
Thermo-electric temperature measurements 
in friction stir welding – Towards feedback 
control of temperature
Friction stir welding (FSW) is a solid state welding process. This process was first devel-
oped for aluminium alloys but now it can be applied to other materials as well as to perform 
dissimilar joints. The FSW welds present good mechanical properties and low distortion. 
This process also allows us to join aluminium alloys that were, before the arrival of FSW, 
considered non-weldable. These characteristics have enabled the fast adoption of this 
process by several industry sectors such as aerospace, marine, railway and automotive. 
So far, FSW has been limited to simple straight welds of simple components. This limita-
tion is primarily due to the fact that the standard equipment used has low flexibility to give 
more rigidity. The implementation of the FSW process on more flexible equipment, such 
as robots, gives the possibility to weld 3D geometries, increasing the design opportunities 
for this process. However, welding these types of geometries is quite challenging due to 
thermal dissipation variations present during welding. Process control by using weld tem-
perature feedback has been demonstrated successfully to facilitate the welding of com-
plex geometries. This leads to the research question explored in this doctoral work: How to 
achieve high quality welds and optimize the process using temperature-controlled FSW?
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Populärvetenskaplig Sammanfattning  

Nyckelord: FSW; Temperaturmätning; TWT; Temperaturreglering; Startfas 

Friktionsomrörningssvetsning (FSW) har utvecklats snabbt i många 
industriområden då det är en av få svetsprocesser som kan skapa fogar utan porer 
och som kan uppnå en hållfasthet i fogen lika med grundmaterialets. Nya 
tillämpningar kräver avancerade foggeometrier. Det innebär att termiska 
variationer i materialet ökar och att svetstemperaturen varierar, vilket leder till 
stora ändringar i mekaniska egenskaper. Styrning av svetsparametrarna under 
processens gång kan garantera en jämn svetstemperatur, och tillåter nya 
designmöjligheter för FSW.  

Det är känt sedan tidigare att svetskvalitén påverkas av svetstemperaturen, men 
det finns ingen allmän konsensus kring vilken mätmetod, som är mest relevant 
och användbar för temperaturstyrning av FSW.  

Forskningen, som presenteras i denna licentiatuppsats fokuserar på optimering av 
en temperaturregulator för att uppnå förbättrade svetsegenskaper. Snabb och 
noggrann temperaturmätning är väsentlig för utvecklingen av en bra 
temperaturregulator. Därför harolika temperaturmätmetoder jämförts. 
Temperaturen som erhölls med en ny metod, Tool-Workpiece Termoelement 
(TWT) metoden, visade sig vara mest noggrann och responsiv. Metoden är 
baserad på en termo-elektrisk spänning mellan FSW verktyget och arbetsstycket, 
som i sin tur är relaterad till svetstemperaturen.  

Påverkan av regleringen på fogegenskaperna har undersökts genom att svetsa med 
olika miljövariabler, såsom värmespridningen i fixturen. Regulatorn tillät en snabb 
processoptimering i olika miljöer.  

För korta svetsar påverkas den totala svetstiden mest av startfasen, då verktyget 
trycks ner i materialet och behåller den positionen tills rätt svetstemperatur har 
uppnåtts.  Temperaturregulatorn användes för att snabba på startfasen på ett 
kontrollerat sätt.  

TWT metoden visade sig vara den mest lämpade metoden för optimering av 
startfasen och för att behålla en jämn svetstemperatur och därmed jämna 
svetsegenskaper. Metoden svarar tillräckligt snabbt på små variationer i 
processtemperaturen för att kunna användas för temperaturreglering. Slutligen 
kunde både programmeringstiden och processtiden förkortas genom 
temperaturmätningen  
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Title: Thermo-electric temperature measurements in friction stir 
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Friction Stir Welding has seen a fast uptake in many industry segments. 
Mechanical properties superior to fusion welding, the ability to weld 
“unweldable” aluminium alloys and low distortion are often described as the main 
reasons for the fast industrial implementation of FSW. Most existing applications 
consist of long straight welding joints. Applications with complex weld 
geometries, however, are rarely produced by FSW. These geometries can induce 
thermal variations during the welding process, thus making it challenging to 
maintain a consistent weld quality. In-process adaptation of weld parameters to 
respond to geometrical variations and other environmental variants allow new 
design opportunities for FSW. 

Weld quality has been shown to be reliant on the welding temperature. However, 
the optimal methodology to control the temperature is still under development. 
The research work presented in this thesis focuses on some steps to take in order 
to reach the improvement of the FSW temperature controller, thus reach a better 
and consistent weld quality.  

In the present work different temperature methods were evaluated. Temperature 
measurements acquired by the tool-workpiece thermocouple (TWT) method 
were accurate and fast, and thereby enhanced suitable for the controller. Different 
environmental conditions influencing the material heat dissipation were imposed 
in order to verify the controller effect on the joint quality. In comparison with no 
controlled weld, the use of the controller enabled a fast optimization of welding 
parameters for the different conditions, leading to an improvement of the 
mechanical properties of the joint. 

For short weld lengths, such as stitch welds, the initial plunge and dwell stages 
occupy a large part of the total process time. In this work temperature control 
was applied during these stages. This approach makes the plunge and dwell stages 
more robust by preventing local material overheating, which could lead to a tool 
meltdown. 
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The TWT method was demonstrated to allow a good process control during 
plunging and continuous welding. The approach proposed for control offers weld 
quality consistency and improvement. Also, it allows a reduction of the time 
required for the development of optimal parameters, providing a fast adaptation 
to disturbances during welding and, by decreasing the plunge time, provides a 
significant decrease on the process time for short welds. 
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1 Introduction 

Modern industrial demand for lighter, more complex and multi-material 
components supports the development of novel joining processes. Friction stir 
welding (FSW) gives new design opportunities due to its attractive joint 
mechanical properties, low distortion and the possibility of joining dissimilar 
materials. FSW has undergone a rapid development in several types of industries. 
In the present day, many industrial sectors have demonstrated the successful 
application of this joining process, including aerospace, marine, railway and 
automotive. 

The advance of components’ complexity, along with the increased rate of 
alterations and constant push to reduce the time-to-market raises the need for 
flexible and easily reconfigurable manufacturing processes. This requires process 
automation and control in order to guarantee quality and reduce the process 
adaptation time [1]. The use of feedback control allows the process adaptation to 
environmental and component geometrical variations. Furthermore, this 
methodology allows a systematic approach for the selection of optimal welding 
parameters, instead of the trial-and-error approach, which is often adopted [2]. 

1.1 Aim and research questions 

The temperature during welding has been reported to significantly affect the weld 
performance. Therefore, in this research work the welding temperature was 
selected as the controlled variable. The aim of this work is to accomplish accurate 
temperature measurements during the FSW process and investigate its potential 
for temperature control, answering the follow research question: 

How to achieve high quality welds and optimize the process using 
temperature controlled FSW? 

This licentiate thesis does not present a complete answer to the proposed research 
question due to its broad scope. Therefore, three sub areas were taken into 
consideration. 

• Temperature measurement method selection. 

Collecting temperature information online is a great advantage in understanding 
the process itself, providing the opportunity to improve weld quality throughout 
the use of optimal welding parameters. In addition, it reduces the need for post-
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welding inspection. Hence, accurate, fast and repeatable temperature 
measurements are essential for the development of temperature controlled FSW. 

• Effect of the temperature control on the joint quality. 

Thermal dissipation variations during welding can occur due to environmental 
conditions and the component’s geometry. This creates an instability in 
thermo-mechanical condition of the weld that affects the mechanical properties 
of the joint. In-process temperature data acquisition gives the opportunity to 
control the heat input into the weld by the adaptation of process parameters 
during welding, to counteract temperature variations.  

• Application of the temperature control during the initial weld 
stages. 

In some special applications, the weld start is a large part of the total process time, 
as in the case of short welds. In addition, in cases where the weld start area is not 
removed, it is important to fulfil the component’s quality requirements. By the 
use of temperature control, the weld start can be optimized in order to reduce the 
time and increase or maintain the quality on the weld start. 

This thesis offers better insights on the welding temperature and know-how into 
the temperature controller requirements, in order to provide a more stable, fast, 
automated process able to reach improved welds. 

A better understanding of the relation between temperature and weld quality gives 
an opportunity to improve the process itself. This knowledge allows us to further 
develop the temperature control for FSW.  

The overall objective is to guarantee a consistent weld quality on complex 
products by using temperature feedback control. Furthermore, the replacement 
of trial and error methodology by the controller, aims at a reduction in the time 
required for the development of optimal welding parameters. 

Figure 1 presents an overview of the licentiate work main study topics and related 
scientific papers published during its development. 
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Figure 1 Licentiate overview 

1.2 Limitations 

For this research work, an essential know-how is necessary from four main 
research fields: welding, control systems, measurements and robotics. The 
intersection of these four is explored as well as several parts of the individual 
fields that are required in order to complete this work. 

The welding field is limited to FSW of aluminium alloys. This limitation is mainly 
imposed by the welding equipment in terms of force and torque capability. The 
plate thickness limitation is also dependent on the stiffness characteristics of the 
equipment. The robot’s relatively low stiffness limits the path accuracy, enabling 
the occurrence of lack-of-penetration defects. Several welds were performed as 
bead-on-plate, avoiding the influence of the robot deflection on the weld quality. 

The sensors for temperature measurements were selected by the ability to be 
applied in the lab. The use of thermocouples inside of the tool is limited by the 
tool size used. The tool size selection was performed based on the plate thickness.  

For process automation, classic feedback control strategies are used. The process 
parameters are adapted by a proportional–integral–derivative type controller 
using temperature as controlled variable, to maintain a desired welding 
temperature. The weld stages transitions and other important steps are controlled 
by simple algorithms developed for the purpose.  

1.3 Thesis outline 

A brief background review is presented in Chapter 2. Here the importance of the 
aluminium and its weldability is demonstrated. A FSW process description is 
given together with welding parameters, weld properties, process advantages and 
limitations and industrial applications.  An overview of FSW control is presented. 
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In Chapter 3, the importance of temperature and the thermal aspects of FSW 
process is presented. Several methods for temperature measurements used for 
FSW are presented along with a review on temperature control of the process. 

The different stages of the FSW process are presented in Chapter 4. This chapter 
is dedicated to the weld start stages, i.e. plunge and dwell. A literature review of 
the initial stages of FSW process is presented.  

Next, experiments and system development is presented together with reference 
to the works published on the development of this licentiate. The importance and 
contribution of each work are referred and abstract highlighting work in 
appended papers. Finally, conclusions and planned future work are presented in 
Chapter 6 and Chapter 7 respectively. 
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2 Background 

Aluminium is one of the most consumed metals. The industrial interest in 
aluminium alloys is mainly due to its resistance to corrosion and low density 
combined with high strength of modern aluminium alloys. This characteristic 
makes aluminium highly important for transportation industries since it 
enables lower fuel consumption by weight reduction. In addition, aluminium 
also presents high ductility, offering formability, low electric resistance and is 
considered almost 100% recyclable [3].   

2.1 Aluminium welding 

Aluminium alloys are divided into several series depending on their respective 
composition and mechanical properties. Series 1xxx is pure aluminium. It 
presents very limited applications due to its very low strength, yield and 
tensile strength of 30 MPa and 70 MPa, respectively [3]. For this reason, the 
aluminium is alloyed with other elements, which offer the desired properties. 
Aluminium alloys are commonly classified in heat treatable, work hardened 
or cast alloys [4]. Heat treatable alloys (2xxx, 6xxx and 7xxx) are strengthened 
by precipitation of secondary phases [3, 4]. In the case of the work hardened 
alloys (1xxx, 3xxx and 5xxx) a solid solution strengthening process takes 
place [3]. The strengthening is achieved by cold work (strain hardening) or 
microstructure refinement (reduction of grain size of substructure formation) 
[4]. Al-Si and Al-Si-Cu are casting alloys (4xxx). The strengthening is achieved 
by the combination of fine Si eutectic phase dispersed in to the matrix and 
precipitation process [3]. 

Welding is an essential process in the manufacturing industry. The welding 
process selection is critical and depends on several factors such as the 
material, geometry and quality desired of the part being welded [5].  

Most aluminium alloys can be welded by Shielded Metal Arc Welding, Gas 
Metal Arc Welding, Tungsten Arc Welding and laser beam welding  [5, 6]. 
However, 2xxx, 7xxx and 8xxx aluminium series are challenging to weld with 
fusion welding techniques, such as the ones described. Fusion welding 
techniques consist of melting the material in order to be joined. Problems 
such as porosity, weld metal cracking and HAZ liquation cracking are 
frequently found when arc welding aluminium alloys [7]. These aluminium 
series have been classified as non-weldable materials up until the discovery 
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of FSW. The fact that FSW occurs in a solid state makes it possible to weld 
all existing aluminium alloys [7].  

2.2 Friction stir welding 

Friction Stir Welding is a welding technique developed in 1991 at The 
Welding Institute (TWI). Since then many universities, research institutes and 
companies invested in research and development of this joining process [7]. 
FSW was initially developed to weld aluminium alloys, however currently it 
is also possible to weld other materials such as steel, magnesium, copper, 
titanium and nickel [3, 7]. Moreover, it is possible to perform joints of 
dissimilar materials. 

2.2.1 Process description 

The FSW process is a solid state welding technique based on deformation 
bonding [3]. It uses a non-consumable tool consisting of specially designed 
probe and shoulder. The tool under rotation is forced into the workpiece 
material. 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 the material [3, 7]. Once the penetration is complete, 
the tool moves forward in the joint direction. The hot and softened material 
is forced by the tool rotation to flow around the probe allowing the material 
to mix [3, 5, 7]. As a result, the joint is completed in a solid state, no melting 
of the material is required [3]. A schematic representation of FSW process is 
presented in Figure 2. 

 

Figure 2 Schematic presentation of the friction stir welding process: plunging, 
welding and tool retraction stages. 
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Due to the weld dynamics, the material flow during the weld is not symmetric 
[3], see Figure 3. On one side, the direction of tool rotation has the same 
direction as the tool movement. This side is called the advancing side. Here, 
the probe drags the plasticised material to the front of the tool against the 
tool movement. On the retreating side, the direction of tool rotation is 
opposite to the direction of tool movement. Here, the rotational material 
flow and the material flow created by the tool movement has the same 
direction [3, 7]. At the end, the travel stops and the tool is removed, still 
under rotation, leaving an exit hole. The exit hole is commonly machined 
away or filled afterwards, depending on the demands of the application. 

 
Figure 3 Schematic presentation of the material flow created by the tool movement 
(blue) and the tool rotation (red). 

The main welding parameters of the FSW process are the welding speed, 
rotation speed, axial force or tool position and tilt angle.  

The rotation speed promotes the heated material stirring around the tool and 
thereby mixing the material. The friction between the tool and the workpiece 
material promoted by the tool rotation is responsible for a large part of the 
heat generated [3]. Simultaneously, the welding speed stimulates the material 
moving from front to back of the welding tool [3, 5]. After the tool has 
passed, the material cools down. The welding speed influences the overall 
thermal cycle.   

The normal force applied by the tool against the workpiece surface is 
normally referred to as axial force. When welding in force controlled mode, 
the FSW tool maintains a constant contact force with the workpiece surface. 
This parameter strongly affects the friction on the shoulder-workpiece 
surface and thereby influences the heat generated during welding. The axial 
force is only used as a parameter when the equipment has force control. In 
case the equipment does not offer force control the tool position is 
controlled instead and the force is an output of the process [7]. 
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The welding speed, rotation speed and axial force have a high impact on the 
heat input and material flow [3]. These will strongly affect the heat generation 
affecting the peak temperature and final joint mechanical properties. They 
will also affect the spindle torque and  the process forces on the tool: the 
force on the workpiece plane experienced by the tool from the retreating side 
to the advancing side and force from front to back due to the tool forward 
movement [8].  

The tilt angle is the angle relative to the normal plane of the workpiece and 
the tool central axis. This angle enables the material to be better contained 
by the shoulder and improves the material flow. It is normally kept between 
0° (tool perpendicular to the workpiece) and 3°, tilting backwards toward the 
trailing edge of the tool [3].  

The FSW tool design plays an important role in the success of a weld. Its 
main function is to provide frictional heat and promote the material flow in 
the process. The tool is composed of a shoulder and a probe, see Figure 4. 
The different features on the tool affect the material movement around the 
probe creating temperature and strain rate gradients [3].  

 
Figure 4 Example of FSW tool design 

During the FSW process the shoulder is kept in contact with the workpiece. 
Its main function is to contain the hot material in the stirred zone [3, 7]. The 
shoulder also influences the material flow and heat generation.  A plane, 
concave or convex shoulder geometry can be used. A concave shoulder aims 
to hold the material within its concave shape during welding. The use of a 
convex shoulder provides some tolerance to workpiece thickness variation. 
This type requires a negative scroll, spiral or grooves to contain the material 
on the stirred zone. The presence of scrolls on the shoulder enhances the 
material flow [3]. The shoulder under high pressure and shearing action is the 
main heat source in this process [7]. 

The probe is the part of the tool inserted into the material during welding. It 
provides material flow parallel to the plate, front to back, and material flow 
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perpendicular to the plate, top to bottom. The material flow can be enhanced 
by the probe design. Cylindrical or conical shape is commonly used. Threads, 
spiral steps, flats or flutes can be added to improve the material flow [3]. For 
butt joints, the probe length commonly used is typically a few tenths of a 
millimetre shorter than the plate thickness [7]. 

The selection of parameters is of high importance for the final weld result. 
The use of a proper combination of welding parameters is essential in order 
to accomplish defect free joints. Their selection will affect the weld 
microstructure and mechanical properties. Silva et al. [9] performed a 
statistical optimization of the weld parameters for aluminium alloy 6082-T6 
with 3 mm thickness. It was shown to achieve the highest ultimate tensile 
strength using 1000 rev/mm, 4.8 mm/s, a tool penetration of 2.85 mm and 
a tool with a 12-15 mm of shoulder diameter. The shoulder diameter, welding 
speed and rotation speed were shown to be the welding parameters which 
strongly affected the tensile strength.  

Within the process, other variables can affect to a less significant extent the 
weld quality. A clamping system is required in order to clamp the weld parts, 
hence not allowing the tool to push the workpiece components apart [7]. The 
clamping force as well as the thermal diffusivity of the material used on the 
clamps and its location affects the weld conditions [10, 11]. The machine 
characteristics such as stiffness, tool eccentricity and control precision, can 
also affect the weld quality [3]. Also, each workpiece material and thickness 
requires a different parameter set [12].  

2.2.2 Microstructure and joint properties 

The performance of the welded components is defined by the microstructure 
and mechanical properties of the welded material. The microstructure reflects 
the thermo-mechanical history occurring in the weld [3, 5]. The extreme 
plastic deformation at high temperature creates a fully recrystallized, 
equiaxed, fine grain microstructure [3]. This fact makes the FSW 
microstructure very different from other welding techniques. 

The FSW microstructure is composed of four zones, see Figure 5. The stirred 
zone (SZ), also named weld nugget, is the area though which the probe 
traversed [3]. A recrystallized fine-grained microstructure is characteristic of 
the SZ [3, 5]. The grain size is dependent on the welding parameters, as well 
as tool geometry, surrounding environment and workpiece material 
composition [5]. The thermo-mechanically affected zone (TMAZ) is not 
found in the microstructure of fusion welded joints. This zone is 
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characterized by the material plastic deformation and temperature 
experienced by the material [3, 5, 7, 13]. The insufficient deformation strain 
in this zone does not allow recrystallization, but it leads to an extreme 
deformed structure [5, 7]. The material at the heat affected zone (HAZ) 
experiences a thermal cycle but not plastic deformation. The thermal cycle 
experienced is enough to affect the microstructure and/or mechanical 
properties. On the outside of these weld zones is found the base material. 
This is the material which is unaffected by the process. It may suffer a thermal 
cycle but without affecting the microstructure and/or mechanical properties 
[3, 7].  

The material movement during the weld does not occur in a homogeneous 
way, hence an inhomogeneous microstructure is produced. The advancing 
(AS) and retreating side (RS) are easier distinguished on FSW macrostructure, 
see Figure 5.  

 

Figure 5 FSW macrostructure 

The weld microstructure reflects the joint mechanical properties. This is not 
only depending on the thermo-mechanical condition caused by the weld 
parameters and surrounding environment, but also dependent on the 
workpiece material itself. 

Al-Mg-Si alloys, from 6xxx series, are heat treatable alloys, where  is the 
strengthening phase formed during artificial aging heat treatment. The heat 
created during welding goes above the precipitates dissolution temperature 
(160 °C), enabling its dissolution into the matrix. This leads to a decrease of 
hardness on the weld zone, with typically a minimum on the TMAZ-HAZ 
boundary, creating a typical W shaped profile [3, 5, 7]. 

Work hardened alloy strengthening is obtained by combination of cold work 
and annealing, and is strongly dependent on the temper. During FSW, the 
heat allows thermal recovery, leading to a reduction of dislocation density 
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created during temper, and thereby reducing the hardness in the weld zone. 
[3, 7]. 

The joint mechanical properties are also influenced by the presence of weld 
defects. These can strongly compromise the mechanical properties of the 
joint. The use of non-optimized weld parameters or lack of process control 
is the most common source of defects development on the weld [7]. 
Common defects developed during FSW are: voids, flash and lack-of-
penetration [7, 12], see Figure 6.  

 

Figure 6 FSW common defects: (a) voids/wormhole and grooves; (b) flash, lack-
of-penetration and thinning; (c) oxide lines remnant; (d) hooking. 

Voids are volumetric defects normally found at the advancing side and on 
the bottom part of the weld [7]. The use of inadequate welding parameters 
such as low axial force, high welding speed and low rotation speed promotes 
the occurrence of this flaw type [7, 12].The use of weak clamping, allowing 
the workpiece plates to separate under the welding forces, or the use of an 
inadequate joint gap width, also contributes to the formation of this defect 
type . Wormhole is a continuous tunnel void shape normally found at the 
bottom part of the weld. The tilt angle of the tool and geometric features of 
the probe improves the material flow avoiding occurrence of voids [7]. Also, 
the use of larger shoulders had been reported to decrease this defect 
formation due to the increase of heat generation, and material flow 
improvement [12]. Volumetric flaws are commonly found inside of the weld 
and not observable by visual inspection. Wormhole flaws can extend until 
the weld surface and appear as a groove [7].  
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Flash is formed by the soft material near the shoulder edges that is expelled 
[12]. Flash are commonly observed on the weld surface and do not 
necessarily deteriorate the joint quality. Its development is mainly due to 
excessive tool penetration. It can be deliberately caused in order to ensure 
the adequate penetration, avoiding the lack-of-penetration defect [7].  

Oxide inclusion lines are inadequately dispersed oxides (Al2O3) originating 
from the workpiece abutting surfaces. The use of high welding speeds and 
inadequate tool geometries supports the formation of this flaw [7, 12]. The 
use of high rotation speed induces enough heat input and material stirring to 
achieve a better distribution of the oxide particles [12]. 

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 root flaws or also called lack-of-penetration [7, 12]. This 
defect is difficult to observe by visual inspection or microstructure analysis, 
and strongly affects the joint fatigue life [7].  

The use of an excessive shoulder penetration leads to a reduction of the 
effective plate thickness. This is defect is commonly referred as thinning. 

The hooking defect is commonly found on lap joint configuration. It is a 
crack-like unwelded region on the edges of the weld zone [9]. The use of long 
probes and high rotation speed has been reported to decrease the 
development of this defect [14]. 

Friction stir welding has demonstrated better mechanical properties than 
most other welding techniques for aluminium alloys.  

Moreira et al. [6] compared mechanical properties of aluminium alloys 6xxx 
series when welded with metal inert gas (MIG), friction stir welding and laser 
beam welding. A lower yield stress value was reported for FSW, but higher 
rupture stress and elongation. AA6082-T6 FSW samples presented a rupture 
stress of 70 %, a yield stress of 51 % and an elongation of 25 % from the 
base material. The hardness profiles had demonstrated a softening of 33 % 
of the material base, presenting lower values on the retreating side. A shorter 
material length affected by the welding when compared with MIG was 
reported. However, LBW presented shorter material length affected by the 
welding than FSW samples. FSW samples presented higher fatigue life than 
MIG samples. 

Siqueira et al. [15, 16] compared FSW, LBW and riveting techniques, 
commonly used for joining aircraft fuselage, stringer to skin. The laser sample 
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when tensile tested, applying the strain only in the skin, presented an 
improvement of 16 % compared with the rivets, and FSW an improvement 
of 23 %. Both, LBW and FSW reach a 260 % increase of elongation 
compared with the riveted sample.  The failure in LBW sample occurred on 
the weld zone and the FSW sample failed outside of this area. In case of T-
pull tests the sample welded by LBW presented better results.  

2.2.3 Advantages and limitations 

FSW is considered a green technology with good energy efficiency, 
environmental friendliness and versatility [3]. 

During FSW lower temperatures are reached than the traditional techniques. 
This fact provides several advantages when compared to the traditional 
welding techniques, such as low residual stresses and distortion [3, 7, 12]. 
Also, defects as pores formation and hot cracking are avoided [12]. As well, 
it presents no loss of alloying elements, the fine grain microstructure provides 
good mechanical and fatigue properties, formability and superplasticity to the 
joined material [3, 12].  

FSW is considered an environmentally friendly welding process. FSW does 
not require the use of shielding gas or flux for the weld protection and filler 
wire added to the weld [3, 7, 12]. FSW uses a non-consumable tool and does 
not achieve temperatures that require shielding protection in the case of 
aluminium welding. These factors make the process less expensive [3]. 
Harmful gas emissions formed during welding are avoided by the use of FSW 
due to the lower welding temperatures. Also, FSW does not require time-
consuming pre- or post-weld surface treatments [3, 7]. Moreover, it is an 
energy efficient process. FSW does not use any external heat source, the heat 
is self-generated by the process [7]. Reportedly, laser welding uses 2.5 % of 
the energy required for laser welding [13]. 

The fact that there is no need for filler wire and the low process temperature 
avoids problems of compatibility of composition and solidification cracking 
commonly found in fusion welding methods. FSW can weld all aluminium 
alloy series even the previously referred to as “non-weldable” alloys such as 
2xxx, 7xxx and 8xxx series, which is not possible by traditional methods [3, 
7, 12]. It opens also the possibility to perform dissimilar alloys between 
different aluminium alloys, as well as, between other different materials, such 
as aluminium to magnesium, steel, copper or metal matrix composites [3, 7].  
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FSW presents high versatility. Different welding position, including upside 
down welding, are possible due to the material not be affected by the gravity 
force due to be no melted. Most of geometric structural shapes, 1-3D and 
different joint types are possible to perform using FSW [3, 7].  

Thick section welds over 100 mm can be performed in a single pass, making 
this technique faster than the traditional fusion techniques and the FSW a 
competitive technique [7]. 

Limitations are also found in this welding process. The process requires the 
use of a backing bar below the workpiece [3]. In addition, the process requires 
the use of a clamping system to restrain the workpieces. This needs to be 
adapted for each new geometry, adding cost to the welding operation. The 
plates should be firmly clamped due to the lateral forces involved in the 
process. Enough force should be applied onto the plate in order to avoid 
separation of the plates [3, 10].  

The forces generated during welding also limit the equipment use. FSW 
requires a stiff equipment that is normally at high initial cost [17]. Also, the 
equipment size, weight and structure makes the use of FSW for complex weld 
shapes and large structures difficult [7]. The equipment size makes its 
transportation difficult, and thereby, difficult to use in outdoor 
environments. An equipment with limited stiffness, as is the case for 
industrial robots, generates misalignment of the tool with the joint, creating 
lack-of-penetration defects. 

The exit hole remaining at the end of the weld can be a geometric limitation 
on the structure [7]. It is often required to be cut or filled. Process-specific 
welding defects, different from the ones found in fusion welding, are found 
as presented in 2.2.2. 

FSW has demonstrated capacity for welding high strength alloys, such as 
steel, titanium, nickel and molybdenum. However, the welding process of 
these materials takes place at higher temperatures. Tool materials required 
need to be improved in order to increase its lifetime and cost-effectiveness 
for applications using such materials [7].  

2.2.4 Applications 

Transportation industries have presented high interest to use FSW due to its 
advantages for weld aluminium alloys such as marine, aerospace, railway and 
automotive. 
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This first commercial application of this welding technique is believed to be 
the joining of AA6xxx extrusions used for fishing vessels. Due to the low 
distortion FSW is optimal for welding flat panels and opens opportunities to 
be used also for welding bulkheads and decks components. The low 
component distortion is a major benefit in the case of shipbuilding 
applications [7]. 

Aerospace has shown a fast adaptation of the friction stir welding process. 
The fact of FSW being able to weld high strength aluminium alloys, such as 
2xxx and 7xxx series, when other welding technologies were not, has 
provided new opportunities to these alloys and increased the interest on this 
welding process in aerospace industry [3]. Delta II and IV rocket fuel tanks 
were the first applications in aerospace industry. Fuel tanks from the space 
shuttle were also welded by FSW [7]. Airbus have been exploring FSW since 
1998, specially for wing applications such as wings ribs and fuselage barrel 
sections [18]. Eclipse 500 business jet was the first aircraft with an extensive 
use of FSW for rivets replacement [7]. The rivets replacement is of interest 
of many aerospace companies due weight saving and thereby reduced fuel 
consumption [19]. 

This welding technique has been used to weld long extruded panels for high 
speed trains [3, 7]. Hollow extruded long structures are friction stir welded 
together to produce rail cars. FSW characteristics contribute to the 
crashworthiness required for aluminium vehicles, avowing the fail in the 
HAZ along the weld seams. In this application, the low distortion of the 
component is one great advantage of using FSW. Some examples of railway 
applications are found at Copenhagen and Munich suburban trains using 
extruded panels produced by SAPA. Also, FSW was applied in high speed 
trains in Japan [20, 21]. 

Suspension, wheels, seats, crash boxes are some of the components in 
automotive industry using FSW for joining the different parts [7]. The central 
tunnel of Ford GT, housing the fuel tank, have been join by FSW [3, 7, 22]. 
DanStir in Denmark weld car wheels by FSW, reducing by 20-25% the wheel 
weight. For manufacture the wheel the central part, cast or forged, is welded 
to the rims, made of wrought alloy [22]. In 2001, FSW was apply in rear seat 
frame from the Volvo V70 station wagon. These are produced by SAPA in 
Sweden by welding hollow aluminium extrusions from both sides 
simultaneously. Madza in Japan uses FSW for welding the rear doors and 
bonnet of the Madza RX-8 [18, 22] Also, FSW is use to attach steel studs to 
the MX-5 Miata’s aluminium inner-trunk panel by spot-welding thin 
aluminium sheets [23]. FSW is used for making the centre closing panel of 
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the Audi R8. This led to reducing the vehicle weight and also increasing the 
efficiency, due to savings in material (more than 20 %) and forming cost [18]. 
Honda have use FSW on the front subframe, which carries the engine and 
some suspension components, of the Honda Accord. These are made of 
aluminium and steel halves.  This was announced as the first use of FSW, 
continuous or linear, in a bi-metal structural component of a production 
vehicle [23].  

This welding method have an increase of interest for electronic applications, 
due to its guarantee of hermeticity, avoid flux contamination or spatter inside 
the components. Also, avoid excessive heating of the component. Micro 
FSW has been applied for hermetically sealed package used in electronics 
[24]. As example is the iMac from Apple. The use of this technology provide 
a slim the device up to 40 % [25]. 

The high thermal conductivity and corrosion resistance of aluminium make 
it suitable for cooling applications, such as heat sink and water coolers. ABB 
Semiconductors AG have been using heat sink box welded by SAPA using 
FSW.  The leak-proofness of this components were tested by helium leak 
detection and water-pressure test. Also, Sapa produces heat sink panels by 
using FSW. The levelness from the produced panels is lower than the 
required tolerances [26]. The use of FSW channelling is capable of produce 
channels for water cooling components [3]. 

2.2.5 Automated FSW  

During FSW disturbances from many sources can occur such as the 
equipment stiffness; material thickness variation/deviation; thermal variation 
induced by the components geometry or equipment, the clamp system 
material, force or position; the tool material, design or/and wear and other 
unknown disturbances [17, 27].  

The application of FSW to 3D complex components require the use of 3D 
capable equipment, as is the case with robots. These offer the flexibility for 
adaptation to a large range of products in contrast with the standard FSW 
equipment [17]. This equipment should present enough stiffness to be 
capable of handling the high process loads with tolerable deflections [17, 28]. 

In a production environment, the occurrence of disturbances is more difficult 
to predict than in a research laboratory. Linear welds are commonly used 
especially in research studies. In such cases, the welds have consistent 
environmental conditions and the repeatability is high for the respective case. 
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This is not the case for complex 3D components that are usually more 
difficult to weld due to high variations in thermal dissipation [29].  

The development of an appropriate process control system is thereby 
required in order to assure the weld quality [17, 27]. The use of a closed-loop 
control strategy allows the adaptation to a large number of conditions that 
do not need to be well known before welding [27].  

Parameter window development is often a manual task performed in a trial-
and-error approach. This time-consuming approach can be improved by the 
use of a control system that adapts the welding parameters to achieve the 
desired condition. This can also lead to a decrease of the required input 
parameters for welding and the process will be less sensitive to variations 
during welding by using a controller [2, 29].  

Different control strategies can be applied. Depending of the desired control 
action, the system can include external sensors, or use the internal signals in 
the equipment.  

Position and force control have both been used successfully for FSW and is 
still an area for research. In position (displacement) control, the tool follows 
a pre-programmed path in axial direction. In the case of force control the 
axial force is maintained constant by adapting the tool position [3, 17, 27]. 
The parameters set are the plunge depth in position control, and axial force 
in force control [7]. When in position control the workpiece thickness 
variations can affect the tool position related to the workpiece surface, 
forcing the shoulder surface into the workpiece surface [27]. Flash formation 
can occur due to the higher force and temperature developed. Elevated 
welding temperatures using position control instead of using force control 
has been reported [2].  Force control can offer a uniform weld quality by 
adapting the tool position into the workpiece surface keeping the same force 
during the process. The use of force controller also offers the possibility to 
overcome the difficulties of robot deflection [27, 28].   

The force controller has been implemented and verified successfully. 
However, the controller is by itself not sufficient [28]. Thermal variations can 
occur due to several factors, such as presence of cavities, thickness variations, 
proximity to the workpiece edge or flange width, reduced cross section, 
corners and curved paths, as illustrated in Figure 7. These conditions affect 
the temperature dissipation, thus affecting the welding temperature [27, 28]. 
Welding in such conditions can be challenging. Temperature control for FSW 
has been proven to improve the weld quality by keeping the temperature 
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constant within the prescribed welding temperature range during welding [11, 
28, 29]. 

The temperature control has been demonstrated to be efficient when backing 
bars with different thermal diffusivity are applied to impose a thermal 
variation during welding as described by Fehrenbacher et al. [27] and De 
Backer et al. [2]. The temperature controller has been able to keep the 
temperature stable when the backing bar material changed. However, the 
difference in temperature for different backing bar materials was reported to 
be 10 times higher when no controller was used [27].  

  

Figure 7 Possible thermal condition variations: (a) backing bar material with 
different thermal diffusivity; (b) thickness variation; (c) cavities in the workpiece; 
(d) holes and workpiece width or flange reduction; (e) curvilinear paths 

Especially in robotic FSW, where the use of force control is primarily used 
to perform the weld, overheating can lead to damage to the tool and fixture. 
The increase in material temperature makes it softer and less resistant to the 
high force applied. Due to the deflection of the robot, a force will cause the 
tool to sink down into the workpiece [27, 29]. This is usually referred to as 
“meltdown”. This may damage the tool, backing bar or even the equipment 
[29].  

The temperature controller was the focus of this work. However, the force 
controller has been used together with the temperature controller in a 
separated closed loop controller.  
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3 FSW temperature 

Previous studies have demonstrated a direct effect of weld temperature on the 
mechanical properties of FSW joints [11, 27]. The weld temperature distribution 
as well as the material flow during welding determines the formation of defects, 
microstructure evolution and consequently, the resulting mechanical properties 
of the joint.  

A welding parameters window based on “hot” and “cold” weld boundaries is 
usually adopted to achieve defect free welds. The combination of high rotation 
speed and low traverse speed, in literature often denoted “hot welds”, can lead to 
flash formation and to microstructure modifications that can diminish the joint 
mechanical properties. “Cold” welds, achieved by the use of low rotation speed 
and high traverse speeds, result in void formation and can lead to tool fracture [7, 
12]. A minimum weld temperature is required in order to obtain sufficient material 
mixing [11]. This means that the weld temperature during friction stir welding 
should remain within a certain temperature range in order to obtain defect-free 
welds [7]. 

The welding parameters do not directly affect the material properties, on the other 
hand, the welding parameters will originate process responses, such as the 
temperature, that will affect the weld [30]. Temperature, cooling rate and strain 
rates presents a more direct effect on the material properties than the welding 
parameters itself. Thus, in order to study the welding parameters outcome on the 
material properties it is important to gain understanding of how welding 
parameters affect the temperature, cooling rate and strain and the influence of 
these on the material properties.  

3.1 FSW thermal aspects  

The heat generated during FSW is mainly due to the tool rotation and pressure 
on the workpiece and the tool movement through the material. In addition, the 
tool design and material being welded contributes to heat input [7]. The heat in 
FSW is generated by friction at tool-workpiece interface and by material plastic 
deformation [3, 31-33]. 

Friction is the mechanism producing most of the heat due to the high rotation 
speed and pressure involved in the process that creates high differential velocities 
on the workpiece surface [33, 34]. It is mainly affected by the rotation speed. An 
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increase in rotation speed results in higher relative material velocity leading to 
higher frictional heat generation [34]. 

The heat generated by plastic deformation is related to the material’s resistance to 
deform, which creates internal frictional forces. The heat generated by plastic 
deformation increases drastically with the shoulder contact, corresponding to 18-
25 % of the total heat generation [33, 34]. The material deformation not only 
contributes to the heat generation but also promotes the heat distribution around 
the weld zone [7]. The weld power converted to plastic deformation can be stored 
into the microstructure, however the larger part is converted to heat energy [3]. 

During welding the heat produced is transferred from the weld to the tool body, 
the backing bar, surrounding workpiece material and to the air by conduction, 
convection and radiation [3, 7], see Figure 8. The heat is distributed in an unequal 
way around the weld zone. The tool’s heat capacity, relative velocity and the tool-
workpiece contact area affects the heat distribution. The backing bar and thermal 
conductivity of the tool drives a large part of the heat flow [3].  

 

Figure 8 Heat dissipation during FSW process. 

There is no consensus in literature on the location of the peak temperature in the 
weld. Higher temperatures have been stated to be in the vicinity of the tool-
workpiece interface. The periphery of the shoulder was reported by Su et al. [35] 
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, was reported as the area with lower energy density [35]. The 
shoulder has been reported to have more influence on the heat generation than 
the probe [33]. That support Su et al. findings. However, others researchers, as 
Gerlich et al. [36], have reported the peak temperature at the tip of the probe [36]. 
Su et al. [35] reported the peak temperature at the advancing side towards the 
trailing edge of the probe, demonstrating the asymmetric temperature field due to 

20 
 



FSW TEMPERATURE 

the non-uniform material flow around the tool [35]. The transition from the probe 
to the shoulder has also been reported as the hottest point of the weld [37]. 

No consensus is found in the literature related to the peak temperature value [7]. 
The self-limiting theory has been proposed where a steady state condition is 
achieved. The occurrence of local melting is suggested, when the material solidus 
temperature (TS) is reached during welding. The material viscosity at the tool-
workpiece interface decreases and the material transfers from a stick to slip phase 
as the TS is reached, decreasing the flow stress and heat generation due to the 
reduction of friction [7, 13, 38]. The temperature drop makes the viscosity 
increase again and thereby the heat generation and temperature. Therefore, the 
peak temperature during this cyclic state is expected to be the solidus temperature 
of the base material. However, the deformed material cannot present a high 
volume of melted material due to heat generation being viscosity-dependent [36]. 
Weld temperatures below the TS have been reported. These are in the range of 
80 % TS [39], 60-90 % TS [13] or 80-90 % TS [40]. 

3.2 Temperature measurement 

The extreme material deformation occurring during the process at the stirred zone 
have made it difficult to produce a confirmation of the peak temperature through 
experimental validation [7]. The passage of the rotating probe makes it difficult 
to use standard methods, as thermocouples, for acquiring peak temperature at the 
stirred zone [13]. For this reason, standard temperature measurement methods 
often lack the required repeatability, accuracy or speed for industrial use. 

Temperature measurement during FSW has been explored by several researchers 
and different methods have been applied in order to measure or predict the weld 
temperature, such as, thermocouples embedded in the workpiece or in the FSW 
tool, thermal cameras, microstructure analyses and simulation models. A review 
of methods for temperature measurement during FSW can be found in 
“Temperature Measurements during Friction Stir Welding” journal article 
appended to this licentiate thesis (PAPER B).  

The use of embedded thermocouples located inside the workpiece measurement 
has been the most common temperature measurement method found in the 
literature [7, 13, 21, 41, 42]. The measurements have suggested temperatures 
around 500 °C during aluminium FSW. However, the rotating probe and the 
strong plastic deformation in the stirred zone makes the thermocouple location 
uncertain. Thus, its data should be interpreted with caution [7]. Some researchers 
reported that the thermocouple at the joint line may be destroyed when the probe 
passes by [37]. It has also been reported that the probe passage does not destroy 
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the thermocouple at the weld centre but may change its position due to the intense 
material flow [13].  

The maximum temperatures reported have been close to the stirred zone border 
and present a decrease with increasing distance from the joint line [13, 43]. In 
order to forecast the peak temperature, regression analysis of temperature data 
acquired using thermocouples at various locations has been applied to extrapolate 
a weld temperature as function of the distance to the joint line [44, 45]. Due to 
the complexity of interrelated parameters such as geometry, material tolerances, 
clamping and backing of production parts, it is in practice challenging to predict 
the temperature in stirred zone from measurements elsewhere. The 
thermocouple’s vertical position inaccuracy may also lead to temperature 
inaccuracy, which reflects the vertical heat dissipation towards the backing bar. 
Thermocouples located at the top of the workpiece to be welded measure a higher 
temperature than those located in the bottom, especially when highly thermally 
conductive material is used as backing bar [13, 39]. Hence, different thermocouple 
locations may be found in different studies, making them challenging to compare 
with each other.  

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 and the thermocouples cannot be 
reused [37]. Furthermore, the method cannot be used for weld inspection 
purposes in production since the thermocouples cannot be removed without 
damaging the welded part. 

Relations between the temperature and the microstructure evolution have been 
used to estimate the welding temperature. The temperature distribution affects 
the weld microstructure, namely grain size, grain boundary, coarsening and 
dissolution of precipitates and thereby this can offer an estimation of the welding 
temperature [4, 13]. 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 
[7, 13, 45]. The temperature estimated has been made in relation to secondary 
phase dissolution, suggesting a peak temperature between 425 and 500 °C [4, 7, 
13]. This corroborates with data range obtained by using thermocouples 
embedded in the workpiece [7]. The temperature estimation by microstructure 
evaluation is only possible by destruction of the joint after welding. Thereby, this 
method is not possible to use for online data acquisition, and therefore, not 
applicable for feedback control of the process [13]. However, the microstructure 
analysis, due to direct relation with the joint mechanical properties, can offer a 
good estimate of the weld quality.  

22 
 



FSW TEMPERATURE 

Numerical models of FSW have proven to be a great tool for better understanding 
of the process. Models for prediction of temperature distribution and material 
flow during the weld, as well as, the residual stresses and microstructure evolution 
have been developed in recent years [7, 37]. Other simulations attempted to 
predict the energy input per weld length, peak temperature and temperature field. 
However, verification of thermal models require accurate experimental 
temperature data from the welding process, which is difficult to obtain. Also, due 
to the limited number of temperature data acquired during experiments, it is 
difficult to acquire a high spatial and temporal resolution, which is needed as input 
for the models [37]. Numerical models are based on well-known boundary 
conditions, but in industrial environment unpredicted circumstances such as, 
clamping force, tool wear, preheating or variations in material properties and 
geometry may affect the predictions [46]. Also, difficulty to estimate the friction 
coefficient under sliding-sticking conditions occurring during FSW process makes 
the absolute temperature problematic to predicts [29]. 

Thermographic equipment, such as pyrometers and thermal cameras, have been 
tested for FSW temperature measurements. However, their repeatability is 
compromised by other possible radiation sources, such as the hot FSW tool that 
presents similar temperature magnitudes and large temperature gradients. In 
addition, the high reflectivity of the aluminium surface makes the measurements 
uncertain [27, 37]. Thermographic methods are limited to the shoulder edge 
temperature and thus, they cannot register the temperature peak, causing a slow 
time response to changes in the FSW temperature during welding [37].  

The use of thermocouples embedded in the tool has been investigated in several 
studies. As in the case of the thermocouples embedded in the workpiece, the 
measurements of thermocouples embedded in the tool will strongly depend on 
their position [47].  

The thermocouple is usually inserted through a drilled hole in the tool and set as 
close as possible to the interface tool-workpiece. This promotes faster time 
response to disturbances on the weld zone [11, 27, 37, 48]. Direct contact of the 
thermocouple with the base metal, aluminium, that presents high thermal 
diffusivity, has been reported by Fehrenbacher et al. [27] to promote faster 
identification of temperature changes. However, the use of the thermocouple 
close to the interface tool-workpiece increases the risk of thermocouple failure by 
breakage during welding [28]. Furthermore, the need for a pre-drilled hole is time 
consuming and makes the tool costly.  

The temperature distribution throughout the tool vary along the tool-workpiece 
interface. For this reason, the use of a single-point measurement is debateable, 
and questionable for representation of the absolute temperature [7]. 
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Thermocouples placed in different location were used to measured temperature 
during FSW of thick copper plates by Cederqvist et al. [48, 49]. It was reported 
that there was a faster reaction by the thermocouple located in the inner shoulder 
diameter than by the thermocouples on the outer shoulder diameter and inside 
the probe. Similar results were reported by Fehrenbacher et al. [27, 37], where 
higher weld temperature readings were obtained by the thermocouple located at 
the shoulder interface than by the thermocouple at the probe interface. A 
difference of about 20 °C was reported between the thermocouple in the shoulder 
and in the probe. In addition, temperature oscillations of 15 °C were obtained for 
each tool revolution, suggesting a peak temperature located on the advancing side 
towards the trailing edge of the tool [28].  

The thermocouples embedded in the FSW tool are easier to apply when larger 
tools are used. Larger tools makes it possible to use more than one thermocouple. 
However, in the case of small tools, the number of thermocouples is limited and 
it is more difficult to locate them in the preferred position. In some cases it is not 
even possible to adapt a thermocouple on the tool [2]. 

Even by using the thermocouple in the optimal location, due to the dynamic 
response of the thermocouple, the temperature measured will not correspond 
perfectly to absolute temperature. Fehrenbacher et al. [28, 37] calculated the true 
temperature by measuring the embedded thermocouple dynamic response, using 
the laser flash method. Another challenge found using this method is the data 
transition from the tool under rotation. A wireless system was used for data 
transmission by Fehrenbacher et al. [28, 37]. Megastir telemetry systems has been 
applied for data transmission, however more used for welding of high strength 
alloys. 

The use of thermocouples embedded in the tool decreases the instrumentation 
effort per weld, while more accurate and faster readings than using the previously 
referred methods have been reported [37]. Thus, the thermocouples embedded 
in the FSW tool have been applied for online temperature control as 
demonstrated by Fehrenbacher et al. [11, 27, 28, 37] and Cederqvist et al. [48, 49].  

The Tool-Workpiece Thermocouple (TWT) method is a temperature method for 
FSW based on the thermoelectric effect. Accurate measurements, fast response 
time has been reported since its development by De Backer [46, 50].  

The use of the thermoelectric effect for temperature measurement has been 
previously successfully applied in machining applications [51]. The thermoelectric 
effect is based in the electric gradient created by a temperature gradient. This is a 
well-known effect that can be used to generate electricity, induce temperature 
variations, or measure the temperature, as in the case of thermocouples. A 
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standard thermocouple uses two different materials. These act as conductors that 
produce a potential difference when exposed to temperature differences. The 
temperature can be related to the voltage created between its conductors by 
performing a calibration to the conductors in question. The conversion of voltage 
into temperature enables the temperature measurement.  

TWT uses this effect in the same way as a standard thermocouple, see Figure 9. 
The FSW tool material and the aluminium workpiece are used as the two different 
conductors required for the measurement [29]. As a result, the voltage is obtained 
at the interface of the FSW tool and the workpiece, offering a temperature average 
from the entire contact area [2]. The voltage measured will depend on the tool 
and workpiece material [2, 46, 50]. Therefore, each tool-workpiece material 
combination requires a calibration of the voltage-temperature relation [52].  

 
Figure 9 Tool-Workpiece Thermocouple (TWT) method 

The TWT method  does not require a hole in the tools, as in the case of 
thermocouples inside the tool, making this method industrially suitable for 
temperature monitoring during welding due to its simple set-up and low 
implementation cost [46, 50]. This method provides quick and accurate 
temperature data making it suitable for feedback control of the process [2, 46, 50]. 
However, TWT method require a metallic tool and workpiece for being use. 
Therefore, it cannot be applied for FSW of polymeric material and on PCBN 
tools used during FSW of steel. 

3.3 Variables affecting the welding temperature 

The temperature during welding is affected by different factors, as presented on 
the previous chapter. The welding parameters and the tool design can strongly 
affect the process temperature [7, 11, 13]. Furthermore, the backing bar material 
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has been reported to have also influence on the welding temperature [11, 39]. The 
workpiece material and its geometry, can induce thermal variations into the weld 
affecting the welding temperature. Several other factors have been described to 
also affect the welding temperature such as the tool thermal capacities (for 
example, a pre-heating or wear), the environmental temperature or the material, 
location and force applied from the clamping system [27, 29].  

The weld quality is influenced by the temperature and the material flow during 
FSW. These are mainly controlled by the welding parameters [31]. Therefore, is 
important to understand how the welding parameters affect the temperature 
during welding and how the temperature and material flow are related to the weld 
quality. 

The rotation speed has been reported as the most important parameter when 
considering temperature generation [53]. The increase of rotation speed leads to 
an increase in the welding temperature, occurring due to the increase of friction 
and plastic deformation with the increase of rotation speed [5, 11, 37, 54, 55].  
Fehrenbacher et al. [11] reported higher variations on the tool-workpiece interface 
temperature with the rotation speed variation, than with the welding speed 
variation. Also, it was reported that a variation of rotation speed, when the 
welding temperature is in lower ranges, is more predominant that the same 
variation when the process is running at higher temperatures [11].  

The increase of welding speed reduces the heat input per weld length, resulting in 
a decrease of temperature [37, 55]. When low welding speed are used, more heat 
is generated per material volume, leading to an increase of temperature [11]. The 
increase of welding speed causes higher asymmetry on the temperature field on 
the weld zone due to the heat lost [37]. 

In the case of tool plunge depth or axial force variation, has been reported to lead 
to an increase of temperature, due to the increase of pressure, causing more 
friction and shear on the material [37, 55]. This effect will be larger or smaller 
depending on the tool design, especially the shoulder size. 

The backing bar material is an important thermal barrier, conducting a large part 
of the heat dissipation. Modification in welding forces, spindle torque and 
temperature can be reached by variation of the thermal diffusivity of the backing 
bar material. This can have a significant effect on the weld quality [11]. Welding 
on a copper backing (high thermal diffusivity) originates lower temperatures. 

The material thickness presents an effect on the welding temperature. The 
thickness increase leads to a decrease of the welding temperature when it is kept 
the same welding parameters due to a larger mass of material that can conduct 
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the temperature. A minor delay on temperature measurements was also observed 
with the increase of material thickness [11].  

A specific range of temperature is demanded in order to achieve a good material 
flow and allow the mixing of the material [11]. Fehrenbacher et al. [11] has 
reported that welds in AA6061 reportedly produced defects when shoulder 
temperatures were below 515 °C. Welds above TS resulted in a weld quality 
degradation, suggesting the occurrence of local melting. The welds performed at 
shoulder temperature of 533 °C during the weld was reported to provide high 
quality welds [11]. When the solidus temperature was reached during welding, a 
decrease on the ultimate tensile strength of the welds was reported. Furthermore, 
a higher welding temperature enhanced grain growth [11].    

3.4 Temperature control  

The implementation of temperature control for FSW makes it possible to use and 
optimize the process to produce defect free welds in applications when thermal 
variations occur [7, 11, 13, 37, 40]. Thermal disturbances during the weld may 
result in a weld temperature outside the allowable range and affect the weld 
properties. These thermal disturbances are induced by variations in heat 
dissipation mainly through the component geometry or the surrounding 
environment. By controlling the welding parameters such as rotation speed or 
axial force, it is possible to maintain the weld temperature within the allowable 
range, avoiding defect formation. This can be achieved through online feedback 
control of the welding process, such that the temperature is controlled to a 
predefined value [11, 28, 29, 37].   

Fehrenbacher et al. [27]  presented a temperature controller using thermocouples 
embedded in the tool and a Bluetooth wireless data transition. A basic 
proportional-integral-derivative (PID) type feedback controller with integral 
action only was used. The rotation speed, known to affect the temperature largely, 
was selected as manipulated variable. The limits for the rotation speed were 
imposed in a reasonable, safe range of 700 to1300 rev/mm [27]. 

This controller was tested using backing bar materials with different thermal 
diffusivity along the weld. In order to maintain the same temperature, the 
controller increase the rotation speed when passing over of the material with 
higher diffusivity (copper), to compensate the heat losses, and decrease it when 
passing over the material with lower thermal diffusivity (titanium). The 
temperature suffers a drop of 20 °C when the material with higher thermal 
diffusivity is reached, compared with a drop of 50 °C achieved without controller 
on the same conditions. A decrease of 500 W spindle power was reported by using 
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the controller during welding on the backing bar material with higher thermal 
diffusivity when compared with welding with no controller. That occurs due to 
the increase of temperature that promotes the reduction of torque [27]. 

Later work on the controller developed by Fehrenbacher et al. has been 
successfully applied into a robot [28] where a close-loop control of the axial force 
was also implemented. The adaptation simultaneous of both rotation speed and 
vertical tool position to control the welding temperature and the axial force was 
successfully carry out.  

Cederqvist et al. [49] has also used embedded thermocouples in the tool to 
perform temperature control. The controller was developed to weld canisters for 
nuclear waste at SKB, Sweden. The components are 50 mm thick extruded tubes 
of copper. To seal the components a 45 minutes welding cycle is required[48].  

A thicker material requires a higher spindle torque during welding, which is easier 
to measure and use as a control parameters than for thin materials. This makes it 
possible to measure the torque and determinate the power input, as rotation speed 
multiplied by the spindle torque. The power input presented a linear correlation 
with the welding temperature, with a relation of 1 KW per 10 °C [48, 53]. Within 
five equal welds performed this variable varied 3 KW, demonstrating the need for 
power input adaptation [48, 53]. These variations are identified by the temperature 
data, however with some delay. This delay can affect controller response to the 
weld and thereby affect the weld quality. In order to keep the weld quality 
constant, the welding temperature together with the power input (spindle torque) 
are both controlled by using a cascade controller using PID algorithms. Rotation 
speed was the control variable. The use of the controller improved the welding 
performance, especially during the start-up of the welding cycle [48]. The high 
time constants found on this controller due to the thick copper and the low 
welding speed make this type of controller not directly applicable to control the 
welds on thin aluminium components.  

Ross [47, 56] has applied temperature control for welds with thermal disturbance 
by removing material mass. Welds with no control demonstrated an increase of 
temperature and flash formation on the area with removed material. The 
temperature controller by rotation speed adaptation kept the temperature within 
2 °C and avoided the flash formation. The time for development of welding 
parameters for a 2D fixture with sharp corner was reduced when compared with 
the uncontrolled option, and the weld quality was improved. The author also 
reported a temperature error with the welding speed increase [56]. That may be 
related to the temperature method used. Ungrounded thermocouples were used 
embedded in the FSW tool on the probe edge, on the shoulder-probe corner and 
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on the shoulder. The temperature control was reported to not be applicable for 
control during plunging or immediately after the plunge [47].  

De Backer [50] has developed a temperature controller by using TWT method. 
This controller modifies the rotation speed in order to keep constant the weld 
temperature. A PI-controller was used for the rotation speed adaptation during 
the weld.  

Geometries containing narrow zones, with a width of two shoulder diameters, 
which lead to a reduction of the heat dissipation, were successfully welded by 
using the controller. During an uncontrolled weld of these geometries, the 
welding temperature quickly increases on the narrow zones. Therefore, the tool 
meltdown occurred and the process was aborted to prevent further damage. 
When welding the same geometries with temperature control, only a slight 
increase of flash was formed at the narrow zone, not been required to stop the 
weld. This has proved that the temperature controller can avoid the tool 
meltdown and thereby turning the process more suitable and robust for robotics 
applications [29]. 

In the approach proposed by De Backer, the control was based on the rotation 
speed. The controller parameters was limited by predefined boundaries, selected 
by the operator, based on experience but also based on process and machine 
limitations [2, 29]. However, in components with high heat dissipation variations 
this approach was not sufficient. The axial force adaptation when the controller 
reach the rotation limits were applied, developing a multiple-output temperature 
controller able to adapt the rotation speed (primarily) and then the axial force [2].  
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4 Weld start: Plunge and Dwell stages 

The Friction stir welding process is commonly divided in four stages: plunge, 
dwell, traverse and tool retraction [3, 32]. The different process stages are 
presented in Figure 10. The process starts with the tool under rotation moving 
towards the workpiece. The rotation tool contacts with the cold workpiece 
material, which starts the plunge stage. The tool penetrates until the shoulder gets 
in contact with the workpiece, starting the dwell stage. During the dwell stage, the 
tool maintains its position for a predefined time, allowing the material to heat and 
soft. After the dwell stage, the traverse stage takes place, and the tool initiates the 
movement forward, producing the weld [31, 32, 34, 57]. The planned weld path 
is complete and the tool retracts from the workpiece. 

 
Figure 10 FSW process stages schematic presentation 

An appropriate thermo-mechanical condition at the initialization of the weld is 
vital to guarantee the material mix required for the weld to be accomplished. This 
initial thermo-mechanical condition is achieved during the plunge and dwell 
stages [31-33, 57]. Therefore, it is important to select the plunge parameters 
according to the required temperature and material flow required for the weld 
formation [57]. 

The plunge stage is the first stage of the FSW process. In this stage the tool 
penetration into the workpiece takes place. The material during this stage 
undergoes extreme plastic deformation at temperature close of the TS [32]. Due 
to the high loads of stress on the tool during plunging, this is a crucial phase to 
the tools lifetime [3]. The complex thermo-mechanical dynamics during this stage 
makes a challenge to understand and control this stage.  

The contact between the tool tip and the workpiece initiates the plunge stage. In 
this point both tool and workpiece are at room temperature. The force applied 
on the tool pushes it into the workpiece. At this stage, due the rotation action on 
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the workpiece, chipping occur. Chip generation is commonly found during 
machining processes [3]. With the process progression, the temperature increases 
due to the friction between the probe and the workpiece. As the temperature 
increases, the material softens, enabling the probe to penetrate the workpiece [57]. 
As the probe enters into the material, hot and deformed material is expelled. At 
this stage only the probe contributes to generation of heat [33, 34]. During 
plunging the temperature increases fast [32]. The temperature and the material 
plastic deformation is determined by the welding parameters, tool design and 
control used. Veljić et al.  [33] reported the use of low rotation speed and high 
plunging speeds lead to an increased heat generation by plastic deformation [33]. 
Also, the heat generated by friction decreases with the use of high plunging speeds 
while this leads to an increase of heat from plastic deformation. The opposite was 
verified with the increase of rotation speed [33]. 

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 force 
during the process [3, 32]. 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 [34]. A torque increase is also observed at this point. 
This peaks are difficult to detectable when small tools are used [58].  

The shoulder contact with the workpiece surface ends the plunge and initiates the 
dwell stage [3]. During this stage the initial thermo-mechanical conditions is 
expected to establish before the traverse motion starts [32]. For that reason, it is 
common to keep the tool under rotation and pressure against the workpiece 
surface for a given time [31, 32, 34, 57]. This dwell time is especially important 
for high strength materials, due to the difficulty to build up heat during plunging. 
The shoulder contributes to the temperature increase and material plastic 
deformation [3]. The heat generation mainly occurs close to the probe and is 
strongly affected by the shoulder contact rather than the probe contact [33]. The 
shoulder contact provides an increase of heat generated by friction. Likewise, the 
heat generated by plastic deformation increase drastically with the shoulder 
contact, corresponding to 18-25 % of the total heat at this moment [33, 34]. 
During the dwell stage, the process is expected to reach a steady state condition 
[31, 36]. As the material temperature stabilises the forces decrease [3, 32].  

Malik et al. [31] reported a linear relation of the dwell temperature with the plunge 
depth. A certain maximum temperature is expected to be reached for a given 
plunge depth and then remain the same until dwell stage ends [31]. The 
temperature achieved at the end of the dwell stage will influence the weld quality 
[11, 50]. Insufficient temperature leads to insufficient material mixing and defect 
development upon the initiation of the traverse weld movement. In contrast, the 

32 
 



WELD START: PLUNGE AND DWELL STAGES 

excess of dwell time, and consequently a too high temperature, leads to 
demeaning microstructure modifications, excessive flash or even to a meltdown 
of the tool into the material [57]. 

The traverse stage begins when the temperature is sufficient for accomplish the 
joining. Then the tool initiates the tool movement along the desired direction [3, 
31, 32, 34, 57]. 

Similarities may be found between the initial weld stages of FSW and friction stir 
spot welding (FSSW) processes. FSSW is a variant of FSW that consists only in 
plunge, dwell and tool retract stages. The traverse stage do not exist in this variant. 
In FSSW, once that the proper conditions are reached, the tool moves away from 
the workpiece and the weld ends [3, 31, 32, 34, 57]. Lap joint is the most common 
application, aiming for replacing or complement other joining techniques, as is 
the case of resistant spot welding used in automotive industry [3] or riveting in 
the aerospace industry. 

The majority of published research is focussed on the weld stage while limited 
work is found on the plunge and dwell stages [32, 33]. On the case of short welds, 
as is the case of stitch FSSW, optimisation of the plunge stage is of great 
importance. In this case the start and end of the weld is not machined away, as 
opposed to most FSW weld applications, for example, joining of long extruded 
panels. In addition, the plunge time accounts for a significant portion of the total 
weld time, however dependent on the length of the weld. Little attention has been 
given to plunge and dwell stages. Its complexity makes a challenging research area 
and these stages often affects the rest of the weld [32].  

4.1 Control modes 

The control mode used during the plunge affects the temperature, time and 
process forces as well as the process parameters required to maintaining a proper 
material flow [57]. This stage is typically controlled by plunge rate or by the force 
applied on the tool along its rotation axis [3, 57].  

In non-robotic FSW applications, position control mode is the most commonly 
used method during the plunge stage. In this 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. The axial force in this case is a response of the 
process. Under this control, especial consideration should be taken in order to  
not damage the machine reaching torque values that are not sustainable by the 
equipment [57].  

33 
 



WELD START: PLUNGE AND DWELL STAGES 

Force control mode is an alternative to position control. This mode 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. The force is typically maintained constant during the 
plunge stage. The time to complete plunging is mainly dependent of the 
workpiece material and its response to the process parameters and tool design 
[57].  

The transition from plunging to welding is still under investigation. This is a 
specific issue for equipment with low stiffness as robots. Soron [58] had described 
three approaches for this transition in order to initiate the tool traverse stage on 
robots: 

- The identification of torque increase when the shoulder contact the 
workpiece surface 

- The use of a virtual plunge depth (probe length plus the robot deflection) 
- Monitoring the linear speed of the robot [58]. 

De Backer et al. [2, 29] presented the first attempt of plunge control by 
temperature by using TWT method. On this approach the weld only initiates 
when the tool-workpiece pre-selected interface temperature is reached. That was 
possible by the use of TWT method that provide temperature information from 
the whole plunging operation. This can provide extra knowledge about the 
plunging and offer the opportunity to improve the weld start operation. When 
the shoulder contact, TWT method presents a drop on the temperature data. This 
is due to the contact of the cold shoulder that affects the measurement [29]. A 
fast temperature increase was observed due to the addition of the shoulder large 
contact area to the heat generation. Once the desired temperature (that can be 
equal to the welding temperature) is reached, the controller will enable the tool 
movement, initiating the welding operation. This approach makes the dwell time 
obsolete, being dependent of the temperature increase during plunge and dwell 
stages. During the weld the temperature stabilises.  

The temperature during the development of this stage is important for a better 
understanding of the process [3]. The temperature increases drastically during 
plunging [32], which requires a fast sampling method for the temperature 
measurement. For this work, a sample rate of 75 Hz was used.  

De Backer et al. [29] has reported a plunge time of 1.7 s (time to reach 390 °C) 
when 9000 N and 1500 rev/mm were used. The force was reported as most 
influential parameter to decrease time, however, the use of such higher force 
could lead to meltdown of the tool, creating flash, deformation on the workpiece 
and increasing the risk of probe fracture. This approach enables the reduction of 
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the plunge time. However, this is only an advantage for short welds. A decrease 
on temperature during plunging when higher plunge forces are applied was also 
reported (50 °C less for an axial force of 8000 N instead of 6000 N).  

Based on this approach a self-tuning method was developed by De Backer et al. 
[2]. This approach is based on an automatic plunge algorithm. The force increase 
stepwise until the desired temperature has been reached which ends the plunging 
operation. The force at this moment will be used as welding force. The force 
reached is mainly dependent of the workpiece material properties. This approach 
is suitable for a primary selection of welding parameters [2]. 
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5 Experiment and system development 

The system used for this research work is the same presented by De Backer in his 
PhD work, [50], with some modifications. The temperature measurement method 
(TWT) and the control software were developed by De Backer and is used as a 
tool in the research work presented in this licentiate thesis. 

The welding system is located at the Production Technology Centre in 
Trollhättan, Sweden and is composed by: a robotic FSW equipment, a 
temperature measurement system and a computer. A simplified representation of 
the system is presented in Figure 11, where is indicated the robot, equipped with 
a servo spindle motor and a force sensor, the controller software based on 
LabVIEW, installed on a computer with connection to the robot, and the FSW 
process, in the centre. The robot controller communicates through a Profibus DP 
interface with the computer and the robot servo drive. A National Instruments 
(NI) data acquisition equipment communicates the TWT data providing from the 
process to the computer, where a controller is implemented using LabVIEW. The 
welding parameters are the output from the LabVIEW software and are 
communicated over the Profibus network. 

 

Figure 11 Welding system at University West, Trollhättan 

5.1 Robot system 

All the welds were performed using an ESAB Rosio™ robot presented in Figure 
12. This robot was adapted with respect to hardware and software from a standard 
industrial robot, ABB IRB 7600 with 500 kg payload, 0.09 mm accuracy and 
maximum reach of 2.55 m. This was modified for FSW by the addition of a 
welding head composed of a tool adapter and a spindle motor. Therefore, the 6th 
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axis was removed becoming a five-axis robot. The robot is equipped with an ATI 
force sensor that enables force feedback control. The system can provide a 
downforce of 13 kN, a welding speed of 16 mm/s, a rotation speed of the spindle 
of 4500 rev/min and a stall torque of 30 Nm [50, 58, 59]. 

The use of a robot enables welding of 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 [2]. 

 
Figure 12 ESAB RosioTM robot at University West, Trollhättan. 

Throughout this licentiates work the robot cell was moved to a larger cell and 
upgraded with an ABB positioner, IRBP A-750/1000, Figure 13. The positioner 
is composed by 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. 

  
Figure 13 New robot cell: (left) a Photo; (right) robot studio model of the cell 

38 
 



EXPERIMENT AND SYSTEM DEVELOPMENT 

5.2 Temperature measurement 

Different methods were used for verification of accuracy and response time of 
TWT method: thermocouples embedded in the tool, shoulder and probe, and on 
the workpiece, by the lateral and through the workpiece thickness. This study can 
be found in PAPER B. The study demonstrated higher accuracy and response 
time of the TWT method, and as a result this method was selected for the 
continuation of the PhD work. In order to achieve this data several modifications 
were perform on the TWT method. 

5.2.1 Rotational-static connection 

The temperature measurement of the process by TWT demands a proper data 
transmission from the rotational to the static position (St-Cu), see Figure 14 TWT 
circuit with focus on the main connections made by different material 
contactFigure 14. The area around the connection St-Cu can be affected by the 
heat produced by friction on the rotational-static connection. This creates an 
additional “thermocouple” in the TWT circuit, that may lead to measurement 
errors, as described by De Backer, [46]. The same effect can be verified on the 
workpiece-copper wire connection (Al-Cu) if the two materials contact is affected 
by the process temperature. In order to guarantee a stable voltage measurement 
from the tool-workpiece connection (St-Al) both, St-Cu and Al-Cu connections, 
should be under the same temperature. 

 

Figure 14 TWT circuit with focus on the main connections made by different material 
contact 
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During the development of this licentiate work the rotational-static contact was 
moved from the tool holder to above the gearbox, located on the top of the robot 
head, see Figure 15. A mercury slip ring (Mercotac – 331) was added to do the 
rotational-static transmission. A maximum rotation speed of 1800 rev/mm can 
be achieved with this slip-ring. The slip-ring is composed by three channels: one 
is used for the TWT tool connection and the others for a thermocouple 
embedded in the tool; a positive and a negative channel. In order to allow the tool 
be connected to the slip ring through the robot head, Uddeholm QRO90 
Supreme (tool material) wire of approximately 400 mm with a diameter of a 2 mm 
was used. By the same reason, the thermocouples embedded in the tool were 450 
mm long. The connection for the thermocouples was designed and 3D printed in 
plastic to make it easy and fast to connect. 

The new design has decreased the frictional heat on the rotational-static 
connection (St-Cu). Furthermore, the longer distance between the process and 
the St-Cu contact location makes the measurements less affected by the process 
temperature. 

 

Figure 15 Rotational-static contact new location and additional slip ring equipment. At 
right is found the extension of the tool material to the connector. 

5.2.2 Data filtering 

In order to obtain a less noisy voltage measurement for the TWT signal a 
hardware passive first order LP-filter with 2.3 Hz bandwidth was implemented at 
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the input to the National Instrument data acquisition equipment. This 
improvement decreased the signal noise. Due to the improved signal it was 
possible to detect from the TWT data the shoulder contact with the workpiece 
surface, see Figure 16. During that phase of the process, a decrease on the TWT 
voltage is verified. This is now possible to detect online, during welding, through 
an algorithm applied in LabVIEW ContRoStir software. A new way to control 
the weld start was then developed based on this voltage drop. Also, the different 
stages of the FSW process are now easily distinguished through the voltage data. 
This study is presented in more detail on PAPER D.  

 

 

Figure 16 TWT voltage data during welding. The voltage drop when the contact of the 
shoulder with the workpiece is highlighted to the right. 

5.2.3 Calibration 

The TWT-voltage acquired on the tool and workpiece interface depends on the 
temperature and on the thermo-electric properties of the materials. Thus, 
different voltage-temperature curves should be used for different materials, 
requiring a re-calibration for each tool-workpiece materials combination. A 
calibration of TWT is therefore necessary for each workpiece material used.  

41 
 



EXPERIMENT AND SYSTEM DEVELOPMENT 

 

 

Figure 17 TWT calibration: (a) Furnace and standard calibration; (b) Auto-calibration 

During this licentiate thesis, work two methods for performing the TWT 
calibration were tested: a furnace calibration and an “auto-calibration” during tool 
plunging, see Figure 17. 

The furnace calibration is based on the standard thermocouples calibration. The 
contact between two long wires of each material was heated under controlled 
temperature and made registration of the voltage and correspondent temperature. 
The calibration data and consequent curves obtained are presented in Figure 18. 
The so called “auto-calibration” was specially developed for this application. This 
solution uses the FSW plunging operation to compare TWT voltage with the 
temperature of a thermocouple embedded in the tool. The FSW rotating tool is 
plunged into the material until the shoulder presses against the material surface. 
The tool is kept under rotation awaiting for the temperature from the 
thermocouple embedded in the tool to be stable. Then the data is used to perform 
a TWT calibration for the materials in question by a temperature-voltage 
correlation. The “auto-calibration” is a faster method to obtain a calibration 
compared to the furnace method, however it is not as accurate. A difference of 
21 °C was observed. PAPER A presents more details on both calibrations. 
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Figure 18 TWT calibration curve for different aluminium workpiece materials and 
QRO90 (tool material). 

TWT method was demonstrated to be accurate, faster and easier to implement 
than the standard thermocouples, see PAPER B. This method can be applied for 
weld quality supervision, process control of the weld and also to control the 
plunge stage.  

5.3 Control system 

The LabVIEW-based ContRoStir software, developed by De Backer, is used to 
introduce the welding settings, control the temperature by adjusting the rotation 
speed, and register the temperature and other variables. The control system was 
described in detail by De Backer [50].  

In Figure 19 and Figure 20 the new software interface developed during this 
licentiate work is presented.  
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Figure 19 LabVIEW-based ContRoStir software Interface – Welding parameters setting 

 

 

Figure 20 LabVIEW-based ContRoStir software Interface – Welding controller 

The ContRoStir software converted the voltage, acquired from National 
Instruments (NI), 9213 Model, to temperature by using the developed calibration 
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curve. The calibration selection is performed by the selection of the workpiece 
alloy on the software interface.  

5.3.1 Traverse stage control 

The software developed in LabVIEW firstly performs the conversion from 
voltage to temperature. The software allows an option to only monitor the data 
and supervise the temperature during welding, as well as, to perform temperature 
feedback control. This can be selected by the operator in the software interface. 
During the controlled process the temperature is compared with the desired 
temperature and adapting the rotation speed as control variable by the controller. 
The rotation speed value generated by the controller is then applied to the 
process, changing its conditions and affecting the process temperature. The 
temperature is thus kept constant at the value pre-selected by the operator. A 
schematic drawing of the controller is presented in Figure 21. 

The robot is equipped with force control and thereby this is handled by ABB 
robot controller. The force is set by the operator as an input in the LabVIEW 
software. The value is then sent to “rapid instructions” on the robot controller, 
modifying the robot position to obtain the requested contact force. The output 
force in the three directions can be registered online together with the measured 
rotation speed and temperature data. 

 

Figure 21 Temperature controller basics 
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The temperature control in this case is used to adapt the rotation speed, while the 
force control, equipped in the robot, is used to keep the force constant during the 
welding process.  These two systems are considered decoupled. 

The TWT temperature control was tested successfully for controlling the 
parameters during the weld. PAPER C presents an application of TWT controller 
on welds with different thermal distribution applied by using different backing 
bar materials. An improvement of the joint’s mechanical properties was verified 
using the TWT temperature controller during welding.  

5.3.2 Plunge and dwell control 

The controller was also implemented during the weld start stages; i.e.  plunging 
and dwelling. During these stages the thermo-mechanical conditions for 
performing the weld is created. During plunging the temperature can go close to 
the melting point of the material, leading to the meltdown problem in robotic 
applications. The control of temperature during these stages decreases this 
problem by preventing the temperature to increase and thereby avowing the 
meltdown. This approach contributes also to decrease of the process time. The 
weld initiation based on temperature feedback was first described by De Backer, 
by triggering the transition from dwelling to traverse motion through the 
temperature data measured by TWT [29].  

TWT gives the opportunity for online detection of the shoulder contact by the 
voltage drop. Its detection enables the development of a new approach for 
controlling the process during plunging.  When the shoulder contact is detected, 
the tool tilt occurs and then the program waits for the set temperature (TSET), 
previously selected by the operator, to be reached and initiate the weld, see Figure 
22. In this approach the dwell time is dependent on the plunging parameters used 
and TSET selected. Results of this new implementation is presented in PAPER D. 

 
Figure 22 FSW stages with using the temperature controller (red arrows denotes the 
temperature control upgrades) 
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5.4 Overview 

An overview of the whole FSW system in this research work is presented in Figure 
23. The main factors that can affect the weld thermodynamics considered in this 
research work are presented. The main focus during this research work is marked 
in red: the TWT sensor, the controller and the welding parameters. The blue 
frame shows the factors that can affect the process time, in orange the controlled 
variables and in green the tests used to evaluate the weld quality during this 
licentiate thesis work. 

Some other factors that affect the joint quality and the controller were taken into 
consideration and others were maintained constant. The FSW tool used was 1484 
ESAB standard tool, Figure 4. This tool design promotes material flow during the 
weld and thereby enhancing the weld quality. The material used on the tool was 
Uddeholm QRO90 Supreme tool steel. It has good wear resistance and its electric 
resistance does not present problems for TWT application. The clamp system 
used was a simple setup of four steel clamps with a 10 mm thick backing bar. The 
backing bar material was varied to imposed a cooling rate modification in order 
to verify the efficiency of the temperature controller (PAPER C). In the case of 
the workpiece material, this was only varied in order to verify the TWT calibration 
and application. However, its thickness and geometry was kept constant. The 
majority of the welds were performed in bead-on-plate experiments in order to 
avoid disturbances from tool misalignments due to robot deflection. All the welds 
where performed in a straight line. The main output analysed was the temperature 
of the weld captured by the TWT, and thereby the experimental setup was 
designed to fulfil this aim. In order to verify its efficiency, some tensile tests and 
defect evaluation were (PAPER C).  
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Figure 23 Schematic overview on the factors considered in this research work. 
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Appended papers summaries 

Paper A. TWT method for temperature measurement during FSW process 
Presented at “The 4th international conference on scientific and technical advances on 
friction stir welding & processing - FSWP16” in San Sebastian, Spain, 1-2 October 
2015– Authors: Ana C. F. Silva, J. De Backer, G. Bolmsjö       

Friction stir weld (FSW) has generated a high interest in many industry segments 
in the past 20 years. Along with new industrial challenges, geometries that are 
more complex and high quality demands, a better control of the welding process 
is required. New approaches using temperature controlled welding have been 
proposed and revealed good results. However, few temperature measurement 
methods exist which are accurate, fast and industrially suitable. A new and simple 
sensor solution, the Tool-Workpiece Thermocouple (TWT) method, based on 
the thermoelectric effect was recently developed.  

This paper presents a calibration solution for the TWT method where the TWT 
temperature is compared to calibrated thermocouples inside the tool. The 
correspondence between both methods is shown. Furthermore, a calibration 
strategy in different aluminium alloys is proposed, which is based on plunge 
iterations. This allows accurate temperature monitoring during welding, without 
the need for thermocouples inside the tool. 

Paper B. Temperature measurements during Friction stir welding process 
Published in “International Journal of Advanced Manufacturing Technology”, 1st June 
2016 – Authors: Ana C. F. Silva, J. De Backer, G. Bolmsjö 

The increasing industrial demand for lighter, more complex and multi-material 
components supports the development of novel joining processes with increased 
automation and process control. Friction stir welding (FSW) is such a process and 
has seen a fast development in several industries. This welding technique gives 
the opportunity of automation and online feedback control, allowing automatic 
adaptation to environmental and geometrical variations of the component. Weld 
temperature is related to the weld quality and therefore proposed to be used for 
online feedback control. For this purpose accurate temperature measurements are 
required. This paper presents an overview of several temperature measurement 
methods applied to the FSW process. Three temperature measurements methods 
were evaluated in this work: thermocouple embedded in the tool, thermocouples 
embedded in the workpiece and the Tool-workpiece thermocouple (TWT) 
method. TWT presented accurate temperature measurements and fast time 
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response when compared with the thermocouple embedded in the tool. 
Experiments demonstrated repeatable results for both methods. Thermocouples 
embedded in the workpiece cannot be used for online control and presented low 
repeatability, but was included to verify the accuracy of the other methods. The 
results show that TWT is an accurate and fast method suitable for online feedback 
control of FSW. 

Paper C. Cooling rate effect on temperature controlled FSW process 
Presented at “IIW International Conference High-Strength Materials - Challenges and 
Applications” in Helsinki, Finland, 2-3 July 2015” – Authors: Ana C. F. Silva, J. 
De Backer, G. Bolmsjö 

A continuous trend towards more demanding joint geometries is imposed across 
various manufacturing industries. During Friction Stir Welding (FSW) of such 
complex geometries, the surrounding environment plays an important role on the 
final weld quality, especially in thermal aspects. In order to guarantee a consistent 
weld quality for different conditions, in-process welding parameter adaptation is 
needed.  

This paper studies the effect of the cooling rate on mechanical properties for 
temperature controlled FSW by using different backing bar materials. A new 
temperature sensor solution, the Tool-Workpiece Thermocouple (TWT) method 
[1], was applied to measure the temperature during welding. A FSW-robot 
equipped with temperature and force feedback control was used, where rotation 
speed was varied to maintain a constant welding temperature. AA7075-T6 lap 
joints were performed with and without temperature control. The cooling rate 
during welding was acquired and macrographs and mechanical properties were 
evaluated for each weld. The rotation speed offered a fast response promoting 
the heat input necessary to weld at the set temperature. Temperature controlled 
welds presented a better behaviour under tensile loads. The results prove that 
temperature control using the TWT method is suitable to achieve higher joint 
quality and provides a fast setup of optimal parameters for different 
environments.  

The work presented is an important step in the process optimization through 
feedback control, which will consider not only the operational parameters of the 
process as such but also the resulting quality of the joint.  
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Paper D. Analysis of plunge and dwell parameters of robotic FSW using 
TWT temperature feedback control 
Presented at “11th International Symposium on FSW - 11ISFSW” in Cambridge, UK, 
17-19 May 2016 – Authors: Ana C. F. Silva, J. De Backer, G. Bolmsjö 

Friction stir welding (FSW) and variants of the process have generated high 
interest in many industries due to its several advantages such as low distortion, 
superior mechanical properties over arc welding and the possibility of joining 
dissimilar materials. Increased complexity of industrial applications require a 
better control of the welding process in order to guarantee a consistent weld 
quality. This can be achieved by implementing feedback control based on sensor 
measurements. Previous studies have demonstrated a direct effect of weld 
temperature on the mechanical properties of FSW joints, [1], and therefore, 
temperature is chosen as primary process variable in this study.  

A new method for temperature measurement in FSW referred to as the Tool-
Workpiece Thermocouple (TWT) method has recently been developed by De 
Backer. The TWT method is based on thermoelectric effect and allows accurate, 
fast and industrially suitable temperature monitoring during welding, without the 
need for thermocouples inside the tool [2].  

This paper presents an application of the TWT method for optimisation of the 
initial weld stages, plunge and dwell, operation in conventional FSW, which can 
also be applied to friction stir spot welding (FSSW). An analysis of the operation 
parameters by using feedback temperature control is presented aiming to better 
control of the initial weld stages through temperature feedback.  

The introduction of the TWT temperature sensor provides additional process 
information during welding. Fast data acquisition gives opportunity to 
differentiate different process stages: contact of probe tip with workpiece surface; 
plunge stage; dwell stage. This would be followed by tool retraction for FSSW or 
tool traverse stage for FSW.  

The effect of the plunge parameters on weld temperature and duration of each 
stage were studied for the purpose of optimising the process with respect to 
process (i) robustness, (ii) time, (iii) robot deflection and (iv) quality. By using 
temperature feedback, it is possible to control the plunge stage to reach a 
predefined weld temperature, avoiding overheating of the material, which is 
known to have a detrimental influence on mechanical properties. The work 
presented in this paper is an important step in the optimization of robotic FSSW 
and FSW. 
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6 Conclusions and contribution 

Increased demand for customized products with challenging designs and new 
materials have led to a demand for new technologies to join materials. FSW has 
been demonstrated to be a promising technology in this regard. However the high 
level of thermal variations present on complex structures during welding make 
such applications challenging, especially when performed by an industrial robot. 
The parameters required are to be adapted to these variations in order to maintain 
a consistent weld quality. By the use of temperature control a more robust process 
can be achieved. However, an optimal methodology for the temperature control 
is still under development, leading to the research question in this thesis: How to 
achieve high quality welds and optimize the process using temperature 
controlled FSW? The present research work developed represents a significant 
contribution for a step forward on this topic. 

Acquisition of accurate temperature is essential for the development of the 
controller. Thereby the selection of the temperature measurement method was 
performed (PAPER B). Three methods were evaluated in this work: 
thermocouples embedded in the tool, thermocouples embedded in the workpiece 
and the tool-workpiece thermocouple (TWT) method. The results show that 
TWT is an accurate and fast method, suitable for feedback control of FSW. The 
TWT accuracy was investigated by two methods for its calibration: furnace and 
“auto-calibration” (PAPER A). Both calibration methods were demonstrated to 
be suitable for TWT calibration. However, the “auto-calibration” method 
demonstrated to be less time consuming but not as accurate as the furnace 
calibration. The furnace calibration is suggested to be used when accurate 
temperature data is required. 

The effects of the temperature control on the final joint quality has been evaluated 
by inducing different cooling rates during welding through the use of different 
backing bar materials (PAPER C). The results prove that temperature control is 
suitable to achieve higher joint mechanical properties, and provides a fast setup 
of the parameter window for different environmental conditions by avoiding the 
use of trial-and-error methodology. 

TWT has demonstrated the capacity of temperature data acquisition during 
plunging, offering the opportunity to optimize the weld start through temperature 
control (PAPER D). The TWT data was demonstrated to provide fast and 
additional information for controlling the process during the plunge and dwell 

53 
 



CONCLUSIONS AND CONTRIBUTION 
 
stages. The shoulder contact with the workpiece can be identified online enabling 
the welding parameters adaptation to the new weld stage. This approach avoids 
the overheating of the material and thereby the risk of a tool meltdown, improving 
the quality and improving the productivity by reducing the plunge and dwell 
stages time. 

The TWT was demonstrated to be accurate and repeatable allowing online 
temperature data during the whole FSW process. The temperature control using 
the TWT method permits a reliable and robust control of the process, for both 
plunging and welding. Weld consistence and quality can be obtained as well as 
predictable joint mechanical properties. The approach also allows time reduction 
for developing optimized weld parameter through the automatic welding 
parameter adaptation method. Finally, a reduction of the total process time was 
demonstrated by decreasing the plunge and dwell time, especially in the case of 
stitch FSSW applications. 
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7 Future work 
The TWT method has until now only been tested under specified laboratory 
conditions. Its accuracy and repeatability is still unknown for conditions similar 
to those found in real components or products. The next step of this research 
work is to verify its applicability as well as accuracy and repeatability for different 
conditions.  

Thick section aluminium and FSW variants such as bobbin tool (BTFSW), are 
interesting applications for TWT. In both these conditions, the tool-workpiece 
interface suffers a large variation when compared to the experiments presented in 
this thesis. The implementation of TWT method for thicker aluminium sections 
up to 10 mm and into a BTFSW is expected to give a better understanding of 
industrial applicability of TWT. This work has been proposed as a cooperation 
with TWI Ltd. in Sheffield, UK for further studies. Welding parameters influences 
on the temperature measurements in the different conditions will be considered.  

The optimal temperature range is still discussed by several researchers. Its 
identification for different alloys is of high significance. Keeping the temperature 
within this range is especially important when environmental changes are present 
and varying in an unknown way during welding. Understanding the effect of 
thermal dissipation variations on the welding temperature and weld quality is 
proposed for future investigations during this PhD thesis.  

The development of the temperature controller will continue in order to become 
more reliable for application into different welding environments and process 
variants, during both the plunge stage and continuous welding. 
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Thermo-electric temperature measurements 
in friction stir welding – Towards feedback 
control of temperature
Friction stir welding (FSW) is a solid state welding process. This process was first devel-
oped for aluminium alloys but now it can be applied to other materials as well as to perform 
dissimilar joints. The FSW welds present good mechanical properties and low distortion. 
This process also allows us to join aluminium alloys that were, before the arrival of FSW, 
considered non-weldable. These characteristics have enabled the fast adoption of this 
process by several industry sectors such as aerospace, marine, railway and automotive. 
So far, FSW has been limited to simple straight welds of simple components. This limita-
tion is primarily due to the fact that the standard equipment used has low flexibility to give 
more rigidity. The implementation of the FSW process on more flexible equipment, such 
as robots, gives the possibility to weld 3D geometries, increasing the design opportunities 
for this process. However, welding these types of geometries is quite challenging due to 
thermal dissipation variations present during welding. Process control by using weld tem-
perature feedback has been demonstrated successfully to facilitate the welding of com-
plex geometries. This leads to the research question explored in this doctoral work: How to 
achieve high quality welds and optimize the process using temperature-controlled FSW?
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