and microstructure, but had a negative effect on
the joints hardness, [16]. The hardness on the retreating side of
the weld was slightly lower than those on the advancing side.
The author claimed that the heat distribution may be respon-
sible for this behaviour.

Some researchers tried to friction stir weld polymeric ma-
terials with auxiliary heating system, in order to compensate
for the lack of heat due to the low thermal conductivity and
friction coefficient of polymers. External heating effect with
two different methods, as well as welding parameters for FSW
of 3-mmHDPE sheets, was analysed [17]. In the first method,
the pin was heated before welding with a heat gun, which
proved not to be a completely reliable method since the tool

cooled down as soon as the heat gun was removed. Another,
more reliable, method consists of using a hot plate to 150 °C
between the CNC table and the HDPE plates. It was conclud-
ed that in order to increase the temperature, it is necessary to
heat up the HDPE plates rather than the pin. Using the hot
plate as auxiliary heating source created very strongwelds, yet
results repeatability was one of the main issues using this tool
and method.

The effect of pre-heating the FSW of ultra-high molecular
weight polyethylene (UHMW-PE) with 4-mm thickness was
also investigated, [7]. The FSW tool used in this experiment
can be seen in Fig. 3a. The high molecular weight provides
these polymers with unique characteristics which makes them
suitable for many applications, where lower molecular weight
grades fail. Using high traversing speed forced the material to
cast away from the probe edge before reaching the desired
temperature, and with high rotational speed, partial fusions
occurred in the base material. Consequently, low rotational
speeds were used to weld the materials with external heating
in order to compensate its lack of the heat generation. The
experimental tests were performed in three different condi-
tions as follows: room temperature, pre-heating from bottom
of the plates at 50 and 80 °C. In order to measure and adjust
the desired temperature, optical technique and K-type thermo-
couple were used. However, the highest tensile strength, at
89 % of the base material, was obtained with welding param-
eters of 960 rpm, 10-mm/min traversing speed and 50 °C aux-
iliary heating. Moreover, hardness measurements demonstrat-
ed that hardness without external heating was higher than
using an external heat source. Due to the melting point of
UHMW-PE being 130 °C, pre-heating at 80 °C did not pro-
duce welds as strong as pre-heating at 50 °C. The author
concluded that for this type of polymer, the suitable generated
temperature range is 70–90 °C. The generated heat for differ-
ent welding conditions can be seen in the Fig. 3b. Another
study [18] confirmed this statement, which claimed that using
external heating has a negative effect on the weld nugget
hardness due to softening of the material while using an aux-
iliary heating source.

FSW process parameters for welding 4-mm PE sheets in
butt joint configurations have been optimized [8]. ATaguchi’s
L9 orthogonal array was arranged with tool rotational speed,

(a) (b)
Fig. 2 Schematic of FSW tool
equipped with thermocouple (a),
suitable welding conditions for
different polymeric materials (b)
[1]
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welding speed and tilt angle as the process parameters, each in
three different levels. Using the tensile strength as the main
joint characteristic, tool rotational speed was found to have the
highest contribution (73 %) followed by traversing speed and
tilt angle, respectively. However, the temperature measure-
ments revealed that the temperature range was 120–165 °C,
while the melting point of PE occurs at roughly 132 °C. The
detected temperature proved that FSW of HDPE is done in
liquid phase and is no longer a solid-state procedure. The
maximum tensile strength (86 % of the base material) was
obtained with 3000 rpm, 110-mm%min welding speed and 2°
tilt angle. The results showed that ultimate tensile strength
after the Taguchi optimization improved the weld efficiency
up to 112 %.

Strand [4] established that root defects at the bottom of the
welds are responsible for the specimen failing under tensile
stress tests, which is defined by the region at the bottom of the
weld nugget that is unable to stir properly and is therefore left
unwelded. With this in mind, Arici et al. [19] conducted an
experiment which investigated the effects of double passes of
the FSW tool on 3- and 5-mm medium-density polyethylene
(MDPE) sheets in order to eliminate the root defect. A 16-mm
rotating cylindrical shoulder was used with probe diameter of
5-mm attached to it. Initially, single pass welds were per-
formed and analysed for 3-mm plates and root defects were
detected at the bottom of the welds. It was noticed that the
thickness of the root defect was roughly the difference be-
tween the probe length (2.8-mm) and the plate thickness
(≈0.2-mm). However, root defects were eliminated by using
double pass method as can be seen in Fig. 4b. The maximum
tensile strength was obtained at 79 % of the parent material
using 1000 rpm, welding speed of 25-mm/min and a tilt angle
of 1°. It was clear that the weld nuggets are the weakest parts
of the joints, and that there was a close relationship between
the fracture locations and the tensile test results. The fracture
location of the strongest weld is depicted in Fig. 4c. However,
it is worth mentioning that for polymeric materials, yield point
should be assessed as a design criteria and, after this point,
plastic deformation will settle. For this reason, polymeric ma-
terials can be used up until their yield points.

Thermo-mechanical conditions and material flow for FSW
of 10-mm PMMA have been analysed [20]. A conventional

rotating shoulder with two different diameters of 15 and
35-mm, and an infrared camera for registering temperature
during welding was used. Morphology analysis showed the
differences between the advancing and the retreating side of
the weld. As can be seen in Fig. 5, the advancing side had
almost the same transparency as the parent material, while the
retreating side suffered from insufficient stirring and heat gen-
eration. Optical microscopic images from the retreating side of
the weld showed micro and macro voids in its structure.

The material flow at the tool trailing side can be divided in
four different zones, as claimed in [21]. As illustrated in
Fig. 6a, zones I and II are defined as advancing side and
retreating side of the weld, respectively. By rotation of the
probe along with axial force, the material flows from zone
III, the region affected by the tool shoulder and zone II to
the advancing side zone I and bottom of weld nugget zone
IV. However, the material flow is related to the mechanical
properties of the material, tool design and heat generation. The
absence of material is obvious in zone III, Fig. 6b, in contrast
with the results from FSW of metallic materials [21].
Moreover, the backlight images for both welding tools in
Fig. 6c and Fig. 6d confirm insufficient stirring at the
retreating side of the welds (left side of the image).
Comparing the backlight images with polarized light images
revealed the residual stress concentration at the advancing side
of the thermo-mechanical affected zone. It was verified that
one of the main difficulties of welding polymeric materials is
formation of discontinuities at the retreating side of the weld.

2.2 Stationary shoulder friction stir welding (SSFSW)

As mentioned above, it is difficult to obtain a good surface
quality and highmechanical properties of the welded part with
conventional FSW tools in polymers welding [5]. Since the
tool plays a critical role in the FSW process, the development
of adequate FSW tools for polymeric materials is considered a
topic that must be addressed with great determination.
Although polymers FSW is a challenging engineering field,
only a restricted number of researchers attempted welding
polymers with this technique [22]. Tensile strength of the pro-
duced welds is typically low and mostly affected by the pin
geometry and welding speed, which brings about the

(a) (b) 

Fig. 3 FSW tool (a), generated
heat for different conditions
during welding (b) [7]
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formation of defects in weld seams. In another study [23], it
was realized that for polymers FSW the conventional tools
push the soft material out of the weld seam. This material loss
is responsible for poor bonding formation mainly on the
retreating side of the weld, leading to low tensile strength
and poor mechanical properties.

A comparison between common welding techniques and
FSWof 15-mm PP plates clearly showed that the mechanical
properties achieved by FSWwere higher than the ones obtain-
ed with other methods, [24]. The FSW tools used were tradi-
tional milling tools with 15° and 45° groove slope, using a
rotation direction opposite to the milling direction in order to
avoid milling the materials. Still, it was realized that the
roughness of the weld seam is higher than the base material
and the weld strength is lower than half the parent materials.
The generally accepted explanation for this behaviour is based
on the generated heat distribution at the weld seam and its
surrounding areas, which leads to a non-uniform crystalliza-
tion rate of material in those areas.

In accordance with the initial experiments [24], in order to
analyse the morphology of the weld seams for FSW of PP

plates a new method was developed [25, 26]. In these works,
instead of a rotatory shoulder, a non-heated shoe made of
polytetrafluoroethylene (PTFE), and a milling tool of 8-mm
in diameter were used with 4 or 8-teeth (Fig. 7a). The appli-
cability of FSWof 10-mm-thick PP plates containing 30 wt%
chopped glass fibre was analysed by mechanical tests, optical
and electron microscopic studies. It was observed that the
average length of fibres was almost double of those obtained
with 8-tooth milling tool. Optical microscopy revealed that
some relatively small voids can be found in the weld seam
due to the formation of air admitted during the cooling pro-
cess. The supermolecular structure formed in the weld nugget
and the area around it during FSW has been scarcely investi-
gated. However, the boundary of the weld seam and parent
materials can only be seen on microscopic level. Scanning
electron microscope (SEM) micrograph of the weld can be
seen in Fig. 7b, as intermeshing of the reinforcing fibres was
detected at the borderline of the weld seam and the base ma-
terial. It was concluded that fibre length in the composites has
a significant effect on the weld strength in FSWprocesses. In a
posterior study, a tensile strength of 86 % relative to the base
material was obtained, with welding parameters of 3000 rpm
for rotational speed and 60-mm/min traversing speed [25]. It
has been observed with both optical and electron microscopic
measurements that the spherulitic structure of the weld seam
(Fig. 7c) is relatively smaller and more fragmented than the
one from the parent materials (Fig. 7d), due to the stirring-
shearing effect of the FSW tool. However, no significant dif-
ferences were observed between the retreating and advancing
side of the weld seams. Nevertheless, the shearing conditions
were different for various rotational speeds, due to the amount
of heat generation associated with melt viscosity of the
material.

Rezgui et al. [27] inspected welding parameter optimiza-
tion of 15-mm-thick HDPE and comparison between numer-
ical simulations and experimental tests. They used low ther-
mal conductive scraper retards at the bottom of a static

(a) (b)

(c) (d)

Fig. 4 The welded zone for double passes FSW: schematic illustration (a), weld photograph (b), schematic illustration of fracture location (c),
photograph of the weld nugget (d) [19]

Fig. 5 Two (a) and three (b) dimensional images of weld cross section,
longitudinal samples displaying the retreating (c) and the advancing (d)
sides of the weld [20]
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wooden shoulder in order to obtain better distribution of tem-
perature in the weld seam (Fig. 8a). The detected temperature
was between 120 and 180 °C, which confirms Strand’s claim
[4] that FSWof polymers is not a solid state, but a liquid state
welding. The comparison between numerical simulation and
experimental tensile test can be seen in Fig. 8b.

An effective tool for FSW of polymeric material,
denominated as “hot shoe”, has been developed, [23]
(Fig. 9). This tool consists of a static shoulder made in alu-
minium and coated at the bottom with PTFE in order to pro-
duce a smooth welding surface. The static shoulder with thrust
bearing forces the nearly molten materials into the weld seam
under the effect of an axial force. A thermocouple and a heater
were located inside the shoe with the intention of sensing and
controlling the desired heat. The “shoe” is mainly responsible
for trapping the soft material inside the weld bead and holding

the weld under the axial force, as it begins to cool down. It was
reported that ABS material was welded successfully with ten-
sile strength of 75 % of the parent material. After that, many
researchers investigated different methods with different poly-
mers using the hot shoe in order to optimize and evaluate the
effect of this tool on the weld seam and strength.

In order to evaluate microstructural, bending angle and
flexural properties of PP materials welded butt joints, a sta-
tionary hot shoe was used, [4]. The use of larger shoe lengths
lead to stronger welds than the ones obtained by using a
shorter shoe, due to the different cooling rates. The promotion
of a uniform cooling rate during this process is critical, in
order to obtain a uniform material shrinkage, thereby limiting
the formation of voids in the weld seam. Different flow be-
haviours were observed using different welding parameters.
Parallel layers of material flow and a typical example of onion

Fig. 7 Schematic illustration of
polymer FSW (a), SEM
micrograph of the intermeshing
glass fibre structure formed at the
borderline of the seam and the
base material (b) [26], SEM
micrographs from the seam (c)
and from the base material (d)
[25]

Fig. 6 Representation of flow
material for FSW of metals
according to Arbegast model [21]
(a) and transverse sections of a
weld (b), backlight images with
15-mm shoulder (c), and 35-mm
shoulder (d) [20]
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rings pattern was observed. The onion ring structure originates
from a special flow in concentric circles. However, the most
common defect that occurred in this experimental study was
the root defect, which is defined by the region at the bottom of
the weld nugget that is unable to stir properly and is therefore
left unwelded. It was concluded that the shoe temperature had
a significant effect on material flow and weld strength.

Similar studies have been carried out in the same topic
using the hot shoe design concept for welding different poly-
meric materials and inspections. Mendes et al. [3] investigated
morphology and strength of robotic FSW of 6-mm ABS
plates. The main objective of this study was to evaluate the
effect of the axial force on the weld strength using the hot
shoe. Up to this point, most of the previous studies were per-
formed using milling machines, whereas these authors oper-
ated various experiments using articulated arm robot in their
studies [3, 29, 30], in order to diagnose and optimize the
applied axial force during welding. The main defects have
been discovered on the retreating side of the welds, specially
using low rotational speed, [20, 31]. However, it was conclud-
ed that the increase in axial force from 0.75 to 4 kN did not
have a significant effect on the tensile strength, but instead had
a positive effect on the plastic strain. With high axial force,
material stirs better from advancing side to the retreating side
of the weld, resulting in a higher strain of welds (12.8 %). The
maximum tensile strength, of 60 % of the base material, was
achieved by using high axial force and rotational speed.

Tests using external heating of 90, 115 and 130 °C inside
the static shoulder was also carried out [29]. The tool had the
same concept of the hot shoe tool design with particular de-
velopments in order to make it suitable for robotic FSW
(Fig. 10). It was found that a 115 °C additional heating was

appropriate for weldingABSmaterials, producing smooth and
void-free welds, due to that temperature being close to the
ABS glass transition. Increasing the temperature above
115 °C will cause polymers to degrade, which has a negative
effect on the mechanical properties and the appearance of the
weld seams. However, it was verified that by using high axial
force it was possible to prevent the inflow of air into the weld
beads, consequently ceasing void formation and shrinkage in
polymers.

A tool without auxiliary heating by using high thermal
conductive sleeve around the rotating probe was recently de-
veloped [32]. In this study, the new tool was developed in
order to friction stir weld dissimilar polypropylene-to-
polystyrene in lap joint configuration. The friction between
probe and copper sleeve generates adequate heat to reach the
softening temperature, and Teflon stationary shoulder forces
the soft material down to the weld seam, creating smooth and
strong welds (Fig. 11—drawings of the developed FSW tool
(a) [32], normalized axial force variation during the welding
procedure for both conventional tool and developed tool (b)
[33].a). Using this tool, rotational and traversing speeds are
the most effective parameters regarding the tensile strength of
the welds [33]. Another feature of this tool is stability of the
axial force when compared to traditional tools, while using
position control (Fig. 11b). Due to the large area of the static
shoulder, axial force increases significantly at the beginning of
the weld, and when the tool advances, the axial force de-
creases and tends to stabilize. This study indicated the possi-
bility of avoiding external heating source with appropriate tool
design.

Bagheri et al. [31] conducted 33 full factorial DOE using a
hot shoe tool, in order to examine the effect of the welding

Fig. 8 FSW tool used with static
shoulder and scraper (a),
comparison between numerical
simulation and experimental test
(b) [27]

Fig. 9 Schematic (a) and
photograph (b) pictures of hot
shoe tooling system [28]
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parameters on the mechanical properties of 5-mmABS plates.
The variable parameters were the traversing speed, rotational
speed and shoe temperature, each differentiated in three levels.
The main body of the static shoulder was made of a common
structural steel instead of aluminium, with a threaded probe of
10-mm diameter. A probe without threads or grooves applies
excessive axial loads on the spindle, in addition to preventing
the softened material to stir from advancing side to the
retreating side of the welds [34]. Regarding this configuration,
Zhang [35] employed a two-dimensional simulation for FSW
process in order to analyse the material flow during the

welding. Figure 12 shows different material flows predicted
for the retreating and advancing sides of the welds. The results
shown that the material from the retreating side of the weld
does not move completely around with the probe and material
from the advancing side forms a fluidized bed around the
probe.

The obtained results shown that all the parameters had
relatively significant effect on the overall weld strength [31].
The effect of the different parameters on the tensile strength is
shown in Fig. 13a. The tensile strength of 88.8 % of the parent
material was obtained using lowest traversing speed with

Fig. 11 Drawings of the
developed FSW tool (a) [32],
normalized axial force variation
during the welding procedure for
both conventional tool and
developed tool (b) [33]

Fig. 10 Isometric view (a) and
detailed view (b) of the developed
FSW tool [29, 30]
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highest temperature and rotational speed. As expected and
confirmed in previous studies, all the specimens failed on
the retreating side of the welds, due to insufficient heat gener-
ation. Figure 13b displays a specimen before the tensile test.
Microstructure analysis of two specimens with maximum ten-
sile strength (Fig. 13d) and minimum tensile strength (Fig. 13)
were captured by scanning electron microscope (SEM). A
more uniform structure can be observed on the cross section
of the stronger weld than the one with the lowest tensile
strength.

Experimental investigations on microstructure, tensile and
flexural properties were carried out for welded 10-mm HDPE

plates, [28, 36]. The FSW tool used is shown in Fig. 9. In
order to decrease the cooling rate, a closed-loop thermo-con-
troller heater was used inside the static shoulder, along with
M10 × 1 threaded probe to stir the material properly. However,
in order to avoid sticking the soft material to the shoulder, the
bottom of the shoulder was coatedwith PTFE. This eliminated
the concentration of residual stress on the weld seams and
promoted a smooth surface quality (Fig. 14a, Fig. 14b).
However, in order to avoid flash defects, an appropriate
amount of axial force is required. Unnecessarily high axial
forces, lead in outpouring of soft material from the weld nug-
get, causing thickness reduction and forming flash defects.

Fig. 12 The material flow at
advancing side (above) and
retreating side (below) of the weld
[35]

Fig. 13 3D pyramid chart of processing parameters effects on the tensile strength (a), a tensile specimen with flash defect on the retreating side (b),
microstructure of specimen with minimum (c) and maximum (d) tensile strength [31]
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Additionally, excessive heat generation, either by applying
high shoe temperature of more than 150 °C, or high rotational
speed above 1400 rpm, will lead the polymer to degrade in the
stir zone, affecting the mechanical properties and appearance
of the weld seams (Fig. 14c). Moreover, inadequate heat gen-
eration caused poor joining as shown in Fig. 14d. Another
effective welding parameter is traversing speed, which regu-
lates directly the cooling rate in order to provide enough time
for the polymer molecules to solidify. After conducting an
analysis of variance, it was concluded that the welding param-
eters had significant effects on the welds flexural strength. The
maximum relative flexural strength was obtained using low
traversing speed, high rotational speed and medium shoe tem-
perature. Microstructure observation of the welds confirmed
that the root defect size at the bottom of the welds directly
affects the flexural strength of polymeric joints. Figure 14e
shows the size of the root defects for minimum, mediocre
and maximum obtained flexural strength, respectively.

A new tool with two static shoulders on both sides of the
plates, with the same concept as the self-reacting FSW [37]
tool, was developed, [38]. This new tool was developed in
order to eliminate the root defect by having a full penetration
inside the parent material. In order to optimize the welding
parameters, 5-mm-thickABS plates in butt-joint configuration
was used. Probe profile, both convex and simple, traversing
speed of 20, 40 and 60-mm/min and tool rotational speed of
400, 600 and 800 rpm were selected as welding parameters,

and tensile strength test was performed to evaluate the welds
strength. The maximum tensile strength at 60.6 % of the base
material was obtained using the convex shaped probe along
with 400 rpm and traversing speed of 40-mm/min. The sche-
matic of this tool and the welding process is shown in Fig. 15.
As mentioned in the literature, tool geometry is one of the
main effective factors that directly effects weld strength and
final appearance. In this study, the tensile results of the convex
shaped probe produced stronger welds than the simple probe,
and improved the process stability. In general, it is claimed
that due to the greater contact area between the convex shaped
probe and the base material, higher frictional heat was gener-
ated, resulting in better stirring of the material and better heat
distribution and consequently higher tensile strength was
achieved.

2.3 Friction stir spot welding (FSSW)

The FSSW behaviour for polyethylene (PE), Polyamide 6
(PA6), PA66, polyphenylene sulphide (PPS) and acryl was
analysed, [1]. It was concluded that among those materials,
PE is the only polymer suitable for welding at ambient tem-
perature, while the remaining needed auxiliary heating condi-
tions. In order to have a proper material flow, a 50 °C addi-
tional heating source was needed for PA6 and PA66, and
70 °C for PPS. In this study, a common FSW tool was used
for welding PE plates with probe diameter from 3 to 8-mm

Fig. 14 Welding by non-coated
shoulder (a), welding by coated
shoulder (b) [36], material
degradation with high rpm (c),
inadequate shoulder temperature
(d), macrostructure of specimen
with minimum, mediocre and
maximum flexural strength
respectively (e) [28]
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with 14-mm diameter for the shoulder. The tensile test results
showed that joint strength was relatively small when com-
pared with the parent materials due to the polymers large
expansion coefficient, which led to large shrinkage in the weld
beads. Moreover, the weld strength of PE for different config-
urations was compared, as can be seen in Fig. 16.

A number of studies investigated FSSW of polymers and
effect of welding parameters on the welds strength [2, 39].
Bilici [40] studied the influence of different probe geometries
on the macrostructure and weld strength in FSSW of HDPE
plates. Six different probe profiles were used to evaluate the
results: cylindrical; triangular; threaded cylindrical; tapered
cylindrical; hexagonal and; square, with pin diameter of 7.5
and 5.5-mm in length. They claimed the probe geometry sig-
nificantly affects the weld strength. The best results in this
case study were achieved with the tapered cylindrical tool,
which yielded higher strength than the remaining welds made
with different pins and the same plunging depth. Another
noticeable point in this study is the fact the highest weld
strength was attained with the largest tool axial force.
Regarding welding parameters, the optimum dwell time was

45 s with a delay in the retraction motion of the tool.
Moreover, the weld strength increases proportionally with
the concavity angle of the shoulder, depicted in Fig. 17b.
The best results were achieved with a 6° concavity angle,
above which the weld strength decreases for higher angles.
After choosing the best FSSW tool (Fig. 17), Bilici et al. [2]
conducted an L9 orthogonal array Taguchi Design of
Experiments (DOE) with the approved tool in order to opti-
mize welding parameters for 4-mm HDPE plates. Tool rota-
tional speed (rpm), dwell time (s) and tool plunge depth (mm)
were selected as the welding parameters, each in three levels.
After parameter optimisation and experimental confirmation,
the authors concluded that dwell time and rotational speed are
the most dominant factors in this process, and plunge depth
does not have a significant effect on the welds quality. With
the optimal welding parameters, which were 700 rpm for ro-
tational speed, 60 s for dwell time and 6.2-mm plunge depth,
the weld strength increased by about 40 % from the initial
parameters.

A new improved tool for FSSWof 3-mm polymethyl meth-
acrylate (PMMA) sheets was used, [41]. The new tool was

Fig. 15 Schematic illustration of
FSW process using the newly
developed tool. a Toll starts
rotation, b tool moves into the
material, c tool is attached to the
material and starts welding and d
end of the welding and tool is out
of the workpiece, and the detailed
view of the new tool (e) [38]

Fig. 16 FSW welding tool (a),
different joint configurations and
strength (b) [1]
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developed in a way that the pin and the shoulder are allowed to
rotate independently from each other. The obtained results are
comparable with other welding methods, while the welding
time is shorter than other techniques. The heat affected and stir
zones using Vickers micro hardness and optical microscopy
measurements was also analysed, concluding that at high join-
ing temperature (250 °C), degradation of the PMMA oc-
curred, which affected joint strength.

Upon using a conventional tool for polymers, particles tend
to be ejected from the weld zone, leading to material loss in
the weld seam. With the intention of solving this problem, an
improved tool was designed, [42]. The developed tool was
employed for spot welding of dissimilar polymers, which are
ABS and PMMA. The new tool design consists of a thrust
bearing located inside aMDF plate that acts like a static shoul-
der (Fig. 18). The additional plate traps the nearly molten
material inside the stirring zone with a uniform pressure,
avoiding material ejection and blisters formation. Also, due
to the low thermal conductivity of MDF, the generated fric-
tional heat is preserved on the welding area, minimizing the
heat loss. Full-factorial DOE was implemented for 3 parame-
ters in 3 levels, in order to evaluate the welding parameters
effects on the lap-shear strength of the welds. It was concluded
that the most effective factor with this developed tool is the
plunge rate. However, rotational speed and dwell time have an
equally significant effect on the welds strength. As the previ-
ous studies have shown, for welding polymeric materials, the
most effective welding parameters are dependent on the cho-
sen tool.

3 Conclusion and future trends

The FSW technique has faced a significant growth in the last
decade and, currently, the possibility of welding dissimilar
materials with different thicknesses and configurations is one
of the most attractive engineering subjects. Dissimilar poly-
mers, polymer-metal and composites are just a few examples
of new welding materials that can benefit from FSW advan-
tages in the near future. However, as the tool plays a crucial
role in this process, developing appropriate FSW tools for
different materials and applications is one of the chief concern,
which should be addressed with great determination.

Regardless of all FSW advantages, the ability to full auto-
mation makes this method one of the more attractive welding
processes for the manufacturing industries. However, up to
this day, the majority of the research studies accomplished
FSWwith milling machines, while industrial robots can make
the process much more attractive for industrial applications.
Industrial robot arms have a great potential in the FSW of
polymeric materials due to the lower required axial force dur-
ing welding than what is necessary for metallic materials, as
well as the ability to perform fully automated force control
welding. As axial force is one of the main welding parameters
that can affect weld quality directly, it is expectable to achieve
quality welds with industrial robots. In addition, there are
some factors (cost, accuracy, flexibility, stiffness, force, sens-
ing and etc.) that must be kept in mind for choosing a suitable
robot for each individual industrial application. The benefits
of FSW is not just restricted to joining materials together, and

Fig. 17 Schematic of FSSW process (a), FSW tool (b) [2, 6]

Fig. 18 Static FSSW tool (a),
schematic of FSSW joint (b) [42]
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there are other attractive methods with the same concept,
which to this point scarce investigations have done and needs
extensive improvement to achieve sustainability, e.g. friction
stir channelling (FSC) and friction stir processing (FSP) for
polymeric materials.

This manuscript gives a full review and a complete state of
the art for FSW of polymeric materials up to the present. As
the tool plays a significant part in FSW, the main topic is the
welding tools, which are used for welding different types of
polymers. Different types of joints, materials, tools and
methods were reviewed in order to give a full account of
friction stir welding of polymeric materials. Most of the stud-
ies claimed that this method produced strong welds with better
mechanical properties than other techniques, due to the lower
welding temperature. However, defect-free welds are hard to
obtain, and the technique still needs improvements regarding
tools and parameters.

Generally, the main defects occur in the retreating side and
the bottom part of the weld nuggets. The retreating side of the
weld suffers from lack of proper stirring and heat generation.
For polymer friction stir welding, it is critical to minimize the
defects by choosing the accurate welding parameters with
respect to the FSW tool and parent material characteristics.
Therefore, almost all the produced welds had unsatisfactory
bonding in retreating sides in comparison with the advancing
sides, which is hard to distinguish from the base materials
alone. Some of the welding defects can be minimized by
choosing appropriate welding tools and parameters, like flash
and tunnel defects. By optimizing the welding parameters, the
size of the root defects can be reduced to a minimum. The size
of the root defects on the bottom of the welds, affects weld
strength directly. The shorter the root defect is, the stronger the
welds will be.

However, it was concluded that, due to the low thermal
conductivity of polymers, external heating is essential in order
to obtain sound welds. The most effective tool developed up
to this point is called hot shoe, which has the ability to monitor
and generate the desired heat with respect of the materials
melting point. The effectiveness of this FSW tool results from
the ability to control the welding temperature, which can be
applied for different materials with different melting points.
Generally, polymers with low melting points (i.e. PP and PE)
can be welded without auxiliary heating source with appropri-
ate tool design. The prospective of polymer FSW would be to
focus on a systematic tool design which is easy to manufac-
ture, cost effective and applicable to produce sound welds
regardless of the parent materials’ characteristics. However,
polymers behave differently than metallic materials regarding
material flow and stirring. Generally, it can be concluded that
polymer FSW is a reliable and efficient method, although
some difficulties remain to be solved. Nevertheless, this meth-
od has the potential to develop into a reliable method for
producing defect-free and sound welds in polymers.
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a  b  s  t  r  a  c  t

This  paper  describes  the  process  of  developing  a stationary  FSW  tool  for welding  thin  plates  of  dissimilar
polymers.  Previous  FSW  research  seems  to be still  far  from  the type  of  systematic  engineering  approach
that  leads  to consistent  results,  in particular  for polymeric  materials  and  especially  for  lap  joining  of
polymers.  This  study  is focused  on  the  development  of  welding  tools,  aiming  at  sound  and  robust  friction
stir  welding  of  dissimilar  polymeric  materials  in lap joint  configuration.  Different  materials  and  geome-
tries  have  been  tested  in  order  to  analyse  quality  of  the welds  and appearance.  It  has  been  verified  that
stationary  shoulders  made  out of  polymer  materials  give  the  best  result.  The  welds  produced  with  this
tool  improved  the  welds  surface  quality  and  strength  significantly.  The  use of  the  proposed  tool  showed
to  improve  the  stability  in  the  axial  force  magnitude  during  the welding  procedure  in  comparison  with
a conventional  FSW  tool.

© 2015  The  Society  of  Manufacturing  Engineers.  Published  by Elsevier  Ltd.  All rights  reserved.

1. Introduction

Friction stir welding (FSW) technique is one of the most
promising joining methods, which accounts for the considerable
development efforts the technique has gone in the last decade.
FSW was introduced to join lightweight alloys that are difficult
to weld using conventional techniques. Although some immedi-
ate benefits of the technique were planned in advance and built
into the technique, such as the high-quality finishing of the welded
part, surprising side benefits such an improved resistance to crack
propagation relative to the base material were found that further
increased the interest in the development of the tool.

Given the recent increase in industrial demand for lightweight
design structures [1], novel joining methods are required to tackle
new challenges, such as multi-material joining. FSW is one of the
most attractive methods in this regard, due to its solid-state phi-
losophy and the ability for full automation. Even though the FSW
technique was  originally developed for joining aluminium alloys
[2], the method is presently being studied to weld other materials
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such as polymers, metallic materials, copper [3,4] and even joining
dissimilar materials [5].

Among all the advantages of the FSW technique, the following
stand-out clearly due to their potential impact in industry:

- Being a solid-state welding process; the generated heat for this
process is about 70% to 90% the base material’s melting point [6];

- It is applicable to components of a large range of thicknesses with
accurate reproducibility [7,8];

- Doesn’t require post-welding processing;
- Due to the low amount of heat generated, components with high

mechanical properties, low distortion and residual stresses are
obtained;

- It is an inherently environmental-friendly process because no
filler material, toxic fumes or shielding gases are employed or
generated;

- Traditional welding defects such as hot cracking and porosity are
not an issue [9,10].

The FSW process itself is based on the heat generated by friction
between the FSW tool and the base material surface [11]. Conven-
tional FSW tools consist of a rotating pin attached to a shoulder,
which penetrates the parts to be welded and traverse along the
weld line, as demonstrated in Fig. 1. The generated heat leads to
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Fig. 1. FSW schematic representation.

extreme stirring, reaching a state in which plastic deformation
occurs and is appropriate for welding [12].

During the welding process, the rotating probe positioned inside
the weld line causes the material to become soft and enables it to
flow and be stirred. On the other hand, the rotating shoulder is
located on the surface of the plates, which generates frictional heat
and avoids the material flash leakage out of the seam, providing a
smooth surface. As illustrated in Fig. 1, the weld bead is divided in
two areas: in the advancing side the tool rotational direction is the
same as the welding direction; the retreating side corresponds to
the side where the tool welding direction is opposite to the tool
rotational direction. In order to weld the two plates, the soft mate-
rial is transferred with the probe, along with a forging force caused
by the shoulder.

The consumption of lightweight materials, such as polymers
and composites has been growing dramatically in a diversity of
industrial and engineering applications, due to the improvement
in strength-to-weight ratio of those materials [13]. Consequently,
polymers and composite materials joining are the new challenges
the technique needs to address. Just as FSW proved its advan-
tageous for metallic materials, a breakthrough in FSW polymers
joining is currently sought after.

Welding of polymeric materials can be categorized into the fol-
lowing classifications [14]:

(1) Mechanical movement to generate heat: vibration welding;
friction welding; ultrasonic welding;

(2) Additional heating technique: hot gas; hot plate; implant and
resistance welding.

For all the above welding methods, the first step is to generate
enough heat in order to reach the plastic deformation stage, then
the nearly-molten material will bond together under pressure and
the final stage will be to let the material cool down [15,16].

Authors such as Strand claim that polymer FSW is not an abso-
lute solid-state process [16]. Due to different molecular weights,
polymers do not have a particular melting point, but a melting
range. In view of this fact, shorter polymer chains can reach their
melting point during welding, whereas longer chains may  not. Con-
sequently, the soft material will be the mixture of molten material
with a relatively small amount of solid material. However, there
will be enough molten material to let the material flow easily.

The main difficulty for FSW polymers is the lack of frictional heat
generated through contact between the rotational tool and the base
material. This applied friction should generate the adequate heat in
order to increase the material temperature near its melting point.
For FSW of Aluminium alloys, this task is implemented by a rotat-
ing shoulder touching the surface, which generates enough heat to

stir the material together. Therefore, the shoulder has an essential
role in this process and is one of the parameters that plays a consid-
erable effect on the weld strength, as well as the welding surface.
It is worth mentioning that a good welding surface is normally a
positive indication of a high joint quality.

Some studies realized [17] that it is difficult to obtain a good sur-
face quality and high mechanical properties of the welded part with
traditional FSW tools in polymers welding. Due to the low melting
point, hardness and thermal conductivity of polymers [18], these
materials can reach their melting point quickly, thereby demanding
new development which are still not available, particularly those
that concern development of tools. Since tool plays a critical role in
this technique, development of sufficient FSW tools for polymers
is considered a topic that needs further investigations.

Although FSW of thermoplastic composites is a challeng-
ing engineering field, only a restricted number of researchers
attempted welding polymers using FSW [19]. Tensile strength of
the produced welds is very low and mostly affected by the pin
geometry and welding speed, which brings about the formation of
defects in welds on Polypropylene (PP) composites reinforced with
20% carbon fibre (CF). PP and its composites are typically joined
by bonding or welding methods [20,21]. In a previous investiga-
tion [8], a comparison between the common welding techniques
and FSW of PP has studied, clearly showing that the mechanical
properties achieved by FSW are higher than the ones obtained with
other techniques. Moreover, they established that the roughness of
the weld seam is higher than that of the parent material and the
weld strength is lower than half the one of the base material. The
generally accepted explanation for this behaviour is based on the
generated heat distribution at the weld seam and its surrounding
areas, which leads to a non-uniform crystallization rate of material
in those areas. In another study [22], it was realized that for FSW of
polymers, the traditional tools push the soft material out of the weld
bead. This material loss is responsible for poor bonding formation,
leading to low tensile strength and poor mechanical properties. Up
until recently, the most common tool used with polymers FSW is
hot shoe, developed by Nelson et al. [22]. This tool consists of a static
shoulder with a heater and a thermocouple inside, and a rotat-
ing probe to stir the almost molten material. This tool traps the
material inside the weld bead, promoting the formation of a good
surface quality. More recently, new tools have been developed for
welding high density polyethylene by Kiss and Czigány [8]. The tool
developed consists of a hot shoe with a threaded pin. However, due
to the low thermal conductivity of polymers, it was  detected that
mechanical properties of the obtained welds are highly dependent
on the generated heat. In another study [23], a heated shoulder with
threaded pin was used for butt joining ABS plastics, and a good weld
appearance was  obtained with this tool.

The work presented in this manuscript focuses on the effect
of different tool designs on lap joints of dissimilar polymers:
Polystyrene and Polypropylene. Furthermore, this study demon-
strates the advantages of using a stationary shoulder for welding
polymeric materials, and suggests a possible path to prevent the
formation of defects and achieve high quality welds.

2. Experimental procedure

Friction stir welding experiments were implemented on a 3-axis
CNC machine. The welds were produced using a position control
method with a sensorized clamping system for load acquisition,
which is shown in Fig. 2. Polymers behave differently than alu-
minium and tend to buckle easier under pressure, which demands
a more sophisticated clamping system. The designed fixture is
instrumented with four load cells connected to data acquisition
equipment. The data is acquired and manipulated with a dedicated
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Fig. 2. Fixing system: (a) isometric view, (b) front view (c) real image of the fixture on the CNC table and (d) detail of the load cells configuration.

Table 1
Material specifications.

Material Dimensions (mm3) Tensile strength (MPa) Melting range (◦C) Density (kg/m3)

Polypropylene (PP) 100 × 80 × 1.5 28 163 910
Polystyrene (PS) 100 × 80 × 2.6 50 180–280 1040

LabViewTM code developed in our laboratory that enables the
observation and registration of the applied force during welding.

Rotational speed, traverse speed and the tool geometry are
parameters which can most prominently affect the weld strength.
From these parameters, and based on a set of preliminary exper-
imentations for FSW of polymers, it was verified that the tool
geometry plays a significant role on the joint overall quality.

Dissimilar polymer materials and thicknesses have been used
for the lap joints produced in this work. Table 1 shows the charac-
teristics of the materials which have been used.

Since this study is focused on the development of a suitable
FSW tool for polymers, and since no similar study can be found in
the literature, different tool designs and dimensions were analysed
in an iterative path, Fig. 3. The new tool designs were developed
using the following parameters ranges: welding speed 10 mm/min
to 70 mm/min, pin length 2.8 mm to 3.6 mm,  and rotational speed
800 rpm to 3000 rpm, depending on the tool being used.

Different probes and shoulders have been developed in the
course of the current work. The initial tests were performed using
a conventional rotating shoulder design with different diameters.
Afterwards, a rotational probe with a stationary shoulder study was
carried out. In order to avoid the shoulder rotation, a tool incorpo-
rating bearings was designed. Stationary shoulders with different

materials have been developed and analysed. Polycarbonate, teflon,
aluminium, wood and brass stationary shoulders have all been
tested with different degrees of success, Fig. 3.

In the stationary shoulder solution, ball and thrust bearings
inside the shoulder let the rotating probe rotates with spindle pre-
venting the shoulder to spin. One of the main challenges of using a
stationary shoulder is to prevent the injection of the soft material
inside the shoulder and bearing, and it is one of the main reasons
that lead shoulders to fail, in particular during long runs. In order
to avoid this problem, different sleeves have been used around the
pin. Ejected material from the weld seam can lead to root defects in
the retreating side of the weld, which is not acceptable and needs
further study.

The strength of the welds was determined in tensile testing
performed in an Instrom ElectroPulsTM machine, Fig. 4(b), using
a 2 mm/min  loading rate. Specimens were cut out of the weld seam
with a proprietary tool developed for this study, Fig. 4(a) and (c).

3. Results and discussion

The main objective of the presented study is the development of
new FSW tools capable of achieving quality welds with acceptable
surface quality. The tools developed in the course of the present

Fig. 3. Some of the FSW tools developed: (a) from left to right, wood, teflon, aluminium and polycarbonate stationary shoulders, (b) brass stationary shoulder and (c) rotating
shoulders with different diameters.
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Fig. 4. (a) Schematic of overlap area of the specimen, (b) tensile stress test and (c) specimen ready to be tested.

study have all been tested for a number of probe length, probe
diameter, and rotational and traverse speeds. Peel tests were per-
formed in order to evaluate the weld bead materials configuration
for the different probe geometries. For those that led to an improved
stirring, tensile tests and analysis were carried out.

One of the most important characteristics of a quality weld is
a good surface quality. The more similar the weld is to its parent
material, the more it retains the parent material’s characteristics.
The amount of heat generated by friction is directly dependent on
the used tool. Geometric features of the pin and shoulder, tool pen-
etration and diameters are the main factors which directly affect
the material flow and heat generation during welding [24]. Using a
stationary shoulder, all the frictional heat is generated by the pin. In
previous investigations, in order to compensate for the lack of gen-
erated heat, extra heating hot shoe systems have been employed.
For this research, different pins and shoulders have been created
and tested without any extra heating on the plates in order to
observe the effect of the different tools, particularly on the resulting
surface quality.

3.1. Conventional shoulder

The most popular tool used in FSW consists on a probe rotating
together with the shoulder. The shoulder has the main role of gener-
ating heat due to the friction between the shoulder and the top sur-
face of the workpiece. The direct effect of the generated frictional
heat can be observed on the weld width. Nevertheless, depending
on the parent material, insufficient heat can prevent proper joining
or, heat overflow can lead to partial melting. Partial melting will
modify the material properties as well as bond the melted material
to the tool surface. In order to achieve strong welds, the ejected
material from the weld seam has to be kept at a minimum.

An initial 8 mm diameter shoulder has been tested with a 3 mm
squared pin. As can be seen in Fig. 5, the material was not mixed
and a damaged surface occurred for all the welding parameters.

Since the lack of heat often leads to insufficient bonding, larger
shoulders with 10, 15, 20 mm diameters, have been tested. Due to
their larger diameter, additional heat was generated, but it was still
not possible to obtain appealing weld surfaces. Although good sur-
faces were obtained at the initial length of some welds, for longer
welds the shoulder literally melted all the material causing it to slip
and stick around the probe and shoulder, as it can be seen in Fig. 6.

It was therefore concluded that a rotating shoulder design is
not a good option for welding polymers. The produced weld bead

Fig. 5. (a) Welded parts with 3 mm conventional FSW tool and (b) FSW tool with
3  mm squared probe and 8 mm rotating shoulder.

presents a very rough surface and flash and root defects occurred
along the weld line.

3.2. Stationary shoulder

Since, the results obtained using conventional shoulders were
not satisfactory, a stationary shoulder design was developed to
evaluate the weld bead surface quality. Using a stationary shoul-
der, the results were better than those obtained with the previous
rotating tool design. A schematic design of the stationary shoulder
developed is presented in Fig. 7.

However, without the rotating shoulder, the pin generates all
the heat, from the rotational movement. Most of the previous

Fig. 6. (a) Welded part with 3 mm squared probe and 20 mm rotating shoulder and
(b)  PP material stuck around the probe and shoulder surface.
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Fig. 7. Stationary tool schematic representation.

studies in this topic, used extra heating from within the shoulder,
in order to compensate for the inherent lack of heat [16].

A stationary shoulder made with wood and a ball bearing was
tested first, and the initial results were promising, as it can be seen
in Fig. 8(a). However, some defects were still present. Wood pre-
sented deformation under pressure, which caused defects on the
retreating side of the weld bead. Nevertheless, it was  possible to
avoid the flash defect, characteristic of a stationary shoulder design.
The stationary shoulder pushes the material down and does not let
the soft material go outside the bead, letting it cool down under the
applied pressure, and preventing the appearance of such defects.

In some welds, a lack of the PP material in the weld line was
observed which caused root defects. Usually, the missing mate-
rial was found inside the shoulder and bearing, cf. Fig. 9. Under
pressure, soft materials go upwards around the pin, then inside
the bearing and damage the bearing. Despite promising results,
it was realized that a stationary shoulder design needs additional
improvements in order to achieve defect free welds.

In order to overcome the difficulties found with the wooden
shoulder, different materials were tested to evaluate the effect of
the shoulder material on the weld surface. Using an aluminium
short shoulder, the surface appearance was relatively good, but not
as smooth as required, Fig. 8(b). A long aluminium stationary shoul-
der was consequently tested with the ability to heat up the plates
to be welded in advance, although no obvious improvement has
been noticed.

Using a Teflon shoulder allowed the improvement of the weld
surface quality significantly. However, in some circumstances, the
area around the probe suffered large deformation as a consequence
of the pin temperature. This shoulder deformability usually occurs
for long welds with a low transverse speed, Fig. 8(c). Any deformed
shoulder can cause material loss inside the weld seam leading to
further defects. The polycarbonate shoulder, Fig. 8(d), presented a
similar weld quality as the Teflon, but with lower deformability
under different welding circumstances.

Finally, a fully brass stationary shoulder has been tested as
shown in Fig. 10, but due to its high thermal conductivity, a large

Fig. 9. Tool related issues. (a) set of damaged tool parts; (b) PP material inside the
ball bearing and (c) PP material inside the shoulder, around the probe.

amount of heat was  accumulated inside the brass volume instead
of heating up the bead, and consequently the weld nugget suffered
from lack of sufficient heat generation.

This functional procedure enabled the choice of the best mate-
rials for the shoulder in Polycarbonate or Teflon although there still
remains a tendency for the materials to move up the bearing, caus-
ing a lack of material in the weld bead. An improved design was
thereby developed to address this issue.

In order to avoid material loss, brass and copper sleeves with
lubrication free capability were tested. Copper, alone as a sleeve,
heats excessively and deforms the Teflon around the pin. Brass can
have the same problem, but in some cases, the brass sleeve rotated
with the pin under pressure and caused the shoulder to melt around
the pin. It was  concluded that the most effective solution is to have a
brass sleeve inside a copper sleeve, Fig. 11. It gives one more degree
of freedom and even though the brass sleeve rotates, it does so
inside the copper sleeve and will not damage the shoulder. This

Fig. 8. Welded part with: (a) wooden stationary shoulder; (b) aluminium stationary shoulder; (c) teflon stationary shoulder; (d) polycarbonate stationary shoulder.
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Fig. 10. (a) Weld seam created by brass stationary shoulder and (b) Stationary shoulder fully made by brass.

method can easily increase the life of the shoulder and eliminates
defects such as lack of material in the weld bead.

3.3. Probe

With the absence of a rotating shoulder to assist in the genera-
tion of heat, the probe plays an even more important role in order
to produce heat and stir the soft material together. To weld poly-
meric materials, probes should have grooves or threads to allow the

softened material to flow simply with excessive amount of turbu-
lence. Without grooves the material sticks on the advancing side of
the weld and will not stir sufficiently. Threads have the same effect
as grooves, with improved friction followed by additional heat. The
direction of the thread should be opposite of the spindle rotation
direction, otherwise the threads will move the soft material outside
the weld bead.

Three different probe geometries were tested: cylindrical with
two flat surfaces, triangular and squared probes have all been

Fig. 11. Newly developed FSW tool with stationary shoulders (a) final design drawing, (b) actual tool during welding, (c) teflon stationary shoulder with brass and copper
sleeves,  (d) welded part with teflon stationary shoulder and 6 mm probe and (e) overall view of the developed FSW tool.
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Fig. 12. Set of different probes tested.

Fig. 13. Differences between non-threaded probe (a) and threaded probe and (b)
after the peel test.

investigated in this study. A set of different tools tested, geometry
and diameter, is presented in Fig. 12.

These probe geometries were selected as a result of their
increased angle of attack and consequently their ability to gener-
ate more heat. The resulting difference between non-threaded and
threaded pin can be seen in Fig. 13. While in Fig. 13(a) both translu-
cent and black materials are easily perceptible in the weld line, in
Fig. 13(b) they are not.

Probe diameter and length are other effective factors on the weld
quality that should be considered. If the difference between thick-
ness of the plates and probe length is out of range, the second plate,
which is PS, will not be joined properly due to lack of penetra-
tion, and defects may  occur in the weld bead. Likewise, the use of a
short probe may  result in insufficient heat generation and improper
material stirring. The investigated pins have a range of 2 to 3.6 mm
in length and 3 to 7 mm in diameter.

3.4. Axial force

Because axial force plays a critical role in FSW process, the quan-
tification of the applied force for different types of tool design can
help understand their behaviour during the welding operation. It
was verified that the axial force is a function of the tool being used.
Due to the large area of the stationary shoulder, when the shoul-
der contacts the plates the applied force increases significantly, but
when the tool advances the force decreases and stabilizes even
using a position control system. This behaviour can be explained
by the effect of temperature on the material hardness. The axial
force for Teflon stationary shoulder with 3 and 7 mm triangular
probes and different welding speeds is shown in Fig. 14. Further-
more, the use of threaded pins will reduce the axial force during

Fig. 14. Stationary shoulder axial force during welding.
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Table 2
Loads before failure for tested specimens*.

Specimen ID Shoulder penetration [mm]  Pin length [mm] Traversing speed [mm/min] Rotational speed [rpm] Maximum Load [N]

R3 0.1 2.05 50 1700 83.3
S3  N/A 3.40 30 1800 117.0

* All the tests were performed with 3 mm probe diameter and overlapped area of 600 mm2.

welding. Using a conventional rotating tool an unstable loading is
verified when a position control system is used. Axial force using a
conventional FSW tool was found to be defined in three main zones
or sections, which can be distinguished by different force peaks and
slopes. While the first zone is characterized by a low force unstable
state, the second presents a high slope followed by the maximum
axial force, or peak, decreasing rapidly to the third section where it
remains relatively stable and constant.

3.5. Tensile strength

Lap shear tests were performed for both stationary and rotating
shoulder joints to quantify the tool effect on the weld strength.
Table 2 shows the tensile strength results of specimens welded
using a conventional tool with a 3 mm squared probe (R3) com-
pared to those welded using the Teflon stationary shoulder (S3).
Two specimens were cut for each set of welding parameters, and
the maximum loads in the Table 2 are their mean values. The
results demonstrate that the tensile strength of specimens obtained
using the stationary shoulder tool can have more than 40% strength
when compared to those achieved with a rotating shoulder. Sev-
eral welding parameters have been tested in order to achieve the
strongest weld using conventional tool. The strongest weld speci-
fications made by rotating shoulder can be seen in the first row of
the Table 2. The obtained results using stationary shoulders were
achieved without parameters optimization. Due to the low ther-
mal  conductivity of polymers and insufficient heat generation on
the retreating side of the welds, during the tests all the specimen
failed from the retreating side. The tensile strength of the joints
obtained using a stationary shoulder is approximately 50% of PP
base material (28 MPa  tensile strength, Table 1).

4. Conclusion

A new design for polymeric material FSW was  developed and
presented in the present manuscript. The effect of different tool
design, Table 3, shoulders and pins, on the weld quality was  eval-
uated, and an optimized tool design for welding polymers was
developed. Using a conventional FSW tool with different geome-
tries and parameters did not enable production of sound welds due
to flash defects around the weld bead. Using a stationary shoulder
design the following conclusions can be drawn:

Table 3
Overall view of the tested shoulders and probes.

Rotatory shoulder
diameter (mm)

Stationary shoulder
material

Probe geometries

8 Polycarbonate Cylindrical
10  Teflon Threaded cylindrical

(M6, M3 screws)
12 Wood Triangular
15  Aluminium (short and

long)
Triangular with groove

20 Brass Square
Copper Conical with two flat

surfaces

• The stationary shoulder enabled stronger welds with good sur-
face quality.

• A Teflon polymeric material stationary shoulder proved to be the
best option, resulting in superior surface quality when compared
to aluminium, brass and wood shoulders.

• Pins must have grooves in order to properly stir the material.
• Using stationary shoulders, the applied force is kept constant

during the operation, the same behaviour cannot be found using
rotating shoulders.

• The best results were achieved using two  sleeves for the station-
ary shoulder. An outer sleeve made of copper gives an additional
degree of freedom for the brass sleeve as well as absorbing heat
in order to avoid damaging the shoulder.

• Functional lifetime of the plastic stationary shoulders will be
increased using two  sleeves around the pin.

• The retreating side of the weld suffers from lack of proper stirring
and heat generation.

• In order to compensate the lack of heat by using stationary shoul-
der, the rotational speed of the tool must be increased.
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A B S T R A C T

In this study, high-molecular-weight-polyethylene sheets were welded in the butt-joint configuration in order to
investigate the effect of welding parameters on the generated forces during welding. The welding procedure was
performed using newly developed clamping device with the ability to measure and acquire the forces during
welding in X, Y and Z directions (FX, FY and FZ). Using a welding tool with a stationary shoulder and position
control, the applied force is kept approximately constant during the entire welding extension. The obtained
results enabled the identification of the influence of each individual welding parameter on the applied forces.
The axial force is the most influential force during this process, which is responsible for forging pressure and
frictional heat, while traverse and rotational speeds have the main effect on the traversing and lateral forces. The
developed sensitized clamping system was used in support of welding process optimization to produce quality
welds without resourcing to costly force control sensors. Using this device, it was possible to use force as a
welding parameter and produce strong welds with mechanical behavior close to the parent materials’.

1. Introduction

Taking into consideration the increase of global need for con-
sumption of lightweight structures, more adaptable and environmental
friendly joining methods are desired to keep up with the fast-growing
industrial demand. The applicability of Friction Stir Welding (FSW)
technique is not limited to metallic materials, and it was verified that
polymeric materials can benefit from this welding method. Since the
invention of FSW, the majority of the studies have focused on metallic
materials butt-joints, and very few investigations have focused on
polymeric materials, and in particular on the active forces during
welding. The schematic representation of a butt-joint welding process
for polymeric materials is illustrated in Fig. 1. A conventional FSW tool
consists of two rotating parts attached together: “shoulder” and
“probe”. The shoulder generates most of the frictional heat under the
axial force, while the probe penetrates into the base materials and stirs
the soft materials together along the welding direction. As stated by
Eslami et al. (2015), polymeric materials behave differently than me-
tallic ones and strong welds are very hard to obtain using the same tool
design concept. Nelson et al. (2004) reported that the conventional FSW
tool is not suitable for welding polymers due to low melting point,
thermal conductivity and hardness of polymers. The main problem of
polymeric FSW using a conventional tool is the formation of flash de-
fects, which causes the soft materials to be pushed out of the weld bead.
For welding polymeric materials, instead of using a rotating shoulder, a

stationary shoulder shown in Fig. 1 is required, to push the material
down and avoid the flash defect formation, creating strong welds with
good surface quality.

The FSW process can be categorized in three main stages: heating,
deforming and forging. When the tool advances in the parent materials,
the friction between the FSW tool and the base material generates heat,
which leads to plastic deformation of the materials, and forges the soft
material into the weld bead under the axial force. The applied forces
play a critical role in this process, and as Eslami et al. (2016) reported,
this issue is even more pronounced in polymeric materials, due to
formation of the flash defect and the necessity of a stationary shoulder
to forge and avoid material ejection. Atharifar et al. (2009) informed
that during this process linear and rotational movements of the welding
tool generate forces in different directions due to the inertial and vis-
cous forces, as shown in Fig. 2. The axial force (FZ) is one of the main
parameters which affects the weld quality directly, and is responsible
for forging pressure and frictional heat. The axial force direction de-
fined in this study is in the downward direction (-Z) due to the negative
value of the axial force in the original coordinate system. The applied
force in the same direction of the welding direction is called traversing
force (FX). When the tool advances along the weld seam, the traversing
force pushes the tool to penetrate the welding materials. The lateral
force (FY) appears as a result of the FSW tool rotational movement. The
direction of the lateral force is defined from the retreating side of the
weld to the advancing side, as implemented by Mendes et al. (2016),
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due to higher temperature of the advancing side than the retreating
side, and consequently a higher applied force is required to deform the
materials at the retreating side.

Various techniques were implemented in this field to measure the
axial, traversing and lateral forces and the torque on the welding tools.
Su et al. (2013) stated that the importance of the measuring force arises
from the fact that the generated frictional heat is proportional to the
applied force during welding. Most of the studies like Cui et al. (2010)
focused on the measurement/control of tool torque because it is cost-
efficient and easy to implement. Longhurst et al. (2010) claimed that

using torque control is an attractive alternative to force control due to
its sensitivity to the tool plunge depth. Recently, Pew et al. (2007)
succeeded to measure the torque on the welding tool through the weld
power, which is calculated by multiplying the spindle rotational speed
to its torque. The weld power value has a direct relationship with the
welding speed and spindle rotational speed, and an indirect relationship
with the plunge depth. Similarly, Mehta et al. (2013) developed an
inexpensive method to measure traversing force and tool torque using
the input electrical current and power of each driving motor, then
compared the obtained values for different welding parameters. An-
other approach for measuring the welding force was proposed by
Trimble et al. (2012), based on a rotating cutting-force dynamometer
with the ability to measure force and momentum in all directions. The
use of such a device is highly expensive and major modifications on the
welding equipment are necessary. Due to this fact, most researchers
ultimately develop a customized device that may be used for a specific
application. Gibson (2011) developed a low-cost force/torque mea-
surement system by instrumenting a milling machine head with strain
gages. The custom designed force platform used in this study is a cost
efficient device consisting of 12 planar load cells to measure the axial,
traversing and lateral forces during welding, which is described and
depicted in the next section.

2. Materials and tools

Two 3mm thick High-Molecular-Weight-Polyethylene (PE-HMW)
150mm long were welded in the butt-joint configuration using position
control FSW and the applied forces during welding were acquired and
evaluated. The welding tool consists of a stationary shoulder made of
Teflon with a highly heat conductive metal sleeve around the rotating
probe. The 3D model of the FSW tool used in this study is illustrated in

Fig. 1. Schematic of FSW butt-joint using stationary shoulder.

Fig. 2. Schematic of the defined generated forces directions during FSW process.

Fig. 3. FSW tool 3D CAD model (a); section view of the probe (b).
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Fig. 3a and a cutaway in Fig. 3b.
A sensitized clamping system was developed to acquire the gener-

ated forces in three pre-defined directions. For each force direction,
four load cells were deployed to measure the applied load and mo-
mentum for positioning it in that specific direction. The data is pro-
cessed with a dedicated LabVIEW™ algorithm, which enables acquisi-
tion of multi-axis force measurements during welding. Vetek planar
load cells (202WA) with a maximum capacity of 300 kg were used to
measure the applied load in each individual load cell.

The developed force platform, consisting of 3 parallel plates and 12
load cells is shown in Fig. 4. The clamping system assembles over the
top plate to fix the parent materials rigidly. To measure the axial force,
four load cells were located at the bottom of the top plate and fixed on
top of the floating plate. Then, the floating plate is fixed over the
bottom plate with 4 rod-end spherical ball bearings. The reason for
using a floating plate concept is to have free linear movements (Fig. 4c)
to measure the traversing and lateral forces accurately without dis-
turbing the vertical forces in X and Y directions.

Fig. 4. Overview of force platform and clamping system (a); cross section view (b); top view of the floating plate (c), detailed view of spherical ball bearing and spherical pin (d).
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A spherical pin was inserted inside each load cell and fixed with two
nuts on each side of the cell, as illustrated in Fig. 4d. These pins were
put in contact with the floating plate on the pre-defined locations, with
half sphere holes aligned with the pins to minimize the surface contact,
effectively eliminating the influence of the vertical force on the hor-
izontal measurements. During welding, the floating plate pushes the
spherical pins to the load cells, and the measured data for each load cell
transferred to the dedicated data acquisition system to give a final value
of FX, FY and FZ. Each load cell was calibrated before assembly, then
after assembly, all 4 load cells for each direction were calibrated before
acquiring the multi-axial force measurements.

3. Results

In order to relate the vertical position command to the force actually
applied to the spindle, a height setup calibration procedure was
adopted, as illustrated in Fig. 5. Parallel shims with 3mm height and
0.01mm precision were used between the welding tool (a) and the
plates (c) to be welded to zero the Z-position. At this point the probe tip
is located at 0.05mm from the weld materials. The position of the Z axis
was marked zero at this point, and welding started from this position
with a 3mm plunge depth followed by the pre-defined dwell time.

Welding in the butt-joint configuration can cause lateral movements
of the plates due to the high applied forces. This lateral movements
leads to a gap between the plates and consequently, to the formation of
a defect on the side which plate moved, as illustrated in Fig. 6a. In order

to tackle this obstacle and avoid any movements, a set of three
clamping devices was used as shown in Fig. 6b. To avoid any vertical
movements, four step blocks (a) used to push down the bar (c) to avoid
the plate to bend under pressure. Then the U shape metallic parts (b)
were introduced to fix the plates for any lateral movements. Using this
setup, no movement was detected during the welding procedure.

The most influential welding parameters were chosen and changed
individually to investigate the effect of each parameter on the gener-
ated forces. The optimization of the welding parameters was obtained
by Miranda (2017) using a Taguchi Design of Experiment (DOE) sta-
tistical approach, and its values are listed in Table 1. The forces ac-
quired for different sets of welding parameters are shown in Table 2.
The optimized set of welding parameters for welding 3mm PE-HMW,
which produced welds with 95% of the base material’s tensile strength
is shown in Table 2 as T5 set of parameters.

The forces acquired for the selected sets of parameters (Table 2) are
illustrated in Fig. 7. The different stages of the FSW process can be
distinguished by analyzing the forces. Initially, the tool plunges into the
parent materials until it reaches the predefined vertical position fol-
lowed by the dwell time. At this stage, the axial force rises above the
defined value due to the probe penetration into the solid material, and
then the value decreases by increasing the generated frictional heat,
and tends to stabilize after the dwell time. However, by advancing the
welding tool along the weld line, the amount of axial force increases
slightly at the end of the process due to flexural deformation of the
welded plate caused by applied forces and generated heat, which es-
calates by increasing the weld line. The mentioned “retracting phase”
refers to the end of welding process, at which stage the welding tool is
pulled out, and all the forces return to zero.

The axial force is the most influential parameter during the FSW
process, as it is one of the main parameters responsible for frictional
heat. As shown in Fig. 7, using this device enables the estimation of the
axial force value and welding the material with the desired axial force,
even using position control welding method. The axial force for welding
3mm PE-HMW ranges from 700N to 1200N. An axial force higher than
950N deforms the weld nugget excessively, and creates thinner joints
than the parent material, leading to a degradation of the joint strength.
An axial force lower than the optimum value does not generate enough
heat on the sleeve, which transfers most of the generated heat to the
plates during welding.

In order to analyze the effect of traverse speed on the generated

Fig. 5. Pre-force setup (Miranda, 2017).

Fig. 6. Formation of defect due to the lateral movement of the plates (a); clamping system
setup (b) (Miranda, 2017).

Table 1
Optimized welding parameter.

Welding Parameters Value (unit)

Probe diameter 5 mm
Plunge depth 2.95mm
Probe shape Conical with two grooves
Welding speed 70mm/min
Rotational speed 2500 rpm
Dwell time 5 sec
Pre-Force 950 N

Table 2
Sets of welding parameters for milti-axis force measurments.

Parameter set Pre-force
(N)

Traverse speed
(mm/min)

Rotational speed
(rpm)

Probe diameter
(mm)

T1 1100 70 2500 3
T2 1100 50 1500 4
T3 950 30 2500 4
T4 950 70 1500 5
T5 950 70 2500 5
T6 950 30 2500 5
T7 950 200 2500 5
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force, a much higher welding speed is applied, as show in (Fig. 7T7).
Using a welding speed of 200mm/min, it has been established that the
traversing force is a function of the traverse speed. Using low traverse

speed, the applied traversing force is low, as the materials have more
time to heat up and liquidize, especially with high rotational speed
(Fig. 7T3), which requires less torque. As the graph shows, by

Fig. 7. The recorded applied forces for different sets of welding parameters. (For interpretation of the references to colour in text, the reader is referred to the web version of this article).
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increasing the traverse speed from 70mm/min (Fig. 7T5) to 200mm/
min (Fig. 7T7), the applied traversing force increases approximately
from 100N to 550N respectively.

The lateral force has the least influence on the weld quality and the
recorded values are too small compared to the axial and traversing
forces. The lateral force is a function of rotational speed and has an
indirect relationship with the tool rotational speed. Using high rota-
tional speed, less torque is applied during welding, and consequently
lower lateral force was recorded.

The probe diameter is mainly responsible for frictional heat between
probe and sleeve, and due to the larger area of the 5mm probe, this tool
produced the strongest welds for this material and thickness. Regarding
the applied forces, the probe diameter influence is most noticeable at
the beginning of the welding process (Fig. 7T5–T7), when the probe is
touching the solid surface of the plates. The initial value of axial force
increases by increasing probe diameter and contact surface.

Regarding the effect of the dwell time, the value of the axial force
decreases when dwelling starts due to softening of the parent materials.
For lateral and traversing forces, during the dwell time no noteworthy
changes were recorded, however when the dwell time stops and ad-
vancing begins, both forces increase significantly.

The advantages of using this device is not limited to set the pre-force
values. Analyzing the applied forces gives a comprehensive insight of
how the welding process is performing and can help in defect analysis.
For example, in the case of a T2 set of parameters, the formation of gap
between the plates was recorded. The gap was formed due to the high
torque and axial force, which led the plates to move laterally and dis-
turb the welding process. Sometimes this behavior is not visible to the
naked eye, as the sleeve creates a layer on top of the weld nugget which
precludes its visibility. However, as illustrated in Fig. 7T2, the red
circles demonstrate this abnormal behavior by creating a distinguished
step on the acquired applied force. Even though the applied forces are
not constant by use of force control, using the developed device enables
the production of strong welds compatible with parent materials even if
position control is used. This cost-efficient device can be used and in-
stalled on typical milling machines, without need of any high-cost
sensors and robot arms, obtaining sound welds with great repeatability.

4. Conclusions

In this study the developed multi-axis force measurement device
was explained and after a comprehensive introduction of the design
concept, the effect of the most significant welding parameters on the
applied forces were analyzed. The following are the main conclusions
that can be drawn from this article:

• The developed device enables considering the axial force as a
welding parameter when using position control welding technique;

• The robust and cost-efficient clamping device has been designed and
developed with the capability of producing sound welds, in-line

with parent materials’ characteristics;

• Axial, lateral and traversing forces were measured for different sets
of welding parameters with good accuracy;

• Using this device enables distinguishing the formation of some de-
fects that are invisible to the naked eye;

• The tool’s vertical positioning is responsible for axial force during
welding, and it is accountable for both forging pressure and fric-
tional heat;

• Traverse and rotational speeds have the main effect on the traver-
sing and lateral forces during welding.
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Abstract There has been a significant increase in the use of
polymeric materials in various areas of industry and engineer-
ing, which were previously dominated by metallic compo-
nents. Recently, the possibility of implementing friction stir
welding (FSW) technology for welding polymer-polymer and
polymer-metal has come under investigation. Polymeric ma-
terials behave differently frommetallic ones, and there is still a
limited number of research works in the literature concerning
this specific topic. In this study, a stationary shoulder made of
Teflon was used to weld thin plates of polypropylene and
polyethylene together in the lap-joint configuration without
external heating. Using a stationary shoulder, the probe gen-
erates all the frictional heat and stirs the nearly molten material
under an axial force. This article is focused on parameter op-
timisation for friction stir welded lap joints of dissimilar poly-
mers using a new tool concept. It was concluded that the tool
design has the most effective role regarding the lap-shear
strength of joints. Welds fabricated with the optimised
welding parameters present good surface quality and strength.
Moreover, for welding polymeric materials with this method,
the main defects have been found on the retreating side of the
welds. This behaviour can be explained by insufficient heat
generation on the retreating side as well as poor thermal con-
ductivity of polymeric materials.

Keywords Friction stir welding . Polypropylene .

Polyethylene . Taguchi . ANOVA . Tool design

1 Introduction

As demand for consumption of lightweight structures increases,
more adaptable and environment-friendly joining methods are
needed in order to cope with fast-growing industrial applications.
Friction stir welding technology is a welding technique devel-
oped by The Welding Institute (TWI) to join aluminium alloys
[1]. Originally, this method was used to weld materials that are
difficult to weld with traditional techniques. The numerous ad-
vantages of this method made friction stir welding (FSW) an
attractive technology for different manufacturing industries.
Transportation industry is one of the dominant sectors that
benefited from this method for more than two decades.
Automotive, aerospace, shipbuilding and rail industries [2–4]
are just a few examples of the implementation of FSW to weld
similar/dissimilar metallic materials in different configurations.

The advantages of the FSW process originate mainly from its
solid-state philosophy, the ability for full automation and the fact
that it is an environment-friendly process. During this process, a
rotating probe attached to a shoulder plunges into the base ma-
terial, generating frictional heat between the FSW tool and the
parent material under an axial force. Solid state means that the
welding temperature will not exceed the material’s melting point,
preserving mechanical properties. The schematic representation
of a typical lap-joint welding process is illustrated in Fig. 1.

FSW can produce a wide variety of joint types, thicknesses
and configurations. However, since the invention of the FSW
method, the majority of FSW studies have been focused on the
butt-joint configuration and scarce investigations have been
done to examine joining polymers with the FSW method,
especially in lap-joint configuration [5]. Lap joints are widely
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used for assembling parts and products in various transporta-
tion industry, i.e. automotive and aircraft applications [6].

Using a conventional FSW tool, the shoulder generates
most of the heat by rotating and loading the plate surface,
while the probe stirs the nearly molten materials and traverses
along the weld bead. Nevertheless, a low traversing speed, a
keyhole at the end, necessity of a rigid clamping system and
backing bar are some of the limitations that this method suf-
fers from [3]. Since the invention of FSW, reducing these
limitations has always been one of the main intensive engi-
neering subjects at a global level.

Applicability of the FSWmethod is not restricted just to weld
metallic materials, and recently, a few studies investigated the
possibility to join polymer-polymer [7–10] and polymer-
aluminium [11, 12]. However, polymers behave differently than
metallic materials due to their low thermal conductivity, hardness
and melting temperature [13]. Strand [14] stated that FSW of
polymers is not an absolute solid-state process, due to the differ-
ent chain lengths and molecular weights of polymers.

Since the FSW tool plays a crucial role in this process,
researchers mainly focused on developing appropriate FSW
tools for polymers in order to create defect-free welds with
smooth surface quality. However, it was verified that conven-
tional FSW tools cannot create strong welds due to an exces-
sive amount of flash defects [8, 15]. The “hot shoe” FSW tool
was developed, and patented by Nelson et al. [10], for welding
polymeric materials. Instead of using a rotating shoulder, a
stationary shoulder made of aluminium, coated with
polytetrafluoroethylene (PTFE), is used to push the material
down, eliminating the formation of flash defects. Due to the
absence of a rotating shoulder and the low thermal conductiv-
ity of polymers, an auxiliary heating source is needed in order
to reach the temperature to the plastic deformation stage. A
heater and a thermocouple are located inside the static shoul-
der to control the generated heat, while the probe stirs the
materials along the weld bead. It was reported that ABS ma-
terials were successfully welded with tensile strengths of 68%
[16] and 75% [10] of the base materials.

As illustrated in Fig. 1, the weld nugget has two sides rela-
tive to the centreline. The advancing side (AS) of the weld
corresponds to the side of the weld nugget, where the tool’s
rotational direction is the same as the linear motion of the tool,
and the other side is the retreating side (RS), where the linear
motion and rotational direction of the tool are in opposite direc-
tions. Generally, in the FSW process, the advancing side is
hotter than the retreating side [17] and the low thermal conduc-
tivity of polymers magnifies this issue, leading to defect forma-
tion by insufficient heat generation on the retreating side of the
weld [18, 19]. Basically, the FSW tool plays an even more
important role for welding polymers than metallic ones.

However, most researchers follow the traditional experimen-
tal method for optimising welding parameters by changing one
parameter, while keeping the other parameters constant. These
experimental designmethods are too complex and time consum-
ing, and with more than a few welding parameters, the number
of the tests increase significantly. Design of experiments (DOE)
techniques can save time and costs by reducing the number of
experiments during the study. Taguchi method is one of themost
innovative and robust DOE techniques for quality control, which
has been widely applied for optimisation of material processing
[7]. In order to compare the effects of the welding parameters
and their interactions, analysis of variance (ANOVA) method
was used. This statistical technique is used to study significant
differences between mean values by comparing the variances.
ANOVA helps to determine the best set of welding parameters
by calculating means and variances.

The work presented in this manuscript focuses on parame-
ter optimisation of FSW dissimilar polymer lap joint using the
Taguchi method and introduces a recently developed station-
ary shoulder tool without external heating. Primarily, a brief
summary of the FSW process and previous studies in this area
were introduced, followed by a comprehensive description
about experimental methods and equipment used in this study.
The effect of the welding parameters and their interactions on
the weld strength have been studied, and the most effective
parameters have been introduced. The obtained results

Fig. 1 Schematic of typical FSW
lap-joint
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demonstrate the advantages of using a stationary shoulder and
analysis interactions between parameters in order to achieve
high-quality welds.

2 Experimental procedures

In this study, 1.2-mm-thick compact polypropylene (PP) and
2-mm-thick high molecular weight polyethylene (PE-HMW)
were used in the lap-joint configuration. The plates were
welded using a modified three-axis milling machine, using
position control. As axial force plays a critical role in the
FSW process, the axial force during welding was recorded
with four load cells connected to a data-acquisition equip-
ment, which is demonstrated in Fig. 2. The data is acquired

and manipulated with a dedicated LabView™ code developed
in our laboratory that enables the observation and registration
of the applied force during welding.

The axial force is a function of tool design and welding
parameters, and quantification of the applied force can help
in understanding their behaviour during welding. With this
tool, due to the large area of the stationary shoulder, when
the static shoulder touches the top surface of the base material,
the applied axial force increases considerably; nonetheless,
when the tool advances, the force drops and tends to stabilise.
An example of recorded axial force during welding is demon-
strated in Fig. 2c.

The tool developed in this study consists of a stationary
shoulder made of Teflon with an internal deep groove ball
bearing to prevent the shoulder from rotating during
welding [8]. As demonstrated in Fig. 3, a highly

Load Cells

(a)

(c)

(b)

((c)

Fig. 2 Equipment setup: table,
spindle and sensitising clamping
system (a); bottom view of the
load cell position in the clamping
system (b); and measured axial
force during welding (c) [8]

(a) (b) (c)

Fig. 3 Designed tool geometry:
front view (a), section view (b)
and bottom view (c)
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conductive sleeve with lubricant ability (copper or brass)
is used around the rotating probe in order to prevent the
injection of the material inside the shoulder as well as
distributing the generated heat to the frontal area of the
probe, pre-heating the area around the probe without
using any auxiliary heating source. This design was se-
lected because the axial and tangential forces transmitted
by the spindle act directly on the shoulder, avoiding the
stress concentration on the critical parts of the probe and
increasing functional lifetime of the welding tool.

From the preliminary experimental results, five different
welding parameters were selected, each in two levels
(Table 1). The objective of using this Taguchi table was to
analyse the welding parameters’ effect and their interactions
on the specimen’s shear strength. As illustrated in Table 1,
two-level process parameters: pin shape, tool’s rotational
speed, traverse speed, pin diameter and pin length were select-
ed as welding parameters in this study. All the welds were
repeated three times for averaging purposes, in order to con-
trol noise and error, and three specimens were machined from
eachwelded plate from different sections of the weld seam. As
illustrated in Fig. 4, in this experimental study, both pin ge-
ometries consist of 60° groove with 1 mm distance from the
bottom of the pins.

The Taguchi design of experiments was implemented for
analysing the influence of the process parameters on the weld
strength. In order to study the welding parameters and their
interactions, a L16 (2

15) Taguchi orthogonal array was select-
ed. This Taguchi design was chosen due to its capability in
analysing all the interactions between the main factors. The
distribution of factors and interactions were defined using the
linear graph (Fig. 5) proposed by Taguchi for the L16 design
[20]. In this study, which aims at the optimisation of the joints’

ultimate tensile strength (UTS), the function proposed by
Taguchi for signal-to-noise (S/N) ratio calculation was taken
according to “larger the better”:

S=N ¼ −10log
1

n
∑
n

i¼1

1

y2i

� �
ð1Þ

The ANOVA of the mean tensile response and S/N were
used to determine the significance of control factors and inter-
actions. The statistical analysis of the results was performed
using SUPERANOVA and Minitab software. Table 2 shows
the experimental layout using an L16 orthogonal array.

As mentioned before, nine specimens were machined per-
pendicular to the welding direction for each set of the welding
parameters. For each welded plate (Fig. 6a), three specimens
were extracted from the beginning, middle and end of the
weld with 600 mm2 overlapped area. Figure 6b shows the
lap-shear specimen dimensions that were used to investigate
the weld strength under shear loading condition. The strength
of the welds was determined in lap-shear testing performed in
an Instrom ElectroPuls™ machine. The tests were performed
according to ASTMD-638 [21] standard tensile test using a 2-
mm/min loading rate. The real-time measurements of strain
and displacement were obtained by the VIC-Gauge 3D™ sys-
tem as a virtual 50-mm-length extensometer.

Fig. 5 Linear graph for L16 orthogonal array [20]

(a) (b) (c) (d) 
Fig. 4 Pin geometries: flat face
pin: bottom view (a) and pin head
detailed view (b); triangular pin:
cross-section of the triangular pin
head (c) and bottom views of
triangular rotating probe (d)

Table 1 FSW process parameters and levels

Symbol Welding parameter Unit Level 1 Level 2

A Pin shape – Flat face (F) Triangular (T)

B Rotational speed rpm 1500 2500

C Traverse speed mm/min 20 100

D Pin diameter mm 3 6

E Pin length mm 2.4 2.8
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3 Results

Lap-shear tests were performed for 144 specimens with 16
different sets of welding parameters in order to quantify the
tool’s mean effect on the weld strength (Fig. 11). Table 3
shows the mean value of lap-shear strength for each welded
plate (repeated three times). Figure 7 shows a specimen before

the test, followed by the specimen during the test and after the
failure under the shear stress. For a single lap joint of alumin-
ium, the main defect occurs mainly on the advancing side of
the weld due to the hook defect [22]. However, for polymeric
materials, the main defects were discovered to be on the
retreating side of the welds [9, 23]. The reason behind this
behaviour can be explained by insufficient heat generation

Table 2 Experimental layout
using an L16 orthogonal array Specimen

number
FSW process parameters

A B C D E
Pin shape
(–)

Rotational speed
(rpm)

Traverse speed (mm/
min)

Pin diameter
(mm)

Pin length
(mm)

S1 Flat face 1500 20 3 2.4

S2 Flat face 1500 20 6 2.8

S3 Flat face 1500 100 3 2.8

S4 Flat face 1500 100 6 2.4

S5 Flat face 2500 20 3 2.8

S6 Flat face 2500 20 6 2.4

S7 Flat face 2500 100 3 2.4

S8 Flat face 2500 100 6 2.8

S9 Triangular 1500 20 3 2.8

S10 Triangular 1500 20 6 2.4

S11 Triangular 1500 100 3 2.4

S12 Triangular 1500 100 6 2.8

S13 Triangular 2500 20 3 2.4

S14 Triangular 2500 20 6 2.8

S15 Triangular 2500 100 3 2.8

S16 Triangular 2500 100 6 2.4

(b

(a)

b)

PE 

PP 

Fig. 6 Welded plate (a).
Specimen dimensions for lap-
shear testing (b)

Int J Adv Manuf Technol (2018) 94:1759–1770 1763



Fig. 7 Specimen stages during
the test. Specimen before test (a),
experiment setup (b), secondary
bending (c, d), specimens after
failure (e) and S3 and S5
specimens after failure (f)

Table 3 Lap-shear tests results

Test Pin shape
(–)

Rotational speed
(rpm)

Traverse speed
(mm/min)

Pin diameter
(mm)

Pin length
(mm)

Maximum load
1 (N)

Maximum load
2 (N)

Maximum load
3 (N)

S/N ratio
(dB)

S1 Flat face 1500 20 3 2.4 264.5 264.9 243.5 48.2

S2 Flat face 1500 20 6 2.8 133.4 94.9 68.0 38.9

S3 Flat face 1500 100 3 2.8 302.9 220.5 208.9 47.4

S4 Flat face 1500 100 6 2.4 274.9 198.5 201.2 46.8

S5 Flat face 2500 20 3 2.8 311.4 305.8 300.1 49.7

S6 Flat face 2500 20 6 2.4 128.2 137.7 140.7 42.6

S7 Flat face 2500 100 3 2.4 179.1 171.5 182.0 44.9

S8 Flat face 2500 100 6 2.8 93.51 227.6 98.1 41.0

S9 Triangular 1500 20 3 2.8 167.7 183.9 152.6 44.4

S10 Triangular 1500 20 6 2.4 111.1 98.9 119.6 40.7

S11 Triangular 1500 100 3 2.4 108.4 104.9 107.1 40.6

S12 Triangular 1500 100 6 2.8 158.4 158.1 181.9 44.3

S13 Triangular 2500 20 3 2.4 131.3 110.1 108.3 41.2

S14 Triangular 2500 20 6 2.8 116.8 222.0 134.9 43.1

S15 Triangular 2500 100 3 2.8 179.5 182.8 230.2 45.7

S16 Triangular 2500 100 6 2.4 255.4 181.9 172.8 45.8
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on the retreating side as well as poor thermal conductivity of
polymeric materials.Most of the specimens in this study failed
in the retreating side of the weld (Fig. 7f). It can be explained
due to the insufficient generated heat in the retreating side,
which cause improper joining between the retreating side of
the weld and the parent material. The advancing side of the
welds have very good and strong joint to the parent material.
As illustrated in Fig. 7f, specimens with highest lap-shear
strength (S5) failed at the bottom of the weld nugget, which
indicates appropriate heat distribution from advancing to the
retreating side. The red lines show the fracture locations of the
S3 and S5 specimens after lap-shear tests.

The significance on theweld strength is required to determine
the precise optimal combination of the variables. This can be
done by using ANOVA in order to study the statistical signifi-
cance of the welding parameters on the weld quality. This sec-
tion presents the test results and application of variance analyses
on those to determinewhich parameters or interactions hadmore
influence on the mechanical properties of the produced joints.
The ANOVAwas applied considering a level of significance of
5% (confidence level of 95%). The mean value of each welded
plate (three specimens each) is illustrated in Table 3.

The ANOVA results and percentage of contribution of pa-
rameters and interactions for the lap-shear strength is present-
ed in Table 4. Statistical analysis of the weld shear strength
reveals that the most effective welding parameters are related
to the tool design/dimensions and their interactions. Pin shape
and pin diameter are the most influential parameters on the
weld strength (11.5 and 10.2% contributions, respectively),
and also, the most influential interactions are all related to
the tool design parameters. The residual error presents a

contribution of 26.4%, which is due to the effect of the uncon-
trollable factors like the applied axial force.

As illustrated in Fig. 8, the strength of the welds is mainly
dependent on the welding tool. However, the interaction of the
traverse speed with the pin diameter has a contribution of
11.3%, which is the highest percentage of contribution of the
welding parameter interactions that involves traverse speed.
Figure 8 shows the percentage of contribution of the welding
parameters and interactions, without residual error.

According to Table 4, statistically, a tool’s rotational speed
has no significant effect on the weld quality or at least, the
hypothesis that this variable regression coefficient is zero can-
not be disregarded. The tool’s rotational speed range was se-
lected based on the initial investigations and the machine’s
capability. However, using higher values of the tool’s rotation-
al speed, an influence on the weld quality is observed. The
interactions of revolutions per minute with pin shape and rev-
olutions per minute with pin length do not have an important
percentage of contributions, although the variable significance
is below the null hypothesis α = 5%. Nevertheless, interaction
of pin shape with the tool’s rotational speed has the highest
effect on the weld quality among all the interactions involving
the tool’s rotational speed.

As illustrated in Fig. 9, all the three parameters whose
statistical significance on the weld quality cannot be
disregarded. Pin shape, pin diameter and pin length are related
to the tool design. Pin shape and pin diameter are the most
influential of the welding parameters, which contributed 11.4
and 10.2%, respectively. The pin with flat surface shape pro-
duces stronger welds when compared with the triangular one.
It is worth noting that without grooves or threads on the pin’s

Table 4 Analysis of variance for
lap-shear strength and percentage
of contribution

Source df Sum of squares Mean square F value p value Per cent

Pin shape 1 23,991.6 23,991.6 20.8 0.0001 11.5

RPM 1 622.5 622.5 0.5 0.4669 0

Traverse speed 1 2267.6 2267.6 1.9 0.1695 0.6

Pin diameter 1 21,397.6 21,397.6 18.6 0.0001 10.2

Pin length 1 3991.3 3991.3 3.4 0.0714 1.4

Pin shape × RPM 1 6864.4 6864.4 5.9 0.0202 2.9

Pin shape × traverse speed 1 3309.2 3309.2 2.8 0.0993 1.1

Pin shape × pin diameter 1 35,423.0 35,423.0 30.8 0.0001 17.3

Pin shape × pin length 1 4808.5 4808.5 4.1 0.049 1.8

RPM × traverse speed 1 2075.4 2075.4 1.8 0.1882 0.5

RPM × pin diameter 1 49.1 49.1 0.04 0.8375 0

RPM × pin length 1 6759.1 6759.1 5.8 0.0211 2.8

Traverse speed × pin diameter 1 23,521.9 23,521.9 20.4 0.0001 11.3

Traverse speed × pin Length 1 1083.8 1083.8 0.9 0.3385 0

Pin diameter × pin length 1 25,403.7 25,403.7 22.1 0.0001 12.2

Residual error 32 36,739.6 1148.1 26.4

Total 47 198,309.3 100
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tip, the material tends to stick on the advancing side of the
weld without proper stirring [8]. It was concluded that in order
to weld polymeric materials, pins should have grooves or
threads to allow the softened material to flow easily (Fig. 4).

Pin diameter is another parameter which has a high contri-
bution rate. The 6-mm pin generates an excessive amount of
frictional heat, which leads tomaterial degradation and change
of colour on the weld bead. This material degradation is due to
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Fig. 9 Lap-shear strength mean effect plot of main parameters: pin shape (a), pin diameter (b) and pin length (c)

Pin Shape
16%

Traverse Speed
[PERCENTAGE]

Pin Diameter
14%

Pin Length
2%

Pin Shape × RPM
4%

Pin Shape × Traverse 
Speed

[PERCENTAGE]

Pin Shape × Pin 
Diameter

23%
Pin Shape × Pin 

Length
2%

RPM × Traverse Speed
[PERCENTAGE]

RPM × Pin Length
4%

Traverse Speed × Pin 
Diameter

[PERCENTAGE]

Pin Diameter × Pin 
Length

17%

Fig. 8 Percentage contribution
chart of welding parameters and
interactions
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the excessive amount of heat generated by the tool, which
affected the material properties and consequently produced
low mechanical strength welds. However, the percentage of
contribution of pin length is not as high as the other tool
design-related parameters. Nevertheless, reasonably longer
pin (2.8 mm) produced stronger welds due to higher penetra-
tion and stirring effect.

The analysis of the mean effect of the main parameters
confirmed the previous observation that the FSW tool plays
a fundamental role in this process and the other parameters are
under the influence of the tool design. Since FSW is a highly
nonlinear process prone to interactions between parameters,
the orthogonal array to be used for the determination of the
interaction between parameters is an essential issue. Using
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Fig. 10 Parameter interactions mean effect on lap-shear strength: pin shape × pin diameter (a); pin diameter × pin length (b); and traverse speed × pin
diameter (c)
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Fig. 11 Main effects plot for
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DOE, it may be assured that the interaction between welding
parameters are studied, in order to investigate which parame-
ter interactions have a statistically significant effect on the
weld strength. The main interaction plots on lap-shear strength
are shown in Fig. 10.

Among all the main factors and their interactions in
Table 4, the interaction of pin shape with pin diameter
has the highest percentage of contribution regarding shear
strength (17.3%). As illustrated in Fig. 10a, pin diameter
has a significant effect while using a flat surface geometry

(Fig. 4a). This behaviour was not observed with the trian-
gular pin. Flat surface pin shape with a 3-mm diameter
generates adequate heat and sufficient stirring, as these
two welding parameters among their interaction have high
contributions to the weld quality. The 6-mm pin generates
an excessive amount of frictional heat and produces a
wider weld nugget, which causes degradation of the parent
materials and improper joining. The tool diameter has a
significant effect on weld quality and must be chosen with
great care. The diameter can be chosen with respect to the
overall thickness of the plates [24]. In this study, the over-
all thickness of the plates was 3.2 mm and the 3-mm pin
diameter turned out to have the best results.

The interaction between the pin diameter and the pin length
is shown in Fig. 10b. Increasing the pin length while using
6 mm pin diameter generates an even more unnecessary heat;
therefore, it has a negative effect on the weld strength. On the
other hand, using a 3-mm pin diameter, the pin length signif-
icantly affects the weld quality. Deeper penetration allows

Fig. 12 Remote stress vs strain
for PP, PE and optimised weld (a)
and schematic of the remote area
of the FSW joint (b)

Table 5 Result of a confirmation test

Welding parameters

Prediction Experimental

Parameter levels A1.B2.C2.D1.E2 A1.B2.C2.D1.E2

Maximum shear load (N) 236.0 223.1
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more materials to stir and plasticise; consequently, stronger
joints will be achieved.

Traversing speed as a main parameter has a small contribu-
tion (0.6%) and no significant effect on the weld efficiency.
However, the interaction between the traversing speed and pin
diameter is statically significant (Fig. 10c). The pin diameter
has no effect on the weld quality while using 100 mm/min
traversing speed. However, with low traverse speed (20 mm/
min), the 3-mmwelding tool creates much stronger welds than
using the 6-mm pin diameter. Another notable point while
welding with high rotational speed is the fact that no signifi-
cant effect for different traversing speeds was detected. The
effect of the traversing speed is small but more noticeable
while using 1500 rpm.

The main effect plot is illustrated in Fig. 11, where the
optimised values are those with the maximum mean values,
except for the traversing speed, which is under the influence of
interaction with pin diameter (Fig. 10c). As an example, the
comparison of the predicted and experimental maximum load
for parameter levels A1, B2, C2, D1 and E2 is shown in Table 5.

4 Discussion

Even though there are no interactions for some parame-
ters, analysing their interaction plots gives a trend of how
each parameters behave under the influence of another.
The interaction plot of traversing speed and pin length
determines that longer pin length creates stronger welds.
This behaviour is much more pronounced while using a
20-mm/min traversing speed. With high traversing speed,
mean effect of the shear strength increased with increas-
ing pin length, but not as much as using low traversing
speed.

No interaction between pin diameter and the tool’s ro-
tational speed was observed as they decreased in a parallel
pattern with increasing the pin diameter. However, both
levels of rotational speeds produce stronger welds while
using the 3-mm pin diameter. Generally, high rotational
speed creates slightly stronger welds than using 1500 mm/
min speed.

The optimised set of welding parameters is already listed in
Table 2, specimen S5. The remote stress-strain curves for PP-
and PE-based materials and S5 specimen are shown in
Fig. 12a. To analyse the tensile shear results in the FSW-
overlapped welds, the concept of remote stress was employed.
Remote stress was calculated using the remote area, away
from the overlap in the thinnest plate as shown in Fig. 12b.
When comparing the remote stress obtained with the tensile
strength of the highest performing base material (PP), the joint
achieved an efficiency of 76%.

It can be concluded that the FSW of the polymeric ma-
terials can produce strong welds but with more brittle

behaviour when compared with the base materials. This
behaviour can be explained due to the polymer degradation
during welding. The fabricated joints consist of a mixture
of two different polymers with different mechanical char-
acteristics, which were joined and stirred together by forg-
ing under relatively high temperature. These factors can
result in a lower elongation than the base materials’
characteristics.

5 Conclusion

The effect of friction stir welding parameters on dissimilar
polymers’ weld strength was evaluated with the support of
Taguchi DOE and ANOVA. A new tool design for polymeric
material FSW was developed, and the effect of the welding
parameters on the lap-shear strength of the specimen were
studied. The following conclusions can be drawn:

& The tool plays a critical role in the FSW process and must
be addressed with great determination;

& The stationary shoulder produced strong welds with good
surface quality, resulting in superior surface quality when
compared with conventional FSW tool;

& Using stationary shoulders, the applied force is kept at a
constant during the operation, the same behaviour cannot
be found using rotating shoulders;

& The L16 Taguchi orthogonal-designed experiments of
FSW pm PP-PE plates were successfully conducted;

& The most effective factors regarding the lap-shear strength
were all related to the tool design parameters and their
interactions;

& The optimumwelding parameters for the weld strength are
pin shape with flat faces, rotational speed of 2500 rpm,
traversing speed of 20 mm/min, pin diameter of 3 mm and
pin length of 2.8 mm;

& The confirmation test confirmed the statistical approach
with experimental procedure;

& The optimised welding parameters increased the weld
quality significantly in comparison with initial tests;

& The joint efficiency of 76% was achieved compared with
the base material;

& Specimens with highest lap-shear strength failed from the
bottom of the weld nugget, while most of the specimens
failed from the retreating side of the welds.
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A B S T R A C T

This article focuses on fatigue life assessment of dissimilar lap-joined polymers. The strength of the friction stir
welded polypropylene-to-polyethylene specimens under cyclic loading conditions was analysed. The fatigue life
of the strongest welds was compared to both the parent material and blind riveting method with single and
double-riveted specimens, in order to compare the welded specimens with available commercial joining tech-
niques. The fatigue lives of the friction stir welded and double-riveted specimens are similar, and they are of the
same order of magnitude of the highest performing base material. In order to visualize the temperature variation
induced by cyclic loading conditions, a thermographic camera was employed to monitor temperature dis-
tribution in the failure region during fatigue testing. For the double-riveted and the parent material specimens,
thermal fatigue failure occurred due to temperature increase under cyclic loading. For these two types of spe-
cimens, thermal failure occurred when the temperature reached approximately 50 °C in the failure region. Both,
the friction stir welded and single-riveted specimens behaved differently from the remaining joints without any
significant temperature increase during fatigue testing. The friction stir welded joints presented a brittle failure
from the retreating side of the weld nugget, which suffers from defect formation when compared to the ad-
vancing side. The single-riveted method produced the weakest joint due to the stress concentration on the drilled
hole, while adding a secondary rivet in the same overlapped area created strong joints due to the load transfer
among the two rivets.

1. Introduction

Friction Stir Welding (FSW) is a welding method developed and
patented at The Welding Institute (TWI) in 1991 for joining soft metals
[1]. The transportation industry is one of the dominant industrial seg-
ments that has benefited from the technology for more than two dec-
ades [2]. This method rests on the use of the frictional heat generated
between the surface of the base material and the welding tool, under an
axial force. The main advantage of this welding technique originates
from its solid-state concept, which does not allow the welding tem-
perature to rise beyond the materials’ melting point, creating high
quality welds with low distortion. Additionally, the aptitude for full
automation and the fact that it is a moderately fast method, make FSW
a promising joining method for industrial applications [3].

With regards to the increase of global demand for consumption of
lightweight structures, more adaptable and environmental friendly
joining methods are desired in order to catch-up with rapidly growing
industrial demands. Despite the fact that FSW method was invented to
join lightweight alloys, the applicability of this technique is not limited

to metallic materials and recently a few studies investigated the pos-
sibility of joining either different or similar polymers [4,5] and poly-
mers to aluminium [6]. Still, since the invention of the FSW technique,
the majority of the studies have focused on joining metallic materials
and only a scarce number of investigations studied FSW of similar or
dissimilar polymeric materials, in particular regarding the fatigue as-
sessment of polymer FSW.

In this welding technology, the rotating tool plunges into the parent
materials and dwells until the friction generates the desired tempera-
ture. The generated frictional heat softens the base material, while the
shoulder’s axial force forges the soft material into the weld nugget. Tool
design and welding parameters are critical factors to obtain strong
welds with good mechanical properties. According to previous studies,
axial force is one of the main welding parameters for welding polymers,
due to formation of a flash defect and the necessity of a stationary
shoulder to assist in forging and avoid material ejection from the
welding bead [7].

Polymeric materials behave differently than metals and strong
welds are very hard to obtain using the same tool design concept. It was
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verified in several studies [5,8] that the conventional FSW tool is not
suitable for welding polymers due to low melting point, thermal con-
ductivity and hardness of polymers. The main problem of polymer FSW
using a conventional tool is the formation of flash defects, which causes
the soft materials to push out of the weld bead. To weld polymeric
materials, instead of using a rotating shoulder, a stationary shoulder is
required to preserve and push the material down, thereby avoiding the
formation of flash defects and creating strong welds with a smooth
surface quality [5]. A schematic representation of dissimilar lap-joint
configuration using a stationary shoulder tool is illustrated in Fig. 1.
Unlike conventional FSW tools, when using a non-rotary shoulder, the
probe generates most of the frictional heat under the axial force, and
stirs the soft materials together along the welding direction.

As presented in Fig. 1, the weld bead is divided in two sides: the
retreating side of the weld, where the linear motion and rotational di-
rection of the welding tool are in opposite direction, and the advancing
side of the weld bead where the tool’s rotational direction is the same as
the linear motion. Generally, in the FSW technique, the advancing side
of the weld is hotter than the retreating side [9], and the low thermal
conductivity of polymeric materials magnifies this issue [10]. Also,
when the tool advances, the cooler material in front of the tool is shifted
to the retreating side. Unlike lap-joints of metallic materials, one of the
main weldability problems during FSW of polymers is a higher prob-
ability of defect formation in retreating side of the weld [11–13].

Tensile and fatigue assessments are the most common testing
methods to evaluate joint efficiency [14]. Several studies have been
published in the literature to analyse the effect of the most influential
parameters on the joints’ strength to optimize the joining process and
maximize the fatigue strength and the structures’ lifetime [15–17].
These parameters have been identified as geometric properties, mate-
rial parameters, loading configurations, and surface treatment and
curing conditions. The FSW process proved to be a reliable method to
produce joints with good mechanical properties for metallic and non-
metallic materials. Yet, failure due to fatigue is a critical issue, parti-
cularly in transportation industries, because of the different loading
conditions in diverse applications [18]. The interest in fatigue life
evaluation of FSW joints has grown recently, due to increasing demands
of the technology across most industries. It was noticed that the fatigue
life of specimens fabricated by FSW process is higher than traditional
fusion welding methods such as MIG and TIG [19]. In another study, it

was concluded that lap-joints of dissimilar aluminium alloys shows a
lower fatigue strength than that from identical alloy lap-joints, which
has been justified by the lower fatigue strength of the base materials
[20]. However, there are very few case-studies regarding fatigue life
assessments of FSW joints for polymeric materials.

In this work, experimental tests have been performed on various
polymer joints under different fatigue loading conditions. Over the
cyclic loading period, the temperature variation on the surface was si-
multaneously measured by means of IR thermography. Since some of
the tested polymer specimens failed due to thermal softening under
fatigue conditions, it was opted to present only the temperature var-
iation in different stage of fatigue cycles.

2. Materials and experimental procedures

The main objective of this study was to evaluate the fatigue beha-
viour of FS welded joints of dissimilar lap-joint polymers. The welds
were produced by the developed stationary shoulder friction stir
welding tool, without an auxiliary heating source. For comparison
purposes, base material, single and double riveted specimens were also
manufactured and tested. The obtained results concerning fatigue life
are presented in the following section.

Two thin sheets of dissimilar polymers were welded in the lap-joint
configuration using position control FSW method. A 2mm thick High-
Molecular-Weight-Polyethylene (PE-HMW) and a 1.2mm thick
Polypropylene (PP) were joined with a 600mm2 overlapped area, and
its tensile strength and fatigue life were evaluated. The parent materials
were cut to 120×120mm2 plates and fixed on the 3-axis CNC table
using an sensorized clamping device developed for this purpose [21].
After the welding process, three specimens were machined from each
welded plate.

The FSW tool used in this study consists of a stationary shoulder
made of Teflon with a copper sleeve around the rotating probe, Fig. 2.
As explained above, it is critical to use a stationary shoulder to weld
polymeric materials due to flash defect formation around the weld bead
[8]. Hence, a Taguchi statistical approach was adopted to optimize the
welding parameters [14]. The welding parameters, employed to man-
ufacture the joints, are shown in Table 1. Despite using a position
control system, a constant axial force of 1200 N was achieved. It is
worth mentioning that in most of the previous studies [22], an

Fig. 1. Schematic view of FSW lap-joint of dissimilar polymers using a stationary shoulder.
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additional heating source was deemed essential to create sound welds
due to the polymers’ low friction coefficient and thermal conductivity
as well as the absence of a rotating shoulder to generate adequate
frictional heat. However, in this study, a tool without an auxiliary
heating source was used, and all the frictional heat was generated by
surface frictional contact of the rotating probe and the copper sleeve.

The fatigue life of the welded specimens was evaluated for different
load levels of the Ultimate Tensile Strength (UTS) of the highest per-
forming parent material (PP). The stress ratio was R=0.1 (R=Fmin/
Fmax) and a loading frequency of fTest = 25Hz was employed using an
electromechanical Instron ElectroPuls™ testing machine at ambient
temperature. Since most of the secondary structures where these tech-
nique is foreseen to be used are loaded under high frequencies, it was
decided to use the maximum load frequency allowed by the ASTM
standard. Four specimens were tested for each load level according to

ASTM D-7791 standard for uniaxial fatigue properties of plastics [23].
To compare the fatigue life of the friction stir welded joints (Fig. 3b)
with conventional manufacturing techniques, Polypropylene dog bone
specimens (Fig. 3a), single-riveted (Fig. 3c) and double-riveted (Fig. 3d)
specimens were fabricated and tested under the same cyclic stress
conditions and geometries. To fabricate the riveted joints, Gesipa
PolyGrip® 4.0×10.0F aluminium blind rivet with steel dome head
were used. The blind rivets were inserted into 4.1mm drilled holes with
an identical overlapped area as FS welded lap-joints, as shown in Fig. 3.

The tensile strength of the base materials (PP and PE) was obtained
and compared to the remote strength of the overlapped specimens,
Fig. 4. Remote stress was calculated using the area, away from the
overlap in the thinnest plate [8]. Experimental tests were performed
according to ASTM D-638 tensile properties standard at ambient tem-
perature [24]. The tensile strength properties were determined at a
loading rate of 2mm/min. The real-time measurements of strain and
displacement were obtained by VIC-Gauge 3D™ system using a 50mm
virtual length extensometer. The double-riveted method presented the
strongest joints among other techniques followed by the FSW joints.
Unlike the other tested specimens, the FSW joints presented a brittle
fracture due to the polymer degradation during the welding process.
Fig. 4 depicts remote stress-strain curves for PP and PE parent mate-
rials, and single, double-riveted and welded specimens under shear
stress.

Fig. 2. FSW tool CAD model (a); cross-sectional view of the probe (b).

Table 1
Optimized welding parameters used for fatigue life evaluation.

Welding parameters Value (unit)

Probe diameter 3.0 mm
Plunge depth 2.8 mm
Probe shape Cylindrical with two flat faces and a groove
Welding speed 10mm/min
Rotational speed 2500 rpm
Dwell time 7 s

Fig. 3. Tested specimens: Polypropylene dog bone (a); welded specimen (b); single rivet (c); double rivet (d).
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3. Results and discussion

In this section, FS welded, single-riveted and double-riveted fatigue
tests results are presented and discussed. The temperature variation on
the specimens’ surface measured by a thermographic camera is re-
presented for different stages of the fatigue tests.

3.1. Fatigue assessment

The fabricated specimens were tested under the same conditions,
and S-N fatigue curves were obtained. Two types of failure modes were
observed during fatigue test: mechanical fatigue and thermal fatigue, as
verified in [25]. The specimens prior to and after testing are shown in
Fig. 5(a) and (b), respectively.

Fatigue lifetime assessment has fundamentally a probabilistic
nature, and in order to describe the different sources of uncertainty that
appear in the fatigue lifetime analysis, it is essential to use probabilistic
fatigue models. The basic probabilistic model proposed by Castillo and
Canteli [26] delivers the whole S-N field by assuming simple variables,
which in this case is the number of cycles for the given stress range.
Using this model makes it possible to compare the fatigue data given by
the loading conditions and using a hyperbolic field derived from Wei-
bull or Gumbel distribution. Considering the physical conditions and
statistical requirements, the probabilistic S-N (p-S-N) field might be
defined as the following equation:
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− − − ⎤
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where Nf is the number of cycles at failure; σΔ is the stress level; F () is
the cumulative probability distribution function of Nf for a given σΔ ,

=B log N( )0 , N0 being a threshold value of lifetime; =C log σ(Δ )0 , σΔ 0
being the endurance fatigue limit; and β, δ and λ are non-dimensional
model parameters. β is the Weibull shape parameter, δ the Weibull
scale parameter and λ the Weibull location parameter defining the
position of the zero-percentile curve. The probabilistic fatigue curves
were obtained using ProFatigue® software by introducing the presented

parameters in the regression probabilistic Weibull fatigue model [27].
The manufactured specimens were tested under different loading

levels (R=0.1) with respect to the parent materials’ characteristics
[14]. Fig. 6 shows the median curves of all the tested specimens:
Polypropylene dog bone specimens, FS welded joints, single- and
double-riveted joints. The horizontal axis represents the number of
cycles and the vertical axis, the stress range. From the obtained S-N plot
in Fig. 6, it was verified that the fatigue life of polymeric FS lap welds is
similar to the double-riveted specimens, which are compatible with the
highest performing parent material, PP. For the riveted joints, the major
concern is stress concentration due to the presence of a drilled hole
[28]. Single riveted joints have the shortest fatigue life due to the stress
concentration effect on the central circular hole. For each cyclic load,
the drilled hole, where the rivet was inserted, stretched out more and
caused the rivet to protrude from the stretched hole very fast. However,
double riveting technique exhibited strong joints with a fatigue life si-
milar to the FSW joints. Using two rivets in the same overlapped area
decreases the load carried out by each rivet, preventing the drilled hole
to stretch out during loading.

As Fig. 5b demonstrates, the fatigue failure was distinct for each
type of specimen. The single rivet joint failed along the drilled hole,
while parent material and double-rivet specimens mostly failed due to
thermal induced failure due to cyclic loading conditions. Even though
the fatigue curves of the double-rivets and FS welded joints are very
similar, the FS joints presented brittle failure on the retreating side of
the weld and were not subjected to thermal damage, when using the
same testing frequency (25 Hz). Thermal fatigue failure of polymers
occurs due to testing conditions, properties and structure of the
polymer. Viscoelasticity of polymers causes energy to dissipate in each
cycle and, as a result, the specimen temperature rises, specially using
high testing frequency and loading condition [29]. The remarkable
point is the resistance of the FS welded joints against thermal failure,
even when compared with parent material, which can be explained due
to the welding process and mixing of two different polymers under a
high axial force and temperature. These factors caused polymers to
degrade during the welding process, which changed the mechanical
properties of the materials on the weld nugget, causing the welded
joints to be more resistant to thermal softening under cyclic loading

Fig. 4. Remote stress results for PP, PE base materials, and FS welded, single- and double riveted specimens.
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conditions.
The results of the Weibull parameters for the tested specimens are

presented in Table 2.
The majority of the fabricated FS welded joints revealed a brittle

failure during static tests, consequently a poor fatigue life was

anticipated. However, it was observed that the obtained joints present a
competitive fatigue life even with the brittle failure on the retreating
side, and it is expected that, by generating more heat, the ductility of
the joints will be improved. The tool design used in this study and the
capacity of the milling machine were not able to generate more

Fig. 5. Tested specimens prior to the fatigue test (a); specimens after fatigue failure (b).

Fig. 6. Fatigue behaviour of tested specimens: base material, FS welded joints, and single and double riveted joints.
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frictional heat just by rotating the probe inside the sleeve. An improved
ductile behaviour of the joint is expected on the weld nugget if addi-
tional heat generation distributed among the welded area is used. This
can be obtained by increasing the copper sleeve size [30]. However,
with more ductility, the welded region will behave the same as the base
material, which leads to the thermal failure during the fatigue test. The
degradation of the polymers in the weld nugget is the reason for this
brittle behaviour, which made FSW welded specimens more resistant to
the thermal softening under cyclic loading conditions.

Using a test frequency of 25 Hz, the PP specimens failed due to the
thermal softening when loaded over 70% of PP’s ultimate tensile
strength. This phenomenon was observed for double-riveted specimens
as well, due to the lower stress concentration on the holes, making the
thermal softening fracture mode more prominent than fatigue crack
growth. In general, the fatigue behaviour of FS welded polymeric ma-
terials proved that this manufacturing solution is a reliable method for
joining polymers under static [14], and cyclic stress conditions.

The comparison between double-rivet and FS lap joining methods
gives a good insight regarding the joint efficiency under the same loads
applied to the same overlapped area. The riveting method contains
some drawbacks when compared to FSW. The FSW seals the two plates
along the entire weld extension, which makes it suitable for applica-
tions involving liquids and gases, like piping. Additionally, the weight
increase of the final assembly, the restriction to lap-joint configuration,
time-consuming setup and introducing a metallic part to a plastic
structure are some of the corresponding drawbacks when compared to
the FSW method. However, regarding the fatigue assessment, as some
authors previously claimed, one of the main benefits of the FSWmethod
compared to conventional joining methods is the improvement of fa-
tigue strength [19], even for polymeric materials.

3.2. Thermographic analysis

This subsection is devoted to the thermographic analysis on polymer
joints respecting fatigue loading tests. A thermographic camera (FLIR
SC7000) was used to acquire the thermal effects on specimens, in
particular anticipating failure regions. The camera was therefore posi-
tioned in front of the specimen with a horizontal distance of l= 700
(mm) and an appropriate lens combination to optimize the field of
view, using a frequency 4 times greater than the test system (fTest),
fTSA= 100 (Hz). Since the ambient temperature could influence the test
performance, the thermographic analysis was performed in an isolated
atmosphere with 23 °C. To prepare the specimens for the thermographic
assessment, a black ink (Tetenal Kameralack) with a thermal emissivity
ε=0.97, was used to provide a surface with deep matt [31].

During the fatigue cyclic tests, the thermographic camera was used
to map the temperature distribution on the intended region of the
specimens. The acquired images were therefore analysed using a nu-
merical algorithm in MATLAB© developed by the authors. Since IR
thermography is an image based measurement technique, camera ca-
libration is required prior to data acquisition. Hence, the system was
calibrated by selecting two points on the specimen with 1 pixel while
the resolution was 0.5-pixel size. After calibration, the obtained data
was analysed and the corresponding temperature field was evaluated
for different fatigue stages. Fig. 7 shows the profile of temperature
distribution on PP dog bone, single-, double- rivet and FS welded joints.

As previously noted (Section 3.1), the acquired thermography re-
sults further confirm that the single-riveted and FS welded specimens
failed because of a crack propagation caused by fatigue loading cir-
cumstances. On the other hand, it also confirms that the base material
and double-riveted specimens underwent failure due to a significant
temperature raise, with almost 30 °C difference to the other specimens.
PP specimens thermally failed due to high testing frequency of alter-
nating loading, which increase the temperature up to 51 °C leading to
thermal softening of the specimens, Fig. 7a. The thermal fatigue failure
is a common behaviour amongst thermoplastics subjected to high cyclic
stress and frequency due to the low thermal conductivity and high
damping properties of thermoplastics [25,32]. The reason for tem-
perature monitoring arises from this behaviour, and comparison of
changing temperature was made on all tested specimens.

Single-riveted specimens suffered from excessive stress concentra-
tion around the drilled hole during the cyclic loading conditions, as
shown in Fig. 7c, which led to failure around the rivet. The drilled hole
stretches more and more for each cycle until the rivet is unable to hold
the two materials together. The failure was so fast that there was no
time for the temperature to rise during loading. This method is not
suitable to join polymeric materials as it demonstrated poor strength
during fatigue and static tests. The double-riveted specimens experi-
enced the same failure behaviour as PP specimens as shown in Fig. 7b.
The difference between the single and double-riveted specimens is due
to the increase of the overlapped area among the two rivets, and the
consequent load transfer to the both rivets.

Even though the double-riveted specimens showed a higher strength
during static tests when compared to the FSW method, their fatigue life
was found to be similar, due to the thermal fatigue failure of double
riveting technique. The comparison between these two methods might
not be fair to FSW as the double riveting specimens have the benefits of
a larger overlapped area among the two rivets. FS welded specimens
failed from the retreating side of the weld without significant tem-
perature growth, Fig. 7d. It verifies that FSW approach is a sound
method for joining polymeric materials that can be used for both
structural and non-structural applications. As no significant tempera-
ture growth was monitored during the FS welded specimens fatigue
tests, even using high testing frequency, it can be expected that FSW is
more suitable for structures exposed to high temperature. Also, FSW
does not need third-party materials such as rivets or fillers, which
makes it suitable for welding large structures without increasing the
weight of the final assembly. Unlike the riveting method, FSW is not
limited to the lap-joint configuration or parent materials’ thicknesses.
With appropriate tool design and judicious parameters, FSW is capable
of producing strong welds with good mechanical properties to weld
wide range of similar/dissimilar polymeric materials in different con-
figurations.

4. Conclusion

In this study, the fatigue life of FS welded joints was evaluated and
compared to both the parent material and a blind riveting method for
joining dissimilar polymers. The S-N curve of fabricated specimens was
obtained, and temperature variation was monitored by mean of IR
thermography to assess the fatigue failure of specimens during cyclic
loading conditions. The parent material and the double-riveted speci-
mens failed due to the temperature rise caused by friction owing to the
high testing frequency and loading conditions. For these two types of
specimens, the viscoelasticity of the polymer caused energy to dissipate
in each cycle, and thermal softening occurred when temperature raised
above 50 °C in the failure region. The FS welded and single-riveted
specimens were not subjected to thermal increase and instead, failed
due to mechanical fatigue. The single-riveted specimens have shown to
be the weakest joints due to the stress concentration around the drilled
hole, while adding a secondary rivet decreases the load carried by each
rivet, creating strong joints.

Table 2
Weibull distribution parameters of the tested specimens.

β B C δ λ

FSW 1.81 0 (1 cycle) 1.73 (5.63MPa) 1.60 5.49
Single rivet 8.27 0 (1 cycle) 1.29 (3.64MPa) 1.49 5.95
Double rivet 26.79 1.33 (3 cycles) 1.90 (6.72MPa) 4.76 0.06
PP 1.37 5.94 (381 cycles) 2.47 (11.78MPa) 0.20 0.38
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Generally, regarding the fatigue evaluation, FSW and double-riv-
eting method proved to be reliable methods for joining polymers,
creating joints with a high tensile strength as well as high resistance
against cyclic loading conditions. Even though the double-riveting
method benefits from larger overlapped area than the FSW method, the
fatigue life of these two techniques was similar under the same loading
conditions. Nevertheless, the FS welded joints failed without significant
temperature change in the failure region. The brittle failure of the FSW
joints was due to polymer degradation caused by high welding tem-
perature and axial force, which prevented the temperature to rise under
the high frequency loading conditions. The obtained results proved that
with an appropriate tool design, FSW is capable of producing sound
welds for welding polymeric materials without the necessity of using
auxiliary heating source. Also, besides a lower final assembly weight, it
is expected that FS welded joints will be more suited to ‘high’ tem-
perature working environments under cyclic loading, due to the ab-
sence of the thermal failure.
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Abstract
The use of friction stir welding (FSW) to join thermoplastics has proven to produce strong welds with good surface quality when
compared to conventional welding methods. In this study, a Teflon stationary shoulder was developed to weld 3-mm-thick plates
of high molecular weight polyethylene in butt-joint configuration. Different sets of welding parameters were chosen and tested to
evaluate their effect on the weld strength. Also, in order to increase joint performance, the temperature generated during welding
was measured. For that purpose, thermocouples were located underneath of the weld nugget surface to measure the generated
frictional heat for different tool diameters and parameters. Tool diameter and rotational and welding speeds are the most
influential parameters regarding the welding temperature; however, all the input parameters had statistically significant effect
on the weld quality. Unlike FSW in metals, using this tool, the heat is generated mainly by surface contact of the rotating probe
and copper sleeve than the base material. The strongest welded joint was able to withstand 97% of the force that is necessary to
fracture the base material, without using an external heating source.

Keywords Friction stir welding (FSW) . Polyethylene . PE . Taguchi . ANOVA .Welding temperature

1 Introduction

Reducing vehicle weight by using light materials with good
mechanical properties is an effective way to reduce emissions,
which is essential to reduce the impact of the transport indus-
try on the environment. Consequently, industrial demands of
using polymers and composites are increasing, and so does the
quest for better joining techniques. Friction stir welding
(FSW) is a welding technology developed at The Welding
Institute (TWI) to join aluminum alloys [1]. Initially, the
FSW technique was used to weld aluminum alloys that are
difficult to weld using conventional welding methods.

However, the advantages of FSW technique attracted re-
searchers to investigate the possibility of welding non-
metallic materials [2]. Compared to the metallic materials,
scarce research have been published for joining polymers
and composites, and the literature is still lacking a tool design
which is easy to manufacture, without additional heat input,
making it cost effective while producing sound welds regard-
less of polymeric parent materials’ characteristics [3].

In this process, a rotating tool with a specially designed
probe and shoulder inserts into the weld materials and tra-
verses along the weld line under the axial force, as illustrated
in Fig. 1. Depending on the weld materials, it might be nec-
essary to use dwell time at the beginning of the welding pro-
cess to allow the parent material and welding tool to reach the
anticipated temperature [5]. Design of the welding tool plays a
fundamental role in this process, and it varies with respect to
the parent materials’ characteristics, geometry, and welding
configuration [3]. As shown in Fig. 1, for welding polymers,
a welding tool with a stationary shoulder is required to obtain
sound welds [6].

The advantages of the FSW method are not limited to the
weld quality and its benefits can be extended to economical
aspects and environmental impact [6, 7]. Some of the FSW
advantages are good repeatability and dimensional stability,
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low distortion [8], applicable to a wide range of thicknesses in
different configurations, highly an energy efficient process
[9], improved cosmetic appearance without loss of alloying
elements, no shielding gases or toxic fumes are generated, no
need for the third party materials, and defects like porosity and
hot cracking are not an issue in this process [10].

Although the FSW concept in metallic materials does not
differ from the one employed in polymers, chemical and phys-
ical differences between these materials dictate an alternative
approach in tool design. Contrary to metallic materials, due to
the molecular structure and low thermal conductivity and fric-
tion coefficient of polymers, heat generation and heat transfer
are drastically reduced. As a result of these differences, con-
ventional FSW tools are not suitable to weld polymers due to
formation of flash defect, which is corresponding to the ejec-
tion of the soften materials outside the weld bead [2]. To avoid
formation of flash defects and produce sound welds, station-
ary shoulder is essential to push the material down to the weld
nugget. However, using non-rotatory shoulder, the process
suffers from inadequate frictional heat, which needs to be
compensated by appropriate tool design and process optimi-
zation to obtain an optimum weld temperature with sound
mechanical properties.

Previous studies proved that temperature has a main effect
on the weld quality and its value determines the joint strength,
residual stress, and distortion of the workpiece [11], which can
be improved using appropriate tool designs and optimum
welding parameters [12]. The mechanical properties of the
fabricated joints are strongly affected by multiple defect for-
mations and microstructure developments, which are related
to temperature distribution and material flow during welding.
It was claimed that the rotational speed is a crucial factor that
affects directly on the welding temperature and the tensile
fracture mode. The welded aluminum alloy is subjected to
more ductile fracture mode using higher rotational speed,
when compared with joints produced at lower rotational speed

[13]. Therefore, accurate temperature measurement is crucial
to predict and comprehend the optimal welding parameters.

To analyze the welding parameters influence on the joint
efficiency, investigators typically follow a conventional exper-
imental procedure, by changing one parameter at a time,
which leads to an experiment where all possible combinations
are tested. This conventional parametric approach requires
excessive resources and it is a time-consuming process. In
order to save time and cost by reducing the number of exper-
iments, new models can be employed to extract the desired
output variables more efficiently [14]. The Taguchi method is
a statistical approach that uses orthogonal array to study the
entire parameter range, which decreases the number of tests in
an experimental design [15].

The main objective of this study was to find the optimal set
of welding parameters to weld a commercially available poly-
mer in butt-joint configuration. Different sets of welding pa-
rameters were tested following the selected Taguchi’s orthog-
onal array to determine the optimal process parameters, and
welding temperature was recorded for a better understanding
of the generated frictional heat during the process.

2 Experimental procedures

Three-millimeter-thick high molecular weight polyethylene
(HMW-PE) plates were welded in butt-joint configuration

Fig. 1 FSW process in butt-joint
configuration using stationary
shoulder [4]

Table 1 FSW process parameters and levels

Welding Parameters (unit) Level 1 Level 2 Level 3

Tool diameter (mm) 3 4 5

Rotational speed (rpm) 1500 2000 2500

Welding speed (mm/min) 30 50 70

Axial Force (N) 800 950 1100
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using a three-axis milling machine. The chosen base material
for this study had a density of 0.96 g/cm3, a melting temper-
ature range of 130–135 °C, and a thermal conductivity of
0.41 W/mK. The axial force during welding was recorded
with four load cells connected to a data acquisition system.
In order to relate the vertical position command to the force
actually applied to the spindle, a height setup calibration pro-
cedure was adopted [4]. A three-level Taguchi L9 orthogonal
array design with the following four parameters was chosen:
tool diameter, axial force, welding speed, and rotational speed
[16]. The range of the values for each welding parameter and
fixed parameters was defined from preliminary tests and can
be seen in Table 1. These values were selected with respect to
the sleeve sizes and their heat generation capacities. The pa-
rameter range was chosen in a way that all the welding con-
ditions are able to produce acceptable joints.

The tool used in this study consists of a stationary shoulder
made of Teflon with an angular contact bearing that allows
independent rotational movement between the rotating probe

and the shoulder. An innovative designed copper sleeve is
used around the rotating probe to generate heat and compen-
sate lack of the generated heat due to the absence of a rotatory
shoulder. The frictional heat generated between the copper
sleeve and the rotating probe preheats the base material before
passing of the tool. For welding 3-mm PE materials, 2.95-
mm-probe length and double-grooved probes with diameters
of 3, 4, and 5 mm, and flat surfaces at the tips were used. The
cross-sectional view of the FSW tool is illustrated in Fig. 2:
Teflon stationary shoulder (1); a high thermal conductive
sleeve (2); angular contact bearing (3); tool stand (4); probe
with flat surfaces (5); threaded pin (6); flat point headless
screw (7); and locking shafts (8). To avoid any vertical move-
ment under the pressure, two locking shafts were used to fix
the copper sleeve onto the shoulder to avoid any unwanted
movement under the pressure during welding. In order to
measure the generated heat on the copper sleeve, a thermo-
couple was inserted inside the drilled hole into the shoulder
and sleeve. Using this tool, most of the frictional heat is gen-
erated and transferred to the base materials by the copper
sleeve, while the probe stirs the soft materials under the axial
force. The generated heat was measured inside the copper
sleeve, as close as possible to the rotating probe.

In order to reduce the number of experimental tests, a L9
Taguchi orthogonal array was used to cover all the parameter
ranges in nine sets of parameter combinations. The experi-
mental conditions for the four welding parameters as inputs,

(a) 
(b) 

Fig. 2 Detailed view of a tool assembly (a) and the actual welding tool (b)

Table 2 Experimental conditions for Taguchi L9 design

Specimen
number

Friction stir welding process parameters

Tool
diameter
(mm)

Rotational
speed
(rpm)

Welding
speed
(mm/min)

Axial
force
(N)

S1 3 1500 30 800

S2 3 2000 50 950

S3 3 2500 70 1100

S4 4 1500 50 1100

S5 4 2000 70 800

S6 4 2500 30 950

S7 5 1500 70 950

S8 5 2000 30 1100

S9 5 2500 50 800

Table 3 Tensile properties of the parent material (HMW-PE) [16]

Test results Maximum
load
(N)

Maximum
stress
(MPa)

Young’s
modulus
(GPa)

Mean 921.7 23.6 1.39

Standard
deviation

1.3 0.05 0.02
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each in three levels using the Taguchi L9 orthogonal array, are
presented in Table 2. In order to investigate the effect of the
main process parameters on the weld strength, all experiments
were repeated three times for averaging purposes according to
the principles of Taguchi design. At the last repetition, the
temperature beneath the weld nugget was measured and re-
corded. In this study, the ultimate tensile strength (UTS) of the
joints was used to optimize the welding process according to
the “the larger, the better” equation, which is the function
proposed by Taguchi for signal-to-noise (S/N) ratio calcula-
tion:

S=N ¼ −10log
1

n
∑
n

i¼1

1

y2i

� �
ð1Þ

Before the welding process, the abutting edges of plates
were machined and straightened using a milling machine to
guarantee a perfect surface contact between the two plates.
After the welding process, three specimens were extracted
by machining the welded plates perpendicular to the welding
direction. Tensile tests were performed according to the
ASTM Standard D638-2a [17]. The same standard was used
to characterize the parent material in order to compare to the

welds’ ultimate tensile strength. Tensile tests were carried out
with a speed of 5 mm/min in a MTS® 810 tensile testing
machine [16]. Regarding data acquisition, a piezoelectric load
cell with a maximum capacity of 10 kN and an MTS® clip
gage extensometer were employed to measure strain. The me-
chanical properties of the parent material were obtained by
testing five specimens following the ASTM standard, as pre-
sented in Table 3.

Due to the parent materials’ low thermal conductivity, tem-
perature sensors had to be located as near as possible to the
weld bead. Thermocouples were calibrated before the welding
process and were located beneath the weld nugget surface in
four equally located positions as illustrated in Fig. 3, to inves-
tigate the generated heat at the bottom of the weld nugget. For
this purpose, AD 595’s ICs from Analog Devices® were
employed as complete instrumentation amplifiers for K-type
thermocouples with cold junction compensation and a gain of
247.3 (10 mV/°C divided by 40.44 μ V/°C) for amplifying
and measuring the thermocouple electromotive force [18], as
illustrated in Fig. 4a. The principal connections made for the
AD 595s are shown in Fig. 4b. A dual power supply was
provided with a symmetrical voltage of + 12/− 12 V, which
supports temperature measurement for the entire range of the
type-K thermocouples.

Fig. 3 Thermocouples position underneath the weld bead. a 3D drawing. b Welded plate

Fig. 4 a Conditioning circuit for
thermocouples. b AD 595 main
connections
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3 Results and discussion

3.1 Joint efficiency

For comparing purposes, joint efficiency was introduced for
each welded plate to classify the weld quality, which is a di-
mensionless numerical quantity. The results of the experimental
tests are presented in Table 4. The base material’s tensile
strength was used as a reference to compare with the welded
specimens for each set of welding parameters. Joint efficiency
of each weld is achieved by dividing the tensile strength of each
weld, S (x), by the parent material’s tensile strength (S (0) =
921.7 N), as shown in Eq. 2. Three specimens were cut from
each welded plate and tested, and the joint efficiency was cal-
culated using the mean value of those three tests.

Joint efficiency %ð Þ ¼ S xð Þ
S 0ð Þ � 100 ð2Þ

The analysis of variance (ANOVA) enabled the identifica-
tion of the welding parameters with the most influence on the

welds’ tensile strength. The ANOVA was performed using a
level of significance of 5%. The results indicate that all the
selected welding parameters have a statistically significant
effect on the weld quality with a p value below 0.05, as illus-
trated in Table 5. One of the most valuable information ex-
tracted from ANOVA is the relative contribution of each pa-
rameter on the output of the process, which is presented in
Table 5.

The overall contribution of the residual error was 20.4%,
which can be explained due to uncontrollable factors such as
the fact that the welding method is position controlled rather
than force controlled, the misalignments between the plates
interface, trajectory of the tool, vibrations, and the effects of
the thermocouples on the weld quality [16]. The analysis of
the mean effect, which is presented in Fig. 5, shows that the
strong welds are obtained using high rotational speed, high
welding speed, and large tool dimensions.

Using this tool, most of the frictional heat is generated in
the dwelling stage, while the probe rotates after plunging,
without advancing. The most influential welding parameter
was rotational speed, which is responsible for most of the
frictional heat by rotating inside the copper sleeve, and tem-
perature readings support this claim (Table 6). Larger probe
diameter generated more frictional heat as the contact area
between the rotating probe and the sleeve was higher.
Regarding the traverse speed, the joint strength was improved
by increasing the traveling speed. After the tool reaches the
desired temperature while dwelling, a low welding speed will
cause excessive amount of heat on the base materials, origi-
nating weak joints. One of the remarkable points of this tool
design was the capability of welding with higher welding
speed by just changing the sleeve design and size [2]. For
the axial force, there is an inflection as presented in Fig. 5,
which shows that the medium value creates welds with the
optimal result. Using the low value of the axial force is not
adequate to forge the soft materials into the weld nugget, and a
high axial force pushes down the soft materials excessively,
creating a weld nugget thinner than the base material’s thick-
ness, which affects the weld quality.

Table 4 Joint efficiency obtained for each welding condition

Test
number

Tool
diameter
(mm)

Rotational
speed
(rpm)

welding
speed
(mm/
min)

Axial
force
(N)

Mean of the joint
efficiency (%)

Trial
1

Trial
2

Trial
3

S1 3 1500 30 800 56.1 31.7 30.3

S2 3 2000 50 950 61.5 94.4 88.6

S3 3 2500 70 1100 90.8 94.8 96.9

S4 4 1500 50 1100 60.3 53.5 25.5

S5 4 2000 70 800 95.7 93.6 93.0

S6 4 2500 30 950 90.5 86.7 88.6

S7 5 1500 70 950 94.7 94.2 93.3

S8 5 2000 30 1100 76.9 85.0 86.1

S9 5 2500 50 800 96.7 97.3 90.4

Table 5 Analysis of variance and % contribution

Source Degrees of
freedom

Sum of
squares

Mean square F value p value Contribution
percentage

Tool diameter (mm) 2 147,051 73,525 8.52 0.002 11.9

Rotational speed (rpm) 2 455,033 227,516 26.37 0.000 40.1

Welding speed (mm/min) 2 250,571 125,286 14.52 0.000 21.4

Axial force (N) 2 84,593 42,296 4.90 0.020 6.2

Residual error 18 155,292 8627 – – 20.4

Total 26 1,092,540 – – – –

Model summary R-sq R-sq (adj) R-sq (pred)

85.79% 79.47% 68.02%
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3.2 Failure analysis

The visual inspection of the welds is divided in three main
approaches: (1) the top surface quality of the weld, (2) defor-
mation of the welded plates due to the bending distortion, and
(3) the bottom surface quality of the weld. To produce sound
weld with a good surface quality, the copper sleeve should
generate adequate amount of heat to form a layer of soft ma-
terial at the top surface, which is pushed down by the station-
ary shoulder under the axial force. In those cases, the base
material and the weld bead are difficult to distinguish, as
shown in Fig. 6a. It is even more challenging to obtain a
decent surface quality at the bottom of weld, due to formation
of a root defect, Fig. 6b. The root defect refers to the non-
welded section at the bottom of the weld nugget, and it affects
the weld quality directly. It is essential that the welding tool
has the capacity to generate enough heat along with a good
stirring of the soften material.

The tested specimens failed in different behaviors, which
were categorized by their elongations after reaching the ulti-
mate tensile strengths. The first type of failure occurred when
specimens were subjected to a sudden break under the loading
condition with a lower extension when compared with parent
material, as shown in Fig. 7. For this type of failure, despite a
nonlinear deformation before failure during a 10-mm exten-
sion, this type of specimens presented a brittle behavior, when
compared with the parent materials, where a continuous duc-
tile behavior was found. Different failure behaviors are asso-
ciated with the amount of the heat generated and the welding
speed. These two factors are responsible for the fact that the
produced joints have different failure behaviors, mainly at the
bottom of welds where temperature did not reach the desired
temperature, precluding achievement of a homogenous weld
bead. However, it is worthy to note that failing in this behavior
does not mean the produced joint suffers from defect forma-
tions. As an example, an S(3) specimen with 96.9% joint

Fig. 5 Main effects plot for mean

Table 6 The measured temperature during welding

Test number Tool diameter (mm) Rotational speed (rpm) Welding speed (mm/min) Axial force (N) Measured temperature (°C)

T1 T2 T3 T4

S1 3 1500 30 800 90 90 – 140

S2 3 2000 50 950 140 – 160 160

S3 3 2500 70 1100 90 – 150 160

S4 4 1500 50 1100 – 110 115 115

S5 4 2000 70 800 – 105 120 120

S6 4 2500 30 950 170 250 > 250 > 250

S7 5 1500 70 950 155 185 185 190

S8 5 2000 30 1100 > 250 > 250 > 250 > 250

S9 5 2500 50 800 250 – – > 250
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efficiency revealed this behavior, as demonstrated in Fig. 7,
where it is compared to the parent material’s tensile strength.

The second failure type is referred to the welded specimens
with the least elongation among other types, but with more
ductility than the first type, as shown in Fig. 8. In this failure
type, after a sudden break, the specimens continue to deform
plastically. This behavior occurred as result of “sleeve layer”
effect, which is corresponding to a thin layer of molten plastic
due to passing of the hot sleeve on top of the weld nugget
under the axial force. This layer showed a similar failure

behavior to the parent material characteristics regarding the
ability to deform plastically under tension. The thickness of
the “sleeve layer” differs from weld to weld, depending on the
generated heat and axial force. Two examples of this type of
specimens after the tensile tests are presented in Fig. 8, where
this type of failure is shown during the tensile tests, compared
to the parent material.

The most ductile type of fracture corresponds to the welds
with ability to deform plastically under tension, as demonstrat-
ed in Fig. 9. This deformation was not as much as the parent

Fig. 7 Tensile strength result of
S(3) welded specimen compared
to the parent material

(a) 

(b) 

Fig. 6 Welded specimen with a
good surface quality on top (a)
and bottom (b) of the weld

Fig. 8 Failure mode of the
welded specimens with the least
elongation, and the parent
material
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material but nevertheless with more similarity than other
types. This type of failure was the least common one and
was found on the welds where the highest temperatures were
applied beneath the weld nugget. The high welding tempera-
ture prevented formation of root defect, which might be the
main reason for the sudden failure of the welded specimens.
This type of failure occurred when the recorded temperature at
the bottom of the weld exceeded 250 °C.

The rupture of the specimens occurred mainly in the
retreating side of the weld, as presented in Fig. 10. This be-
havior is common for FSWof polymeric materials and can be
explained by material flow and low thermal conductivity of
polymers. As previous studies claimed, in the FSW process,
the advancing sides are subjected to a higher temperature than
the retreating sides of the welds, and low thermal conductivity
of polymers magnifies this issue. This inadequate heat gener-
ation at the retreating side of the weld in comparison to the
advancing side, caused the specimens to break from the
retreating side [2]. However, using a stationary shoulder
welding tool, it is very hard to prove the temperature differ-
ences on the different sides of the weld nugget.

3.3 Temperature measurement

Table 6 provides results for the temperature measurements,
using four thermocouples (T1 to T4) for each welded plate.
Some of the thermocouples were damaged when the tool was
passing over them, introducing noise on the acquiredmeasure-
ments and made it difficult to analyze the data. The failed
thermocouples are marked with “–” in Table 6. In some cases,

it was possible to notice that the acquired temperature data
recorded a temperature peek two or three times larger than
average temperature being measured to that point. These ab-
normal measurements correspond to passing of the hot
welding tool above the thermocouple under tool’s high rota-
tional speed and axial force. Predictably, the measured tem-
perature of the welding tool is higher than the temperature
beneath the weld bead, because of the frictional heat generated
between the rotating probe and the copper sleeve. For some
welding conditions, the recorded temperatures reached
250 °C, as shown in Table 6. In those cases, it was not possible
to accurately differentiate whether the acquired temperature is
corresponding to the temperature beneath the weld nugget or
tip of the welding tool. For example, the S(8) set of parameters
suffered the most from this unwanted behavior. The highest
axial force and the lowest welding speed caused excessive
amount of heat generation and forced the welding tool to pass
very close to the thermocouple, whichmade it hard to separate
temperature of the tool from the bottom of the welded plate.

Welding temperature measurement is a crucial factor to
understand the welding process and the effect of the welding
parameters on the heat generation. The majority of the ac-
quired temperatures during this welding process were reliable
and stable. As examples, the temperature readings of the ther-
mocouple 4 of S(1) and thermocouple 2 of S(7) are presented
in Figs. 11 and 12 respectively. The peak of the temperature
indicates the moment, when the rotating probe was passing
over the thermocouple located on the bottom of the welded
plates. The comparison between the welding temperature and
the parent material’s melting temperature range (130–135 °C)

Fig. 9 Tensile test of specimen
with ductile fracture, compared
with base material and strongest
specimen

Fig. 10 Specimen fracture on the
retreating side
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confirms Strand’s [19] claim that friction stir welding of poly-
mers is not an absolute solid-state welding process, but a mix-
ture of moltenmaterials with a relatively small amount of solid
materials.

For some welding conditions, it was possible to clearly
differentiate between two different temperatures measured
during welding. One of those values correlates to the mea-
sured temperature at the bottom of the weld bead, while the
abnormal high temperature at the peak correlates to the
welding tool when it is passing over the thermocouples.
In order to clarify this abnormal temperature measurement
at the bottom of the welded plates, a thermocouple was
inserted into the copper sleeve to monitor the frictional
heat generated inside the copper sleeve. This additional test

was essential to clarify the peek temperature, which proves
to be responsible for the recorded temperature of the
welding tool.

The temperature of the tool was measured during an addi-
tional test, in order to confirm the magnitude difference be-
tween the temperatures on the weld bead and the tool during
welding. This test was conducted with a 5-mm probe diame-
ter, a rotational speed of 2500 rpm, a welding speed of 70mm/
min, and an axial force of 950 N. This parameter combination,
especially tool diameter and tool rotational speed, is responsi-
ble for most of the heat generation on the copper sleeve. The
temperature rises significantly during the dwell time, and the
heat is transferred from the copper sleeve to the base material
when advancing along the weld bead. The dwell time was
enough for the tool to reach the desired temperature, which
led to better weld quality using high welding speed. Using this
tool and parameters, the low welding speed generated an ex-
cessive amount of heat, which affects the weld quality.
Generally, using the proper sleeve size and welding parame-
ters, it is possible to weld with much higher speed, even with-
out a need of an external heat source. The temperature of the
welding tool was measured by inserting a thermocouple inside
the copper sleeve. High thermal conductivity of copper and
the thermal isolation of the Teflon insured that this method
was reliable to measure the temperature due to the generated
frictional heat inside the welding tool.

Sleeve temperature reading shows that temperature in-
creases rapidly during dwell time. The 10-s dwelling before
traveling generates enough frictional heat for the sleeve to
reach the desired temperature by rotating the probe inside
the copper sleeve. Using the mentioned welding parameters,
the temperature ranged between 350 and 400 °C, as shown in
Fig. 13. The amount of heat generated between the rotating
tool and the copper sleeve enables the base materials to pre-
heat by the copper sleeve before passing of the rotating probe,
which leads to strong welds without the need of an external
heat source.

Fig. 11 Temperature readings test S(1), T4

Fig. 12 Temperature readings test S(7), T2

Fig. 13 Sleeve temperature
readings with parameters selected
for heat generation

Int J Adv Manuf Technol (2018) 99:127–136 135



4 Conclusions

In this study, the effect of FSW parameters on the weld quality
was analyzed with the support of a Taguchi design of exper-
iments and ANOVA methods. Also, the welding temperature
was measured for each tested welding condition, in order to
study the effect of the welding parameters and amount of the
frictional heat generated by the developed welding tool. The
welding temperature was measured by four thermocouples
located beneath the weld nugget, and the sleeve temperature
was monitored during the welding process by use of a ther-
mocouple through the stationary shoulder inside the sleeve
wall. Using this tool design concept, the frictional heat was
generated by surface contact between the rotating probe and
the copper sleeve under an axial force. As with all the friction
stir welding processes, the optimal welding parameters are
directly related to the welding tool design and its variables.
It was concluded, with an appropriate tool design, sleeve size,
and geometry, this tool is capable of producing strong welds
with a good surface quality without the necessity of an exter-
nal heat source. The maximum joint efficiency of 97% was
obtained compared to the parent material’s UTS.

The statistical analyses showed that all the input parameters
had a statistically significant effect on the weld quality. Tool’s
rotational speed had the highest contribution (40%) followed
by the welding speed (21%), tool diameter (12%), and axial
force (6%). Strongest welds were obtained using high rota-
tional speed and high welding speed, and an intermediate
value for the axial force (950 N). Basically, measuring the
sleeve temperature showed that during the dwell time, the
rotational movements of the tool inside the copper sleeve gen-
erate most of the frictional heat, which made it possible to use
a high welding speed to avoid excessive heat generation and
material degradation. Three types of fractures occurred for
different specimens, depending on the heat generation and
welding parameters, which were categorized by the welded
specimen’s ductility and elongation after reaching their UTS.
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Abstract 

Friction stir welding (FSW) is relatively a new welding method where heat generated by friction is used to forge components 
together under an axial force. In this method, the generated heat does not exceed the material melting point, instead, the material 
is heated to its forging temperature and is stirred together by a rotating tool. Since the invention of FSW, this technique has been 
mainly used for welding aluminium plates together for butt and lap joint configurations. 

This study is focused on welding lap joint of dissimilar polymers with a new developed tool, in order to evaluate the effect of 
the welding parameters on the weld strength. This paper describes the process of developing a stationary FSW tool for welding 
thin plates of polypropylene and polyethylene. The welds produced with this tool improved the welds surface quality and strength 
significantly. The use of the proposed tool showed to improve the stability in the axial force magnitude during the welding 
procedure in comparison with a conventional FSW tool. It was also concluded that the rotational and traversing speed have the 
most effective role regarding the overall specimen tensile strength. Moreover, unlike lap joint of metallic materials, the defect 
occurred in the retreating side of the welds.  
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  

Keywords: Friction Stir Welding, FSW, Welding, Welding Polymers, FSW Tool, Stationary Shoulder, Polypropylene, Polyethylene, Tensile. 

1. Introduction 

Since the beginning of the human history, joining different components together has been an important concern in 
order to be able to combine several pieces into a single object. Nowadays, joining materials is one of the most 
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crucial and attractive engineering subjects, which has been under investigations for the last century. The Friction Stir 
Welding (FSW) method is one of the most promising joining techniques that has been developed since the last 
decade. Initially, FSW was implemented to join materials that are difficult, or somehow impossible to weld with 
conventional techniques such as aluminium alloys. Therefore, due to the numerous advantages of this method and 
increase in industrial demand for lightweight design structures, various industrial sectors have been shifting to this 
recently developed method.  

 

Fig. 1: Typical Butt-joint welding procedure by a rotating shoulder. 

The FSW process is based on the generation of the frictional heat, between the FSW tool and surface of the base 
material [1]. As it is demonstrated in Fig. 1, a conventional FSW tool consists of a rotating pin attached to a 
shoulder, which penetrates into the parent material and traverse along the weld line. The frictional heat forces the 
material to reach its plastic deformation stage, and the rotating probe stirs the nearly-molten material under the 
shoulder’s axial force [2-4]. As it can be seen, the weld beam is divided in two sides: 

 
1. Retreating side, where the tool rotational direction is opposite of the welding direction; 
2. Advancing side, where the tool rotational direction is the same as the welding direction. 

 
FSW is one of the most attractive welding methods due to its solid-state philosophy and ability for full 

automation. Originally, this technique was developed for joining aluminium alloys, but due to its proven advantages, 
this method is currently being studied to weld other metallic materials, polymers [5, 6] and even joining dissimilar 
materials [7]. Due to the low amount of generated heat, components with high mechanical properties, low distortion 
and residual stresses are achieved. Fundamentally, FSW is an environment-friendly process due to absent of toxic 
fumes, shielding gases and filler materials.  

Since recently, the industrial demand for consumption of lightweight material has increased (due to the pursuit of 
an optimize stress-to-weight ratio) [8], and thus, finding a proper method for joining polymeric materials and 
composites is one of the main attractions for engineering applications. Scarce investigations have been done in order 
to examine the possibility of joining polymers with FSW method, especially for lap joint of dissimilar materials.  

During a conventional FSW process, the shoulder plays the main role for generating the adequate heat by 
contacting on the material surfaces while it spins. In a FSW process, the temperature is expected to increase enough 
in order to reach a temperature near to the material melting point. However, polymers behave in a different way 
during the welding procedure in comparison to metals. Strand claimed that the FSW of polymers is not an absolute 
solid-state procedure [4], due to the existence of diverse molecular weights. He claimed that during this process, 
shorter polymer chains can reach their melting points, whereas longer chains might not reach the desired 
temperature. This explains why polymers are usually characterized by a melting range instead of a melting point.  
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Fig. 2: Equipment setup: Table, spindle and sensitizing clamping system (a); Detailed view of the load cells position in the clamping system (b). 

Some previous studies [9] concluded that a traditional FSW tool is not appropriate for welding polymers due to 
the low melting point, thermal conductivity and hardness of polymeric materials [10]. Thereby, since the tool plays a 
crucial role in the FSW process, the development of adequate FSW tools for polymers is considered a topic that must 
be addressed with high determination. So far, the most effective tool that has been established for polymer welding 
is considered to be the hot shoe, developed by Strand [4]. This tool consists of a static shoulder made with 
aluminium, coated with polytetrafluoroethylene or “Teflon” on the contact surface area. In this tool a heater and a 
thermocouple are installed inside the stationary shoulder in order to monitor, control and compensate any 
overheating or heat shortage that might occur. One of the main advantages that makes this tool notable is the fact 
that it is able to trap the almost molten material inside the weld bead, promoting the formation of a good surface 
quality. With the absence of a rotating shoulder, the frictional heat is exclusively generated by the probe. Some other 
studies used the hot shoe with different probe geometries and analysed the results for different base materials [11]. 

 

2. Experimental procedure 

Friction stir welding experiments were employed in a 3-axis CNC machine. Several different welds were 
produced using a position control method with a sensitized clamping system for load acquisition, which is shown in 
Fig. 2. Since polymers behave differently than aluminium and tend to buckle easier under pressure, they demanded a 
more sophisticated clamping system. The designed fixture is instrumented with four load cells connected to a data 
acquisition equipment. A thermocouple has used inside the bottom part of static shoulder touching the sleeve near 
the weld seam. The data is acquired and filtered with a custom made dedicated LabView™ algorithm that enables 
the observation and registration of the applied axial force and temperature during welding.  

Rotational speed, traverse speed and tool geometry are the parameters which can most prominently affect the 
weld strength. From these parameters, and based on a set of preliminary experimentations for FSW of polymers, it 
was verified that the tool geometry plays a significant role on the joint overall quality. Dissimilar polymer materials 
and thicknesses have been used for the lap joints produced in this work. Polyethylene (PE) and polypropylene (PP) 
were chosen as candidates for polymer FSW with the new developed tool due to their low melting ranges. Since no 
similar study could be found in the literature, different tool designs and dimensions were analysed in an iterative 
procedure and the most effective design was used for the welding parameters analysis.  

As it is illustrated in Fig. 3, the new developed tool consisted of a static shoulder made by Teflon with a highly 
conductive sleeve around the rotating pin. Bronze sleeve was used around the pin due to its lubricant ability, to 
prevent injection of the soft material inside the shoulder and due to its ability to preheat the area around the pin in 
advance.  
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Fig. 3: Designed tool geometry: Section view and thermocouple position (a); isometric view of the tool (b). 

This technical effect is obtained because the bronze sleeve conducts and distributes the generated heat to the 
frontal area of the pin, preheating the section without any external equipment. As it shown in Fig. 3(a), a 
thermocouple has utilized inside the shoulder touching the sleeve in order to detect the temperature during welding. 

It also discloses a precise guiding of the rotating pin relative to the shoulder preventing excessive loads and stress 
in this component during its work. This technical effect is obtained because the axial and tangential force transmitted 
by the spindle acts on the upper part of the pin that acts on the bearing, and therefore acts on the shoulder. This 
transmission avoids these stresses to act on the slender and critical part of the pin directly or indirectly. 

Four different welding parameters were chosen, each in two levels, in order to analyse the welding parameters 
effect on the specimens weld strength. Two different pin geometries were selected with a 6mm diameter. All the 
welds were repeated three times, for averaging purposes in order to decrease errors and noise, and three specimen 
were cut from each weld from different sections of the weld bead. Table 1 shows the different parameters used in 
this case study. 

In the stationary shoulder solution, ball bearings inside the shoulder let the rotating probe rotates with the spindle 
preventing the shoulder itself to spin. One of the main challenges of using a stationary shoulder consists in 
preventing the injection of the soft material inside the shoulder and bearing, and it is one of the main reasons that 
lead shoulders to fail, in particular during long runs. In order to avoid this problem, brass and bronze sleeves have 
been used around the pin. Ejected material from the weld seam can lead to root defects in the retreating side of the 
weld, which is not acceptable and needs further study, tool development and parameters optimization.  

Table 1: FSW parameters of the different analysed samples 

Sample number 

FSW process parameters 
A B C D 

Pin geometry 
Tool rotation speed 

[rpm] 
Pin length 

[mm] 
Tool traverse speed 

[mm/min] 
S1 Flat surfaces 1500 2.8 20 
S2 Flat surfaces 1500 2.4 100 
S3 Flat surfaces 2500 2.4 20 
S4 Flat surfaces 2500 2.8 100 
S5 Triangle 1500 2.4 20 
S6 Triangle 1500 2.8 100 
S7 Triangle 2500 2.8 20 
S8 Triangle 2500 2.4 100 
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Fig. 4: Test specimens overall dimension and overlapped area. 

The welds strength was determined in tensile tests performed in an Instron ElectroPuls™ machine, using a 
2mm/min loading rate. Specimens were cut out of the weld seam with a 3-axes milling machine to the dimensions 
displayed in Fig. 4.  

3. Results and discussion 

The main objective of the presented study is to analyse the effect of the welding parameters on the weld strength 
with the new developed stationary FSW tool. Initially, peel tests were performed in order to evaluate the weld bead 
materials configuration for the different probe geometries. Consequently, two pin geometries with the best results, 
were selected, and were characterized by a conical shape with two flat surfaces and a triangular shape circumscribed 
inside a 6mm diameter probe. These probe geometries were selected as a result of their increased angle of attack 
and, consequently, their ability to generate more heat. However, in order to weld polymeric materials, probes should 
have grooves or threads to allow the softened material to flow, rather with significant turbulence. Without grooves 
the material tends to stick on the advancing side of the weld and do not stir sufficiently to promote a satisfactory 
joining. 

The stationary shoulder pushes the material down and does not let the soft material to flow outside the bead, 
letting it cool down under the applied pressure, and preventing the appearance of such defects. With the absence of a 
rotating shoulder to assist in the heat generation, the probe plays an even more important role in order to produce 
heat and stir the soften materials together. For this research, different pins and parameters have been tested without 
any extra heating on the plates in order to observe the effect of the different tools, particularly on both resulting 
surface quality and overall tensile strength.  

The developed tool that was used for producing the tested specimens can be seen in the Fig. 5. This tool consists 
of a rotating pin with triangular shape at the tip, deep groove ball bearing, static Teflon part, Bronze sleeve and a 
thermocouple. 

The stationary shoulder made by Teflon is able to create a smooth surface quality that with some welding 
parameters it is hard to distinguish the weld bead with the parent material, as it can be seen in Fig. 6. However, in 
some cases material degradation happened, which caused the weld beam to change the colour. This degradation is 
due to the generated heat caused by specific welding parameters. All the welds with material degradation occurred 
while using the slow welding speed (20mm/min) due to excessive amount of heat generated by the tool, which 
affected the material properties and consequently produced weak welds.   
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Fig. 5: Stationary shoulder and rotating probe developed for the tests. Isometric view (a) and bottom view (b) where the Bronze sleeve can be 
seen. 

As for most of the FSW tools, the traversing and rotational speed are the most relevant parameters on the weld 
strength, followed by the pin length. As it can be seen in the plot below (Fig. 7), there is no siginificant differences 
between the flat faces (F) pin and triangular (T) one. However, The most effective factor using the new developed 
tool is the welding speed. With low welding speed, material degradation caused the mechanical properties of 
materials to change, therofore no proper bonding occurred. 

The maximum tensile strength occurred for the specimen produced with the highest rotational speed (2500 rpm) 
and fastest traversing speed (100 mm/min). However, the triangular pin seems to have slightly better resluts due to 
the geometrical shape, which attacks the material in a more aggressive way than another pin design. As it can be 
seen in Fig. 7, with a larger pin length, better resluts were achieved. However, it is worth mentioning that these pin 
lengths were selected due to the polymer deflection under the application of an axial force. At the beginning, the 
selected pin length was larger, nevertheless with a bigger pin the parent materials deformed under pressure of the 
static shoulder, and caused the pin to go through the both plates and contact with the CNC machine table. As a 
consequence of this, the maximum pin length selected for the tests was roughly 90 percent of the thickness of the 
plates to be welded.  

Thermocouples were used in order to quantify the generated heat for each welding parameters. Nevertheless, this 
temperature measuring method was considered not to be a fully reliable technique for this application. In fact, this 
method is able to provide a good estimate of the welding operation temperature range but not good enough for 
detecting accurate heat for a specific point of the weld bead. The temperature range depends mostly on the most two 
effective factors, which are rotational and traversing speed. The reason for not being fully reliable is due to the fact 
that the installed thermocouple measured the temperature inside the Bronze sleeve and not on the plate surface nor 
inside the rotating probe.  

 

Fig. 6: Section view of the weld bead (a); Top view of a sound weld (b) and degraded material (c). 
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Fig. 7: Effect of the different welding parameters in the overall mean measured for the maximum tensile loads. 

As previously mentioned, axial force plays a critical role in FSW processes. In this study a position control 
method was used to weld the plates together in a lap joint configuration. By using position control, the applied axial 
force quantification, for the different types of tool designs, can help understand their behaviour during the welding 
operation. The performed tests confirmed the axial force to be a function of the tool design used. With the new 
developed tool, due to the larger area of the stationary shoulder, when the static shoulder contacted the top surface of 
the plate, the applied axial force increased significantly (in order to guarantee the same axial pressure), nevertheless 
when the tool advanced, the force falled down and tended to stabilize. This behavior could not be verified for a FSW 
tool with a rotating shoulder. By using a conventional rotating tool, an unstable loading is verified when a position 
control system is used. As it illustrated in Fig. 8, the axial force using the new tool is roughly constant during the 
welding. Due to the different magnitudes of the force for both samples presented, the data was normalized by the 
maximum measured load for each data. 

Tensile tests were performed for the specimens with different welding parameters in order to quantify the new 
tool effect on the weld strength. Table 2 shows the maximum tensile strength results of the specimen welded using 
conventional tool compared to those welded using the new developed tool. The fig. 9 (a)  shows the specimen before 
the test, followed by the specimen during the test and after the failure under the shear stress. 

 

 
Fig. 8: Normalized axial force variation during the welding procedure for both conventional tool and developed tool. 
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Fig. 9: Specimen stages during the test. Specimen before test (a); Experiment setup (b); Secondary bending (c), (d); specimens after failure (e). 

As the results show, lap joint of polymer behave totally different than metallic materials. For a single lap joint of 
aluminum, the main defect occurs on the advancing side of the weld due to the hook defect [12]. However, all the 
specimens in this study failed in the retreating side of the weld. The reason can be expained due to the insufficient 
generated heat in the retreating side, which cause improper bonding between the retreating side of the weld and the 
parent material. The advancing side of the welds have very good and strong bond to the parent material. Also weld 
nuggets produced by the new tool bond perfectly to the bottom of the plates due to the proper stiring of the tool. 

The contour plots, illustrated in Fig. 10, show the relation between traversing speed, rotational speed and pin 
length with maximum tensile load. As it is shown, the higher the rotional and traversing speed applied, the stronger 
the welds. The pin length also seemed to contribute for a higher admited tensile load, but not as significantly as the 
rotating speed, being its effect more crucial for high RPMs. 

 

Fig. 10: Contour plots of the maximum tensile load observed vs different welding parameters. 

Table 2: Welding parameters for the specimens R3 and S4 * 

Specimen ID Shoulder penetration [mm] Pin length [mm] 
Traversing 

speed 
[mm/min] 

Rotational 
speed 
[rpm] 

Maximum Load [N] 

R3 0,1 2,05 50 1700 83.3 
S2 N/A 2.4 100 1500 283 

*Both tests were performed with 6mm probe diameter and overlapped area of 600mm2. 
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4. Conclusion 

A new design for polymeric material FSW was developed and presented in this paper. The effect of different 
welding parameters on the weld quality and strength was evaluated for the new developed tool, and an optimized 
design for hybrid polymers lap joint configuration was achieved. The following conclusions can be drawn for the 
friction stir welding parameters effect in the use of a Teflon stationary shoulder design: 

 
 The stationary shoulder enabled stronger welds with good surface quality; 
 By using a stationary shoulder, the applied force is kept somehow constant during the operation, while the same 

behaviour cannot be found by using rotating shoulders instead; 
 The most effective welding parameters with the new tool are the traversing speed followed by rotational speed; 
 Unlike metallic material, the defect for lap joining the polymeric materials occur on the retreating side of the 

weld; 
 With low traversing speed (20mm/min), material degradation occurred possibly due to excessive heat generation; 
 The use of a bronze sleeve inside the shoulder and around the rotating pin prevents the soft material to eject 

inside the shoulder as well as heating the plate surface in advance; 
 The specimens produced under the same welding parameters did not show a good reproducibility, as it was 

proven to be a good advantage for metal applications. 
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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

In this study, two dissimilar polymers with different thicknesses were welded in the lap joint configuration in order to investigate 
the fatigue behavior of the obtained welds. A comprehensive study of the fatigue life of friction stir welded dissimilar 
polypropylene-to-polyethylene in lap shear configuration is presented. There is a lack of research works published on this topic; to 
the authors knowledge this is the first paper concerning the fatigue behavior of polymeric friction stir welded lap joints. The fatigue 
life of the strongest welds was compared with the highest performing base material. The FSW joints had good resistance under 
cyclic loading but in a brittle behavior due to degradation of polymers during this process. The retreating side of the welds suffer 
from lack of generated heat when compared with the advancing side due to the low thermal conductivity of polymeric materials, 
leading to crack initiation at the retreating side. However, using high testing frequency, the parent material failed thermally during 
fatigue tests, while FSW specimens behaved differently.  
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1. Introduction 

Friction Stir Welding (FSW) is a solid-state welding technology that was developed in 1991 for joining soft metals 
[1]. FSW technique works based on the generated heat produced by friction between the parent material surface and 
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the welding tool, under an axial force. The solid-state welding process refers to the welding temperature lower than 
the base materials’ melting point, helping to preserve the mechanical properties of the parent materials. However, 
polymeric FSW is not an absolute solid-state welding process, but mixture of solid and liquid molecular chains due to 
the different molecular weights of polymers [2, 3].  

 
The schematic demonstration of the most common FSW tool (consists of rotating shoulder and probe) for lap-joint 

configuration is illustrated in Figure 1. Using conventional FSW tool (rotating shoulder), the shoulder is responsible 
for generating most of the frictional heat, while the probe stirs the plastically deformed materials together under the 
axial force. However, strong welds are very hard to obtain using the conventional FSW tool design concept, due to 
formation of flash defects, which causes the soft materials to push out of the weld bead [4]. In order to achieve high 
performance welds with good surface quality for polymers, a stationary shoulder is essential to avoid formation of the 
flash defects by pushing down the molten material into the weld bead under the axial force. However, with absent of 
a rotating shoulder, most of the required heat is generated by the rotating probe.  

 

Figure 1-Schematic of typical FSW lap-joint [5]. 

The FSW process proved to be a reliable method producing joints with high mechanical properties. Transportation 
industry gradually being dominated by this technique due to its numerous advantages over other available welding 
methods [6, 7]. Tensile and fatigue assessments are the most common testing methods to evaluate joint efficiency. 
Fatigue failure is a critical issue especially in transportation industry due to the different loading conditions [8].  

 
Fatigue life evaluation of FSW joints have expanded recently due to the increasing demands of FSW process in 

industry. It was noticed that fatigue life of the specimens fabricated by FSW process were higher than traditional fusion 
welding methods such as MIG and TIG [9]. However, the literature suffers from absence of fatigue assessment and 
lifetime analysis of FSW polymeric materials, and more development is required in this area. In this study two 
commercially used polymers used to weld in the lap-joint configuration to evaluate the fatigue life of the welded 
specimens under cyclic shear loading conditions.   
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2. Materials and experimental procedures 

Two thin sheets of dissimilar polymers were welded in the lap-joint configuration using position control FSW 
process. 2 mm thick High Molecular Weight Polyethylene (PE-HMW) and 1.2 mm thick Polypropylene (PP) were 
joined, and its fatigue life was evaluated. The parent materials were cut to 120×120 mm2 plates and fixed on the 3-
axis CNC table with a sophisticated clamping device.  

 
The welding tool used in this study consists of a stationary shoulder made of Teflon with highly conductive sleeve 

around the rotating probe. The frictional heat between the rotating probe and the sleeve generates adequate heat to 
plastically deform polymers under the axial force without using external heating source. The schematic representation 
of the tool used to weld those polymers is illustrated in Figure 2. The optimized welding parameters were determined 
in a previous study, which optimized the welding parameters by Taguchi statistical approach [5]. 

 
 

Figure 2-FSW tool used to weld polymers: Front view (a); section view (b) and bottom view (c) [5]. 

 
High frequency load-controlled fatigue tests were performed in the tension-tension mode at the ambient 

temperature. The fatigue life for the welded specimens was obtained for three different load levels: 90%, 80% and 
70% of the Ultimate Tensile Strength (UTS) of the highest performing parent material (PP). The stress ratio was R=0.1 
(R=Fmin/Fmax) with a frequency of 25 Hz using electromechanical Instron ElectroPuls™ testing machine at ambient 
temperature. Generally, polymers failure mode (fatigue failure or thermal failure) under cyclic stress conditions 
determined by cyclic frequency [10]. In this study, four specimens were tested for each load level according to ASTM 
D-7791 standard for uniaxial fatigue properties [11] of plastics. With the intention of comparing the fatigue life of the 
produced joints, Polypropylene dog-bone specimens were prepared and tested under the same cyclic stress conditions. 

 
The parent materials (Figure 3c) and the welded specimens (Figure 3a) were machined into the predefined 

dimensions as illustrated in Figure 3. The remote stress-strain curves for PP, PE-HMW base materials and the 
optimized welded specimen under lap-shear stress is demonstrated in Figure 3b. The tensile strength properties were 
determined at a loading rate of 2 mm/min. The tests were performed according to ASTM D-638 tensile properties 
standard [12] at ambient temperature. 

 
 

 

Figure 1-Designed tool geometry: front view (a), section view (b) and bottom view (c). 

(a) (b) (c) 
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Figure 3- Prepared specimens ready for the fatigue test (a); Remote stress vs Strain for PP, PE and optimized weld (b) [5], Polypropyelene 
dogbone (c); welded specimen dimensions (d). 

This article focuses on the fatigue evaluation of the optimized welded specimens and its comparison with the highest 
performing base material. The obtained results is explained in the following section of this manuscript. 

 

3. Results and discussion 

The SN fatigue curve for dissimilar polymer lap-joints was obtained. The manufactured specimens were tested 
under three different loading levels (R=0.1) with respect to the parent materials’ characteristics [5]. Figure 4 shows 
the S-N plots of the different tested specimens; Polypropylene dogbone and FSW specimens. The horizontal axis is 
the number of cycles and the vertical axis represents the maximum stress. It can be determined that the fatigue life of 
polymeric FSW is comparable with the base materials characteristic, but in a brittle behavior.  

 
The polypropylene specimens failed thermally instead of fatigue failure due to the high frequency of cyclic loading, 

while the FSW joints failed from retreating side of the weld in a brittle behavior, using the same testing frequency (25 
Hz). The PP dogbone specimens failed due to the thermal softening, which led to excessive deformation and necking. 
Using high testing frequency, the generated viscous heat is greater than the heat removes from the specimen during 
the test, and leads temperature to rise until thermal failure occurs. The FSW specimens had competitive fatigue life in 
compare with the parent material, as well as good resistance to the thermal failure. The resistance of FSW joints to the 
thermal failure can be explained due to polymer degradation and mixing of two different polymers under high axial 
force and temperature.     

 

(c) 

(b) (a) 

(d) 
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Figure 4-Fatigue behavior of tested specimens 

The most majority of the fabricated FSW joints had brittle behavior during the static test, consequently poor fatigue 
life was expected. However, the obtained joints showed to have a good fatigue life even with this brittle behavior of 
the weld nugget. Generally, main defect in polymeric FSW occurs on the retreating side of the welds [3]. The retreating 
side of the welds suffer from lack of generated heat when compared with the advancing side due to the low thermal 
conductivity of polymeric materials, leading to crack initiation at the retreating side.  

  
 

4. Conclusion 

In this study, the fatigue life of friction stir welded dissimilar polypropylene-to-polyethylene in lap shear 
configuration is presented and compared with the base materials. From the obtained results it is concluded: 

 
 The developed FSW tool produced strong welds between dissimilar polymers without using 

additional heating source; 
 In general, FSW polymeric materials proved to be a reliable method for joining polymers under 

static and cyclic stress condition; 
 Using high testing frequency, the PP specimens failed from the thermal failure and necking due to 

the high testing frequency; 
 The FSW joints failed brittaly from retreating side due to fatigue failure; 
 The failure occurred from retreating side of the welds for both static and fatigue tests.  
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