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Friction stir welding (FSW) process has undergone a fast development in the industry, 
namely in aerospace, marine, railway, automotive, among others. So far, FSW has been 
mostly used to weld simple straight components, but nowadays there is an increased 
need for welding components with an increased degree of geometric complexity by using 
friction stir welding (FSW). However, this is a challenging task, especially when robotic 
equipment is required. The large thermal variations encountered while welding such com-
ponents create disturbances that can affect the joint integrity or, due to the low stiffness 
of the robot itself, obligate to abort the welding procedure. The industrial applicability of 
temperature control, using the innovative tool-workpiece (TWT) method, was demon-
strated to facilitate welding such components with robotic FSW. The TWT signal was 
verified to be suitable as the controlled variable, and the controller was demonstrated to 
offer a fast response to promote the necessary heat input during welding. Improved joint 
performance, with low ultimate tensile strength variation throughout the weld length and 
a reduced number of emergency stops were demonstrated while welding under tempera-
ture control. As a result, such a welding approach facilitates the development of a suit-
able welding procedure for such challenging applications, allowing a decrease in time and 
material needed during this development step. 

Ana Magalhães (former Silva)
Ana Magalhães concluded the Metallurgical and Materials Engineering Master’s  
degree from the Faculty of Engineering of the University of Porto, Portugal 
(FEUP) in 2011. Initiated as a research engineer in Friction stir Welding (FSW) 
field at the Institute of Mechanical Engineering and Industrial Management 
(INEGI), Porto, Portugal. Before joining University West, Ana conducted  
research on stationary bobbin tool FSW process at Fraunhofer IWS, Dresden,  

Germany. Her research interests focus on process optimization, robotics, automation, measure-
ments, material science and welding, with specialisation in the FSW process.

ISBN 978-91-88847-48-5 (Printed) 
ISBN 978-91-88847-47-8 (Electronic)

PhD Thesis
Production Technology
2020 No. 33

Thermoelectric Measurements 
for Temperature Control of 
Robotic Friction Stir Welding
Ana Catarina Ferreira Magalhães

ANA CATARINA FERREIRA MAGALHÃES

THERM
OELECTRIC M

EASUREM
ENTS FOR TEM

PERATURE CONTROL
OF ROBOTIC FRICTION STIR W

ELDING
ANA  M

AGALHÃES
2020 NO.33

122591_Omslag.indd   1 2020-02-04   09:12:11





PhD Thesis
Production Technology
2020 No. 33

Thermoelectric Measurements 
for Temperature Control of 
Robotic Friction Stir Welding
Ana Catarina Ferreira Magalhães

PhD Thesis
Production Technology
2020 No. 33

Thermoelectric Measurements 
for Temperature Control of 
Robotic Friction Stir Welding
Ana Catarina Ferreira Magalhães



University West
SE-46186 Trollhättan
Sweden
+46 520 22 30 00
www.hv.se
© Ana Magalhães 2020:33
ISBN 978-91-88847-48-5 (Printed)
ISBN 978-91-88847-47-8 (Electronic)

Tryckort: BrandFactory AB, Kållered 2020

University West
SE-46186 Trollhättan
Sweden
+46 520 22 30 00
www.hv.se
© Ana Magalhães 2020:33
ISBN 978-91-88847-48-5 (Printed)
ISBN 978-91-88847-47-8 (Electronic)

Tryckort: BrandFactory AB, Kållered 2020



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
To my beloved husband, João Magalhães 

and 
my loving son, Gustavo Magalhães 

 
 
 

To my mother, Maria da Glória,  
my aunt, Filomena Ferreira 

and 
my grandfather, Joaquim Ferreira 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
To my beloved husband, João Magalhães 

and 
my loving son, Gustavo Magalhães 

 
 
 

To my mother, Maria da Glória,  
my aunt, Filomena Ferreira 

and 
my grandfather, Joaquim Ferreira 

  



ii 
 

  

ii 
 

  



iii 
 

Acknowledgements 

Performing this PhD was an extraordinary experience, professionally and 
personally. It would not have been possible to do without the support of many 
people to whom I am truly grateful. 

First, I would like to express my sincere gratitude to my amazing supervisors, 
Gunnar Bolmsjö and Jeroen De Backer, without them, this PhD study would not 
be possible. I am extremely grateful for the guidance, support, inspiration, 
dedication and mentorship through each stage of the process. In addition, thank 
you for the numerous opportunities provided during this time to develop myself 
as researcher. A special thanks to Anna-Karin Christianson, to whom I am 
particularly grateful for advices, encouragement, patience and friendship. 

I greatly appreciate the support received through the collaborative work 
undertaken in TWI, Sheffield, especially to Jonathan Martin and Levi Rotheram. 
My deep appreciation goes out to the AG52 members and project partners for 
inspiring my interest in the development of innovative technologies, especially to 
Lars Cederqvist, Emil Håkansson, Bruno Ossiansson, Peter Kjällström, Jörgen 
Säll, Saeed Azimi and Henrik Hindsefelt. I am immensely grateful to Pedro Vilaça, 
for insightful comments and encouragement, which helped me improve my 
research from various perspectives. 

I am also grateful to University West for offering the conditions and opportunities 
for this PhD study, as well as, for allowing me to develop myself as much as 
researcher, as engineer and teacher. I would like to thank the university staff for 
assistance in various matters, especially to Andreas Gustafsson, Anders 
Appelgren, Svante Augustsson, Fredrik Sikström, Anders Nilsson, Mats 
Högström, Sten Wessman, Victoria Sjöstedt and Johnny Larsson. Thanks for the 
great management, on various concerns along this process, with special attention 
to Per Nylén, Nicolaie Markocsan, and Kristina Lindh. Additionally, I would like 
to acknowledge Joel Andersson for welcoming me to the welding department, as 
well as, to Americo Scotti and Maria Asuncion Bermejo for various discussions. 
I am very grateful to all my fellow colleagues for making me feel so welcome 
during this time at PTC. To Agnieszka Kisielewicz, Vahid Hosseini, Nageswaran 
Alagan, Ana Bonilla, Ali Abadi, Arun Balachandramurthi, Sneha Goel, Youngcui 
Mi and Xiaoxiao Zhang an especial appreciation for the friendship developed 
along this time. 

A very special thanks to Johan Ericson and Edvard Svenman for the numerous 
stimulating discussions, teaching, and friendship, which helped me excel as 
researcher, engineer and person. 

iii 
 

Acknowledgements 

Performing this PhD was an extraordinary experience, professionally and 
personally. It would not have been possible to do without the support of many 
people to whom I am truly grateful. 

First, I would like to express my sincere gratitude to my amazing supervisors, 
Gunnar Bolmsjö and Jeroen De Backer, without them, this PhD study would not 
be possible. I am extremely grateful for the guidance, support, inspiration, 
dedication and mentorship through each stage of the process. In addition, thank 
you for the numerous opportunities provided during this time to develop myself 
as researcher. A special thanks to Anna-Karin Christianson, to whom I am 
particularly grateful for advices, encouragement, patience and friendship. 

I greatly appreciate the support received through the collaborative work 
undertaken in TWI, Sheffield, especially to Jonathan Martin and Levi Rotheram. 
My deep appreciation goes out to the AG52 members and project partners for 
inspiring my interest in the development of innovative technologies, especially to 
Lars Cederqvist, Emil Håkansson, Bruno Ossiansson, Peter Kjällström, Jörgen 
Säll, Saeed Azimi and Henrik Hindsefelt. I am immensely grateful to Pedro Vilaça, 
for insightful comments and encouragement, which helped me improve my 
research from various perspectives. 

I am also grateful to University West for offering the conditions and opportunities 
for this PhD study, as well as, for allowing me to develop myself as much as 
researcher, as engineer and teacher. I would like to thank the university staff for 
assistance in various matters, especially to Andreas Gustafsson, Anders 
Appelgren, Svante Augustsson, Fredrik Sikström, Anders Nilsson, Mats 
Högström, Sten Wessman, Victoria Sjöstedt and Johnny Larsson. Thanks for the 
great management, on various concerns along this process, with special attention 
to Per Nylén, Nicolaie Markocsan, and Kristina Lindh. Additionally, I would like 
to acknowledge Joel Andersson for welcoming me to the welding department, as 
well as, to Americo Scotti and Maria Asuncion Bermejo for various discussions. 
I am very grateful to all my fellow colleagues for making me feel so welcome 
during this time at PTC. To Agnieszka Kisielewicz, Vahid Hosseini, Nageswaran 
Alagan, Ana Bonilla, Ali Abadi, Arun Balachandramurthi, Sneha Goel, Youngcui 
Mi and Xiaoxiao Zhang an especial appreciation for the friendship developed 
along this time. 

A very special thanks to Johan Ericson and Edvard Svenman for the numerous 
stimulating discussions, teaching, and friendship, which helped me excel as 
researcher, engineer and person. 



iv 
 

I would like to thank Pedro Moreira for introducing me to this research field 
earlier in my carrier, inspiration and motivation, being instrumental in defining 
my research path. Equally, I would like to thank Gunther Göbel for providing me 
with the opportunity to learn and develop myself while working together. Both 
played an important role in my preparation for this PhD study. 

I am happy to have so many friends that give me support, encouragement and 
motivation to accomplish my goals, particularly Madalena, Tejas, Elena, Patrícia, 
João, Alexandre, Lida, Sara, Pedro, Rita, Nita, Sofia, Ana Luís and Liliana. I am 
grateful to my family for the support and believing in me, especially my siblings, 
Pedro, Maria João and Paulo, as well as, José and Idalina. My aunt, Filomena 
Ferreira, and grandfather, Joaquim Ferreira, who I lost during this time, were 
always proud of me and my achievements. This thesis is partly dedicated to them 
and to my mother, Maria da Glória, who I lost earlier in life. 

Finally, and most importantly, I would like to deeply thank, and dedicate this 
work, to my husband, João Magalhães, and son, Gustavo Magalhães. João, thank 
you for your love, believing in me, encouraging me to follow my dreams and been 
by my side in the most challenges moments. Thank you, Gustavo, for showing 
me the challenges of life and what is indeed important to live for. 

 
 
Ana Catarina Ferreira Magalhães 

(former Ana Catarina Ferreira da Silva) 

25th of March 2020 

iv 
 

I would like to thank Pedro Moreira for introducing me to this research field 
earlier in my carrier, inspiration and motivation, being instrumental in defining 
my research path. Equally, I would like to thank Gunther Göbel for providing me 
with the opportunity to learn and develop myself while working together. Both 
played an important role in my preparation for this PhD study. 

I am happy to have so many friends that give me support, encouragement and 
motivation to accomplish my goals, particularly Madalena, Tejas, Elena, Patrícia, 
João, Alexandre, Lida, Sara, Pedro, Rita, Nita, Sofia, Ana Luís and Liliana. I am 
grateful to my family for the support and believing in me, especially my siblings, 
Pedro, Maria João and Paulo, as well as, José and Idalina. My aunt, Filomena 
Ferreira, and grandfather, Joaquim Ferreira, who I lost during this time, were 
always proud of me and my achievements. This thesis is partly dedicated to them 
and to my mother, Maria da Glória, who I lost earlier in life. 

Finally, and most importantly, I would like to deeply thank, and dedicate this 
work, to my husband, João Magalhães, and son, Gustavo Magalhães. João, thank 
you for your love, believing in me, encouraging me to follow my dreams and been 
by my side in the most challenges moments. Thank you, Gustavo, for showing 
me the challenges of life and what is indeed important to live for. 

 
 
Ana Catarina Ferreira Magalhães 

(former Ana Catarina Ferreira da Silva) 

25th of March 2020 



 

v 
 

Populärvetenskaplig Sammanfattning  

Titel: Termoelektriska mätningar för styrning av robotiserad 
friktionsomrörningssvetsning 

Nyckelord:  Friktionsomrörningssvetsning, Aluminium, temperaturmätning, 
Processstyrning, Robotik, Geometriskt komplexa komponenter 

Friktionsomrörningssvetsning (FSW) genomgår en snabb industriell utveckling 
inom bland andra flyg-, marin-, järnvägs- och fordonssektorn, speciellt i 
aluminium. Aktuella industriella tillämpningar har hittills huvudsakligen varit 
enkla långa raka svetsar, men intresset för komponenter med högre geometrisk 
komplexitet ökar. Sådana komponenter utgör en utmanande uppgift på grund av 
varierande inducerad termisk spridning längs med fogen, och särskilt på grund av 
behovet av lämplig utrustning, som kan följa en 3D-svetsbana. Detta gäller 
speciellt när verktyget monteras på en industrirobot, där höga processkrafter 
resulterar i böjning, vilka kan leda till svetsfel och sämre mekaniska egenskaper. 
Utgångspunkten i detta arbete är att temperaturen i verktygets kontakt med 
materialet har störst betydelse för fogkvaliteten.  

I det presenterade tillvägagångssättet styrs rotationshastigheten under svetsningen 
för att bibehålla önskad temperatur längs svetsen. En innovativ 
temperaturmätmetod baserad på termoelektrisk effekt mellan verktyg och 
arbetsstycke (TWT) erbjuder en skattning av temperaturen från hela gränssnittet 
mellan verktyg och arbetsstycke (TWT-data). Denna temperaturskattning 
används som den styrda variabeln. Det övergripande syftet med denna avhandling 
är att visa att styrning baserad på TWT-data är industriellt användbar  för att 
bibehålla fogegenskaper vid fogning av geometriskt komplexa komponenter med 
hjälp av friktionsomröringssvetsning. 

TWT-data visar sig vara ett snabbt, repeterbart och genomförbart sätt att få en 
representativ realtidsskattning av fogens temperatur under hela processen. Som 
sådan är den lämplig för skattning av processtemperaturen och styrning av 
processen. TWT-data tillhandahåller information även under startskedet och 
identifierar när verktyget pressas mot arbetsstycket, och speciellt när verktygets 
skuldra får kontakt med arbetsstycket. Denna information ger en förbättrad 
startprocedur, vilket är viktigt speciellt vid robotisering, eftersom robotens vekhet 
påverkar verktygets z-position. 

Svetsning under temperaturreglering gav förbättrad fogprestanda, låg 
draghållfasthetsvariation längs fogen och ett reducerat antal misslyckade svetsar, 
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och förväntas förenkla utvecklingen av en svetsprocedur, vilket möjliggör en 
minskning av tid och material. 

Konceptet validerades framgångsrikt genom att svetsa en komponent bestående 
av två olika fogar med en tvådimensionell svetsbana i en geometriskt komplex 
komponent med hjälp av robotutrustning. Tillvägagångssättet för 
temperaturstyrning är inte begränsat till robotutrustning, utan också lämpligt för 
standard FSW-utrustning, vilket är av intresse för olika applikationer där kvalitet 
och tid är viktiga faktor. 
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Friction stir welding (FSW) has undergone a rapid expansion in several industrial 
sectors such as in the aerospace, marine, railway and automotive sectors. Current 
industrial applications are mainly simple long straight welds, but there is a growth 
of interest in components with higher geometric complexity. However, welding 
of geometrically complex components represents a challenging task due to the 
resulting uneven induced thermal dissipation along the weld, but especially due to 
the need for suitable equipment, able to accurately follow a complex 3D path 
under high mechanical loads, while managing the machine deflection. This is the 
case for robots, where the high process forces result in deflections, which affects 
robots’ compliance, leading to weld failures and poor consistency in mechanical 
properties. 

In the presented approach, the rotational speed is controlled during welding in 
order to maintain the set temperature value along the weld. An innovative method 
to measure the process temperature, the tool-workpiece thermocouple (TWT), 
which offers a temperature estimation from the whole tool-workpiece interface 
(TWT-data), is set as the controlled variable. The overall aim of this thesis is then 
to demonstrate the industrial applicability of TWT temperature control for joining 
geometrically complex components using robotic friction stir welding. 

The TWT-data signal is demonstrated to be fast, repeatable and representative of 
the welding temperature. Moreover, TWT-data supplies online information 
during the whole weld procedure, especially during plunging. The shoulder 
contact with the workpiece is identified by TWT-data, providing for an improved 
plunging operation, which was demonstrated to significantly improve the use of 
robotic FSW, overcoming the lack of stiffness inherent to this equipment type at 
this welding stage. 

Improved joint performance, low tensile strength variation along the weld path 
and a reduced number of failed welds were achieved by welding under 
temperature control. As a result, such a welding approach simplifies the 
development of a welding procedure, allowing for a decrease in time and material.  
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The concept was successfully validated by performing two welds consisting of 
two dissimilar materials in a two-dimensional weld path on a geometrically 
complex component by using robotic equipment. The temperature control 
approach is not limited to robotic equipment, but also suitable for standard FSW 
equipment, being of interest to a various range of applications where quality 
and/or time is an important factor.
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1 Introduction 

Modern industrial demands for lighter and more complex components lead to a 
need for new manufacturing methods, of which the friction stir welding process 
is especially appealing. The friction stir welding (FSW) process offers new design 
opportunities due to its attractive joint mechanical properties, low distortion and 
the possibility of joining previously considered “non-weldable” aluminium alloys, 
such as 2xxx, 7xxx and 8xxx series, and some dissimilar materials. This process is 
based on frictional heat generation between the material to be welded and a non-
consumable tool under rotation and pressure against the material. The low 
operational temperature reached during this process in relation to fusion welding, 
allows the material to soften locally and to be stirred by the tool, leading to 
material joining in a solid-state. As a result, improved joint performance has been 
reported frequently for aluminium alloys welding. 

Since the FSW process invention in 1991 by Wayne Thomas, [1], the process has 
undergone rapid developments. Several industrial sectors have applied FSW 
successfully, such as aerospace, marine, railway and automotive sectors. Simple 
straight welds in long panels represent a large part of such applications, but the 
need for its expansion to more geometrically complex components is noticeable 
[2]. In addition, the growth of the component’s complexity, along with the 
increased rate of product modifications, and the constant push to reduce the time-
to-market, raise the need for more flexible and easily reconfigurable systems for 
FSW. 

However, the welding of more geometrically complex components in 3D 
represents a challenging task. In such a case, the resulting unevenly induced 
thermal dissipation along the components during welding, affects the operational 
temperature, and consequently the weld quality. In addition, this is especially a 
concern when robotic equipment is used, which is usually necessary to weld 
geometrically complex components. The large process forces applied and 
supported by a rotational tool mounted on an industrial robot arm, are dependent 
of parameters applied along the weld, i.e. rotational speed and axial force, along 
with the surrounding thermal conditions and workpiece material proprieties. The 
combined effect of these forces results in deflections in the mechanical structure 
of the robot, moving the tool out of the programmed joint line or position, 
affecting the compliance of the robot, and thus the quality of the weld. The tool 
sinking down into the material or tool lateral offset from the joint line are 
common issues occurring due to the relatively low stiffness of such equipment. 
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This makes welding especially challenging when using industrial robotic 
equipment instead of a stiff FSW machine [3,4]. 

Overcoming such issues can be achieved by using online feedback process 
control, allowing a systematic approach for the selection of optimal welding 
parameters, instead of the trial-and-error approach, which is otherwise often 
adopted. However, such an approach is still in an early development and 
numerous improvements are required in order to be considered for industrial use.  

Progress has been achieved by applying feedback control, where the temperature 
has been considered as the primary variable to set at a defined value [5,6]. This 
welding approach is based on the assumption that thermal disturbances can be 
detected during welding and then counteracted by changing welding parameters, 
keeping a steady temperature within certain allowed limits. Such an approach is 
based on the understanding that temperature during welding presents a strong 
influence in the joint performance, which has extensively been reported 
elsewhere, as presented in Chapter 2. In order to achieve the set temperature for 
the process, the controlled variable used has most commonly been the tool 
rotational speed due to its large influence on the welding temperature.  

1.1 Research question and objectives 

This PhD work is a continuation of research developments aiming to enlarge the 
friction stir welding applications to more geometrically complex components, 
which normally requires robotic equipment, namely PhD theses by Soron, [7], 
and De Backer, [8]. Within these were addressed the development of a suitable 
robotic system, including the force control, by Soron, [7], and the equipment’s 
lack of stiffness, implementation of a temperature controller and the tool-
workpiece thermocouple (TWT) method invention, by De Backer [8]. The TWT 
method was developed for temperature measurements during the FSW process. 
This measurement system is based on the thermoelectric effect, offering a 
temperature estimation from the tool-workpiece interface, referred to as 
TWT-data throughout this thesis.  

The overall aim of this thesis is to demonstrate the industrial applicability of 
TWT-data control for joining geometrically complex components using 
robotic friction stir welding. Improvements on the TWT temperature control 
and its feasibility for robotic FSW were addressed within this work. Considering 
the set-up time and material scrappage, response to thermal variations, plunging 
repeatability and joint performance as process performance indicators, the 
following research question is considered: 

How does TWT-data control improve the performance of robotic FSW for 
geometrically complex components? 
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Based on this question, four sub-objectives were considered within this thesis as 
presented one at a time in the following. 

Collecting online temperature data during welding provides the possibility of weld 
quality verification and reduces the need for post-welding inspection. 
Furthermore, the use of digitalization and data storage can be used for traceability 
of the weld. However, the main interest for online temperature data acquisition 
during the FSW process is the opportunity to perform temperature feedback 
control of the welding process. For this type of applications, it is essential that 
temperature measurements be acquired online, repeatable and fast enough to 
allow the controller to execute appropriate parameters during welding. In 
addition, the measured data should be a value representing the welding 
temperature, which facilitates the welding procedure development. This makes it 
possible to reach and maintain the material in a thermo-mechanical state that the 
tool does not sink into the material, as referred to be a frequent issue in robotic 
FSW robotic. Moreover, the acquisition of data, which is a representative value 
of the welding temperature, makes it possible to correlate the temperature, to 
some extent, with the joint performance. The first sub-objective addressed in this 
thesis is then: SO1 - To evaluate and compare TWT-data with other 
temperature measurement methods in FSW. 

Plunging is normally not considered important for the vast majority of FSW 
applications, which are long and straight welds where the initial stages correspond 
to a small part of the whole processing time and welded area. Though, in small 
components with complex geometric features, the initial stages are more relevant 
due to several motives: it corresponds to a larger part of the total process time; it 
may not be possible to remove the correspondent welded area, which is necessary 
to also fulfil the components’ quality requirements; the large stress induced at the 
tool during these stages may affect more significantly its lifetime; and, more 
important, it is extremely challenging to establish the start position in equipment 
with low stiffness, such as a robot. The lack of stiffness in a robot makes it 
extremely problematic to control the process based on a vertical position. Setting 
a plunge depth to identify the shoulder contact with the workpiece is particularly 
challenging. This brings to the second sub-objective: SO2 - To assess the 
feasibility of replacing the position-based plunging with a TWT-controlled 
plunge operation in FSW. 

In-process temperature data acquisition gives the opportunity to control the heat 
input into the weld by process parameters adaptation during welding, 
counteracting the effect of thermal disturbances induced while welding 
geometrically complex components. However, the capacity of the controller to 
maintain the material in an appropriate thermo-mechanical state at various 
thermal conditions, allowing to perform the welds without aborting the process 
due to the tool sinking into the material when using robotics application, requires 
further investigation. Additionally, the joint performance based on welding by 
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maintaining a steady welding temperature, but under different thermal conditions, 
is considerable under-investigated. The third sub-objective is then: SO3 - To 
evaluate the capacity of TWT-controlled FSW to facilitate robotic FSW, 
and its influence on the joint’s performance. 

Moreover, the growing tendency to manufacture components by assembling parts 
together rather than producing one whole part is mainly due to cost reduction. 
Increased complexity of the components is another issue that limits 
manufacturing in one part. This has been the main interest of temperature 
controlled FSW process development since it opens up for new process 
applications to components with high geometric complexity. The fourth and final 
sub-objective of this thesis is then: SO4 - To validate TWT-controlled FSW 
for industrial components with complex geometry using robotic 
equipment. 

This thesis includes and is a continuation of the licentiate work, [9], which 
included some temperature measurement testing, welding initiation approach 
implementation and controller feasibility evaluation by using different backing bar 
materials. 

1.2 Research methodology 

The research within this work is based on applied science, where a practical 
problem from the industry is addressed, supporting the research and development 
of methods and solutions for the defined industrial problem. Moreover, the 
research should allow for generalization to be applicable within a certain scope of 
industrial relevant user cases, and not limited to a narrow-defined user case. This 
fits the production technology research group at University West, in Trollhättan, 
Sweden, where innovation combined with research are the main driving forces, 
mainly addressing industrial applications. 

The results and conclusions drawn from this thesis work are based on the use of 
empirical methods, within an experimental research approach. An inductive 
approach was used for analysis where a problem/question is defined, 
experimental tests are performed, a pattern is found, and a solution/theory is 
created. Then the understanding of the problem is reached to support the 
development of a suitable methodology for the defined problem. 

The development of this PhD thesis included a state-of-the-art study on the 
research topic in order to understand and identify significant manufacturing 
needs, leading to the presented research question and objectives, which involved 
the continuation of the PhD work from Jeroen De Backer, [8]. Different tasks 
were addressed to fulfil the respective sub-objectives as presented in Figure 1 
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along with the respective publications (green). The published papers are also 
indicated. 

 
Figure 1 Thesis overview, including the industrial problem, the overall objective (yellow), 

the research question (orange), sub-objectives (blue), and tasks addressed (white), 

along with the respective publications (green). 

The temperature at the FSW weld zone is not well defined and its measurement 
is a challenging task. The extreme material deformation at the stirred zone makes 
this area inaccessible to many temperature measurement methods, and the large 
temperature gradient found along the tool-workpiece interface makes the 
measurement position debateable. Different temperature measurement methods 
were applied during this work for acquisition of the weld zone temperature during 
the FSW process, namely: thermocouple embedded at the workpiece (WTC), 
thermocouple embedded in the tool (TTC) and the TWT method. The 
standardised thermocouples were used for comparison with the proposed TWT 
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method. This gave support for evaluating TWT-data in terms of its welding 
temperature representativeness and its applicability to be used for control of the 
process. Throughout this work, the TWT-data welding temperature 
representativeness was considered, as to how well its value reflects upon 
temperature acquired by the other temperature measurements methods applied, 
as well as, on its relation with the joint mechanical proprieties and microstructure. 

The initial work addressed the TWT method improvements and implementation 
of the other temperature methods for temperature measurements on the weld 
zone. Due to the large temperature gradient at the tool-workpiece interface, the 
results from the different temperature measurement methods were analyzed 
taking into consideration the measurement location. In order to evaluate the 
TWT-data suitability to be used as controlled variable for process feedback 
control, TTC measurements were also used for monitoring the temperature while 
welding. 

The online acquisition of TWT-data during all stages of the welding process opens 
the opportunity to apply temperature control during the initial plunging stages as 
well. Additionally, the plunging parameters and its effects on time, temperature 
and general appearance of the weld were addressed in order to gather a better 
understanding of the plunging dynamics. 

In order to gain a better understanding of the temperature controller performance 
to facilitate welding using robotic equipment and its influence on the joint 
performance, welds were performed under different thermal conditions and their 
joint performance was evaluated. Thermal conditions were varied by changing the 
backing bar, known to significantly affect the thermal dissipation during this 
process. In addition, welds were performed at the same measured TWT-data, but 
using a different combination of welding parameters. The intention of this study 
was to reach a better understanding of at what extent a controlled and steady 
process temperature during welding offers the possibility to weld without the 
occurrence of the tool sinking into the material issue, or a significant decrease in 
the joint performance independently of the parameters used. More details 
regarding this occurrence are presented in section 2.2.2. The joint performance 
assessment has been made in order to understand, test and validate the welding 
approach presented, by using ISO 25239-4:2011 for guidance. This evaluation 
included visual inspection, mechanical properties using tensile and/or bending 
tests, and defects observation by fracture analysis and/or macro examination. 

To finalize, the FSW temperature-control approach was applied to weld an 
industrial component with complex weld geometry using a robotic equipment. 
Further developments needed in several research topics related to robotic friction 
stir welding were identified and presented for future research work.  
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1.3 Scope and limitations  

For this research work, it is crucial to acquire a good understanding of the process 
itself. Multidisciplinary knowledge from three main research fields is required: 
welding, measurements and automation, which includes also robotics, see 
Figure 2. Skills from several fields were required in order to complete the research 
work, which is also indicated by the broad research question within this work. 

 
Figure 2 Scope of the thesis with a focus on the main research fields’ coverage. 

The capacities of the robotic welding equipment, in terms of force and torque, 
limits the study to mainly FSW of thin aluminium alloys, up to 5-7 mm aluminium 
plate thickness depending on the alloy. Furthermore, the inability of the robot to 
follow the joint line due to excessive forces producing deflections of the robot 
structure may enable the occurrence of lack-of-penetration defects, thus to 
eliminate the effect of lack-of-penetration (LOP) defect, some experiments were 
conducted in a bead-on-plate (BOP) configuration. The joint configurations were 
limited to bead-on-plate, butt and lap joints. In this thesis, when no reference to 
the joint configuration is present is BOP. For butt joints, extra care was taken to 
guarantee the alignment of the tool. A stiffer FSW machine was used to perform 
welds in thicker material, but limited to simple straight welds.  

For this PhD work, the aluminium specific alloy does not comprehend a major 
restriction, as this study is primarily focused on the welding methodology 
development, which is believed to be transferable within this material type. More 
details may be found in Chapters 2 and 3. A proven tool design was used during 
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the experimental work. Tool design optimisation was not included. The stationary 
shoulder tool was not implemented during this work and therefore considered for 
future research.  

For process automation, a classical proportional-integral (PI) type controller, 
using temperature as a controlled variable, was used to achieve the rotational 
speed adaptation necessary to maintain the desired welding temperature. 
Algorithms were developed for identification of the welding stage transitions. 
Moreover, the sensors for temperature measurements were selected by its 
applicability to the conditions at the laboratory and feasibility for use in the 
feedback control application.  

1.4 Thesis outline 

A brief FSW process background, as well as, the state-of-the-art in temperature 
measurements and process feedback control of FSW are presented in Chapter 2. 
The FSW process description is given together with the different process stages, 
welding parameters, weld properties, process advantages and limitations together 
with industrial applications. The importance of robotic equipment, welding 
temperature and the thermal aspects of the FSW process are highlighted. 
Moreover, different temperature measurement methods used in the FSW process 
are presented along with a literature review on temperature control of the welding 
process. 

Chapter 3 presents the description of the welding systems used and additional 
developments performed within this thesis. The control method applied during 
the welding start stages, i.e. plunge and dwell, as well as, the temperature online 
measurement methods implementation is described within this chapter.  

Following, in Chapter 4, the main results and respective discussion are presented, 
along with the main contributions to the thesis sub-objectives are presented. 

Conclusions and planned future work are presented in Chapter 5 and Chapter 6, 
respectively. Finally, the respective journal and conference publications are 
appended to the thesis. 
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2 Background 

Welding is an essential process in the manufacturing industry. The welding 
process selection is critical and depends on several factors such as the material 
chosen, joint configuration, quality desired and productivity. The fact that FSW 
occurs in a solid-state, reaching relatively low welding temperature during the 
process, offers several advantages when compared with common fusion 
techniques, especially for high strength aluminium applications [10].  

2.1 Friction stir welding 

Friction stir welding is a welding technique developed in December 1991 at The 
Welding Institute (TWI), UK [1]. Since then many universities, research institutes 
and companies have invested in the research and development of this welding 
process [10]. 

2.1.1 FSW principle 

The FSW process is a solid-state welding technique where a non-consumable tool, 
specially designed, composed by a probe and a shoulder, see Figure 3, is used to 
achieve the joining [11]. 

 
Figure 3 FSW tool design example with scrolled shoulder and threaded probe. 

FSW is commonly divided into four stages: plunge, dwell, traverse and tool 
retraction, as presented in Figure 4. 

During plunging, the tool is forced under rotation by some active components 
into the workpiece material, which is rigidly clamped onto a backing bar. The 
friction between the tool and the workpiece together with the material plastic 
deformation generates heat that softens the material enabling the tool to penetrate 
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the material without melting [10,11]. The tool penetrates until its shoulder gets in 
contact with the workpiece, which gives start to the dwell stage. 

 
Figure 4 Schematic of the friction stir welding process including the different welding 

stages and main welding parameters. 

During the dwell stage, the tool and its shoulder while in rotation maintain their 
position relative the workpiece for a predefined time, allowing the material to 
warm up and soften.  

After the dwell stage, the traverse stage takes place whereby the tool traverses 
along a predefined weld path, producing the weld [12-15]. The softened material 
is forced by the tool rotation to flow around the tool allowing the material to mix 
[10,11,16]. As a result, the joint is completed in a solid-state, by relatively high 
viscosity and low flow stress [11,17].  

In the end, the travel stops, and the tool still under rotation, moves perpendicular 
to the weld surface in the workpiece opposite direction, leaving a characteristic 
exit hole, which finalizes the retracting stage. The motion of the tool is facilitated 
by some mechanism, that in the current study is an industrial robot, but more 
often is a rigid CNC-like machine. 

2.1.2 Welding parameters 

The main welding parameters of the FSW process are the welding speed, rotation 
speed, axial force and tilt angle, see Figure 4. These have a high impact on heat 
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input and material flow, the heat generation, and consequently, also the peak 
temperature and final joint quality [11].  

The friction between the tool and the workpiece material is responsible for a large 
part of the heat generated [11]. Simultaneously, the welding speed stimulates the 
material moving from front to back of the welding tool and affects the overall 
thermal cycle by influencing the time that the material is at the welding 
temperature [10,11,16]. The area and pressure at the shoulder-surface interface, 
controlled by the axial force or by the tool vertical position, strongly affects the 
friction at the contact area and thereby influences the heat generated during 
welding [10]. The tilt angle has been reported to influence the generation of 
appropriated material flow during welding, and by improving the consolidation 
of material on the trailing side of the tool, decreasing the formation of defects 
[18,19]. 

Due to the weld dynamics, the material flow during the weld is not symmetric 
[11], causing an asymmetric microstructure in the welded joint. Therefore, the 
sides of the weld are named depending on the material flow, as advancing side 
and retreating side, respectively. 

The FSW tool design plays an important role in the success of a weld, where its 
different features affect the material movement, as well as, the temperature during 
welding [11]. Furthermore, the tool design, especially the dimensions and profile, 
influences the welding parameters’ window and the welding quality [20].  

Within the process, different joint types, workpiece material and thickness require 
different welding parameter sets [21]. In addition, the tool design, the clamping 
system or machine characteristics, such as stiffness, tool eccentricity and 
positional accuracy, among other factors, also have an influence on the welding 
parameters’ window. The selection of an appropriate FSW tool and combination 
of welding parameters for the welding conditions is of high importance for the 
final weld quality, which in turn is related to the joint microstructure and 
corresponding mechanical properties [11].  

2.1.3 Microstructure features and joint performance 

The resultant microstructure reflects the thermo-mechanical history occurring in 
the weld, strongly induced by the welding parameters and respective heat input 
[11,16]. The extreme plastic deformation at welding temperature creates a fully 
recrystallized, equiaxed and fine grain microstructure, which makes the FSW 
microstructure very different from other welding techniques [11]. Four 
microstructure zones are therefore found in the FSW joint: stirred zone (SZ), 
thermo-mechanically affected zone (TMAZ), heat-affected zone (HAZ), and the 

BACKGROUND  

11 
 

input and material flow, the heat generation, and consequently, also the peak 
temperature and final joint quality [11].  

The friction between the tool and the workpiece material is responsible for a large 
part of the heat generated [11]. Simultaneously, the welding speed stimulates the 
material moving from front to back of the welding tool and affects the overall 
thermal cycle by influencing the time that the material is at the welding 
temperature [10,11,16]. The area and pressure at the shoulder-surface interface, 
controlled by the axial force or by the tool vertical position, strongly affects the 
friction at the contact area and thereby influences the heat generated during 
welding [10]. The tilt angle has been reported to influence the generation of 
appropriated material flow during welding, and by improving the consolidation 
of material on the trailing side of the tool, decreasing the formation of defects 
[18,19]. 

Due to the weld dynamics, the material flow during the weld is not symmetric 
[11], causing an asymmetric microstructure in the welded joint. Therefore, the 
sides of the weld are named depending on the material flow, as advancing side 
and retreating side, respectively. 

The FSW tool design plays an important role in the success of a weld, where its 
different features affect the material movement, as well as, the temperature during 
welding [11]. Furthermore, the tool design, especially the dimensions and profile, 
influences the welding parameters’ window and the welding quality [20].  

Within the process, different joint types, workpiece material and thickness require 
different welding parameter sets [21]. In addition, the tool design, the clamping 
system or machine characteristics, such as stiffness, tool eccentricity and 
positional accuracy, among other factors, also have an influence on the welding 
parameters’ window. The selection of an appropriate FSW tool and combination 
of welding parameters for the welding conditions is of high importance for the 
final weld quality, which in turn is related to the joint microstructure and 
corresponding mechanical properties [11].  

2.1.3 Microstructure features and joint performance 

The resultant microstructure reflects the thermo-mechanical history occurring in 
the weld, strongly induced by the welding parameters and respective heat input 
[11,16]. The extreme plastic deformation at welding temperature creates a fully 
recrystallized, equiaxed and fine grain microstructure, which makes the FSW 
microstructure very different from other welding techniques [11]. Four 
microstructure zones are therefore found in the FSW joint: stirred zone (SZ), 
thermo-mechanically affected zone (TMAZ), heat-affected zone (HAZ), and the 



BACKGROUND  

12 
 

base/parent material (MB), see Figure 5 for a butt joint configuration or bead-on-
plate weld. 

 
Figure 5 FSW microstructure in a cross-section perpendicular to the welding direction 

including identification of the different zones (below) and respective expected structure 

(top). 

The joint mechanical properties are reflected by the weld microstructure 
characteristics, such as grain size and distribution of precipitates [10,17]. Good 
mechanical properties, such as ultimate tensile strength, fatigue strength, 
formability and superplasticity are reported for FSW joints, often demonstrating 
better mechanical properties than most other welding techniques for aluminium 
alloys [10,11,21-23]. However, FSW joints normally present a strength loss 
relative to the base material, achieving joint efficiency values of 68%-89% in the 
case of AA6061-T1 and 77-91% in AA7075-T6 FSW joints [2]. 

Strength and hardness of FSW joints have been described to be improved by 
reducing the heat input during welding, which affects the overaging in 
precipitation hardening alloys and annealing in work hardening alloys and 
consequently the joint microstructure. However, enough heat should be reached 
to enable the material flow [10]. Thereby, a proper control of the welding 
temperature at a determined value range is of high importance to achieve a 
consistent final joint quality. 

In addition, the joint’s mechanical properties are also influenced by the presence 
of welding defects. The process presents a number of process-specific welding 
defects, different from the ones found in fusion welding, which can compromise 
the mechanical properties of the joint [10,21]. Flash and remnant line, also 
referred to as zigzag line or oxide line, are reported to not necessarily deteriorate 
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the joint quality [10,21,24]. However, voids are commonly found, and if large 
enough they can compromise the joint quality significantly. A crack-like feature 
on the edges of the weld zone, referred to as hock, characteristic of lap joint 
configuration, is also known to decrease the joint quality [25]. 

The most important defect in butt friction stir welded joints is the lack of 
penetration (LOP), which occurs at the butt joint root, resulting in incomplete 
joining at this location. This defect can strongly affect the joint performance, 
especially fatigue life [10,26]. The kissing-bond, which occurs typically at the joint 
root, also conceals an inadequate joining, but it is a less detrimental feature to the 
mechanical properties comparing to the LOP [10,26,27]. The use of a short probe 
length, insufficient tool penetration depth/axial force or the misalignment of the 
tool with the joint line can lead to the development of such root flaws [10,21,26]. 

The use of adequate welding parameters, tool design, as well as, the use of a 
proper clamping system are all actions to improve the general conditions and 
performance of the FSW process and hence, decrease the occurrence of defects 
and therefore achieve an improved weld quality [10,21,27]. When such welding 
conditions are guaranteed, the occurrence of defects during this process is 
relatively low, and consequently, low scrap or repair rate is expected [10].  

The solid-state characteristics of the FSW process avoids common defects related 
to casting structures, such as pores formation, solidification cracking and micro-
segregation [21,22]. In fact, the lower temperature reached during the FSW 
process provides several advantages when compared to the traditional fusion 
welding techniques, such as low residual stresses and distortion [10,11,21,22]. 
Nowadays, all the aluminium alloy series, including the previously referred to as 
“non-weldable” alloys, such as 2xxx, 7xxx and 8xxx series, can be welded by FSW 
[10,11,21].  

2.1.4 Process applicability 

Currently, high strength materials, such as steel, magnesium, copper, titanium, 
molybdenum and nickel are possible to be welded using FSW [10,11,22]. The 
process also enables to perform dissimilar alloys and weld metal matrix 
composites materials. However, the welding process of these materials takes place 
at higher temperatures and there are limitations concerning the tool material 
resistance under such conditions [10,11].  

Moreover, few pre-welding preparations are required and, with the use of good 
tool design, the process is very tolerant of different parameters [22]. The weld 
surface presents, in general, a good appearance, which reduces the need for 
machining or other finishing operations after welding, see Figure 6. No spatter is 
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found on the surface [22]. The great surface appearance makes the FSW process 
appealing for some applications in which the surface is exposed, and avoids post-
welds superficial treatments, such as milling. 

     
Figure 6 Weld surface appearance of conventional FSW welds with a 12 mm diameter 

shoulder, representing the width of the joint, in aluminium plates: (a) a detailed view 

and (b) overall surface appearance. 

A drawback of the process is the requirement of support in the opposite direction 
of the axial force applied to the rotation tool, which requires the use of a backing 
bar. Hollow components are a good example of a challenging welding case for 
the FSW process. However, several developments have been made in order to 
overcome this issue, such as dedicated design for FSW hollow extrusions profiles 
or the bobbin tool FSW process (BTFSW), an FSW process variant [20,28,29]. 

Other process variants have been developed to overcome some of the FSW 
disadvantages, such as friction taper plug welding, used to close the hole 
remaining after welding [30]. Another beneficial process variation is the stationary 
shoulder (SSFSW) process, which due to the non-rotational shoulder, provides 
lower heat input than the conventional FSW process. This offers an improved 
temperature distribution, microstructure homogeneity and improved properties 
[17,31]. The SSFSW produces an excellent welding surface, requires lower forces 
during welding and enables inner corner welding [2]. 

The FSW is frequently used for butt joints in long, straight panels due to the 
resulting low distortion and good repeatability [2]. However, different joint 
geometries from linear and three-dimensional joints, see Figure 7, are possible to 
perform using FSW [10,11]. Conversely, for each new geometry, an adapted 
clamping system and backing bar are required, adding cost and time to the welding 
operation, some examples are be found in [31-33].  

The process commonly uses heavy and stiff welding equipment, corresponding 
to a high initial cost, and normally lacks in flexibility to weld geometrically 
complex joints. Welding equipment with more flexibility, such as robotic 
equipment, are required for such applications. However, their relatively low 
stiffness creates challenges, such as misalignment of the tool with the joint and 
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tool sink down issues, which are further addressed in section 2.2 [4,32]. 
Furthermore, the process has few parameters to select, set and control, which 
makes the process less dependent on the operator skills and easily automated [4]. 

 
Figure 7 Possible joint configurations in friction stir welding. 

A general overview of the advantages and limitations found within the 
conventional friction stir welding process are summarised in Table 1. 	

Most of the applications where aluminium welding is required are potential 
applications for the FSW process. Such applications are largely found in the 
transportation industry, where the use of improved performance lightweight load-
bearing structures offers both weight reduction and improved safety [2,29].  

The first commercial application of this welding technique is believed to be 
AA6xxx extruded hollow profiles welded by Hydro Marine aluminium, and 
applied for catamarans by Fjellstrand AS, in 1996 [10,23,28]. Since then, an 
increased number of applications in several industries has risen.  

A fast adaptation of the FSW in aerospace applications thrived due to the great 
possibilities offered by this process, especially the weldability of Al-Li alloys 
[11,29]. Initiated by Boeing, FSW was introduced for Delta II and IV rockets fuel 
tanks [10,23,29,34], and over time, more application opportunities were 
introduced in such high demand industry, such as in Ariane 5 and 6, [35], Falcon 9 
and heavy, [29,31,36], and the space launch system (SLS), [37].  

Moreover, the possibility of riveting replacement, and the consequent 
replacement of the overlap configuration for butt joint, a lighter configuration, 
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together with the good weldability by FSW of the attractive aluminium lithium 
alloys, makes FSW especially noteworthy for aeronautic structures [28]. Eclipse 
500 business class jet, [23,28,29], Air Force C-17, [23,29], Legacy 450 and 500, 
[38], are some applications examples. 

Table 1 – General FSW process advantages and limitations resume. 
Advantages Limitations 

 Environmental friendliness – no 
consumables, no filler or gas shield 
is required  

 Require backing bar and clamping 
system 

 Easily automated, with high 
repeatability and relatively 
independent of operator skill 

 High payload and high stiffness 
machinery 

 Versatility - can operate in all 
positions and orientations 

 Low flexibility in joint 
configurations and component 
geometry 

 Short time-consuming pre- or 
post-weld surface treatments 

 Exit hole at the end of the weld 

 Enables weld of several materials 
and dissimilar joints 

 Tool material strength limitations 
welding hard strength material 

 Good mechanical properties – fine 
microstructure and low 
concentration of defects  

 Process-specific welding defects 

 Low residual stress and low 
distortion 

 Manual welding is not possible 

 Safe operation – absence of toxic 
fumes or spatter 

 

 Good energy efficiency  

Other industrial applications are the long extruded panels for high-speed trains, 
[10,11], and automotive components, such as suspension arms, wheels, seats, 
crash boxes among other examples [10,11,39]. The driving force for automotive 
FSW applications is also related to weight saving and performance improvement 
[28,29]. 

The majority of the FSW applications are found in transportation industries, but 
it is not limited to these. FSW has been applied for hermetically sealed packages 
used in electronics, such as the iMac from Apple, [40,41], heat sink panels, [42], 
in construction, as well as, oil and gas industries, [4], among others. 

The aerospace and automotive sectors have demonstrated the motivation for 
introducing FSW in more and more structures, as well as, with increasing 
component geometrical complexity. The aeroplane wing, which presents a 
complex geometric internal structure, is one example and some automotive 
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applications, as the case study presented in Chapter 4, which presents increased 
structural complexity.  

The advantageous characteristics of FSW have opened opportunities to new 
product designs that were not possible before. However, some considerations are 
required, for example: the joint configuration, which needs to be planned 
specifically for FSW, [28,29], a backing support, proficient tool geometry and 
material, sufficient space for the tool to run freely along the welding path, 
clamping, welding equipment characteristics and presence of geometry details 
close to the path that may affect the tool support or the thermal distribution 
during welding and clamping [23].  

When welding geometrically complex components, issues such as the welding 
equipment stiffness and the thermal disturbances created by the geometry features 
should be taken into consideration. These will be addressed in sections 2.3 and 
2.4.  

2.2 FSW equipment 

Friction stir welding cannot be performed manually due to the high forces 
involved in the process, see Figure 8. It is, thereby, a mechanized process where 
heavy equipment is required to perform the weld. The equipment should be stiff 
enough to apply the required force to perform the weld, but also, to support the 
process forces [4]. In order to reach the required welding speed, the equipment 
should overcome the traverse force (Fx), and the tool position accuracy should 
not be significantly affected by the lateral force (Fy) created by the tool rotation. 
In addition, the equipment’s spindle motor should support high torques enabling 
the tool to rotate and mix the material [4,23,43].  

The equipment specification is typically defined by the process requirements. For 
example, in the case of welding thick parts, lower rotational speed and welding 
speed are required, as well as, higher torque than in case of a welding thinner parts 
[23]. Therefore, the FSW equipment characteristics depend mostly on its end-use, 
including the production volumes and product’s change. For research and 
development environments, more flexible equipment in order to adapt to 
different products may be more interesting. However, in an industrial 
environment, for high volume production, the welding equipment is normally less 
adaptable to product variations [4,23]. 
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Figure 8 Schematics of the main forces during welding: torque, traverse force (Fx), 

lateral force (Fy) and the imposed axial vertical force (Fz). In red is presented the 

resulting forces from the process and in blue the imposed forces to the process. 

Presented also the workpiece on a commonly required clamping and backing bar 

support and stirred zone material flow. 

2.2.1. Types of equipment 

A simple milling machine has the capability to perform FSW, however with 
limitations e.g. related to torque, decision-making capabilities and the 
components’ thermal resistance, which limits the welding possibilities. However, 
nowadays, dedicated FSW equipment is available in the market, better equipped 
to sustain the process forces than a common milling machine, as for example 
Legio from ESAB or ISTIR PDS from MTS. These are normally small machines 
with a limited number of axes and adaptable to a large variety of small and simple 
components and with high load capability [4,43].  

A large number of FSW equipment is custom-built, developed and used for 
specific applications where no other solution exists [4]. An example of customized 
equipment is the FSW system at the Swedish Nuclear Fuel and Waste 
Management Company (SKB) for nuclear waste storage, copper canisters sealing 
by FSW [28,44]. Another example is the Vertical assembly centre (VAC) at 
Michoud assembly facility in New Orleans used for welding the Areas and SLS 
rocket fuel tanks. With 110 m high, this equipment is considered to be the world’s 
largest FSW equipment [45,46]. 

The FSW equipment is normally of high cost and heavyweight to guarantee 
stiffness, but limited in terms of flexibility. As pointed out previously, products 
with increased geometry complexity, as non-liners and 3D welds, require more 
flexible equipment with the ability to tilt along the path in various directions 
(5 degrees of freedom) [4]. Thus, in order to enlarge the FSW application for more 
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geometrically complex components, welding equipment with increased flexibility 
should be used, such as industrial robotic systems [29]. 

Industrial robots are 3D-capable systems with at least five degrees of freedom 
offering higher spatial flexibility at a significantly lower cost [4,29,32]. The main 
drawback with this type of equipment is its lower stiffness compared with 
standard FSW equipment, which is required to be high to perform FSW. 
However, several robotic types of equipment overcome this issue, presenting 
sufficient stiffness, high payload forces (over 10000 N) and enough automation 
to performing FSW up to a considerable material thickness [4,32]. 

There exist two different robotics system concepts, parallel-kinematic and serial-
kinematics structures, the former is also referred to as parallel-kinematic machines 
(PKM), and the latter referred as articulated arm robots [29,32]. PKM has the 
motion axes in parallel providing more stiffness than the serial systems. This type 
of equipment has also a higher payload force capability than the serial type, but it 
comes with a higher cost, decrease in flexibility and smaller workspace [32]. This 
kind of system is more appropriate to perform welds near or close to a horizontal 
plane due to its orientation range limitation [4]. Small components where the 
multi-axis capability is required, as well as, more stiffness and force capability 
compared with a serial kinematic system can provide, those are the main 
applications of these robotic systems [32]. An example of such equipment is the 
tricept concept from PKM, used to weld Audi components in production [47]. 

The serial kinematic systems have normally six axes mounted in serial, as an arm, 
and possess six degrees of freedom, offering a significant improvement in 
flexibility [32]. It allows performing more complex weld paths, offering a 
significantly larger workspace and the possibility to weld in more challenging 
positions [28,32]. The use of such equipment to perform FSW enlarge the process 
opportunities for new and more challenging applications. Welds in 1D, 2D and 
3D containing curvilinear paths in different planes highlight the primary 
motivating for multi-axis capability found in such equipment. The robot arm type 
is also the most commonly used for both fusion and resistance welding, offering 
a low-cost solution [4,32].  

Such welding equipment, however, should provide enough force capability to 
maintain the tool shoulder in contact with the material. The robots payload 
capability is dependent on the robotic model used. e.g. Kuka FSW systems are 
suitable to apply 10kN, [48], and Rosio from Esab, 13 kN in favourable positions, 
[49]. Nevertheless, there is robotic equipment available with high payload 
capacity, as is the case of Fanuc M-200iA/23000, offering 23 kN and a 
repeatability of 0.18 mm [50]. Not disregarding the moderate force capability, the 
serial kinematic equipment still presents low stiffness. This puts specific 
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requirements on the robot end-use, such as limitations on the material, thickness 
and welding speed [4,32]. Nevertheless, developments to improve the robots 
capacities for FSW are being done, e.g. robotic structure design to improve the 
overall stiffness and decreasing gears backlash [3] or path correction [51]. 

2.2.2. Lack of stiffness issue 

When using a serial-kinematic system, due to its low stiffness, equipment 
deflections during welding are expected to occur, compromising the equipment 
compliance to follow the programmed path. It is, therefore, challenging to set a 
programmable tool position, especially the tool vertical position, and for this 
reason, robotic FSW is often performed in force control, instead of vertical 
position control, referred as z-direction (direction of the tool). This offers the 
possibility to overcome some of the robot deflection difficulties [6,51-53]. While 
welding with robotic equipment, the axial force is set at a defined value, instead 
of the tool following a pre-programmed vertical position [6,11,32].  

The use of force control offers a solution to deal with the most problematic issue 
regarding the lack of stiffness, maintaining the tool shoulder in contact with the 
workpiece surface, and a better adaptation to the workpiece by avoiding 
mismatches of the programmed path with the real one. As an example, workpiece 
thickness variations can affect the tool position related to the workpiece surface. 
When welding in tool position control, the shoulder surface in contact with the 
workpiece surface will be strongly affected with mismatches between the 
programmed position and the real part position, and consequently, also the weld 
quality [6]. Force control can offer a more uniform weld quality by adapting the 
tool position to maintain the shoulder-workpiece contact force, and therefore the 
shoulder surface contact with the path, decreasing the error that may be found 
between the path programmed and the real part surface. 

The key challenge to have in consideration when welding with force-control in 
robotic equipment is to prevent overheating of the workpiece material. If 
overheating occurs, the increase in temperature makes the material softer, to a 
near-liquid state, and less resistant to the high force applied. Due to the deflection 
of the robot, and the constant force still applied, the tool will sink down into the 
workpiece [5,6]. This issue will cause the FSW tool to sink deeper and deeper into 
the material, see examples in Figure 9. Such phenomenon requires the abortion 
of the process, to prevent further damage in the component, tool, backing bar or 
even the equipment itself [5,9]. 

The use of temperature controlled FSW process reduces this risk drastically, 
increasing the opportunities for robotic FSW and the development of complex 
designed products, which will be addressed in more detail in section 2.4. Another 
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helpful solution for such concern may be the use of stationary shoulder process 
variant (SSFSW), which allows reduction of the force required to perform the 
weld and thereby decreasing the issues found in robotic FSW. SSFSW was not 
addressed during this thesis work, but is considered for future research. 

      
Figure 9 Two examples of the characteristic tool sinking into the material issue1 found 

in robotic FSW applications. 

Because of the equipment’s low stiffness, together with the asymmetric nature of 
the FSW process, low lateral tool position accuracy is also a concern [4,32]. The 
lateral force (Fy) experienced by the tool, acting in the direction of the advancing 
side, see Figure 8, is considerably lower than the axial force, but able to generate 
robot deflection, and consequently, affects the robot capability to follow the weld 
path within a specific tolerance. This issue may cause lack of penetration defects 
occurrence and therefore significantly affect the weld quality [51,52]. This is an 
important characteristic to take into consideration when selecting the welding 
equipment, as well as, the location and orientation of the joint relative to the robot 
position. Developments concerning such issues encountered in the robotic FSW 
process have been addressed by De Backer in [8]. However, in high volume 
manufacturing, repeatable and consistent issues, such as deflection can be 
counteracted by programming the paths considering deflections. 

Welding components with varying geometry using robotic equipment is a 
challenging task, which requires a high level of operator expertise, and therefore, 
can benefit from automation, sensors and control [4,23,43]. The next sections 
within this chapter offer more details on the welding temperature, and respective 
sensors, as well as, feedback control using temperature data application to the 
FSW process. 

                                                      

1 The tool sinking into the material had been referred to incorrectly as “meltdown” 
terminology in Papers C and G. This terminology is not used within this thesis. 

BACKGROUND  

21 
 

helpful solution for such concern may be the use of stationary shoulder process 
variant (SSFSW), which allows reduction of the force required to perform the 
weld and thereby decreasing the issues found in robotic FSW. SSFSW was not 
addressed during this thesis work, but is considered for future research. 

      
Figure 9 Two examples of the characteristic tool sinking into the material issue1 found 

in robotic FSW applications. 

Because of the equipment’s low stiffness, together with the asymmetric nature of 
the FSW process, low lateral tool position accuracy is also a concern [4,32]. The 
lateral force (Fy) experienced by the tool, acting in the direction of the advancing 
side, see Figure 8, is considerably lower than the axial force, but able to generate 
robot deflection, and consequently, affects the robot capability to follow the weld 
path within a specific tolerance. This issue may cause lack of penetration defects 
occurrence and therefore significantly affect the weld quality [51,52]. This is an 
important characteristic to take into consideration when selecting the welding 
equipment, as well as, the location and orientation of the joint relative to the robot 
position. Developments concerning such issues encountered in the robotic FSW 
process have been addressed by De Backer in [8]. However, in high volume 
manufacturing, repeatable and consistent issues, such as deflection can be 
counteracted by programming the paths considering deflections. 

Welding components with varying geometry using robotic equipment is a 
challenging task, which requires a high level of operator expertise, and therefore, 
can benefit from automation, sensors and control [4,23,43]. The next sections 
within this chapter offer more details on the welding temperature, and respective 
sensors, as well as, feedback control using temperature data application to the 
FSW process. 

                                                      

1 The tool sinking into the material had been referred to incorrectly as “meltdown” 
terminology in Papers C and G. This terminology is not used within this thesis. 



BACKGROUND  

22 
 

2.3 FSW temperature 

The role of the process responses on the joint properties was emphasized by 
Nelson et al., [54]. It is understood that the welding parameters do not directly 
affect the material properties, instead, these originate process responses, such as 
the temperature, cooling rate and strain rates that will affect the formation of 
defects, microstructure evolution, and consequently, the resulting joint 
performance [54]. With this understanding, it is important to have in 
consideration that in order to study the welding parameters’ outcome on the joint 
performance it is necessary to gain an understanding of how welding parameters 
affect such process responses, and then, the influence of these process responses 
on the joint properties.  

Previous studies have demonstrated a direct effect of the welding temperature on 
the mechanical properties of FSW joints, such as Fehrenbacher et al. [6,55], 
Yuqing et al. [56], Upadhyay et al. [57], and Sato et al. [58]. The welding temperature 
distribution, as well as, the material flow during welding play an important role in 
the formation of defects, microstructure evolution and consequently, the resulting 
mechanical properties of the joint. The knowledge of welding temperature is 
therefore known to be important information to achieve high-quality welds.  

As a consequence, welding parameters’ windows selection based on “hot” and 
“cold” weld boundaries is a common practice adopted. The combination of high 
rotation speed and low welding speed often denoted “hot” welds, can lead to flash 
formation and to microstructure modifications that diminish the joint mechanical 
properties while “cold” welds, achieved by the use of low rotation speed and high 
traverse speed, result in voids formation and can lead to tool fracture [10,21].  

Hence, a minimum weld temperature is assumed to be required in order to obtain 
sufficient material stirring, but a too high temperature can jeopardize the 
mechanical properties [55]. This means that the welding temperature should 
remain within a certain temperature range in order to obtain a weld with good 
mechanical properties. However, when welding a joint with a complex weld path, 
temperature dissipation variation with the geometric features is expected to occur, 
which affects the welding temperature, possibly leading to welding state of 
thermal-mechanical instability, and consequently, low weld quality. For this 
reason, it is important to gather a good understanding of the different thermal 
aspects affecting the weld. 

2.3.1 Thermal aspects of FSW  

The heat generation mechanisms in the friction stir welding process are essentially 
friction between the tool material and the workpiece material at the 
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tool-workpiece interface, complemented by material plastic deformation [11-
13,59]. The heat generated by plastic deformation corresponds to only 18-25 % 
of the total heat generation [14,59].  

The rotational speed and axial force are the main contributors to the heat 
generation in the FSW process. When considered temperature generation, the 
rotational speed has been reported as the most important parameter [60]. The 
increase of rotation speed leads to a considerable increase in the welding 
temperature due to the increase of friction and plastic deformation 
[16,55,58,61,62]. In the case of tool plunge depth or axial force, its increase has 
been reported to also lead to a temperature increase, due to the consequent 
intensification of friction and shear on the material. This effect will be larger or 
smaller depending on the tool design, especially the shoulder diameter [61,62]. 

During welding, the heat will disperse by the surroundings, initially driven by the 
weld dynamics itself, including the material deformation and the characteristic 
asymmetric material movement, which leads to an unequal heat distribution 
around the weld zone. Simultaneously, the welding speed stimulates the material 
moving from front to back of the welding tool and influences the overall thermal 
cycle at which the material is subjected [11]. The increase of welding speed 
reduces the heat input per weld length, resulting in temperature decrease [61,62]. 
Inversely, when low welding speed is used, more heat is generated per material 
volume, leading to a temperature increase [55]. Furthermore, the welding speed 
affects the temperature field in the weld zone [61]. Thus, the welding speed will 
play an important role in the temperature distribution. This is followed by other 
influent welding conditions e.g. workpiece material, tool material, the clamping 
system, especially the backing bar, and also the air [10,11], see Figure 10. 

 
Figure 10 Main heat generation (red) and heat dissipation (blue) during the FSW 

process. 
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The backing bar material conducts a large part of the heat dissipation, having a 
noticeable influence on the welding temperature [55,62]. The thermal effect of 
the backing bar material has been considered during this study, presented in 
section 4.3.1 and Paper D. 

The workpiece material and its geometry, as mentioned earlier, can induce thermal 
variations into the weld affecting the welding temperature. For example, a thicker 
workpiece corresponds to a larger mass that can conduct the temperature, and 
consequently, leading to a welding temperature decrease when the same welding 
parameters are kept [55].  

Several other factors have been described that are related to the welding 
temperature, such as the tool thermal issues (for example, tool material or pre-
heating), the workpiece material temperature before weld, environmental 
temperature and conduction (by air or water, in case of submerge FSW), the 
location and force applied from the clamping system, and also its pre-weld 
temperature [5,6]. More details regarding thermal conditions, affecting the weld 
are discussed in section 2.4. 

In summary, it is well understood and agreed by the scientific community that a 
specific range of temperature is required in order to achieve an appropriated 
material’s thermo-mechanical state, allowing good material flow and equilibrium 
between heat input and heat dissipation during welding [55]. However, limited 
information is available regarding the welding temperature reached during friction 
stir welding, which is understood to be essential to produce joint properties at a 
certain quality level. This is fundamental to enable the use of FSW in flexible 
production rather than high volume only. 

No consensus is found in the literature regarding the peak temperature value 
reached during welding [10]. The self-limiting theory has been proposed to gain a 
better understanding of temperatures reached during welding. This proposes a 
steady-state condition with an oscillating stick-slip behaviour. The occurrence of 
local melting is suggested to occur with the material solidus temperature (TS) 
being reach during welding. This implies that, reaching the TS the material transfer 
from a stick to slip phase and viscosity decrease at the tool-workpiece interface. 
As a result, the consequent friction reduction leads also to a decrease of stress 
flow and heat generation [10,62,63]. The resulting temperature drop allows once 
again the increase in viscosity, followed by the increase in heat generation and 
temperature, and consequent transfer from a stick to slip material phase again, 
creating an endless cycle. Therefore, the peak temperature during friction stir 
welding is theoretically expected to be close to the solidus temperature of the 
workpiece material.  

BACKGROUND  

24 
 

The backing bar material conducts a large part of the heat dissipation, having a 
noticeable influence on the welding temperature [55,62]. The thermal effect of 
the backing bar material has been considered during this study, presented in 
section 4.3.1 and Paper D. 

The workpiece material and its geometry, as mentioned earlier, can induce thermal 
variations into the weld affecting the welding temperature. For example, a thicker 
workpiece corresponds to a larger mass that can conduct the temperature, and 
consequently, leading to a welding temperature decrease when the same welding 
parameters are kept [55].  

Several other factors have been described that are related to the welding 
temperature, such as the tool thermal issues (for example, tool material or pre-
heating), the workpiece material temperature before weld, environmental 
temperature and conduction (by air or water, in case of submerge FSW), the 
location and force applied from the clamping system, and also its pre-weld 
temperature [5,6]. More details regarding thermal conditions, affecting the weld 
are discussed in section 2.4. 

In summary, it is well understood and agreed by the scientific community that a 
specific range of temperature is required in order to achieve an appropriated 
material’s thermo-mechanical state, allowing good material flow and equilibrium 
between heat input and heat dissipation during welding [55]. However, limited 
information is available regarding the welding temperature reached during friction 
stir welding, which is understood to be essential to produce joint properties at a 
certain quality level. This is fundamental to enable the use of FSW in flexible 
production rather than high volume only. 

No consensus is found in the literature regarding the peak temperature value 
reached during welding [10]. The self-limiting theory has been proposed to gain a 
better understanding of temperatures reached during welding. This proposes a 
steady-state condition with an oscillating stick-slip behaviour. The occurrence of 
local melting is suggested to occur with the material solidus temperature (TS) 
being reach during welding. This implies that, reaching the TS the material transfer 
from a stick to slip phase and viscosity decrease at the tool-workpiece interface. 
As a result, the consequent friction reduction leads also to a decrease of stress 
flow and heat generation [10,62,63]. The resulting temperature drop allows once 
again the increase in viscosity, followed by the increase in heat generation and 
temperature, and consequent transfer from a stick to slip material phase again, 
creating an endless cycle. Therefore, the peak temperature during friction stir 
welding is theoretically expected to be close to the solidus temperature of the 
workpiece material.  



BACKGROUND  

25 
 

Conversely, the material at the stirred zone cannot present a high volume of 
melted material due to heat generation being viscosity-dependent [64]. 
Accordingly, welding temperatures below the TS have been reported by different 
researchers, in the range of 80 % of TS [65], 60-90 % of TS [62] or 80-90 % of TS 
[66]. 

Relations between the temperature and the microstructure evolution have been 
used to estimate the welding temperature [67,68]. Based on these, the maximum 
temperature in the stirred zone is believed to be below the alloy’s melting point, 
due to no melting being observed on the microstructure and, to the dynamic 
recrystallization characteristic of this process [10,67,69]. Temperature estimation, 
in relation to secondary phases dissolution and thermocouple measurements, has 
suggested a peak temperature between 425 and 500 °C for aluminium welding 
[10,67,68]. 

On the other hand, Fehrenbacher et al. [55] work, on AA6061 FSW welds, 
reported higher temperature values using temperature measurements acquired by 
an embedded thermocouple in the tool shoulder during welding. Welds with 
defects were found when welding below 515 C, and shoulder temperature of 
533 C was reported to provide high-quality welds in the same work. However, 
when the solidus temperature was reached, a decrease in the joint's tensile strength 
was reported, supporting the idea of local melting occurrence and consequent 
joint performance decrease [55]. 

The location of the peak temperature in the weld is also a controversial matter in 
the literature. Higher temperatures have been stated to be in the vicinity of the 
tool-workpiece interface. The shoulder has been reported to have more influence 
on the heat generation than the probe, and thereby is expected to present higher 
temperature values close to the shoulder [59]. Confirming this, Su et al. [70] 
reported the periphery of the shoulder as the higher energy density location, 
whereby the energy generated at the shoulder was more than 80 % of the total 
energy during the process. The bottom of the probe, however, was reported as 
the area with lower energy density [70]. In opposition, other researchers, as 
Gerlich et al. [64], have reported the peak temperature at the tip of the probe [64]. 

Regarding the temperature distribution in the horizontal plane, there is a higher 
level of agreement in the literature, considering the advancing side hotter than the 
retreating side. Su et al. [70], reported the location of peak temperature at the 
advancing side towards the trailing edge of the probe, demonstrating also the 
asymmetric temperature field around the tool [70]. These findings were also 
supported by Fehrenbacher et al. in [61]. 
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The limited and controversy information regarding the temperature achieved 
during the friction stir welding process is due to the difficulty to acquire accurate 
and repeatable temperature data. Such measurements can support the 
development of improved numerical models, which have proven to be a great 
tool for achieve a better understanding of the process [61]. Yet, these are out of 
the scope of this study. Hence, the next section introduces some temperature 
methods to measure temperatures experimentally during the friction stir welding 
process. 

2.3.2 Temperature measurement methods for FSW 

The extreme material deformation occurring during the process at the stirred 
zone, makes it especially challenging to acquire confirmation of the peak 
temperature through experimental validation [10]. The passage of the rotating 
probe makes it difficult to use conventional methods, like thermocouples 
embedded in the workpiece, for acquiring temperature measurements at the 
stirred zone [67]. For this reason, conventional temperature measurement 
methods often lack the required repeatability, accuracy or speed for industrial 
purposes. 

Temperature measurement during the FSW process has been explored by several 
researchers, different methods have been applied in order to measure or predict 
the welding temperature, such as thermocouples embedded in the workpiece or 
in the FSW tool, thermal cameras, microstructure analyses and simulation models. 
A more detailed review of these methods can be found in Paper A. The use of 
thermocouple(s) embedded in the workpiece, the most common method referred 
to in literature, is presented and discussed in the following. In addition, methods 
suitable for online data acquisition and feedback control application, namely 
thermocouples embedded in the tool and the new method tool-workpiece 
thermocouple (TWT) are discussed.  

2.3.2.1 Thermocouples embedded in the workpiece 
The use of embedded thermocouples in the workpiece for temperature 
measurements during friction stir welding has been one of the most common 
methods found in the literature [10,57,67,71,72]. The temperature measurements 
reported using this method during aluminium FSW are around 500 °C or below, 
e.g. Mao Yuqing et al. [56], reported a maximum temperature of 509 °C on the 
advancing side (AS) during 20 mm thick AA7075-T6 alloy plates welding and 
Hwang et al. [69], registered for 3.1 mm thick AA6061-T6 welds a maximum of 
386 °C.  

The rotating probe and the strong plastic deformation in the stirred zone affect 
the thermocouple location, making the measurement and position of 
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thermocouples uncertain. Thus, the acquired data should be interpreted with 
caution [10,57]. Some researchers reported that the thermocouple at the joint line 
may be destroyed when the probe passes by [61]. It has also been reported that 
the probe passage does not destroy the thermocouple at the weld centre, but 
instead the intense material flow during welding push the thermocouple and 
change its position [67]. 

In order to forecast the peak temperature closer to the tool-workpiece interface, 
regression analysis of the temperature data acquired using thermocouples 
embedded in the workpiece at various locations has been applied to extrapolate a 
welding temperature as a function of the distance to the joint line [69,73]. The 
temperature data acquired by this method has suggested that the peak temperature 
is close to the stirred zone border and decreases with increasing distance from the 
joint line [67,74]. Due to the complexity of interrelated parameters such as 
component’s geometry, material tolerances, clamping and backing of production 
parts, it is in practice challenging to predict the temperature value in the stirred 
zone from measurements elsewhere.  

The large temperature variation along the weld zone also contributes to 
temperature inaccuracy obtained by this method. The vertical heat dissipation 
towards the backing bar is reflected in the temperature measurement acquired. 
Thus, its accuracy is affected by the exact position of the thermocouple. Hence, 
thermocouples located at the top of the workpiece to be welded measure a higher 
temperature than those located in the bottom, especially when a highly thermally 
conductive material is used as backing bar [65,67]. Different thermocouple 
locations may be found in different studies, making it challenging to compare and 
reproduce results. 

The use of thermocouples embedded in the workpiece material is a demanding 
and time-consuming task with significant post-weld data analysis. In addition, this 
method cannot provide online measurements suitable for process control due to 
its measurement at a defined location on the workpiece [61]. Furthermore, the 
method cannot be used for weld inspection purposes in production, since the 
thermocouples cannot be removed without damaging the welded part. This 
method is, however, used within this thesis in a laboratory environment to 
support the online temperature methods evaluation presented in the following 
sections. More details are provided in Chapters 3 and 4. 

2.3.2.2 Thermocouples embedded in the FSW tool 
The use of thermocouples embedded in the tool has been investigated and applied 
successfully in the FSW process.  
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The thermocouple is usually inserted through a drilled hole in the tool and 
positioned as close as possible to the interface tool-workpiece, i.e. with a short 
distance to the tool surface, providing faster response to disturbances during 
welding [6,55,61,75]. Direct contact of the thermocouple with the base metal, in 
the case of aluminium that presents high thermal diffusivity, has been reported by 
Fehrenbacher et al., [6], to promote significant improvement in response time and 
consequently identification of temperature changes during welding.  

Even by using the thermocouple in the optimal location, due to the dynamic 
response of the thermocouple, the temperature measured will not correspond to 
the actual process temperature due to the thermal delay created by the 
thermocouple encapsulation itself. In order to overcome the accuracy issues 
related to the closeness of the thermocouple to the desired measured area, 
Fehrenbacher et al. [53,61], and Schmale et al. [76], estimated the “true” amplitude 
and phase of the tool-workpiece interface temperatures by registering the thermal 
response of the embedded thermocouple when subjected to pulses of heat flux 
provided by a laser.  

Nevertheless, the use of the thermocouple close to the tool-workpiece interface 
also increases the risk of thermocouple failure by breakage during welding [53]. 
Furthermore, the need for a pre-drilled hole is time-consuming and increases the 
tool cost. 

As in the case of the thermocouples embedded in the workpiece, also the 
measurements with thermocouples embedded in the tool will strongly depend on 
their measurement position [77]. The temperature distribution along the tool-
workpiece interface varies significantly and for this reason, the use of a single-
point measurement is debatable for the representation of the absolute welding 
temperature [10]. Cederqvist et al. [44,75] and Fehrenbacher et al. [6,61] reported 
on temperature variation between thermocouples located in different tool 
locations. 

Cederqvist et al. [44,75] used thermocouples placed in the shoulder outer diameter, 
shoulder inner diameter and inside the probe to measure temperature during FSW 
of thick copper plates. In this work, it was reported that there was a faster 
response by the thermocouple located in the inner shoulder diameter than by the 
thermocouples located on the outer shoulder diameter and inside the probe. 
Similar results were reported by Fehrenbacher et al. [6,61], using thermocouples 
located at the shoulder and probe in close contact with the tool-workpiece 
interface. Higher weld temperature readings were obtained by the thermocouple 
located at the shoulder interface than by the thermocouple at the probe interface, 
with a difference of about 20 °C. Temperature oscillations with amplitudes for 
each tool revolution of 3 °C and 6 °C with the thermocouple in the shoulder and 
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probe interface temperature, respectively in Fehrenbacher et al., [53]. The 
amplitude of those was reported to vary depending on the thermocouple position 
and the welding parameters. In addition, the analysis of those oscillations showed 
that the peak temperature was located on the advancing side towards the back of 
the tool [61]. 

The thermocouples embedded in the FSW tool are easier to apply when larger 
tools are used, enabling the use of more than one thermocouple and more precise 
assembly of the measurement equipment to the desired measurement location. 
For small tools, the number of thermocouples that can be implemented is limited 
and it is more difficult to locate them in the preferred position. In some cases, it 
is a challenge to embed a thermocouple in the tool due to the small area available 
for the implementation of the measurement device, and the impact of a large tool 
mass replacement by the thermocouple may put thermal distribution variations 
on the tool itself [78]. 

Another challenge found when using this method is the data signal transmission 
from the tool under rotation. A wireless system using Bluetooth was used for data 
transmission by Fehrenbacher et al. [53,61]. Also, Megastir developed a wireless 
telemetry system for data transmission from the rotating tool. 

The use of thermocouples embedded in the tool decreases the instrumentation 
effort per weld, while offering more precise and faster readings than using the 
previously referred method with thermocouples embedded in the workpiece [61]. 
Additionally, the thermocouples embedded in the FSW tool provide online 
temperature data suitable for feedback process control as demonstrated by 
Fehrenbacher et al. [6,53,55,61], Cederqvist et al. [44,75] and K. Ross [77,79], 
which works are described in additional details in section 2.4.1.   

2.3.2.3 Tool-Workpiece thermocouple 
The Tool-Workpiece Thermocouple (TWT) method was developed by Jeroen De 
Backer for temperature measurements during the friction stir welding process 
[8,80]. This method is based on the same principle used in thermocouples, a 
thermoelectric effect, namely the Seebeck effect.  

The Seedbeck effect is a phenomenon where a thermal electromotive force (emf) 
is created along the conductors by a temperature difference between its junctions. 
Two dissimilar electric conductors (A and B) are connected in one of the 
junctions, the hot junction (TJ ), and the other of the two ends are connected to a 
voltmeter, corresponding to the cold junction (Tref) making up a thermocouple 
[81-83], see Figure 11 (a). The voltage measured between its connectors is 
proportional to the temperature difference between both junctions, TJ and Tref 

[81,82]. This, however, is dependent on temperature and conductor’s materials, 
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being represented by the feedback coefficient of the material [81,82]. Figure 11 (a) 
presents a schematic circuit of a thermocouple, using copper wires as extension 
wires until a voltmeter. The hot junction temperature (TJ) is higher than the 
temperature at the reference junctions (Tref) and the Tref should be known and 
stable during the measurements. 

The TWT method has the same work concept as a thermocouple, see Figure 
11 (b), where the tool material, normally a type of steel (St), and the aluminium 
workpiece (Al) are used as the two different conductors required for the 
measurement [5]. As a result, voltage, in the range of mV, is obtained from the 
interface of the FSW tool and the workpiece material, enabling to acquire an 
estimation of the temperature from the entire contact area, refereed as TWT-data. 
The resultant TWT-data has been suggested to be an average temperature over 
the welding tool-workpiece interface by De Backer et al. [78]. 

 
Figure 11 Temperature measurement methods: (a) Thermocouple circuit; (b) Tool-

Workpiece Thermocouple (TWT) method schematics. 

The TWT-data is thereby dependent on the tool and workpiece material 
combination, and as a result, each tool-workpiece material combination requires 
a voltage-temperature calibration. Different TWT-data calibration equations for 
voltage temperature conversion when using different material combinations are 
presented in section 3.1.3.4. 

Unlike the embedded thermocouples described previously, the TWT method 
does not require a hole in the tool, making this method more appealing for 
industrial temperature monitoring thanks to its simple set-up and low 
implementation cost [8,80]. This method provides quick and representative 
temperature data making it suitable for feedback control of the process [8,78,80]. 

a)                                  b) 
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On the other hand, the TWT method requires an electrically conductive tool and 
workpiece materials in order to be applied. Therefore, it cannot be applied for 
FSW of polymeric material, neither on ceramic tools commonly used during FSW 
of steel, as is the case of polycrystalline cubic boron nitride (PCBN) tools.  

The advantages of the TWT method have increased the interest within other 
researchers. S. Augustin et al. [84] has applied the TWT method for temperature 
acquisition during the FSW process in a robotic equipment and compared its data 
with thermocouples embedded in the workpiece. 

To conclude, there is an agreement among scientists that the process temperature 
is important in relation to the quality of the weld. However, measuring the 
temperature presents challenges related to repeatability, transferring the 
measurements from one setup to another, and ease of use. In response to these 
challenges and requirements, the TWT method presents a way to measure data 
from the process representing the temperature in a repeatable and cost-efficient 
way. 

The next section presents some temperature feedback control proposals using the 
presented online temperature measurement methods as the controlled variable. 

2.4 Temperature control in FSW 

During welding, thermal disturbances can be induced by the geometry of the 
component, such as the presence of cavities, thickness variations, proximity to 
the workpiece edge or flange width, reduced cross-section, corners and curved 
paths, as illustrated in Figure 12 [6,53,85]. Also, other sources related to the 
welding environment conditions can affect the temperature during welding, such 
as the clamping system when too close to the weld path or backing bar material 
variations [6,32]. 

These various conditions affect the temperature dissipation, given place to 
disturbances in the welding temperature that may compromise the weld quality 
[6,53,85]. Welding in such conditions can be challenging, especially in robotic 
FSW due to the frequent occurrence of tool sink down when the welding 
temperature increases significantly [5]. There are some options to minimize the 
occurrence of the thermal disturbance during welding and its consequences on 
welding and resulting joint performance, as for example: improved tool designs, 
stationary shoulder, welding speed optimization, artificial cooling as welding 
underwater, water or airflow during welding, heat sinks at critical locations or tool 
cooling [10,23]. Yet, these options do not offer any widespread solutions. 
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Figure 12 Situations that can lead to thermal variations during welding. (a-c) Lateral 

view on the process: (a) backing bar material with different thermal diffusivity, (b) 

workpiece thickness variation and (c) cavities in the workpiece; (d-e) Top view of the 

process: (d) holes and workpiece width or flange reduction; (e) curvilinear paths. 

The use of a temperature closed-loop control strategy of the process allows the 
adaptation to a large number of conditions that do not need to be well known 
before welding, making welding complex joints using robotic equipment easier 
[6]. This welding approach consists of keeping welding temperature constant 
within an allowable range, by controlling the welding parameters, such as 
rotational speed and/or axial force [5,53,55]. The welding parameter 
development, which is often a time-consuming manual task performed in a trial-
and-error approach, can be facilitated by the use of a control system. Also, control 
turns the process less sensitive to variations during welding, allowing an 
improvement in the weld quality [5,78]. 

In the next section, an overview of temperature controllers implemented for the 
FSW process is presented. 

2.4.1 Welding control 

The temperature control for friction stir welding was successfully implemented 
by Cederqvist et al. [44,60,75], Fehrenbacher et al. [6,53,55,61], K. Ross [77,79] and 
De Backer et al. [78]. These studies referred to the control mainly applied to the 
traverse welding stage in aluminium welds. 

Copper canisters of large dimensions for nuclear waste at SKB, Sweden were 
successfully sealed by using a temperature-controlled process developed by 
Cederqvist et al. [44,75]. It was based on a thermocouple embedded in the inner 
diameter of the FSW tool’s shoulder. A cascade-based controller was applied in 
order to counteract the disturbances in the spindle torque before it affected the 
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temperature, which may be detected too late by the temperature signal. Thus, two 
PID controllers were used, one in an inner loop and another in the outer loop. 
The (faster) inner loop adopted the rotational speed according to the spindle 
motor power (kW) input, calculated from the torque, while the (slower) outer 
loop controlled the power input, before entrance in the inner loop, having the 
temperature as controlled variable [60,75]. The use of temperature-control 
showed to improve the welding procedure, especially during the start-up of the 
welding cycle [75]. However, the high time constants due to the thick copper and 
the low welding speed found on this specific application made this type of 
controller not directly applicable to control the welds in thin aluminium 
components.  

Fehrenbacher et al. [6] presented a temperature controller using thermocouples 
embedded in the tool with a Bluetooth wireless data transmission. A basic PI type 
feedback, using the rotational speed, known to affect the temperature, as a 
manipulated variable, and limited in a reasonable, safe range of 850-1250 rpm [6]. 
This controller efficiency was tested using backing bar materials with different 
thermal diffusivity along the weld, titanium to copper. In order to maintain the 
same temperature, the controller increased the rotational speed when passing over 
of the material with higher diffusivity (copper), to compensate the heat losses and 
maintain the set welding temperature. As a result, an improvement in weld quality 
was reported when using the controller. The temperature suffered a drop of only 
20 °C when transiting from titanium to copper backing bar material, compared 
with a drop of 50 °C achieved without control at the same conditions [6]. 

Later work on the controller developed by Fehrenbacher et al. has been 
successfully applied into a robot system [53] where a closed-loop control of the 
axial force was implemented. The simultaneous adaptation of both rotation speed 
and tool’s vertical position to control the welding temperature and the axial force 
was successfully carried out. 

Ross, [77,79], used a two-stage control model, similar to the controller used by 
Cederqvist et al. [44,75], where an inner loop adjusted the torque to keep the 
power constant, and an outer loop adjusts power to maintain temperature. This 
model was based on the larger time delays of the temperature measurement, 
which made the inner power controller respond faster to thermal disturbances. 
The temperature during this work was acquired by ungrounded thermocouples 
embedded in the FSW tool. Such a system was implemented in an FSW machine. 
This controller was tested by welding plates with thermal disturbance induced by 
workpiece geometry variation. Welds with no control demonstrated an increase 
of temperature and flash formation on the area with removed material, while 
under control the temperature was kept within 2 °C and avoided flash formation. 
The proposed welding control approach was reported to offer the possibility of 
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time reduction and improved results for the development of welding parameters 
for a 2D fixture with a sharp corner and weld quality improvement [79].  

This controller was reported to not be applicable for control during plunging or 
immediately after the plunge [77]. Furthermore, this welding approach was also 
successfully applied to weld steel using a thermocouple embedded in a ceramic 
(PCBN) tool [77]. 

Bachmann et al. [85] developed a simple semi-analytical modelling approach for a 
temperature controller improving its transferability to different welding tasks that 
affect the controller response, for example welding in a different material or using 
a different tool geometry. An L1 adaptive model-based controller was used. The 
controller regulates the temperature, acquired by a thermocouple embedded in a 
tool by adjusting the rotational speed as the main output. A model that predicts 
the trends of the transient temperature and torque evolution during the welding 
process offers an input/output linearization used to improve the controller 
performance. An improvement in weld quality was reported by using the 
developed control system. 

De Backer, [8], developed a temperature controller by using the TWT method 
and implemented into a robotic equipment with force control, which has been 
used also during the work presented in this thesis. This controller is a PI-
controller that modifies the rotational speed in order to keep the welding 
temperature at a defined value. More details regarding this system are presented 
in Chapter 3. The possibility to avoid the tool sinking into the material issue found 
in robotic equipment was verified by welding geometries containing narrow 
zones, which lead to a reduction of the heat dissipation and consequently 
increased temperature while welding. During an uncontrolled weld of such 
geometries, the welding temperature quickly increases at the narrow zones, 
leading the tool to sink into the material and obligating to abort the process. 
However, welding under temperature control plates with the same geometry 
generated changes in the rotational speed that enabled the successful completion 
of the weld with only a slight amount of flash formed at the narrow zone. This 
demonstrated that the temperature controller can avoid the tool to sink into the 
material issue and thereby turn the process more suitable and robust for robotic 
applications [5].  

In the welding approach proposed by De Backer, the rotational speed was limited 
by predefined boundaries, selected by the operator, based on experience, but also 
based on the process and machine limitations [5,78]. A multiple-output 
temperature control approach was also proposed, where the rotational speed is 
adapted primarily with the possibility to adapt also the axial force when the 
rotational speed programmed limits were reached [78]. The necessity of such 
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parameter limitations is addressed in section 4.3.2 and Paper E, and a parameter 
envelope requirement to maintain the joint performance the evaluated. In 
addition, the described temperature controller approach is applied to the welding 
traverse stage and into some extent also to the plunge stage. More details on these 
stages are presented in the next section. 

2.4.2 Control of weld initial stages  

The majority of the published research is focussed on the welding stage, while 
limited work is found on the plunge and dwell stages [12,59]. Most of the research 
work found regarding these welding stages is related to friction stir spot welding 
(FSSW) process, [17], an FSW variant, where similarities are found between the 
initial weld stages of both processes [11-15].  

On the other hand, in the case of short welds, as in stitch or swing FSSW, [17], 
optimisation of the plunge stage is of great importance. In such cases, the plunge 
time accounts for a significant portion of the total weld time. In addition, the start 
and end of the weld are not removed away or positioned in a non-critical location, 
as it can be done in a large amount of FSW applications. It may be applied in 
geometrically complex components, where there is no possibility to remove the 
area. Therefore, it is important to reach the required quality during the whole weld 
length, without disregarding the initial weld stage. Still, little attention has been 
given to plunge and dwell stages. The respective complexity of these stages makes 
up a challenging research area, and these stages often affect the rest of the weld 
[12]. 

2.4.2.1 Plunge and dwell stages 
An appropriate thermo-mechanical condition at the initialization of the weld is 
vital to guarantee the material mix required for the weld [12,13,15,59]. Therefore, 
it is important to select the plunge and dwell parameters according to the 
temperature and material flow required to assure appropriate conditions to weld 
[15]. A detailed schematic presentation of the welding stages is presented in Figure 
13. 

The plunge stage is the first stage of the FSW process. In this stage, the tool, 
already under rotation, penetrates the workpiece until the shoulder contacts the 
material surface. The workpiece material during this stage undergoes a fast 
increase of plastic deformation and temperature. Its complex thermo-mechanical 
dynamics makes it challenging to fully understand this welding stage and control 
of it [12]. Due to the high loads of stress on the tool during plunging, this is a 
crucial phase to take in consideration regarding the tool’s lifetime [11].  
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Figure 13 Detailed schematic presentation of the FSW process stages: plunge, dwell, 

traverse and retract. 

The contact between the tooltip and the workpiece initiates the plunge stage, both 
being still at room temperature. The axial force applied pushes the tool into the 
workpiece. At this point, chipping occurs due to the rotation action on the 
workpiece, which is commonly found during machining processes [11]. With the 
process progression, the temperature increases due to the increased friction 
between the probe and the workpiece. As the temperature increases, the material 
softens, enabling the probe to penetrate progressively into the workpiece [15]. 
Hot and deformed material is expelled while the probe penetrates the material, 
leading to a fast increase of temperature [12,14,59].  

The material expelled during the probe penetration is later trapped between the 
shoulder and the workpiece. The initial shoulder contact with the workpiece 
surface, when under position control, typically produces the maximum axial 
vertical force during the process [11,12]. This occurs due to a large increase of 
plastic deformation, as the large shoulder area is pressed against the workpiece 
material at relatively low temperature [14]. In addition, a torque increase has been 
reported at this moment. These peaks, in axial vertical force and torque, however, 
are difficult to detect when small tools are used [7]. 

The shoulder contact with the workpiece surface ends the plunge stage and 
initiates the dwell stage [11]. During this stage, the initial thermo-mechanical 
conditions required are expected to be established before the traverse motion is 
initiated [12]. For that reason, it is common to keep the tool at the same location 
under rotation and pressure against the workpiece surface for a given time [12-
15]. This so-called dwell time is especially important for high strength materials, 
due to the difficulty to build up heat during plunging. The shoulder strongly 
contributes to the heat generation and material plastic deformation, providing an 
additional increase temperature at this stage [11,59]. As the material temperature 
stabilises and the steady-state condition is reached, the traverse stage can initiate 
[13,64].  

The temperature achieved at the end of the dwell stage influences the weld quality 
for a determined initial weld length [8,55]. Insufficient temperature leads to 
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insufficient material mixing and defect development upon the initiation of the 
traverse weld movement. In contrast, the excess of dwell time, and consequently 
a too high temperature, leads to microstructure modifications, excessive flash or 
even to the tool sinking into the material if robotic equipment is used [15]. This 
temperature depends on the plunging parameters used, the dwell time and other 
surrounding conditions [59]. For example, Malik et al. [13] reported a linear 
relation of the dwell temperature with the plunge depth, where a certain maximum 
temperature is expected to be reached for a given plunge depth and then remain 
the same until the dwell stage ends [13]. This, however, depends strongly on the 
type of control used during this stage, e.g. by using axial force or plunge depth, 
which affects also the time and forces during this welding stages, [15], as discussed 
in the next section. 

2.4.2.2 Welding procedure during the initial welding stages 
The plunge and dwell stages are typically controlled by the plunge rate or by the 
axial force applied [11,15]. In non-robotic FSW equipment, the position control 
mode is the most commonly used method during the plunge stage. In this control 
mode, the tool axial movement is controlled by the plunging speed and the plunge 
depth. The time to complete plunging is directly related to these two parameters, 
which gives the possibility to have a time-controlled process. On the other hand, 
the axial force is a process response [15].  

Force control mode is an alternative to position control, which requires either a 
force sensor or an accurate force estimation model. A predefined force is applied 
by the tool against the workpiece material, enabling the tool penetration through 
the hot and soft material. Consequently, the time to complete plunging is mainly 
dependent on the workpiece material and its response to the process parameters 
and tool design [15].  

The force control mode has been the preferred method in robotics to perform 
the weld due to the robot characteristic low stiffness, making the plunge operation 
extremely difficult. The shoulder should be in full contact with the workpiece 
material surface, however, no precise position data is available in order to 
guarantee such a requirement [7]. Thus, the identification of shoulder-workpiece 
contact and the transition from plunging to welding are the main issues in robotic 
equipment [8]. 

The transition from plunging to welding is then crucial, but very little research is 
found concerning this matter in the literature. Some initial approaches for 
detecting when this transition can be made in order to command the robot to 
perform the tool traverse stage have been proposed: 
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- The identification of torque increase when the shoulder contacts the 
workpiece surface, [7]; 

- Monitoring the distance between a fixed point at the robot head and the 
workpiece surface by using an extra sensor coupled to the robot, [7]; 

- The use of a plunge depth estimation (probe length plus the robot deflection), 
[8]; 

- Traverse stage initiation by temperature, [5,8]. 

The latest, proposed by De Backer et al., [5,78], was the first attempt to plunge 
control by temperature, using the TWT method. In the proposed approach, the 
weld only initiates when the tool-workpiece pre-selected temperature is reached, 
which enables the tool movement, initiating the welding operation. This approach 
is reported as more robust than the previously proposed, making the dwell time 
obsolete. The reduction on time gained with this plunging approach is especially 
interesting for short welds [5]. During plunging a characteristic TWT-data drop is 
observed, which has been reported by De Backer et al., [5], to occur when the 
shoulder contacts the workpiece surface. The TWT signal was, during the present 
work in this thesis, improved and used to automatically identify the shoulder 
contact with the workpiece by a TWT-drop trigger (thesis sections 3.1.3.3, 4.2, 
and Paper C). 

Another plunging operation optimization was also prosed by Soron, [7]. Whereby 
the tool is plunged perpendicular to the workpiece surface, tilting while in dwell 
stage to initiate the traverse stage. This was believed to avoid unnecessary tool 
wear when it was plunged with an angle relative to the workpiece. However, at 
that time there was still the challenge to overcome the positioning inaccuracy, 
which can now be overcome with the implementation of the TWT method. Thus, 
during the work presented in this thesis, the tool tilting was implemented triggered 
by the TWT-data drop, which allows for identifying the shoulder-workpiece 
contact, followed by the traverse stage initiation after a set temperature is reached, 
as suggested by De Backer [8]. More details regarding this plunging approach 
implementation and results are presented in the thesis sections 3.1.3.3, 4.2 and in 
the attached Paper C. 

It is understood that the plunge parameters strongly affect the plunging time and 
welding initial length quality. De Backer et al. [5] have reported a plunge time of 
1.7 s (time to reach 390 °C) with an axial force of 9000 N and rotational speed of 
1500 rev/mm. The force was reported as the most influential parameter to 
decrease time, however, the use of such high axial force lead to the tool sinking 
in issue, creating flash, deformation on the workpiece and increasing the risk of 
probe fracture [5]. A study aiming a better understanding of the effect of the 
plunging parameters on time and temperature during the initial welding stages is 
presented within this thesis in section 4.2 and in Paper C. 
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Further plunging improvement was proposed by De Backer et al. [78]. A self-
tuning method based on an automatic plunge algorithm, where the axial force 
increases stepwise until the desired temperature has been reached ending the 
plunging operation was presented. The axial force reached until this moment can 
then be used as welding force during the traverse stage. Considering that the axial 
force reached is dependent on the workpiece material properties, i.e. material 
hardness, and other factors as the tool dimension, this approach was reported as 
suitable for a primary selection of welding parameters [78]. 
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3 Welding systems and experimental 
setup 

The research work presented in this thesis is mainly focused on the welding 
procedure. Therefore, the welding system and methods applied are of importance 
to reach consistent and repeatable results during experiments. Two welding 
systems were used, one robotic system and one standard FSW machine, which 
are both described in this chapter. 

The first and main welding system is the robotic equipment, which offers the 
possibility to weld complex paths as aimed for in the work presented in this thesis. 
The robotic welding system is located at the production technology centre (PTC), 
University West, and is equipped with a spindle motor, a force sensor and control 
system adapted for the FSW process. During De Backer’s PhD thesis work, [8], 
the temperature measurement and temperature-control capability were 
implemented. Additional developments performed within the present PhD work 
related to temperature measurements and the control approach are described in 
section 3.1.  

The second welding system consists of a standard FSW machine located at TWI 
Technology Centre (Yorkshire), UK. This equipment did not previously possess 
online temperature measurement capability, but this was implemented during the 
development of the present thesis. This FSW standard equipment was used for 
two reasons. First, it was of high interest to verify the TWT method measurement 
reproducibility in another welding equipment, since it had been previously only 
implemented into the PTC robotic equipment. Second, for the possibility of 
welding thicker workpieces, which offered the possibility to gain a better 
understanding of the welding temperature. More details are presented in the thesis 
section 3.2.  

3.1 PTC welding system 

The welding system located at the PTC, University West, is composed of a robotic 
FSW system, a temperature measurement system and a computer for process 
control. A simplified representation of the system is presented in Figure 14. The 
robot is equipped with a servo spindle motor and a force sensor. The 
communication is made through a Profibus DP interface, supporting the 
transmission of process outputs and inputs with the controller ContRoStir 
software implemented on a LabVIEW process control system. A National 
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Instruments (NI) data acquisition equipment communicates the temperature data 
provided from the process to the controller implemented in LabVIEW. A NI 
temperature input module was used for temperature data acquisition. 

 
Figure 14 Welding system at PTC including the temperature measurement system 

(yellow), control system (red) and equipment control system (blue), including the 

spindle motor (orange) and the force sensor (green). 

3.1.1 Robotic equipment 

The robotic welding system consists of an ESAB Rosio™ robot, as presented in 
Figure 15. This robot was adapted with respect to hardware and software from 
an industrial robot, ABB IRB 7600 with 500 kg payload, 0.09 mm positional 
accuracy and a maximum reach of 2.55 m. This was modified for FSW application 
by the addition of a welding head composed of a tool adapter and a spindle motor, 
being the 6th axis removed as result. The robot is also equipped with an ATI force 
sensor that enables force feedback control. The system can provide a downforce 
of 13 kN in a preferable work area, a welding speed of 16 mm/s, a rotation speed 
of the spindle of 4500 rpm and a stall torque of 30 Nm [7,8,49]. 

 
Figure 15 ESAB RosioTM robot at PTC, Trollhättan. 

WELDING SYSTEMS AND EXPERIMENTAL SETUP  

42 
 

Instruments (NI) data acquisition equipment communicates the temperature data 
provided from the process to the controller implemented in LabVIEW. A NI 
temperature input module was used for temperature data acquisition. 

 
Figure 14 Welding system at PTC including the temperature measurement system 

(yellow), control system (red) and equipment control system (blue), including the 

spindle motor (orange) and the force sensor (green). 

3.1.1 Robotic equipment 

The robotic welding system consists of an ESAB Rosio™ robot, as presented in 
Figure 15. This robot was adapted with respect to hardware and software from 
an industrial robot, ABB IRB 7600 with 500 kg payload, 0.09 mm positional 
accuracy and a maximum reach of 2.55 m. This was modified for FSW application 
by the addition of a welding head composed of a tool adapter and a spindle motor, 
being the 6th axis removed as result. The robot is also equipped with an ATI force 
sensor that enables force feedback control. The system can provide a downforce 
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Figure 15 ESAB RosioTM robot at PTC, Trollhättan. 
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The use of robotic equipment enables welding of geometrically complex 3D 
structures, increasing the possibility of new challenging FSW applications. Due to 
the stiffness limitation, high thickness and high strength materials cannot be 
welded by this equipment. This robot is ideal for aluminium applications allowing 
welding up to 10 mm thick aluminium alloys [78]. 

Throughout this thesis work, the robot cell was upgraded with an ABB positioner, 
IRBP A-750/1000, shown in Figure 16. The positioner is composed of two axes, 
with 90 and 150 °/s maximum rotation speed. It has a handling capacity of 750 kg 
and maximum continuous torque of 900 Nm and an accuracy of +/- 0.05 mm. 
This enlarged the welding system capacities to more geometrically complex 
components. 

    
Figure 16 Upgraded robotic cell: (left) a Photo; (right) robot cell as presented in 

RobotStudio simulation and programming software from ABB. 

The robot is equipped with force control handled by an ABB robot controller as 
follows: the force is set by the operator as an input in the LabVIEW software; the 
value is sent to “rapid instructions” on the robot controller; the robot position is 
adapted to obtain the requested contact force based on the force sensor data. The 
output force in the three axial directions can be registered, together with the 
measured rotation speed and temperature data, through the LabVIEW software. 
The force controller is considered decoupled from the implemented temperature 
controller, see Figure 17. The temperature controller is used to adapt the rotation 
speed and maintain the temperature, while the force control, is used to keep the 
force constant during the welding process by adapting the tool’s vertical position. 
More details on the temperature controller are presented in the following section. 
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Figure 17 Decoupled temperature PI controller and force ESAB/ABB controller diagram. 

3.1.2 Temperature feedback control 

The LabVIEW-based ContRoStir software is used to select the welding settings, 
control the temperature by adjusting the rotation speed, plus registering and 
storing the temperature and other output data for post-analysis. The ContRoStir 
control system, developed by De Backer, is described in detail in [8], while an 
overview of the system and its updated version is presented here. The system 
enables to perform welds with or without temperature feedback control, allowing 
the option of just data monitoring and storage. In Figure 18 and Figure 19, the 
interface developed during this work is presented. 

During the controlled process, the TWT-data, used as controlled variable, is 
compared with the desired set temperature (TSET) and its difference is calculated. 
The rotation speed is adapted by the controller, changing its conditions and 
affecting the process temperature. The temperature is then kept constant within 
an allowable range at the value pre-selected by the operator. A schematic drawing 
of the control system is presented in Figure 17. 

This temperature-rotational speed control is made based on a PI control 
approach, which uses a built-in controller VI from LabVIEW. The ability of the 
controller to maintain the temperature constant at the set value by adapting the 
rotational speed depends on the specific PI tuning, which specifies the amount of 
rotational speed induced during welding. Therefore, in order to achieve the best 
response of the controller during welding, the controller parameters should be 
properly tuned. 

 

WELDING SYSTEMS AND EXPERIMENTAL SETUP  

44 
 

  
Figure 17 Decoupled temperature PI controller and force ESAB/ABB controller diagram. 

3.1.2 Temperature feedback control 

The LabVIEW-based ContRoStir software is used to select the welding settings, 
control the temperature by adjusting the rotation speed, plus registering and 
storing the temperature and other output data for post-analysis. The ContRoStir 
control system, developed by De Backer, is described in detail in [8], while an 
overview of the system and its updated version is presented here. The system 
enables to perform welds with or without temperature feedback control, allowing 
the option of just data monitoring and storage. In Figure 18 and Figure 19, the 
interface developed during this work is presented. 

During the controlled process, the TWT-data, used as controlled variable, is 
compared with the desired set temperature (TSET) and its difference is calculated. 
The rotation speed is adapted by the controller, changing its conditions and 
affecting the process temperature. The temperature is then kept constant within 
an allowable range at the value pre-selected by the operator. A schematic drawing 
of the control system is presented in Figure 17. 

This temperature-rotational speed control is made based on a PI control 
approach, which uses a built-in controller VI from LabVIEW. The ability of the 
controller to maintain the temperature constant at the set value by adapting the 
rotational speed depends on the specific PI tuning, which specifies the amount of 
rotational speed induced during welding. Therefore, in order to achieve the best 
response of the controller during welding, the controller parameters should be 
properly tuned. 

 



WELDING SYSTEMS AND EXPERIMENTAL SETUP  

45 
 

 

 
Figure 18 LabVIEW-based ContRoStir software Interface – Welding parameters setting. 

 

 
Figure 19 LabVIEW-based ContRoStir software Interface – Welding controller. 
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Figure 19 LabVIEW-based ContRoStir software Interface – Welding controller. 
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The Ziegler-Nichols Reaction Curve Tuning Method was applied for the 
calculation of the controller parameters, namely the controller gain (Kc) and 
integral time (Ti) [86]. This method requires a step change of the controller's 
output and the respective controlled variable response. The controller parameters 
are calculated based on the shape and magnitude of the controlled variables 
reaction curve in reference to the step change. In Figure 20, a + 500 rpm step 
change is presented during a bead-on-plate weld in 3 mm AA6082-T6 and 
respective TWT-data response, which supported the controller parameters 
calculations. A controller gain (Kc) of 1.4 and integral time (Ti) of 1 second were 
estimated from the estimated reaction curve (in green) presented in Figure 20. 

 
Figure 20 TWT-data response (in red) to a rotational speed step change of +500 rpm 

(in blue) during an un-controlled weld. More details can be found in Paper E. 

In order to test the calculated controller tuning parameters, a thermal disturbance 
was deliberately created by a sudden negative step in axial welding force of 1000 N 
during a bead-on-plate weld in 3 mm AA6082-T6, see in green at Figure 21 (b). 
As a result, the temperature controller increased appropriately the rotational speed 
(blue in Figure 21 (b)) producing a constant temperature, red in Figure 21 (a), 
during welding even in the presence of a thermal disturbance, such as a force 
change. The results of this test, thereby, demonstrated the controller capability to 
maintain the temperature constant and react to the thermal disturbance created 
by force. 

Similar temperature stability is uncommonly achieved while welding using 
constant welding parameters. As an example, Figure 22 shows the temperature 
variation along a straight weld without temperature control, i.e. using constant 
parameters, with clamping system too close to the weld line.  
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Figure 21 Controller tuned capability verification: (a) TWT-data (red) of a controlled weld 

at 490 °C with a deliberated axial force change as presented in (b). (b) Axial force 

(green) and respective rotational speed controller output (blue). More details can be 

found in Paper E. 
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Figure 22 TWT-data data from a straight non-controlled bead-on-plate weld in a 3 mm 

AA6082-T6 plate with a welding force of 3500 N and rotational speed of 1000 rpm. More 

details can be found in Paper E. 

3.1.3 Temperature measurement methods 

The acquisition of fast, repeatable and representative of welding temperature data 
is essential for achieving a good control system. Therefore, a large part of this 
thesis focuses on improvement and understanding of the TWT data 
measurements, corresponding to the first sub-objective of the thesis – to 
evaluate and compare TWT-data with other temperature measurement 
methods in FSW. 

Further development of the TWT-data measurement method was required, which 
corresponds to the Task 1.1 (in Figure 1). Different issues were addressed, namely 
regarding the rotational-static connection, data filtering and calibration. The 
method’s transferability to another welding equipment, also within this task is 
presented later in section 3.2.  

The information from a signal that represents the welding temperature facilitates 
significantly the welding procedure by enabling the selection of a value that can 
be correlated with the material to be welded. Welding maintaining the welding 
temperature within a certain range allows avoiding the tool sinking in issue, when 
welding using robotic equipment, by maintaining the material in an appropriated 
thermo-mechanical state. In addition, this temperature value is believed to 
correlate, to some extent, with the joint performance, offering a guarantee of 
quality when the welding temperature is kept within known values. Thus, a better 
understanding of TWT-data representativeness of the welding temperature 
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(Task 1.2 in Figure 1) and the verification of its feasibility as controlled variable 
by comparing with other temperature measurement methods (Task 1.3 in 
Figure 1) were addressed.  

TWT-data improved signal and its comparison with different temperature 
measurement methods during welding are presented and discussed in section 4.1. 

3.1.3.1 Rotational-static connection 
The TWT electrical circuit consists of the measurement junction (St-Al) and 
several cold/reference junctions: stationary-static connection (St-Cu), 
workpiece-copper wire connection (Al-Cu) and the reference junction at the 
measurement instrument, see Figure 23. 

 
Figure 23 TWT circuit and main connections made by different material contact: steel 

from the tool and copper from the wire (St-Cu), aluminium from the workpiece and 

copper from the wire (Al-Cu), and steel from the tool and the aluminium from the 

workpiece (St-Al). 

Thermocouple data transmission at the rotational-static location has been 
performed by means of Bluetooth or telemetry [61,87], yet, such a system does 
not work for the TWT method. When using Bluetooth or telemetry, the 
thermocouple embedded in the tool has both conductors, edges connected before 
the rotational-static transition, allowing the transmission of the voltage created. 
This is not the case for the TWT method. In TWT there is no connection between 
the two conductors at the rotational-static location, and thereby there is no 
voltage to be transmitted. Thus, a continue and permanent electric contact until 
the circuit is closed is required. This fact brings higher demands to the transition 
between rotational to static connection for the TWT method.  
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De Backer et al., [80], presented the first proposal for the TWT rotational-static 
connection, St-Cu, see Figure 23, consisting of physical contact at the tool holder 
area, see Figure 24. Frictional heat and heat building up from the process has been 
reported to influence the measurements [80]. Temperature variations on the 
reference junctions of a thermocouple device are known to create a 
corresponding variation in voltage, which results in a measurement error if not 
compensated [88]. Therefore, temperature increases at the St-Cu junction while 
welding with such TWT method set up was referred to create a voltage variation 
in the TWT circuit, and consequently, the error in the measurement, not 
corresponding to the intended measurement [80].  

 
Figure 24 Previous rotational-static connection applied in PTC welding system with 

influent heat sources indication. Printed with permission, [80], www.tandfonline.com. 

Thus, in order to achieve reliable TWT-data, a constant temperature should be 
kept at the cold/reference junctions. A similar situation can also occur at the 
workpiece-copper wire connection (Al-Cu) if the two materials contact area is 
affected by the process temperature. In order to guarantee a stable voltage 
measurement from the tool-workpiece connection (St-Al) both junctions, St-Cu 
and Al-Cu, should be guaranteed to be under the same temperature during the 
measurement. 

The solution proposed within this thesis work for such issue was the first step 
performed to accomplish Task 1.1 - TWT method further development. The solution 
consisted in moving the rotational-static contact from the tool holder to above 
the gearbox, located on the top of the robot head, see Figure 25. The long distance 
between the process and the St-Cu connection location decreased the process 
temperature influence in the respective location, not affecting significantly the 
TWT-data measurements. To allow the tool connection to the slip-ring through 
the robot head, an Uddeholm QRO90 Supreme (tool material) wire of 
approximately 400 mm with 2 mm diameter was used. In addition, the 
implementation of a mercury slip ring (Mercotac – 331), see Figure 25, ensured 
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the rotational-static electrical contact, avoiding the frictional heat generation at 
the rotational-static connection previously reported by De Backer et al. [80]. The 
temperature stability at the respective reference junction was verified by using a 
thermocouple located at the respective junction. A variation in TWT-data of 
approximately +2 °C was measured while applying temperature in the welding 
range to a simple setup of TWT in a standardized furnace, as the calibration set 
up. 

The applied slip-ring is composed of three channels. One channel is used for the 
TWT tool connection (St-Cu) and the other two for a thermocouple embedded 
in the tool, see Figure 25. 

 
Figure 25 Rotational-static connection at the new location (left) and additional slip-ring 

with connections for the thermocouple and TWT (middle). At right the extension from 

the tool material to the connector and the thermocouple is found. 

For the same reasons, an extension in aluminium was added in the junction Al-
Cu to guarantee temperature stability also at this junction, verified by using a 
thermocouple at the refereed location. In addition, signal noise, originated 
especially from the stationary-static connection, was found. In order to obtain a 
cleaner TWT-data signal, a hardware passive first order LP-filter with 2.3 Hz 
bandwidth was implemented before the NI equipment.  
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3.1.3.2 TWT-data calibration 
The TWT-voltage acquired on the tool and workpiece interface depends on the 
temperature and on the different thermoelectric properties of the materials used 
as conductors, namely steel from the tool and aluminium from the workpiece. 
Thus, different voltage-temperature curves should be used for different material 
combinations, requiring calibration of TWT-data for each workpiece material 
used. However, this materials combination is not a standardized thermoelectric 
pair used in thermocouples, so a calibration voltage-temperature of TWT-data for 
each workpiece material and tool material is required. 

During this thesis work, two methods for performing the TWT-data calibration 
were tested: a furnace calibration and a calibration achieved during plunging 
referred to as “auto-calibration”. 

The furnace calibration was performed in an akin way to a calibration of a 
standard thermocouple. The contact between two long wires of each material of 
interest (St and Al conductors at green and blue in Figure 26 (b)) was heated in a 
furnace, under controlled temperature. The voltage at the St-Al Junction (U) was 
registered together with the correspondent junction temperature (TJ), registered 
by using a standard thermocouple, represented by “Temp Al-St” in yellow at the 
Figure 26 (a). The voltage and temperature data gave origin to a calibration curve 
for each material combination, as presented in Figure 26 (b).  

The “auto-calibration” funtion was calculated based on TWT voltage 
measurement and a thermocouple embedded in the tool (TTC-Probe) measuring 
temperature acquired. This approach consists on plunging the rotating tool, stop 
the vertical movement when the shoulder makes contact with the workpiece 
material, allow the temperature to stabilize, stop the tool’s rotational movement 
and register the TTC-Probe temperature and the TWT voltage. This approach 
was proposed as an alternative calibration procedure for TWT method, which 
requires less time to achieve a TWT-data calibration, but its accuracy strongly 
depends on the location in the tool of the reference thermocouple. For this 
reason, a furnace calibration, is considered more reliable and used for the TWT-
data measurements during this thesis work. Yet, further details on “auto-
calibration” procedure may be found in Paper H, [89], and licentiate thesis [9].  

For the acquisition of the final TWT-data during welding, the reference junction 
temperature at NI equipment is registered and added to the TWT-data resultant 
from the TWT voltage conversion achieved by the presented equations in Figure 
26 (b). 
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Figure 26 TWT-data calibration. (a) Calibration schematic set up in a furnace. (b) 

Calibration curves and equations for different aluminium alloys (workpiece material) and 

QRO90 (tool material). More details are found in Paper H, [89]. 

3.1.3.3 TWT value drop while plunging 
A TWT-data drop at the moment that the shoulder-contact the workpiece surface 
has been reported by De Backer, [8,5], as referred previously in section 2.4.2. In 
Figure 27, an example is presented of the TWT-data voltage acquired while 
welding using the updated set up of TWT method. 

The TWT voltage drop occurrence with the shoulder-workpiece contact is 
believed to be due to a combination of two factors: the TWT measurement area 
enlargement with the shoulder addition and the shoulder acting as a heat sink.  
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Figure 26 TWT-data calibration. (a) Calibration schematic set up in a furnace. (b) 

Calibration curves and equations for different aluminium alloys (workpiece material) and 

QRO90 (tool material). More details are found in Paper H, [89]. 

3.1.3.3 TWT value drop while plunging 
A TWT-data drop at the moment that the shoulder-contact the workpiece surface 
has been reported by De Backer, [8,5], as referred previously in section 2.4.2. In 
Figure 27, an example is presented of the TWT-data voltage acquired while 
welding using the updated set up of TWT method. 

The TWT voltage drop occurrence with the shoulder-workpiece contact is 
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Figure 27 TWT voltage during welding, highlighting the voltage drop occurrence at the 

moment the shoulder comes in contact with the workpiece surface (magnified part to 

the right). 

The contact of the two surfaces at two different temperatures leads to a heat 
transfer from the hotter material to the colder material. Based on this 
understanding, a momentary drop of temperature occurs locally in the workpiece 
material. Although, the drop measured in the TWT data, may, however, not 
correspond to a temperature drop within the process as such and could be the 
consequence of the transient in the connection St-Al when the shoulder contacts 
the surface material.  

TWT-data is only acquired within the area in contact and is believed to offer a 
temperature estimation from the whole tool-workpiece contact. Thus, 
temperature estimation is achieved by the voltage acquired at the contact area that 
presents a large temperature gradient. The voltage is affected by several factors, 
such as material resistivity changes, temperature gradient, pressure and changes 
in the contact area. The understanding of the physics within this measurement 
method was not studied in detail, but given an intuitive explanation to the changes 
measured during the process. 

A basic schematic presented in Figure 28 demonstrates the TWT measurement at 
the moment of contact between the shoulder and the workpiece surface. In an 
initial state (1 and 2) only the probe area is reflected in the TWT measurement, 
which is the only area in contact. As a consequence, the temperature gradient at 
this area of contact is affecting the TWT value. With the increased probe 
penetration into the material, a larger area with higher temperature gradients is 
found in the contact area. Although temperature increases progressively fast in 
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the material and the tool, it is believed that the shoulder at the moment previous 
to the contact (2), presents lower temperature values than the material been 
deformed (TA<TB). Therefore, acting as a heat sink at the moment of contact (3). 
The shoulder corresponds to almost 70 % of the tool-workpiece interface, 
making its contact with the workpiece unbalance the TWT measurement. At this 
moment, a large amount of area related to the shoulder at low temperature results 
in a voltage drop measured.  

Afterwards, presented in (4), the addition of the large area under friction and 
pressure correspondent to the shoulder, provides additional heat generation, 
leading to a fast voltage increase following the contact, and thus the measured 
TWT-data increases. 

 
Figure 28 Schematic representation of the TWT-data measurements. 

The TWT value drop is much clearer with the updated TWT method set-up, due 
to signal filtering and the updated TWT rotational-static connection. Figure 29 
presents two weld initiations with two different parameters performed in a 
bead-on-plate, in order to compare the TWT-data acquired using the updated 
proposed TWT set up with the TWT-data acquired with the previous set-up.  

Accessing such TWT-data signal made it possible to detect online the shoulder-
workpiece contact by using an algorithm applied in LabVIEW ContRoStir 
software. A trigger was created based on this signal to upgrade the plunging 
operation as presented further in section 3.1.4. 
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Figure 29 (a) TWT-data while plunging with two different sets of parameters performed 

with different TWT method implementation set up (a) previous set up, modified from [8], 

(b) set up implemented during this work, weld performed on a 3 mm AA6082-T6 BOP. 

3.1.3.4 TWT-data repeatability  
In order to test the TWT-data repeatability, welds under the same welding 
conditions were performed. Figure 30 presents TWT-data acquired during 
welding of 5 bead-on-plate in 3 mm AA6082-T6 using the same welding 
parameters and maintaining the same conditions, presented by PTC 1 to 5 in the 
figure. These were performed side by side with at least one hour apart to guarantee 
the same thermal conditions. The initial thermal conditions were verified by the 
temperature acquired using the thermocouple embedded in the probe (TTC-
probe) presented in section 3.1.3.2. During all welds initialization the TTC-Probe 
was at a room temperature of approximately 22 °C. 

The resultant standard deviation of ± 9.6 °C obtained by replicating 
measurements on the same conditions offers an indication of the TWT-data 
precision at these conditions. More measurements are required at different 
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welding conditions in order to better understand the TWT-data repeatability. 
Nevertheless, these results demonstrated the repeatability and usefulness of the 
TWT-data. 

 
Figure 30 TWT-data acquired during 3 mm thick AA6082-T6 bead-on-plate welds 

performed using the same welding parameters (Plunge: 480 °C 1000 rpm and 3500 N; 

Weld: 1000 rpm, 4100 N 5 mm/s 1° tool tilt), same equipment (PTC), operator, clamp 

system and thermal conditions for all welds. 

3.1.3.5 Thermocouples’ implementation 
Other temperature measurement methods were also implemented during this 
study, namely thermocouples embedded in the tool (referred to as TTC) and in 
the workpiece (referred to as WTC), intended to be compared with TWT-data. 
More details regarding the temperature measurement methods applied in the FSW 
process can be found in Paper A. 

The applied slip-ring was the first step to allow the acquisition of temperature 
data by using embedded thermocouples in the tool, essential to address Task 1.2 
- Understanding of TWT-data measurements and its representativeness of the welding 
temperature and Task 1.3 - Comparison of suitable online temperature measurement methods 
for feedback control. Due to the rotational-static connection, located at the top of the 
robot head, thermocouples 450 mm long were used, see Figure 25. In addition, a 
purpose-designed for the application, 3D printed cover in plastic, a connection 
for the thermocouples to the slip-ring (in black). This implementation allowed a 
fast, easy and repeatable connection of the thermocouples. 

Sheathed omega thermocouples type N with 1.5 mm diameter and grounded 
junction (TJC100-NNXL-M150G-450) were inserted into the FSW tools through 
accurately positioned electro-eroded holes and secured using 
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OMEGABOND600 cement. In an FSW tool, a thermocouple was embedded in 
the probe middle (referred to as TTC-Probe) and in another tool, a thermocouple 
was applied in the shoulder (referred to as TTC-Shoulder), as presented in Figure 
31. These were implemented in two FSW equal tools designed for 3 mm thick 
aluminium welds, due to the small tool size and limited connection channels at 
the slip-ring. Both thermocouples were implemented in order to guarantee direct 
contact with the workpiece aluminium material. The temperature measurements 
acquired by those thermocouples are presented in section 4.1 and Paper A. 
Moreover, an improved version of such measurement method was used in TWI 
equipment as described in section 3.2 with respective results presented in section 
4.1 and in Paper B.  

 
Figure 31 Thermocouples’ positions embedded in the FSW tools: (a) thermocouple at 

the probe middle (TTC-Probe) and (b) thermocouple at the shoulder (TTC-Shoulder). 

More in Paper A. 

For further verification of the temperature measurements, thermocouples 
embedded in the workpiece (WTC) were implemented as presented in Figure 32. 
Standard thermocouples type-K, with the exposed junction, were inserted into 
the workpiece horizontally and vertically at different distances from the weld 
centre, both advancing and retreating side. This temperature measurement 
method does not offer online temperature measurement throughout the weld 
since they only allow measurements at the workpiece location in which they are 
implemented on. But, being one of the most common temperature measurement 
method used, its data was applied for further verification of TWT and TTC 
measurements (Paper A), as well as, to acquire the cooling rate at the 
implementation local (Paper D). 

Resultant measurements acquired by the different temperature measurement 
methods described are presented and discussed in section 4.1.  

a)                                                                 b) 
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Figure 32 Thermocouples embedded in the workpiece (WTC). (a) WTC implemented 

horizontally, (b) WTC implemented vertically. More in Paper A. 

3.1.4 Plunge and dwell control 

During the initial welding stages, the thermo-mechanical condition for 
performing the weld is established, presenting special relevance in robotic 
applications, as referred in section 2.4.2.  

Online temperature measurements offer the possibility to initiate the weld 
traverse stage at a set temperature, as proposed by De Backer et al. [78], but the 
TWT method also gives the opportunity for online detection of the shoulder 
contact with the workpiece by the voltage drop, presented in Figure 27. As 
mentioned in the thesis section 2.4.2.1, the TWT-data allowed the developing of 
a new approach for controlling the process during plunging and thereby to 
address the second sub-objective of this thesis (SO2) - to assess the feasibility 
of replacing the position -based plunging with a TWT-controlled plunge 
operation in FSW. 

The proposed plunging operation based in the TWT-data, consists in plunging 
with no tool tilt until the online identification of the shoulder-workpiece contact 
by using the TWT-data drop, followed by tilting the tool, while in the dwell stage, 
and initiating the weld traverse stage after the temperature previously set to initiate 
welding (TSET) be reached. Figure 33 presents a schematic representation of the 
proposed plunging operation. 

The shoulder contact identification based on the TWT-data was performed using 
an algorithm implemented in the LabVIEW ContRoStir software to detect a value 
decrease as soon as it occurs. This enabled to create a trigger for tool tilting during 
the dwell stage and the welding initiation by temperature was implemented, 
addressing Task 2.2 - Application of temperature data to trigger the tool tilting and welding 
initiation. Nevertheless, different triggers can be used for other purposes than the 
one proposed, such as for example plunging parameters variation. 

a)                                                              b) 
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Figure 33 Plunging operation proposal based on TWT-data measurements. More 

details can be found in Paper C. 

Moreover, the TWT-data allowed to identify and differentiate the different 
welding stages, including the shoulder contact identification, see Figure 34, 
addressing the Task 2.1 - Welding stages automatic online identification and differentiation. 
The tool traverse position and vertical position are also presented in the figure in 
order to offer a better identification of the different welding stages. 

Five different stages of the welding process are identifiable by the TWT-data: (1) 
Probe contact – the probe contacts the workpiece, initializing measurement of 
temperature; (2) Plunge – the probe penetrates into the material. This phase ends 
when the shoulder contacts with the workpiece, identifiable by the TWT-data 
drop caused by the shoulder contacting the hot workpiece material; (3) Dwell 
phase – the temperature after the shoulder contact will increase rapidly due to the 
large contact area under friction and pressure. During this stage, the tool tilting 
was initiated. Thereafter the weld start set temperature (TSET) is reached and the 
tool moves forward, ending the dwell phase; (4) Weld – the tool moves forward 
performing the weld. The rotation speed and the axial force changes for the pre-
selected weld parameters. The weld ends when the predefined end target location 
is achieved; (5) Weld end – the forward tool movement stops and the vertical 
movement away from the workpiece initiates. Finally, the tool rotation stops. 

A better understanding of temperature during the plunge and dwell stages is 
important for a better understanding of the process and thereby implementation 
of improved procedures. After the described implementations, the plunge 
parameters effect on weld time, temperature and general appearance of the weld 
were analysed, which corresponds to Task 2.3 - Analysis of the plunge parameters effect 
on weld time, temperature and weld visual appearance and respective results are presented 
in section 4.2 and Paper C. 
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TI – Start temperature 
TP – Plunge temperature 
TSD – Shoulder decrease temperature 
TSET – Weld start set temperature 
TWS – Weld start temperature 
TW – Welding temperature 

tPC – Probe contact time 
tP – Plunge time 
tSD – Shoulder decrease temperature time 
tSET – Time when set temperature is reached  
tWS – Weld start time 
tE – End weld time 
 

Figure 34 Welding process stages identification throughout TWT-data (blue) analysis: 

(1) Probe contact, (2) Plunge, (3) Dwell, (4) Weld and (5) Tool retracting. The traverse 

tool position (red) and tool vertical position (green) are also presented. Data acquired 

during a FSW in a 3 mm AA6082-T6 BOP. More details can be found in Paper C. 

3.2 TWI welding system 

The standard welding equipment used during this thesis work is a Precision 
Spindle FSW machine from TTI, model RM-2, located at the TWI Technology 
Centre (Yorkshire), UK, see Figure 35. Such equipment, as previously discussed, 
does not possess the degree of freedom found at the PTC welding equipment. 
However, this equipment offers high stiffness, a force capacity of 100 kN and a 
torque of 768 Nm, which allows performing welds in considerable thick 
aluminium workpieces, which support developments to address the first 
sub-objective of this thesis. Moreover, the equipment has the capacity to achieve 
welding speeds of 3000 mm/min and rotational speed of 3000 rpm. Also, it 
enables welding under force control or position control. 
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Figure 35 Welding equipment at TWI from [90]. More details can be found in Paper B. 

This equipment does not possess temperature process control capability and it 
was previously not possible to acquire online temperature data. During this thesis 
work, a temperature measurement system was implemented, which allowed 
acquiring temperature by thermocouples embedded in the tool and TWT-data.  

The TWT-data measurements reproducibility in this welding equipment was 
investigated, supporting the development for Task 1.1 (in Figure 1). Welds using 
the same tool design, 12 mm scrolled shoulder diameter, 5 mm threaded probe 
diameter and 2.8 mm probe length, and the same welding parameters, 4100 N, 
1000 rpm, 5 mm/s and 1° tilt, were performed in two different welding 
equipment, PTC and TWI. The plunge, however, was controlled by position-
controlled in the TWI equipment (2.65 mm; 15 mm/min) and by temperature and 
force control in the PTC equipment (480 °C; 1250 rpm, 3500 N). In Figure 36 
the TWT-data acquired during these welds is presented, a standard deviation of 
±7 °C within the TWT values was acquired in both cases, reflecting the 
reproducibility of the TWT-data measurements. 

The transmission of the signals, both TWT and TTC, from the rotating spindle 
to the stationary position was achieved by using a three-channel slip ring, 
providing fast data transmission with minimal signal loss, see Figure 37. Two 
channels were used for a thermocouple signal and one channel for the TWT 
signal. As a consequence, only one thermocouple could be used per weld. A 
hardware passive first order LP-filter with 2.3 Hz bandwidth was applied to the 
TWT-voltage to reduce the signal noise. The same NI equipment was used in 
TWI for the measurements. 

The high stiff equipment relative to an industrial robot enables to weld material 
with larger thickness, which corresponds to the use of larger tools. This was the 
primary reason for conducting the welds in such equipment. The sensitivity of the 
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the TWT-data acquired during these welds is presented, a standard deviation of 
±7 °C within the TWT values was acquired in both cases, reflecting the 
reproducibility of the TWT-data measurements. 

The transmission of the signals, both TWT and TTC, from the rotating spindle 
to the stationary position was achieved by using a three-channel slip ring, 
providing fast data transmission with minimal signal loss, see Figure 37. Two 
channels were used for a thermocouple signal and one channel for the TWT 
signal. As a consequence, only one thermocouple could be used per weld. A 
hardware passive first order LP-filter with 2.3 Hz bandwidth was applied to the 
TWT-voltage to reduce the signal noise. The same NI equipment was used in 
TWI for the measurements. 

The high stiff equipment relative to an industrial robot enables to weld material 
with larger thickness, which corresponds to the use of larger tools. This was the 
primary reason for conducting the welds in such equipment. The sensitivity of the 



WELDING SYSTEMS AND EXPERIMENTAL SETUP  

63 
 

temperature measurements to a small variation in the thermocouple position is 
significantly lower when compared to thin section tools, offering thereby 
measurements with higher precision. In addition, the use of larger tools allows 
implementing more thermocouples in different tool locations and with less effect 
on the thermal conductivity of the tool during welding. 

 
Figure 36 TWT-data acquired during a BOP on 3 mm AA6082-T6 plates using tools 

with the same design and welding parameters performed in two different welding 

equipment (PTC - robotic equipment and TWI - standard FSW equipment). 

 
Figure 37 Temperature measurement system developed at TWI, including the slip-ring 

for rotational-static data transmission and the laser sensor for tracking the tool rotational 

position. More details can be found in Paper B. 
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Having this in mind, a number of welds were performed using an FSW tool for 
20 mm thick aluminium welds with several calibrated thermocouples 
implemented at different locations in order to obtain a better understanding of 
the temperature profile around the tool during the FSW process (Tasks 1.2 and 
1.3 in Figure 1). This allows obtaining a better understanding of the data acquired 
by the different measurement methods implemented, TWT and TTC, as well as, 
its suitability for industrial use as a quality monitoring tool or as a sensor for 
feedback control. 

Welds in 20 mm thick AA6082 plates were performed using an FSW tool 
manufactured from H13 tool steel, with a 36 mm diameter concave shoulder and 
19.7 mm long conic scrolled probe with three flats. The thermocouples were 
inserted into the tool through accurately positioned electro-eroded holes and 
secured using OMEGABOND600 cement. These were implemented in specific 
locations on the tool: on the shoulder outer diameter (TTC-Shoulder), on the 
probe tip (TTC-Probe) and on the transition from shoulder to probe (TTC-
Corner), see Figure 38. These measurement areas were selected in order to obtain 
acquired temperature values from the three locations that are understood to 
present the larger temperature differences within the tool-workpiece interface. 

 
Figure 38 FSW tool for 20 mm thick aluminium design (a) thermocouples locations 

(TTC-Probe in the Probe edge, TTC-Corner in the transition between probe and 

shoulder and TTC-Shoulder in the probe-shoulder edge) and at red angular reference 

(b) tool with the thermocouple assembled. More details can be found in Paper B. 

The thermocouples used were 1 mm diameter standard type N with an exposed 
joint, in direct contact with the stirred zone of the weld. This configuration 
eliminates time delays found with thermocouples sheath material. The 
temperature signals were synchronised with the angular position of the tool 
enabling the identification of each temperature measurement location during each 

a)                                                                                    b) 
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tool revolution. For that purpose, a laser sensor was used to identify the tool 
rotational position using a marker at the tool side used as a reference. 

The results of such implementation are presented in section 4.1, as well as, its 
interpretation concerning this first sub-objective of this thesis (to evaluate and 
compare TWT-data with other temperature measurement methods in FSW). 
More details may be found in Paper B. 
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4 Experimental results and discussion 

This chapter presents and discusses the experimental results in relation to the 
thesis sub-objectives. The first section presents TWT-data measurements and 
measurements acquired by other temperature methods (SO1 in section 4.1). Next, 
the feasibility of using temperature to control the plunge and dwell stages is 
verified (SO2 in section 4.2), as well as, to the conventional traverse stage (SO3 
in section 4.3). Finally, the welding approach is validated by application to an 
industrial challenging component (SO4 in section 4.4). 

4.1 TWT-data measurements  

As mentioned in Chapter 2, fast, representative of the welding temperature, 
repeatable data is important to achieving a good control system. It is thereby, not 
necessary to measure accurate temperature data as such, but a representative value 
of the temperature is required as well as its repeatability. The information of 
temperature facilitates significantly the welding procedure by enabling the 
selection of a reference value that allows maintaining the material in a proper 
thermo-mechanical state avoiding, especially in robotic applications, the tool 
sinking into the material. In addition, the correlation between temperature and 
joint performance suggests a certain quality level as well. 

The results from the improved TWT method and other temperature 
measurement methods applied, as described in section 3.1.3, are presented in this 
thesis section and in the papers Paper A and Paper B. This study aimed to achieve 
a better understanding of TWT-data representativeness of the welding 
temperature, and to verify its feasibility for the temperature-controlled FSW 
process by comparing with other suitable methods for such application, 
addressing the first sub-objective: SO1 - to evaluate and compare TWT-data 
with other temperature measurement methods in FSW. 

4.1.1 Thermocouples embedded in the tool and TWT-data 

As described in section 3.1.3, the TWT method was compared with the 
thermocouples embedded in the tool, at the shoulder and the probe. These 
provide online temperature data and have been used successfully for temperature 
control by other researchers, as presented in Chapter 2. 
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Temperature measurement of two bead-on-plate welds performed with the same 
welding parameters (3500 N, 1000 rpm, 5 mm/s and 1° tilt angle) using the two 
tools described in section 3.1.3.2, with thermocouples placed in different tool 
locations (probe and shoulder), are presented in Figure 39 and available and 
discussed in Paper A. From the results presented in the figure, it is observed that 
temperature values obtained during welding by using the TWT method are higher 
than the values obtained by both thermocouples, shoulder and probe, around 
125 °C and 70 °C higher, respectively. The thermocouple location, the 
surrounded mass of steel around the thermocouple, as well as, the ceramic coating 
from the thermocouples decrease their sensitivity to the temperature in the weld 
zone, resulting in lower temperature values. 

 

 
Figure 39 Temperature data for two bead-om-plate welds in 3 mm AA6082-T6: (a) TWT 

(red) and thermocouple embedded in the shoulder, TTC-Shoulder (orange). (b) TWT 

(red) and thermocouple on the probe, TTC-Probe (orange). More details can be found 

in Paper A. 
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Furthermore, the different temperature measurements by the thermocouples 
embedded in the tool and the TWT is observed during the plunge stage. The 
TWT-data presented richer information during plunging than both 
thermocouples. The TWT-data demonstrated to be more sensitive, revealing the 
shoulder-surface contact by a TWT-data drop and acquiring higher values than 
the TTCs. Such value drop is not observed in the temperature signal acquired by 
the thermocouples embedded in the probe or shoulder. However, it is still 
possible to identify on the TTC data a sudden increase in the heating rate as soon 
as the shoulder touches the surface for both thermocouples. 

The TWT and the TTC-Probe time constant (τ) when applied variations in 
rotational speed (+ 600 rpm) and axial force (+ 2000 N) while in steady-state of 
3 mm AA6082-T6 welds was calculated, see Figure 40. Figure 40 should be 
presented instead of Figure 6 from Paper A. 

  

 

Figure 40 Time constant calculated for TWT method and thermocouple on the probe 

(TTC) during a step change on (a) rotation speed from 800-1400 rpm and (b) axial force 

from 3500-5500 N.  
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From the results presented in the Figure 40, both methods demonstrated a fast 
response to the changes imposed, however, the TWT has a faster response to the 
imposed changes than TTC method. The difference in time constant is believed 
to be due to the different characteristics of both methods. The TTC-Probe 
measurement location is close to the weld center, which is influenced by rotational 
speed variations to a larger extent when compared with the axial force. 
Meanwhile, the TWT-data corresponds to an estimation of the whole tool-
workpiece interface temperature, being affected by temperature variations on the 
shoulder due to its large area. The increase of the force is understood to produce 
higher pressure on the shoulder area, increasing the heat generation at this area 
and consequently TWT-data value. 

Different welding experiments were performed under temperature control, using 
the TWT-data as the controlled variable and rotational speed as the adaptable 
variable, but with different parameters. In Figure 41 welds at 510°C and 560°C 
and different welding speed, 5 and 10 mm/s, are presented, while using different 
axial force (2500-7500 N) forcing the rotational speed to adapt. The welding 
temperature was also monitored using the thermocouple embedded in the probe. 
The average from the temperature data acquired along each weld traverse stage is 
presented in the figure. More details are found in Paper E. 

 
Figure 41 TWT and TTC temperature average data for 3 mm AA6082-T6 welds under 

TWT temperature control using different welding parameters. More details can be found 

in Paper E. 
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Lower temperature values were registered by the TTC-Probe when compared 
with TWT, as discussed above. However, the data acquired by both methods, 
TWT and TTC-Probe, were constant, independently of the welding parameters 
used. During this experiment, the TWT-data varied per welding condition 
imposed (set temperature and welding speed) approximately 2 % and the TTC 
data approximately 5 %. The results indicate good reproducibility of the 
temperature measurements acquired during welding with different parameters. 

The welding temperature and welding speed are known to influence the grain size 
[2,8,56,91]. Based on this, the grain structure of welds performed under 
temperature control at the same TWT-data, but different welding parameters 
were compared and analysed using a scanning electron microscope (SEM), and 
the average grain size at the stirred zone was calculated using the Heyn’s line 
method, as presented in Figure 42 a), b) and c). Furthermore, two welds with 
different TWT-data (510°C and 560°C), in Figure 42 c) and d), and two welds 
with different welding speed (5 mm/s and 10 mm/s), in Figure 42 c) and e), were 
compared. This aimed to verify the relation of TWT-data with the weld 
microstructure, which is known to reflect the welding properties. Temperature 
data from these welds, TWT and TTC-Probe, is presented in Figure 41 and 
further details referred to these samples are discussed in Paper E. 

 
Figure 42 SEM Microstructures of welds performed under temperature control with the 

average grain size indicated at image upper left corner. More details can be found in 

Paper E. 

Welds performed at the same TWT-data resulted in similar average grain size at 
the stirred zone. The resulting grain structure changes observed, corresponds to 
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the expected grain size relation with temperature: lower welding temperature 
originated smaller grain size, inversely larger grains were observed in the weld 
perform at higher welding temperature, and the increase of the welding speed led 
to a slight decrease of the grain size [91]. These results gave evidence to the 
measured TWT-data representativeness of the welding temperature and its 
influence on the joint microstructure, which is known to be reflected in its 
mechanical properties. Moreover, the results supported the importance of 
controlling the process temperature to influence the weld quality. 

4.1.2 Thermocouples inserted at the workpiece and 
TWT-data 

Thermocouples inserted into the workpiece (WTC) were applied in order to verify 
the measurements from welding temperature acquired by the proposed 
temperature measurement methods, TWT and TTC-Probe, as referred in sections 
2.3.2.1 and 3.1.3.2., see Figure 43 and Figure 44. More details can be found in 
Paper A.  

Figure 43 presents a regression analysis from temperature data acquired by the 
thermocouples embedded in the workpiece perpendicular to the joint line (lateral 
direction) during an uncontrolled weld with 3500 N, 1000 rpm, 5 mm/s and 1° 
tilt angle. Also, temperature measurement data acquired by thermocouples 
inserted vertically at the workpiece at 2 and 3 mm distance from the joint line 
during welding (3000 N, 1000 rpm, 5 mm/s and 1° tilt angle), see Figure 44. 

The temperature measurements interpolated from the thermocouples inserted at 
the workpiece are close to the TWT-data values measured during welding. 
Likewise, the temperature registered by the thermocouple inserted vertically 
inside the workpiece was consistently close to the TWT-data values. These results 
make the TWT method measurements more trustful in terms of 
representativeness of the welding temperature. 

Nevertheless, it is important to take in consideration that displacement of 
thermocouples close to the weld zone could be observed, which may significantly 
influence the temperature data. As a result, the thermocouple inserted in the 
workpiece demonstrated low repeatability. The demanding setup, as also referred 
to in section 2.3.2.1, makes the WTC challenging for industrial use. However, 
when this method is carefully prepared in a laboratory environment, it has been 
demonstrated to be a valuable method for the verification of other temperature 
methods, such as TWT and TTC. 
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Figure 43 Regression analysis from temperature data acquired by the WTC 

perpendicular to the joint line during a non-controlled bead-on-plate weld. At green the 

data acquired by WTC at the advancing side (AS), at blue the data acquired by WTC 

at the retreating side (RS) and at red the TWT-data value measured. More details can 

be found in Paper A. 

Furthermore, the data registered by the thermocouples inserted vertically in the 
workpiece, see Figure 44, registered higher temperatures at the advancing side 
than at the retreating side, for both setups. 

Additionally, some of the thermocouples inserted vertically at the workpiece 
registered higher temperature values than the TWT method, see Figure 44 (b). A 
possible explanation may be due to the TWT measured value to be close to the 
average of the temperature on the tool-workpiece contact area, as proposed by 
De Backer, [8]. This means that the TWT-data will depend on the temperature 
gradient across the whole contact area, so the temperature peak may be slightly 
higher than the TWT-data value measured. Such a hypothesis is discussed further 
in the following section. 
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Figure 44 TWT-data, thermocouple in the probe (TTC) and the thermocouples 

embedded on the workpiece in a vertical position (WTC) data acquired during a 3 mm 

AA6082-T6 bead-on-plate non-controlled weld in (a). (b) presents a detailed view of the 

peak values. More details can be found in Paper A. 
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aluminium, TTC-Probe, TTC-Corner and TTC-Shoulder, as mentioned before in 
section 3.2, intended for the acquisition of temperature at different tool-
workpiece interface locations during welding. Such data allowed an improved 
understanding of TWT-data.  

The temperature data acquired by the different thermocouples embedded in the 
tool and TWT-data, while welding with 40000 N, 400 rpm, 3.3 mm/s and 2° tilt 
angle, is presented in Figure 45. Details of this study are found in Paper B. Note 
that for this case there was no temperature control implemented, as discussed in 
section 3.2. From the data presented in Figure 45, four observations can be made:  

(1) the data acquired by the different methods are significantly different during 
the initial stages, 

(2) TWT-data increase along the weld length while the thermocouples data appear 
constant,  

(3) the thermocouples’ data present a large temperature range within different 
temperature values, and  

(4) higher temperature values were acquired by the thermocouple located at the 
corner. 

 

 

Figure 45 TWT-data and thermocouple temperature data (TTC-Probe in the Probe 

edge, TTC-Corner in the transition between probe and shoulder and, TTC-Shoulder in 

the probe-shoulder edge) registered during 20 mm AA6082-T6 plates bead-on-plate 

weld. A close-up of the plunge stage is shown to the left. (From Paper B, printed with 

permission). 
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These different observations are discussed one at the time in the following. 

(1) Temperature data acquired during the initial stages 

The detailed view of the plunge stage temperature data, presented in Figure 45, 
demonstrate a dissimilarity between the data acquired by the different 
thermocouples, which is due to the location that the respective measurements 
took place. The temperature registered by the TTC-Probe presents a significantly 
earlier temperature increase. This can be explained by the probe first interacts 
with the workpiece material. Correspondingly, the TTC-Shoulder registers the 
fastest increase in temperature on the latest stage of the plunge, after the shoulder 
contact. Regarding the TTC-Corner, an intermediate increase in temperature is 
observed while plunging. 

In addition, a temperature decrease, when the shoulder contacts the workpiece, 
similar to the TWT-data, is observable in the TTC-Corner thermocouple signal. 
This result confirms the occurrence of a temporary temperature decrease 
occurring during the shoulder-workpiece surface contact clearly identified by the 
TWT signal. This TWT information was used as a trigger during the initial stages, 
as described in section 3.1, with the results presented in section 4.2. 

(2) Temperature along the weld length  

Regarding TWT-data, it is observed in Figure 45 an increase from 550 °C, 
registered at the start of the traverse motion, up to 595 °C, registered at the end 
of the weld. This is only observed for TWT-data. The temperature data acquired 
by the thermocouples appears to remain constant throughout the whole weld 
length. This is understood to be related to the measurement characteristics from 
the different methods. When the temperature variation at one location, as 
acquired by the thermocouples, may not be large enough to be easily observed, 
the whole interface temperature variation, as acquired by TWT method, can 
detect higher variations of temperature along the whole contact area. 

In order to gain a better understanding of the TWT-data increase along the weld, 
changes on the weld properties that relate to the temperature were investigated. 
Therefore, hardness profiles were performed on cross-sections at the initial weld 
length and at the final weld length. Figure 46 presents the respective hardness 
profiles in three different heights (5 mm from the bottom of the joint, at the weld 
middle height and at 5 mm from the surface of the joint) using Vickers 
indentations with 100 g for 12 s and a distance of 0.5 mm between indentations. 
The lowest hardness values found in each profile are 4% in average lower at the 
end of the weld, where the TWT-data are close of 590 °C, compared with the 
start of the weld, where TWT-data were approximately 560 °C. This result 
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evidence a change in the properties believed to be related to the temperature 
variation demonstrated by the TWT-data.  

 

 

Figure 46 Hardness profiles on cross-sections of a 20 mm thick weld of AA6082-T6 

plate: (a, above) Hardness profile locations on a transversal cross-section (surface side, 

middle and bottom); (b, below) Hardness profile values at the start of the weld, 145s 

(blue), and at the end of the weld, 245s (red), in the three different cross-sectional 

heights referred in (a). 

(3) Thermocouple data differences depending on the measurement position  

Furthermore, different temperature values were acquired by the thermocouples 
during welding, see Figure 45. These values demonstrate the temperature 
measurement dependence with the thermocouple measurement position. 
TTC-Corner registered the highest values (594-607 °C) followed by the 
TTC-Shoulder (555-596 °C) and then the TTC-Probe (522-554 °C). Such 
different temperature values acquired by the thermocouple embedded in the tool 
highlight the concern of using such one-point measurements methods and its 
representation of the weld temperature, as well as, its suitability for feedback 
control application. 
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The data acquired by the thermocouples show a periodic temperature oscillation 
with the same frequency as the tool rotation, which is not observed in the 
TWT-data. In Figure 47, a detailed view of temperature oscillation per tool 
rotation is presented, from the data presented in Figure 45, at the welding start 
with TWT-data at 555 °C and 587 °C at the weld end. These results support the 
idea of an inherent asymmetry in FSW, resulting in significant temperature 
variations at the tool-workpiece interface. Similar observations were also reported 
by Fehrenbacher et al. [61]. 

In Figure 47 it is observed that the TTC-Corner temperature oscillates only 13 °C 
per tool revolution when compared with the probe tip and shoulder outer 
diameter, with oscillation of 20 °C and 37 °C, respectively, appearing to be related 
with the measured location. This suggests that a local temperature measurement 
does not represent the overall welding temperature. In addition, the variation of 
temperature between weld start and weld end is more predominant in the probe 
area, showing a decrease in temperature along the weld. An explanation for the 
temperature variation observed at the probe may be that during the plunge, which 
is a demanding operation to the probe, is built up temperature in the tool and 
along the weld when the demands are not so high at that tool location, the 
temperature stabilizes. 

 

Figure 47 Thermocouples temperature data oscillation (TTC- Shoulder, TTC-Corner 

and TTC-Probe) per tool angular position, when TWT-data was 555 °C (W. Start) and 

when TWT-data was 587 °C (W. End). The equilibrium solidus temperature (Ts) is 

presented as a red line. (From Paper B, printed with permission). 
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Nonetheless, this variation at the thermocouple data along the weld length also 
demonstrates that there is a temperature change with welding time/length, which 
may be originated by built up heat in the tool, workpiece and surroundings during 
welding. Thus, supporting the representativeness of the welding temperature 
variation registered by TWT-data values. 

(4) Higher temperature values were acquired by the thermocouple located at the 
corner 

As observed in Figure 45, as well as, in Figure 47, the highest temperature value, 
of 607 °C, was registered during these experiments by the TTC-Corner. The value 
is higher than the temperatures reported during welding by Fehrenbacher et al. 
[55]. The higher temperature values registered at these experiments are achieved 
due to the use of thermocouple with an exposed junction, in direct contact with 
the stirred material and inserted in a large tool. This offered a suitable way to 
acquire local temperature measurements in a precise and accurate way during 
welding. 

In addition, this value is also higher than the material solidus temperature of 
582 °C calculated by Thermo-Calc to the respective material, see Figure 48. The 
acquired temperature values may support the self-limiting theory of the friction 
stir welding process, described earlier in section 2.3.1, where it is suggested local 
melting, by reaching the solidus temperature, which allows maintaining a steady-
state condition based in a stick-slip cycle. The presented temperature 
measurements may support a better understanding of this theory. However, it is 
important to consider that the solidus temperature is dependent on the conditions 
in which the material is subjected to during welding. Therefore, further 
investigations are recommended, such as differential scanning calorimetry (DSC) 
analysis or further calculations of solidus temperature at closer conditions found 
in friction stir welding. 

Higher temperature values were obtained by the TTC-Corner when compared to 
the TWT-data measurements, as also observed while using the thermocouple 
inserted vertically in the workpiece, in section 4.1.2. The TWT method measures 
a value that is understood to be a temperature estimation of the whole interface 
contact area, suggesting to be an integral of the whole temperature gradient across 
the tool-workpiece contact area (see section 2.3.2.3). For this reason, TWT-data 
is not expected to offer the peak temperature during welding. Therefore, a 
measurement device, such as TTC-Corner, well-positioned thermocouple at the 
hotter area, will register higher values than TWT-data. 
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Figure 48 Equilibrium AA6082 phase fraction diagram calculated with Thermo-Calc 

(COS2 database). 

As discussed previously, no agreement has been found yet regarding temperature 
achieved during welding or a measurement procedure to achieve such 
information. This is still a debate in the research community. As a consequence, 
the doubt regarding an established reference measurement procedure to support 
the measurement definition of the true welding temperature value for the given 
purpose makes it challenging to define the TWT method accuracy. 

Based on the discussed understanding and considerations, and if the average from 
the temperature values acquired by calibrated thermocouples located at the three 
locations, presented in Figure 47, is considered as an acceptable reference value, 
the closeness of such values offers an indication of the TWT-data accuracy.  

The three thermocouples data average was calculated for one rotation and 
compared with TWT-data measurements acquired at the same moment: TTC 
average value of 572 °C was obtained when TWT-data registered 587 °C and 
576 °C while TWT-data registered 555 °C, which corresponds to values 
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difference of 2.6% and 3.8%, respectively. This procedure, however, considered 
only measurements in three distinct points, which does not correspond to a 
proper representation of the welding temperature field at the interface tool-
workpiece.  

The results obtained in this study indicate a large temperature gradient at the tool-
workpiece interface, see Figure 49, which is presented as a 3D interpolation of 
the data in Figure 47. One-point temperature measurement, as in TTC 
measurements, acquired by a thermocouple embedded at the tool depends on its 
measurement location and presents large variation per tool revolution. Due to its 
standardization, these are considered more accurate than TWT-data, but its data 
corresponds only to its measured location. The results, however, support the 
hypothesises that TWT-data is a temperature estimation, with approximation to 
the temperature average at the tool-workpiece interface. 

 
Figure 49 Interpolation of thermocouple data presented in Figure 47 plotted in 3D 

surface tool shape. (From Paper B, printed with permission). 

It is important to have in mind, that several different factors are expected to affect 
TWT-data measurements, and these should be considered for achieving an 
improved understanding of TWT-data and improve the measured data itself. 
More details can be found in Chapter 6.  

However, as discussed earlier, an accurate TWT-data value is not required to the 
application of interest within this work. Instead, it is intended to verify the 
TWT-data representativeness of the welding temperature, which have been 
verified. The signal acquired is believed to facilitate the welding procedure by 
allowing to achieve an appropriated thermo-mechanical state throughout the 
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controlled temperature and at an appropriated value, avoiding tool sinking in 
issues. This matter is addressed in the following sections. 

As a summary, the presented study allowed to achieve an improved understanding 
from the TWT-data measurements and temperatures at the tool-workpiece 
interface. The TWT-data signal demonstrated characteristics suitable to a 
controlled variable for feedback control, being fast enough to identify thermal 
changes while welding, stable, repeatable, reproducible and representative of the 
welding temperature. In addition, the TWT method is also easier and cheaper to 
implement than the TTC method. 

4.2 Weld initiation based on temperature 

The additional features obtained by TWT-data during the shoulder-workpiece 
contact opened opportunities to improve the plunge and dwell stages, as 
mentioned previously in sections 2.4.2 and 3.1.4. These stages are especially 
challenging when using robotic equipment. Therefore, by using the TWT method 
the second objective of this thesis was addressed: SO2 - to assess the feasibility 
of replacing the position-based plunging with a TWT-controlled plunge 
operation in robotic FSW. 

Having this in consideration, three main tasks were considered. The first and 
second task from this sub-objective were addressed in section 3.1.4. These 
implicate identification and differentiation of the welding stages automatically 
online, and in addition, the use of the TWT-data to establish triggers for tool 
tilting and welding initiation by using a set temperature (TSET). After the 
implementation of the plunging operation based on TWT-data, the plunge 
parameters’ effect on weld time, temperature and general appearance of the weld, 
which corresponds to Task 2.3 (in Figure 1), was addressed. This study was aimed 
to give a better understanding of the plunging dynamics in order to identify 
potential improvements to the procedure. More details can be found in Paper C.  

The upgraded plunging process, especially the use of set temperature (TSET) to 
initiate the welding, have shown to be able to mitigate the tool sink-in problem, 
decreasing its occurrence to almost zero. 

In addition, some strong relations between the plunging parameters and output 
in temperature and time were verified during this experimental work. Figure 50 
shows the process window, in the form of axial force and rotational speed during 
plunging, and the corresponding plunge time (tP), defined previously in Figure 34, 
on a colour scale. The results demonstrate a strong influence of the axial force 
and rotational speed on the welding initiation time, where the increase in both 
parameters will significantly decrease the time for the weld initialization. 
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Figure 50 Rotational speed and axial force influence in plunge time (tP). More details 

can be found in Paper C. 

Figure 51 presents three uncontrolled welds with significantly different time to 
initiate the traverse stage and respective plunging parameters. Short welding 
initiation time as 2 s is thereby possible, however, such parameters will raise 
concerns relative to the tool life and the weld properties at the plunging region 
when plunging in such conditions. In robotic applications, it is, as mentioned in 
section 2.4.2, expected to be more cases that require shorter welds and in which 
the plunging part of the weld cannot be removed. The effect of the plunging time 
and properties at this weld region are more significant than in the common long 
welds found in traditional FSW applications. This is equally interesting in the case 
of spot welding (FSSW), which can also benefit from temperature control. 

The welding temperature is affected by the plunging parameters differently at the 
plunge and dwell stages, which is understood to be related to the lack of the 
shoulder influence during plunging. The shoulder is not creating heat during the 
plunge stage but turns to be significant in heat generation after its contact with 
the workpiece. During the dwell stage, the temperature increase was verified to 
be primarily affected by the axial force parameter, where the use of higher force 
leads to a larger temperature increase, originating a temperature overshoot, as 
observed in the weld indicated in blue, in Figure 51.  
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Figure 51 TWT-data from 3 mm AA6082-T6 bead-on-plate uncontrolled welds using 

significantly different plunging parameters (Axial force, Rotational speed and TSET). 

More details can be found in Paper C. 

Another issue observed at the dwell-weld transition occurs when lower axial 
forces are used during plunging originating a steady-state condition at lower 
temperatures than the required temperature for producing a proper weld, 
indicated in the green, in Figure 51. A long plunging time is then verified followed 
by a temperature increase when the weld finally initiates. 

As is well understood, high temperatures reached while welding using robotic 
equipment may lead to the tool sinking into the workpiece material. This issue 
has not been observed during these experiments, even with the occurrence of 
temperature overshooting before weld initiation. Such issue has been avoided due 
to the implementation of a set temperature (TSET) to initiate the weld. 
Nevertheless, it is important to note that this procedure has been only tested to 
the 3 mm AA6082-T6 with a 12 mm shoulder FSW tool. The use of a different 
tool design or variations on the workpiece were not studied. 

However, it is well understood that the temperature strongly relates with the weld 
quality and therefore the time and temperature during plunging may compromise 
the local proprieties of the workpiece material. Therefore, it is important to avoid 
long plunging times, as in the case of the weld indicated in green or the 
temperature overshooting, as in the weld indicated in blue, in Figure 51.  
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The set temperature for the weld start (TSET) was successfully introduced to avoid 
reaching temperatures that may lead to the tools sink-in issue. However, the use 
of TSET did guarantee a proper weld temperature at dwell-weld transition, and 
temperature overshooting or plunging over long times to reach the temperature 
could occur. An appropriate selection of the TSET and improved dwell-weld 
transition should be explored, as well as, the effects of the time and temperature 
during plunging on the weld region quality and tool lifetime, as referred in 
Chapter 6.  

As a conclusion of this study, the introduction of the TWT-data signal, providing 
the identification of shoulder-workpiece contact and temperature for weld 
initialization, allows overcoming the issue of the tools sink into the workpiece 
material in robotic FSW. This represents a significant contribution in the robotic 
FSW field. In addition, a better understanding of the plunging temperature 
dynamics was reached, which provides knowledge to further optimization of 
these process stages. Furthermore, this study is an important step in the 
optimization of robotic FSW, but also offering great prospects to plunging 
optimization in welding equipment, but especially to FSSW.  

4.3 Welding temperature control 

The welding temperature is a balance of heat input, which is mainly controlled by 
the rotational speed and axial force, and heat output, strongly affected by welding 
speed, backing bar material and other possible environmental factors. Therefore, 
it is interesting to understand the effect of these and the ability of the controller 
to maintain temperature within a certain interval, and the resulting effect on the 
joint performance, which leads to sub-objective 3: SO3 - to evaluate the 
capacity of TWT-controlled FSW to facilitate robotic FSW, and its 
influence on the joint’s performance. This gave origin to two work tasks that 
are addressed in this section, as previously presented in Figure 1: (3.1) Evaluation 
of TWT controller capacity when subject to different thermal distribution conditions, and 
(3.2) Evaluation of TWT controller capacity to maintain consistent joint performance under 
different welding parameters. 

4.3.1 Response to different thermal conditions  

A study on temperature control of the FSW process when different heat loss 
environments are presented was executed addressing Task 3.1 – Evaluation of TWT 
controller capacity when subject to different thermal distribution conditions. This work aimed 
to study the temperature controller performance to maintain the temperature 
during friction stir welding with different thermal dissipation conditions and its 
effects on the joint performance. 
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Different thermal dissipation during welding was induced by using backing bar 
material with different thermal dissipation, namely stainless steel (St), nickel (Ni) 
and copper (Cu). Welds were performed with and without control of temperature 
while using the different backing bars. Finally, the joint performance was 
evaluated based on tensile tests and macrostructure examination. 

Welds in 2 mm thick AA7075 aluminium alloy plates in a lap joint configuration 
with different backing bar materials were performed. For the welds performed 
without temperature control was used a constant rotational speed at 1100 rpm, 
and they were referred in work as “Unc” samples, while for the controlled welds 
a TSET=520 °C was used, being referred as “TWT”. All welds were performed 
using 5 mm/s axial force of 7000 N and a tool tilt angle of 1°. More details 
regarding this study can be found in Paper D.  

The cooling rate reached during welding when using the different backing bar 
materials were registered by using WTC. As expected, the backing bar material 
had a strong influence on the cooling rate, which was calculated between 450 °C 
and 100 °C, to be 37-41 °C/s, 24-29 °C/s, 19-21 °C/s for the welds with the 
backing bar in copper, nickel, and stainless steel backing bars, respectively. 
Accordingly, the welding temperature, during the uncontrolled welds, was 
strongly influenced by the backing bar thermal conductivity, achieving higher 
welding temperature when the material with lower thermal conductivity (steel) 
was used, see Figure 52. 

During the temperature-controlled welds, with the temperature data also 
presented in Figure 52, the rotational speed adaptation by the controller promoted 
the necessary heat input to maintain the desired welding temperature. However, 
the weld using copper as the backing bar was an exception, where the desired 
weld temperature was not achieved, stabilizing at 480 °C due to a safety limit set 
at 1500 rpm. In this weld, additional rotational speed or a variation of other 
welding parameters, as changes in axial force or welding speed, were required in 
order to maintain the weld temperature. However, the rotational speed limits 
application was questioned, which contributed to the development of Task 3.2 (in 
Figure 1), presented in the next section, as well as, in Paper E. 

  

EXPERIMENTAL RESULTS AND DISCUSSION  

86 
 

Different thermal dissipation during welding was induced by using backing bar 
material with different thermal dissipation, namely stainless steel (St), nickel (Ni) 
and copper (Cu). Welds were performed with and without control of temperature 
while using the different backing bars. Finally, the joint performance was 
evaluated based on tensile tests and macrostructure examination. 

Welds in 2 mm thick AA7075 aluminium alloy plates in a lap joint configuration 
with different backing bar materials were performed. For the welds performed 
without temperature control was used a constant rotational speed at 1100 rpm, 
and they were referred in work as “Unc” samples, while for the controlled welds 
a TSET=520 °C was used, being referred as “TWT”. All welds were performed 
using 5 mm/s axial force of 7000 N and a tool tilt angle of 1°. More details 
regarding this study can be found in Paper D.  

The cooling rate reached during welding when using the different backing bar 
materials were registered by using WTC. As expected, the backing bar material 
had a strong influence on the cooling rate, which was calculated between 450 °C 
and 100 °C, to be 37-41 °C/s, 24-29 °C/s, 19-21 °C/s for the welds with the 
backing bar in copper, nickel, and stainless steel backing bars, respectively. 
Accordingly, the welding temperature, during the uncontrolled welds, was 
strongly influenced by the backing bar thermal conductivity, achieving higher 
welding temperature when the material with lower thermal conductivity (steel) 
was used, see Figure 52. 

During the temperature-controlled welds, with the temperature data also 
presented in Figure 52, the rotational speed adaptation by the controller promoted 
the necessary heat input to maintain the desired welding temperature. However, 
the weld using copper as the backing bar was an exception, where the desired 
weld temperature was not achieved, stabilizing at 480 °C due to a safety limit set 
at 1500 rpm. In this weld, additional rotational speed or a variation of other 
welding parameters, as changes in axial force or welding speed, were required in 
order to maintain the weld temperature. However, the rotational speed limits 
application was questioned, which contributed to the development of Task 3.2 (in 
Figure 1), presented in the next section, as well as, in Paper E. 

  



EXPERIMENTAL RESULTS AND DISCUSSION  

87 
 

 
Figure 52 TWT-data registered during 2 mm AA7075-T6 lap welds with control (TWT) 

and without control (Unc) using different backing bar materials: stainless steel (St), 

nickel (Ni) and copper (Cu). TWT-data average of the traverse weld stage is presented 

at the side table. Available via license: CC BY-NC 4.0. More in Paper D. 

Moreover, the controller demonstrated a fast response promoting the heat input 
necessary to maintain the set temperature in the different thermal condition 
imposed on this study, demonstrating that TWT-data is suitable as a controlled 
variable. In addition, the proposed welding approach provided fast setup of 
optimal parameters for the different thermal conditions imposed, allowing to 
achieve improved joint performance, as discussed following and also addressed 
in section 4.4. 

The tensile tests results are presented in Figure 53. When comparing welds 
performed with or without control, the results demonstrated a performance 
improvement when welding under temperature control of 28% for the welds 
using a stainless steel backing bar and 27% for the welds performed with the 
copper backing bar. Welds performed with the nickel backing bar offered similar 
results with both welding approaches. This indicates that the possibility of weld 
quality improvement by maintaining the temperature at the well-defined welding 
temperature regardless of the thermal conditions. 

In addition, both welds performed at the same TWT-data but with different 
backing bar materials, SS-TWT and Ni-TWT, presented different performance 
during the tensile testing. This indicates that the cooling rate created by the 
backing bar material presents some influence in the joint performance 
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independently of the same TWT-data be reached during welding. More research 
should be performed in order to better understand the joint performance 
variation achieved under such conditions. 

 
Figure 53 Maximum shear force data achieved during tensile tests of 2 mm AA7075-T6 

lap joints performed with temperature control (TWT) and non-controlled (Unc) using 

different backing bar materials (Cu - copper, Ni - Nickel, St - steel). At the bottom of 

each weld date is indicated the rotational speed/axial force used during welding. TWT-

data average during welding per weld presented in red. Available via license: CC BY-

NC 4.0. More details can be found in Paper D. 

Welding under an inappropriate temperature is known to decrease the joint 
performance, as referred previously, by microstructure modifications originated 
due to high welding temperature, or by defects formation due to an improper 
material mixing. As expected, voids were observed in macrographs of welds 
performed with the copper backing bar due to the low temperature achieved 
during welding.  

These results demonstrate that the welding temperature and the cooling rate 
conditions while welding influence the joint performance. Additionally, the use 
of the controller, by maintaining the material at an appropriated temperature, 
supports the achievement of improved weld quality. However, the joint 
performance resulting from welding under temperature control is not fully 
covered presenting proposals to further investigation in Chapter 6.  
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The effect of welding under temperature control on the joint performance was 
further explored in the following section, where welding maintaining a defined 
temperature but using different parameters was addressed. 

4.3.2 Joint performance consistency evaluation 

The heat input during the friction stir welding process is mainly dependent on the 
welding parameters, which can be controlled during welding, such as rotational 
speed and axial force, and parameters related to the movement of the robot such 
as welding speed and tilt angle. Moreover, other factors also influence, such as the 
tool, material and design, as well as, the material to be welded itself and joint 
configuration and setup. The scientific community recognizes, as mentioned 
previously in section 2.3, that these variables that can be controlled during 
welding present a predominant influence on the final welding temperature. 
Moreover, it is also agreed within the scientific community that the welding 
temperature presents a strong influence on the final weld joint quality. This 
knowledge led to the temperature-control development.  

The same welding temperature can be achieved by using different combinations 
of parameters. Considering the recognized influence on the temperature on the 
joint performance, it can be expected that welding under a defined temperature 
provides similar joint performance. However, doubts relating to the effect on the 
joint performance using different welding parameter combinations to weld at a 
defined temperature are found. This is especially a concern when there is a 
variation of welding parameters while welding, e.g. rotational speed variation 
while under temperature control, which raises the concern of joint performance 
consistency along the weld length. Thus, the temperature controller ability to 
maintain consistent joint performance and the extent of the parameters’ envelope 
in which this is valid is of noticeable importance for the further development pf 
the temperature controller, especially in robotic FSW. The understanding of the 
operating envelope of the temperature control during welding offers the 
possibility to weld without the occurrence of the tool sinking into the material 
issue, tools fracture, or a significant decrease in the joint performance 
independently of the welding parameters used is of interest within this work. 

Accordingly, in the present section, and with more details presented in Paper E, 
the Task 3.2 - Evaluation of TWT controller capacity to maintain a consistent joint efficiency 
factor under different welding parameters, is addressed.  

Welds with the same welding temperature but using different welding parameters 
combinations were performed in 3 mm think AA6082-T6. These were achieved 
by setting different axial force values and allowing the controller to adapt the 
rotational speed to maintain the temperature constant while welding, being stable 

EXPERIMENTAL RESULTS AND DISCUSSION  

89 
 

The effect of welding under temperature control on the joint performance was 
further explored in the following section, where welding maintaining a defined 
temperature but using different parameters was addressed. 

4.3.2 Joint performance consistency evaluation 

The heat input during the friction stir welding process is mainly dependent on the 
welding parameters, which can be controlled during welding, such as rotational 
speed and axial force, and parameters related to the movement of the robot such 
as welding speed and tilt angle. Moreover, other factors also influence, such as the 
tool, material and design, as well as, the material to be welded itself and joint 
configuration and setup. The scientific community recognizes, as mentioned 
previously in section 2.3, that these variables that can be controlled during 
welding present a predominant influence on the final welding temperature. 
Moreover, it is also agreed within the scientific community that the welding 
temperature presents a strong influence on the final weld joint quality. This 
knowledge led to the temperature-control development.  

The same welding temperature can be achieved by using different combinations 
of parameters. Considering the recognized influence on the temperature on the 
joint performance, it can be expected that welding under a defined temperature 
provides similar joint performance. However, doubts relating to the effect on the 
joint performance using different welding parameter combinations to weld at a 
defined temperature are found. This is especially a concern when there is a 
variation of welding parameters while welding, e.g. rotational speed variation 
while under temperature control, which raises the concern of joint performance 
consistency along the weld length. Thus, the temperature controller ability to 
maintain consistent joint performance and the extent of the parameters’ envelope 
in which this is valid is of noticeable importance for the further development pf 
the temperature controller, especially in robotic FSW. The understanding of the 
operating envelope of the temperature control during welding offers the 
possibility to weld without the occurrence of the tool sinking into the material 
issue, tools fracture, or a significant decrease in the joint performance 
independently of the welding parameters used is of interest within this work. 

Accordingly, in the present section, and with more details presented in Paper E, 
the Task 3.2 - Evaluation of TWT controller capacity to maintain a consistent joint efficiency 
factor under different welding parameters, is addressed.  

Welds with the same welding temperature but using different welding parameters 
combinations were performed in 3 mm think AA6082-T6. These were achieved 
by setting different axial force values and allowing the controller to adapt the 
rotational speed to maintain the temperature constant while welding, being stable 



EXPERIMENTAL RESULTS AND DISCUSSION  

90 
 

within 8.7 °C. Axial force values were used ranging from 1500 N to 7500 N, 
which included values outside those commonly used within such parameter 
envelop to weld the material used in this experiment, were used with the intention 
of challenging the controller at extreme welding parameters while using the 
robotic equipment. The intention was to achieve a significant decrease in joint 
performance (welds with low or poor quality) in order to define the parameters 
constrains needed.  

The final joint performance was evaluated with the aim to confirm if the joint 
performance is repeatable and consistent when the weld is performed at a 
constant weld temperature and to identify parameters constrains when such was 
not observable. The FSW standard ISO 25239-4 was used as guidance to evaluate 
the joint performance, which includes visual inspection, macro examination, 
transversal tensile and bending tests. 

The weld surface appearance from the welds performed within this study is 
presented in Figure 54. More details can be found in Paper E. 

Based on the weld surface appearance it can be observed that welds performed 
within the same welding condition (welding temperature and welding speed) 
presented a significant difference in welding surface appearance. This suggests 
that there is not a clear relationship between temperature and top surface 
appearance, which has been frequently used by the operators worldwide. In fact, 
based on the results, the surface appearance is more related to the vertical axial 
force used than to the welding temperature.  

Moreover, the welding top surface appearance did not demonstrate a relationship 
with the joint’s performance. Despite no similarity at the welding surface and the 
large difference of the welding parameters used, a similar joint performance for 
welds performed at the same welding temperature was observed. In Figure 55 the 
ultimate tensile strength (UTS) is presented, where a relatively low discrepancy 
per welding temperature was observed. Also, repeatable defects observation at 
the same welding temperature of 510 °C were observed. 

The results of this study evidenced that the resulting joint performance is similar 
when the weld is performed at a constant weld temperature. No welding 
parameters where found, within the parameter envelope used for the welding 
experiments, which produced a significant weld-quality variation when 
maintained at the same welding temperature with the exception concerning a 
minimum axial force required to avoid root defects.  
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Figure 54 Surface appearance of all the 3 mm AA6082-T6 butt joints performed with 

temperature feedback control and the indication of the welding parameters used at the 

respective welds. More details can be found in Paper E. 

The root defects found in butt joints are dependent on how well the material 
mixes between the tool and the backing bar. These defects are affected by the 
temperature achieved in the local area, but especially by the distance between the 
tool and the backing bar, which is strongly dependent on the probe length and 
respective tool position. Meanwhile, while welding under force control, the tool 
position is determined by the axial force. For this reason, in order to avoid root 
defects using a specific tool design, a minimum axial force should be selected in 
order to guarantee a proper material mixing at the root area or by using a more 
appropriated tool design, especially probe length. Further developments in this 
matter are discussed in Chapter 6. 
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Figure 54 Surface appearance of all the 3 mm AA6082-T6 butt joints performed with 

temperature feedback control and the indication of the welding parameters used at the 

respective welds. More details can be found in Paper E. 
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Figure 55 Ultimate tensile strength (UTS) average per weld with different axial forces 

to each of the different welding conditions experimented (TWT value controlled and 

welding speed) of 3 mm AA6082-T6 plates in a butt joint configuration. Coloured area 

presents unusual axial force used to 3 mm thick AA6082-T6 welds. More details can be 

found in Paper E. 

In addition, in this study, a low UTS variation within the weld length of less than 
2.5 % was verified, see Figure 56. Similarities of the weld structure at the 
beginning and end of the weld, regardless of the large variation of rotational speed 
set by the controller along the weld length. More details can be found in Paper E. 

This work offered a better understanding of the temperature controller’s 
capability, highlighting the advantages that the temperature control during the 
friction stir welding process may offer. Such a welding approach provides the 
possibility to improve the welding process and its final joint quality. In addition, 
temperature information can be used as a quality control tool, replacing the “hot” 
and “cold” terminology for basic weld qualification commonly used. And, it 
facilitates welding process development by setting up the welding temperature 
instead of a trial and error selection of the different welding parameters to reach 
a determined weld-quality. 

The identification of the proper welding temperature range to a determined weld 
set up was not addressed during this thesis, being proposed for future work.  
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Figure 56 Ultimate tensile strength variation per weld performed in 3 mm thick AA6082-

T6 with butt joint configuration and using different axial forces to each of the different 

welding conditions experimented (TWT-data value controlled and welding speed). More 

details can be found in Paper E. 

4.4 Temperature control approach validation 

The temperature control welding approach has been demonstrated to offer 
several benefits to robotics FSW process, which allows enlarging FSW process to 
components with more complex geometric features. Thereby, in the present 
thesis section, this welding approach was applied to an industrial component with 
challenging geometry aiming to address the fourth sub-objective: SO4 - to 
validate TWT-controlled FSW for industrial components with complex 
geometry using robotic equipment. 

A case study where the intention was to join an AA6082 reinforcement insert to 
an HPDC Cylinder Block in casted aluminium 46000, as presented in Figure 57, 
was established and performed. More detail can be found in Paper F and Paper 
G. 

Different challenges were faced during this work due to the highly complex 
features found in this component, which made such a complex components’ 
geometry an excellent test case to validate the temperature control approach for 
robotic FSW application: 

(1) A constant tilt angle of the tool relative to the joint line for improved material 
mixing is commonly applied during FSW to improve the material flow, which 
leads to the necessity of a flexible five-axis manipulator, i.e. an industrial robot, 
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in order to produce a 360° rotation required for such joint path. As described 
in this thesis, such types of equipment lack in stiffness and are challenging to 
use for such a high force demand process as FSW. 

(2) The Cylinder Block presents a highly complex joint geometry to be welded. 
Thermal variations occur due to holes, channels and thickness variations in 
the casting, allowing the heat to build up into the thin walls, softening the 
material and potentially causing overheating of the material and eventually 
sinking in of the FSW tool into the part. Furthermore, the joint line includes 
tight curves and corners leading to the same problem of overheating. Such 
issues are believed to be managed by using an advanced process control, i.e. 
temperature feedback control, in order to maintain a consistent weld steady-
state along the weld, avoiding the tool to sink in the material and maintaining 
the weld quality within the requirement throughout the whole weld of the 
component. 

(3) It corresponds to a dissimilar joint between cast and wrought aluminium 
alloys, which by itself is challenging due to the reduced weldability of casted 
aluminium alloys. The calibration of the TWT-data for dissimilar material 
joints is still subjected to scientific investigations, thus the TWT measurements 
could therefore not be verified for this application and to be representative of 
the welding temperature. However, this is not a major issue for the present 
case. Instead, the TWT method provides a temperature estimation, which is 
repeatable during welding and suitable data signal to be used as input to the 
PI- controller. As a consequence, it requires trial and error to define such an 
indicative value and cannot be correlated directly with the weld quality and 
material properties. 

  

Figure 57 Cylinder Block and cooling channel lid. (a) Components design; (b) Weld 

paths (at pink). Images are courtesy of Volvo Cars. (From Paper F and Paper G, printed 

with permission). 
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The case study thereby represents a very challenging welding case product with 
mixed materials, complex geometry and use of advanced process control using 
demanding equipment. Three development stages were performed in order to 
reach the presented solution, as presented in the following. More details can be 
found in Paper F. 

(1) Study the feasibility to join the two aluminium alloys with FSW and the tools 
used for the study in order to find operating parameters; 

(2) Investigate the use of robotic FSW to join two parts with geometry resembling 
the final component, composed of weld line with holes or channels at close 
distance. This aimed to observe the limitations of the process using the robotic 
equipment and process stability under such conditions. 

(3)  Welding of the real component. 

As a result, by using temperature feedback control, it was possible to successfully 
weld the Cylinder Block using robotic equipment. The occurrence and severity of 
issues such as flash formation and the tool sinking into the material, which 
required stopping welding, significantly decreased within welding trials in five 
components. From the five Cylinder Blocks, two were deemed suitable for further 
pressure testing, presented in Figure 58. 

  
Figure 58 Welded Cylinder Blocks. (a) 5th Cylinder Block final inner and outer welds 

from (a) 4th and 5th finalized Cylinder Blocks after milling the upper surface. (From Paper 

F and Paper G, printed with permission). 

This case study demonstrated the ability to join highly complex geometries, by 
using temperature feedback control in robotic equipment, where the following 
was demonstrated:  

(1) An FSW force-controlled robot is feasible for welding of geometrically 
complex joints; 

(2) Only four Cylinder Blocks were required for process development, which 
offers time and cost savings in weld trials to establish the weld procedure; 

(a) (b) 
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(3) A cast and a wrought aluminium alloy were successfully joined by using the 
FSW process; 

(4) FSW temperature controller was able to maintain consistent weld stability 
along the entire joint allowing to perform the complete welds without 
stopping.  

Thus, the welding approach proposed was successfully validated in a real and 
challenging industrial application. Nevertheless, further developments are 
necessary for future possible industrial implementation, namely in welding speed, 
component design, welding equipment and in-process feedback control as 
referred with more detail in Paper G and in a proposal for further developments 
in Chapter 6. 

It is also important to highlight the applicability of such welding approach to a 
large range of products, not only in automotive as presented in this case study.  
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5 Conclusions and contributions 

This thesis work was established to demonstrate the industrial applicability of 
TWT measurements for temperature control of robotic friction stir welding for 
joining components with complex geometry. Therefore, the thesis work was 
developed in order to answer the following research question: How does 
TWT-data control improve the performance of robotic FSW for 
geometrically complex components? The four sub-objectives approached 
during this thesis and respective conclusions are presented one at the time as 
follows. 

SO1. To evaluate and compare TWT-data with other temperature 
measurement methods in FSW 

Improved weld zone temperature measurements were achieved during this work, 
as presented in Paper A and Paper B. These offered an improved understanding 
of the temperatures at the interface between the tool and the workpiece from the 
TWT-data measurements.  

The TWT method with a new implementation, namely the rotational-static 
connection by using a slip-ring and an improved calibration of the data measured, 
offered an improved TWT-data signal. The TWT-data signal is stable while 
welding, repeatable and reproducible. When compared with the use of 
thermocouples embedded in the tool, this method is faster, easier to implement, 
cheaper and is believed to offer a longer tool lifetime. In addition, TWT-data was 
demonstrated to be representative of the welding temperature, in terms of value 
in agreement with other temperature measurement methods and the relation with 
joint metallurgic features and mechanical properties.  

Additionally, the TWT method offers rich information during the whole weld 
procedure. The TWT-data demonstrated characteristics suitable to a controlled 
variable for feedback control. Moreover, the relation of TWT-data with joint 
performance allows it being used also for initial weld quality monitoring. 

SO2. To assess the feasibility of replacing the position-based plunging 
with a TWT-controlled plunge operation in FSW 

The TWT method offers extra information during the weld initiation compared 
with using thermocouple sensors, which opens the opportunities for on-line 
process control applications. The online identification of the shoulder contact 
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with the workpiece while plunging by the TWT-data drop, allowed the 
implementation of an upgraded plunging procedure as presented in Paper C. This 
procedure consists of plunging with no tool tilt, followed by tool tilting after 
shoulder’s contact and welding stage initiation based on the TWT-data.  

Such an approach is considered a significant contribution to robotic FSW. The 
improved plunging approach decreased the tool sinking in problem occurrence 
to almost zero, enlarging the opportunities for robotic FSW and welding of 
geometrically complex design products. This approach enables to decrease the 
processing time by removing the need of the dwell time. In addition, it is believed 
to enable an improved tool life by plunging with no tilt and initiating the weld at 
appropriate welding thermo-mechanical conditions.  

Furthermore, a better understanding of the plunging dynamics was obtained. The 
knowledge gathered offers great prospects for FSSW and other FSW short weld 
applications. 

SO3. To evaluate the capacity of TWT-controlled FSW to facilitate robotic 
FSW, and its influence on the joint’s performance 

The temperature controller capability was verified regarding controlling the 
process temperature at a steady-state and its positive influence on joint 
performance under different thermal conditions, see Paper D and Paper E. 
Different thermal conditions were imposed by welding using backing bar 
materials with different thermal dissipation and by welding under different 
welding parameters, namely welding speed, axial force and rotational speed, while 
welding maintaining the same TWT-data. 

The temperature controller demonstrated to be capable to maintain the desired 
pre-selected TWT-data, by adapting the rotational speed, regardless of the 
welding thermal conditions or welding parameters used. The TWT-data has been 
demonstrated suitable as a controlled variable. 

Improved joint performance was achieved by using temperature control at set 
temperature while welding with different backing bar materials. Although, the 
different cooling rate created by the backing bar material was found to influence 
the final joint performance, despite the TWT-data maintenance. Furthermore, 
welding maintaining the TWT-data while using different welding parameters 
enables to achieve similar joint performance, with the exception of the root 
defects formation when axial force was varied. In addition, low UTS variation 
throughout the weld length was observed, regardless of the large rotational speed 
variation along the weld length set by the TWT temperature controller.  
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The TWT temperature control has been verified to be a suitable welding approach 
to assist in the development of welding procedures for achieving improved joint 
performance. This brings many advantages for robotic applications but is not 
limited to it. Benefits gained with this approach, such as weld quality assurance by 
monitoring temperature and welding procedure optimization by using TWT-data, 
are suitable for a range of applications where quality and/or time is important. 

SO4. To validate TWT-controlled FSW for industrial components with 
complex geometry using robotic equipment 

The ability of the TWT feedback control to facilitate robotic friction stir welding 
was tested for validation in a challenging welding case study. A component 
consisting of two dissimilar joints with a complex geometric path in a 
geometrically complex component was successfully welded using robotic TWT 
controlled FSW, as presented in Paper F and Paper G.  

A fast response to promote the heat input necessary for maintaining the set 
welding temperature enabled to perform the complex welds path without 
requiring stopping the weld due to robotic related problems. Welding parameters’ 
optimization was achieved in a quick and accurate way, offering time and cost 
reduction achieved by using a reduced amount of trial welds to establish the 
welding procedure. The success of such a challenging welding task demonstrates 
the enlargement of possibilities that such welding approach offers to robotic 
friction stir welding processes. 

The main contribution of this thesis work is an improved TWT-data awareness, 
namely regarding verification of its representativeness of the welding temperature, 
which allows to correlate it with the final joint performance. Moreover, the use 
of TWT-data was demonstrated to be suitable for controlling the process in the 
different welding stages, facilitating the use of robotic equipment, by overcoming 
the lack of stiffness inherent to this equipment type. The use of TWT-data control 
was demonstrated to facilitate the development of a welding procedure for 
improved joint performance. Time and material necessary for the development 
of appropriate welding procedures for welding of geometrically complex 
components were reduced. The presented welding approach demonstrated to be 
suitable for industrial application, facilitating the robotic friction stir welding of 
components with complex geometry and/or complex weld path. 

Figure 59 presents a thesis overview including the objective, research question, 
sub-objectives and main achievements. 
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Figure 59 Thesis work summary.
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6 Proposals for further research 

Developments in the TWT method and the welding control approach, as well as, 
a better understanding of such welding procedure’s influence in the final joint 
performance are required for future industrial consideration and possible 
standardization. 

The TWT electric circuit requires further improvements to increase its robustness 
for industrial use. The influence of different factors in the TWT measurements 
should be analysed, such as: temperature gradient along the contact interface, 
welded material or tool material and respective material resistivity changes; 
changes in the contact area, including the tool design, dimensions or process 
variations (SSFSW or BTFSW); materials involved in the circuit (i.e. dissimilar 
joints); welding speed or other factors that create thermal disturbances during 
welding. Furthermore, a more accurate signal characterization is required.  

Further research is recommended in order to gain a clearer understanding of the 
TWT measured data acquired and the physics behind. As a suggestion, this can 
be facilitated by the acquisition of more thermocouple measurements at different 
points of the tool-workpiece interface and for different welding conditions, plus 
the use of simulation models for the voltage created and temperature field at the 
tool-workpiece interface.  

The TWT-data and joint performance relation is important to be further studied 
in order to predict issues such as defect formation and respective mechanical 
properties. This information supports the determination of a welding temperature 
range that allows improved joint performance within a determined welding 
condition. The transferability of this knowledge to different materials, 
thicknesses, welding parameters with a special interest in higher welding speeds, 
such as used in production, or when extreme thermal variations are present on 
the components are all areas for investigation. In addition, determining an 
envelope of suitable operating parameters while welding under temperature 
control, having into consideration the tool design used, to enable the definition 
of optimal production conditions is of interest. 

The plunging operation offers space for further improvements, namely regarding 
robustness, time, robot deflection, tool life-time and weld quality. Improvement 
of the dwell-weld transition is required, e.g. the use of similar process parameters 
in dwell and traverse stages that may be achieved by adaptable parameters during 
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Further research is recommended in order to gain a clearer understanding of the 
TWT measured data acquired and the physics behind. As a suggestion, this can 
be facilitated by the acquisition of more thermocouple measurements at different 
points of the tool-workpiece interface and for different welding conditions, plus 
the use of simulation models for the voltage created and temperature field at the 
tool-workpiece interface.  

The TWT-data and joint performance relation is important to be further studied 
in order to predict issues such as defect formation and respective mechanical 
properties. This information supports the determination of a welding temperature 
range that allows improved joint performance within a determined welding 
condition. The transferability of this knowledge to different materials, 
thicknesses, welding parameters with a special interest in higher welding speeds, 
such as used in production, or when extreme thermal variations are present on 
the components are all areas for investigation. In addition, determining an 
envelope of suitable operating parameters while welding under temperature 
control, having into consideration the tool design used, to enable the definition 
of optimal production conditions is of interest. 

The plunging operation offers space for further improvements, namely regarding 
robustness, time, robot deflection, tool life-time and weld quality. Improvement 
of the dwell-weld transition is required, e.g. the use of similar process parameters 
in dwell and traverse stages that may be achieved by adaptable parameters during 
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plunging and dwell stages, as proposed by De Backer et al., [70]. In addition, 
further studies are required concerning the effect of the plunge procedure. 
Moreover, the benefits of this knowledge in process variant, especially in FSSW 
process is also of interest. 

Moreover, more efficient controller approach options may be further explored to 
provide improved adaptation to the thermal variation such as the use of additional 
sensors and the simultaneous adaptation of more welding parameters in a 
multivariable approach. Also, options to overcome issues as avoidance and/or 
identification of tool breakage and of defects formation, such as lack of 
penetration in butt joints, should be further explored. 

The robotic equipment presents yet several limitations, especially in stiffness, as 
verified at the study case presented within Paper F and Paper G. Improvements 
in robot performance, structural and software, in order to sustain better the forces 
created by the process is imperative. A helpful solution for this concern is the use 
of stationary shoulder process variant (SSFSW), which allows reduction of the 
required force to perform the weld decreasing the issues found in robotic FSW. 
Another solution suggested is the use of position correction by use of lateral force 
data, as the deflection model presented by De Backer et al. [51], allowing the weld 
path correction independently of the robot position or orientation. Additionally, 
the application of TWT-data controller to facilitate the use of BTFSW, especially 
in robotics, with special attention to the weld initiation stages, is also proposed. 
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83. Bengtsson L (2010) Elektriska mätsystem och mätmetoder. Studentlitteratur 
Sweden 

84. Silke Augustin, Fröhlich T, Krapf G, Bergmann J-P, Grätzel M, Gerken JA, 
Schmidt K (2019) Herausforderungen der Temperaturmessung während des 



REFERENCES  

110 
 

Rührreibschweißprozesses. Technisches Messen 86 (12):765–772. 
doi:10.1515/teme-2019-0108 

85. Bachmann A, Gamper J, Krutzlinger M, Zens A, Zaeh MF (2017) Adaptive 
model-based temperature control in friction stir welding. The International 
Journal of Advanced Manufacturing Technology:1-15. doi:10.1007/s00170-017-
0594-5 

86. Leite MS, Araújo PJP (2012) Relay Methods and Process Reaction Curves: 
Practical Applications In: Panda RC (ed) Introduction to PID Controllers – 
Theory, Tuning and Application to Frontier Areas InTech Croatia p272. 
doi:10.5772/2422 

87. Hattingh DG, Blignault, C., Van Niekerk, T. I. and James, M. N. (2008) 
Characterization of the influences of FSW tool geometry on welding forces and 
weld tensile strength using an instrumented tool. Journal of Materials Processing 
Technology 203 (1-3):46-57. doi:10.1016/j.jmatprotec.2007.10.028 

88. Anderson NA (1998) Instrumentation for Process Measurement and Control. 
Third edn. CRC Press, USA 

89. Silva ACF, De Backer J, Bolmsjö G (2015) TWT method for temperature 
measurement during FSW process. Paper presented at the The 4th International 
Conference on Scientific and Technical Advances on Friction Stir Welding & 
Processing - FSWP2015 Ordizia, Spain, 1-2 October 2015 

90. Benages Montolío S (2015) Robot Behaviour Monitoring in Friction Stir 
Welding. Master, University West, Sweden 

91. Salih OS, Neate N, Ou H, Sun W (2020) Influence of process parameters on 
the microstructural evolution and mechanical characterisations of friction stir 
welded Al-Mg-Si alloy. Journal of Materials Processing Technology 275:1-14. 
doi:10.1016/j.jmatprotec.2019.116366 

REFERENCES  

110 
 

Rührreibschweißprozesses. Technisches Messen 86 (12):765–772. 
doi:10.1515/teme-2019-0108 

85. Bachmann A, Gamper J, Krutzlinger M, Zens A, Zaeh MF (2017) Adaptive 
model-based temperature control in friction stir welding. The International 
Journal of Advanced Manufacturing Technology:1-15. doi:10.1007/s00170-017-
0594-5 

86. Leite MS, Araújo PJP (2012) Relay Methods and Process Reaction Curves: 
Practical Applications In: Panda RC (ed) Introduction to PID Controllers – 
Theory, Tuning and Application to Frontier Areas InTech Croatia p272. 
doi:10.5772/2422 

87. Hattingh DG, Blignault, C., Van Niekerk, T. I. and James, M. N. (2008) 
Characterization of the influences of FSW tool geometry on welding forces and 
weld tensile strength using an instrumented tool. Journal of Materials Processing 
Technology 203 (1-3):46-57. doi:10.1016/j.jmatprotec.2007.10.028 

88. Anderson NA (1998) Instrumentation for Process Measurement and Control. 
Third edn. CRC Press, USA 

89. Silva ACF, De Backer J, Bolmsjö G (2015) TWT method for temperature 
measurement during FSW process. Paper presented at the The 4th International 
Conference on Scientific and Technical Advances on Friction Stir Welding & 
Processing - FSWP2015 Ordizia, Spain, 1-2 October 2015 

90. Benages Montolío S (2015) Robot Behaviour Monitoring in Friction Stir 
Welding. Master, University West, Sweden 

91. Salih OS, Neate N, Ou H, Sun W (2020) Influence of process parameters on 
the microstructural evolution and mechanical characterisations of friction stir 
welded Al-Mg-Si alloy. Journal of Materials Processing Technology 275:1-14. 
doi:10.1016/j.jmatprotec.2019.116366 



 

 

  

 

 

  



 

 

Tidigare avhandlingar – Produktionsteknik  

PEIGANG LI Cold Lap Formation in Gas Metal Arc Welding of Steel An 
Experimental Study of Micro-lack of Fusion Defects, 2013:2.  

NICHOLAS CURRY Design of Thermal Barrier Coatings, 2014:3.  

JEROEN DE BACKER Feedback Control of Robotic Friction Stir 
Welding, 2014:4.  

MOHIT KUMAR GUPTA Design of Thermal Barrier Coatings A 
modelling approach, 2014:5.  

PER LINDSTRÖM Improved CWM Platform for Modelling Welding 
Procedures and their Effects on Structural Behavior, 2015:6.  

ERIK ÅSTRAND A Framework for Optimised Welding of Fatigue 
Loaded Structures Applied to Gas Metal Arc Welding of Fillet Welds, 
2016:7.  

EMILE GLORIEUX Multi-Robot Motion Planning Optimisation for 
Handling Sheet Metal Parts, 2017:10.  

EBRAHIM HARATI Improving fatigue properties of welded high 
strength steels, 2017:11.  

ANDREAS SEGERSTARK Laser Metal Deposition using Alloy 718 
Powder Influence of Process Parameters on Material Characteristics, 
2017:12.  

ANA ESTHER BONILLA HERNÁNDES On Cutting Tool Resource 
Management, 2018:16.  

SATYAPAL MAHADE Functional Performance of Gadolinium 
Zirconate/YSZ Multi-layered Thermal Barrier Coatings, 2018:18.  

ASHISH GANVIR Design of suspension plasma sprayed thermal 
barrier coatings, 2018:20.  

AMIR PARSIAN Regenerative Chatter Vibrations in Indexable Drills: 
Modeling and Simulation, 2018:21.  

ESMAEIL SADEGHIMERESHT High Temperature Corrosion of Ni-
based Coatings, 2018:23.  

 

 

Tidigare avhandlingar – Produktionsteknik  

PEIGANG LI Cold Lap Formation in Gas Metal Arc Welding of Steel An 
Experimental Study of Micro-lack of Fusion Defects, 2013:2.  

NICHOLAS CURRY Design of Thermal Barrier Coatings, 2014:3.  

JEROEN DE BACKER Feedback Control of Robotic Friction Stir 
Welding, 2014:4.  

MOHIT KUMAR GUPTA Design of Thermal Barrier Coatings A 
modelling approach, 2014:5.  

PER LINDSTRÖM Improved CWM Platform for Modelling Welding 
Procedures and their Effects on Structural Behavior, 2015:6.  

ERIK ÅSTRAND A Framework for Optimised Welding of Fatigue 
Loaded Structures Applied to Gas Metal Arc Welding of Fillet Welds, 
2016:7.  

EMILE GLORIEUX Multi-Robot Motion Planning Optimisation for 
Handling Sheet Metal Parts, 2017:10.  

EBRAHIM HARATI Improving fatigue properties of welded high 
strength steels, 2017:11.  

ANDREAS SEGERSTARK Laser Metal Deposition using Alloy 718 
Powder Influence of Process Parameters on Material Characteristics, 
2017:12.  

ANA ESTHER BONILLA HERNÁNDES On Cutting Tool Resource 
Management, 2018:16.  

SATYAPAL MAHADE Functional Performance of Gadolinium 
Zirconate/YSZ Multi-layered Thermal Barrier Coatings, 2018:18.  

ASHISH GANVIR Design of suspension plasma sprayed thermal 
barrier coatings, 2018:20.  

AMIR PARSIAN Regenerative Chatter Vibrations in Indexable Drills: 
Modeling and Simulation, 2018:21.  

ESMAEIL SADEGHIMERESHT High Temperature Corrosion of Ni-
based Coatings, 2018:23.  



 

 

VAHID HOSSEINI Super Duplex Stainless Steels. Microstructure and 
Properties of Physically Simulated Base and Weld Metal, 2018:24.  

MORGAN NILSEN Monitoring and control of laser beam butt joint 
welding, 2019:27.  

ARBAB REHAN Effect of heat treatment on microstructure and 
mechanical properties of a 5 wt.% Cr cold work tool steel, 2019:28.  

KARL FAHLSTRÖM Laser welding of ultra-high strength steel and a 
cast magnesium alloy for light-weight design, 2019:29.  

EDVARD SVENMAN An inductive gap measurement method for 
square butt joints, 2019:30.  

NAGESWARAN TAMIL ALAGAN Enhanced heat transfer and tool wear 
in high-pressure coolant assisted turning of alloy 718, 2019:31.  

ADNAN AGIC Edge geometry effects on entry phase by forces and 
vibrations, 2019:32. 

 

 

VAHID HOSSEINI Super Duplex Stainless Steels. Microstructure and 
Properties of Physically Simulated Base and Weld Metal, 2018:24.  

MORGAN NILSEN Monitoring and control of laser beam butt joint 
welding, 2019:27.  

ARBAB REHAN Effect of heat treatment on microstructure and 
mechanical properties of a 5 wt.% Cr cold work tool steel, 2019:28.  

KARL FAHLSTRÖM Laser welding of ultra-high strength steel and a 
cast magnesium alloy for light-weight design, 2019:29.  

EDVARD SVENMAN An inductive gap measurement method for 
square butt joints, 2019:30.  

NAGESWARAN TAMIL ALAGAN Enhanced heat transfer and tool wear 
in high-pressure coolant assisted turning of alloy 718, 2019:31.  

ADNAN AGIC Edge geometry effects on entry phase by forces and 
vibrations, 2019:32. 





Thermoelectric Measurements  
for Temperature Control of   
Robotic Friction Stir Welding
Friction stir welding (FSW) process has undergone a fast development in the industry, 
namely in aerospace, marine, railway, automotive, among others. So far, FSW has been 
mostly used to weld simple straight components, but nowadays there is an increased 
need for welding components with an increased degree of geometric complexity by using 
friction stir welding (FSW). However, this is a challenging task, especially when robotic 
equipment is required. The large thermal variations encountered while welding such com-
ponents create disturbances that can affect the joint integrity or, due to the low stiffness 
of the robot itself, obligate to abort the welding procedure. The industrial applicability of 
temperature control, using the innovative tool-workpiece (TWT) method, was demon-
strated to facilitate welding such components with robotic FSW. The TWT signal was 
verified to be suitable as the controlled variable, and the controller was demonstrated to 
offer a fast response to promote the necessary heat input during welding. Improved joint 
performance, with low ultimate tensile strength variation throughout the weld length and 
a reduced number of emergency stops were demonstrated while welding under tempera-
ture control. As a result, such a welding approach facilitates the development of a suit-
able welding procedure for such challenging applications, allowing a decrease in time and 
material needed during this development step. 
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