
DEGREE PROJECT FOR MASTER OF SCIENCE WITH SPECIALIZATION IN ROBOTICS 
DEPARTMENT OF ENGINEERING SCIENCE 

UNIVERSITY WEST 

 
 
 
 
 
 

Robotic 3D Friction Stir Welding 
-T-Butt Joint 
 
 
 
 
 
Cheng Zhang 
 
  

 



 

 
 
 
 
 
 
 
 

A THESIS SUBMITTED TO THE DEPARTMENT OF ENGINEERING SCIENCE  
 

 IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE OF 
 

MASTER OF SCIENCE WITH SPECIALIZATION IN ROBOTICS 
 

AT UNIVERSITY WEST 
 

2015 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Date:  June 1, 2015  
Author:  Cheng Zhang 
Examiner:  Gunnar Bolmsjö 
Advisor:  Ana Silva, University West 
Programme:  Master Programme in Robotics 
Main field of study:  Automation with a specialization in industrial robotics 
Credits:  15 Higher Education credits 
Keywords  Friction Stir Welding, Robotic Friction Stir Welding, Three-Directional Welds 
Publisher:   University West, Department of Engineering Science, 

S-461 86 Trollhättan, SWEDEN 
Phone: + 46 520 22 30 00  Fax: + 46 520 22 32 99  Web: www.hv.se 

 ii 



 

Summary 

This Master Thesis was performed in terms of robotic three dimensional friction stir weld-
ing with T-butt joint. 

Friction stir welding (FSW) is a solid state welding method that achieves the weld tem-
perature by friction of a rotating non-consumable tool with the workpiece. Science and 
technology fast developing requires for higher seam quality and more complex welding 
joint geometry like 3D welds. In order to acquire high productivity, capacity and flexibility 
with acceptable cost, robotic FSW solution have been proposed. Instead of the standard 
FSW machine, using a robot to perform complicated welds such as, three-dimensional. 

In this report, a solution for weld a 3D T-butt joint, which located in an aluminium cyl-
inder with 1.5 mm thickness using a robot, was developed. Moreover, two new paths were 
investigated in order to avoid the use of two welds to perform this type of joint. The paths 
were tested on 2D and on 3D (with a 5050 curvature radius) geometries. Both paths had 
good results. What is more, the parameter developing methods of FSW process, which is 
composed of necessary parameter setting, positional compensation was introduced. Spe-
cially, the study demonstrates how complicate geometry can be welded using a robot. Also, 
it shows that TWT temperature control is able to acquire high quality 3D welds. 

In addition, an analysis of the 2D welding and 3D welding was performed, which ex-
posed that, keeping exactly the same welding conditions, higher lateral forces on the tool 
were found during 3D welding. Basis on the special case in this paper, when the tool goes 
like “climbing” the sample, the suffering force of tool decreasing with increasing the height 
(Z position); nevertheless, when the tool goes like “downhill”, the suffering force of tool 
decreasing with decreasing the height (Z position). What is more, in 2D weld, increasing 
the downforce (Fz) results increasing the lateral forces which can be Fx and/or Fy. 

Finally, the future works suggestions were presented in terms of (1) performing the new 
paths into a real cylinder, (2) performing tensile test on the paths and comparing it with 
conventional path which weld twice, (3) researching how the downforce (Fz) influence the 
Fx and Fy during welding of different 3D geometries, (4) how the cooling rate of backing 
bar influence the seam quality when it is use the same welding parameters and (5) the effect 
of performing  welds in the same welding temperature achieved with different combination 
of the tool rotational speed and downforce on the material properties 
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1 Introduction to the thesis 

In this chapter, the aim of the conducted research is explained in terms of motivation, 
objective, limitation, outline and research methodology, which presented why robot 
3D FSW needs to be developed as well as shown the main purposes and the limita-
tions in study. 

1.1 Motivation 
In order to fulfil the actual demand of the science and technology development, Fric-
tion Stir Welding (FSW) needs to be developed. One of the main challenges is per-
forming 3D welds with high quality. In spite of the 3D welds can be performed 
through dedicated FSW machine and/or modified milling machine, to acquire high 
flexibility and productivity with acceptable cost, a robot is required. Therefore, there 
is a need to invest a robot preforming FSW with 3D weld, which is named Robot 
Three-Dimensional Friction Stir Welding (Robot-3D-FSW), so that the complex 
welding geometry can be solved with high seam quality and low investment cost. Spe-
cially, applying Robot-3D-FSW into the industry applications. 

1.2 Objective 
The objective of this master thesis is investing a good way to weld the 3D T-Butt joint 
with high seam quality, productivity, and low cost. As shown in Figure 1, the 3D T-
Butt joint is consist of a around weld and an axis weld, which located in an aluminium 
cylinder with 1.5 mm thickness. The T-Butt joint which combined the T joint and the 
butt joint, nowadays, is a complex joint in industry applications due to the various 
geometries. 

 
Figure 1: The 3D T-Butt joint which located in an aluminium cylinder with 1.5 

mm thickness. 
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1.3 Limitation 
The master thesis is an overlap between three main areas: robotics, 3D weld and 
FSW. The main research area can be seen in Figure 2. As it shown, only the T-Butt 
joint within the Robot 3D FSW is invested in this study. What is more, there are some 
other limitations such as, ESAB Rosio FSW robot is the powerful robot available in 
the workshop, no rotational table available, the clamp system need be dedicated, 
plates cutting time ensure, limitation of 3D samples preparing, time, etc. 

1.4 Outline 
This paper is organised in eight sections. Following this introduction, section 2, 3 and 
4 present the friction stir welding, FSW 3D weld and Robot FSW, respectively. These 
three chapters getting tougher presented the necessary knowledge such as, back-
grounds, processes, theories, general problems, developments, applications and so on. 
Section 5 introduces the 2D FSW experiment which consist of the experiments set-
ting up, experiments, results and discussion. Section 6 describes 3D FSW experiments 
which basis on the 2D FSW experiments acquired knowledge, invested the Robot 
FSW with 3D T-Butt joint. A conclusion is presented in section 7 and future work is 
following in section 8. 

 
Figure 2: The thesis research area (in the centre). 
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1.5 Research methodology 
As Figure 3 shown, the research methodology of this thesis can be decided to five 
steps. Theory is the basic step. All the other steps are based on the theory. The first 
step is planning which includes the whole structure as well as the specific for each 
step. The following step is experiment, which makes the plan into practice and gener-
ates the results, simultaneously. In the third step, the results will be classified into two 
types. The satisfied results will be kept and recorded into the finally results while, the 
unsatisfied data will be analysed, circularly, re-planned and re-experiment until the 
valued results were obtained. 

 
Figure 3: The research methodology in this thesis. 
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2 Friction Stir Welding 

Friction stir welding (FSW) was invented and experimentally proven at The Welding 
Institute (TWI) in Cambridge, UK in 1991 [1]. FSW is a solid state welding method 
that uses achieve high temperature promoted by friction of a rotating non-
consumable tool with the workpiece. Since the FSW method was introduced in early 
1990s [1], the linear FSW machines or milling machines preform the major part of 
FSW applications consists of simple joint, such as straight joint [2]. Though the recent 
developments in tool materials, the process feasible not only for lightweight alloys, 
but also for steel [3], nickel alloys [4] and others. Furthermore, comparing with con-
ventional welding processes, FSW is environmental friendliness and energy efficiency 
so that it is a green technology. This method is widely used in aerospace, automotive, 
military, armour and etc. [2, 5-8]. 
 

2.1 FSW Process 
The process of FSW can be seen in Figure 4. The process can be divided to four 
steps. Firstly, the high rotating probe is pressed down into the material until the 
shoulder touches workpiece surface. Then, the tool maintains its position and rotation 
until reaching the excepted welding temperature. Thirdly, the rotating tool mechani-
cally stirring the plasticized material tougher and moving forward along the joint line 
thereby is creating a solid state welding joint. In the end step, the probe is pulled out 
of the material thereby leaving a key-hole in the end [5]. 

 
Figure 4: The FSW process. 
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As show in Figure 4, the side which the rotational speed and welding speed have 
same direction is named advancing side, while the other side is called the retreating 
side. Moreover, during welding, to ensure the temperature will not spread too fast as 
well as to fix with clamping system, a backing bar which have low thermal conductivi-
ty and special thickness (due to the clamping system) are necessary. 

2.2 Tool Geometry 
The tool geometries play a significant role in friction stir welding. The original FSW 
tools were composed of a concave shoulder and a cylindrical probe. With the progress 
of research, there are large amount of tool geometries has been invented. As shown in 
Figure 5, the shoulder can be flat, concave and convex. The probe geometries are 
various also such as, oval, circular, triangular prism, conical frustum etc. However, the 
typical features are scrolls on the shoulder and threads on the probe. Not only can it 
offer a better material flow so that allow higher welding speeds, but also it leaves a 
smooth surface without flash [5] and “scrolled” shoulder allows the FSW with 00 tool 
tilt angle [6]. One of the significant developments is Static Shoulder FSW (SSFSW) 
[9]. The main mechanism of SSFSW is composed of a rotating pin located in a non-
rotating shoulder component which slides over the surface of sample during welding. 
As shown in Figure 6, during stationary shoulder FSW, instead of directly contribute 
to the heat generated, the tool pin (component 11) rotates through the non-rotating 
shoulder which held by the sliding shoe (components 7 and 10). Therefore, this ap-
proach ensures the heat input mainly focus around the pin so that eliminates the 
problem of the surface overheating. 
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2.3 Metallurgy 
During FSW, the material will go through a thermal cycle and plastic deformation. 
Normally, in the welding part, there are three different zones, they are stirred zone 
(SZ), thermo-mechanically affected zone (TMAZ) and heat affected zone (HAZ). In 
SZ which is the centre of the weld, it subjected to drastic plastic deformation result in 
generation of a recrystallized fine-grained microstructure. The TMAZ has both plastic 
deformation and thermal cycle. However, because of insufficient deformation strain 
so that recrystallization did not occur in this zone. In TMAZ, the microstructure is 
highly deformed. Thereby, for aluminium alloys, there are often results a drop in 
hardness in the transition of TMAZ and HAZ. The HAZ is the most far away from 
the weld zone which has been subjected thermal cycle, only. The grains of HAZ retain 
the same structure as the base material. However present different mechanical proper-
ties due to thermal cycles suffered (e.g. increased hardness) [5, 10] 

2.4 Welding Parameters 
During the FSW, there are many important parameters such as, tool rotation speed, 
the speeds of tool travel along the line of joint (welding speed), the axial force, the 
angle of spindle or tool tilt with respect to the workpiece surface, and the tool geome-
tries. 

The rotation of the tool caused the stir and mix of the material and the translation 

 
Figure 5: The various tools and tools shoulders. 

 
Figure 6: The cross sectional view of stationary shoulder FSW mechanism. (1) 
Rotating spindle (2) Draw bar (3) ISO 50 Tool holder (4) Water cooling jackets 
(5) Argon input (6) Support bearing (7) Stationary tool head (8) Ti workpiece 

(9) Backing plate (10) Sliding pin (11) Rotating pin (12) Sliding seal (13) Argon 
supply (14) Gas chamber (15) Inert gas input [9]. 
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of the tool bring the tool pin move along the join line, thereby the material move 
from the advancing side of the pin to the retreating side. Normally, higher rotation 
speed would lead to the higher temperature due to higher friction heating [6] and fast-
er welding usually leads to more traverse force which is a result of the material re-
sistance to the tool movement along the joint line [5]. However, the welding speed 
and tool rotation speed is combining tougher so that influence the seam quality. For 
example, a high welding speed and low rotational speed (“cold weld”) will lead to cav-
ity/wormhole defects, while high rotational speed and low welding speed (“hot weld”) 
will cause the excessive flash defects which present in section 2.5. 

During welding, the axial force has a significant influence. Higher axial force leads 
to higher welding temperature due to the higher friction. Therefore, the flash defect 
will happen, if the axial force is too high. Moreover, as a result of the axial force too 
low, the friction is not enough to offer the exception heating input so that cold weld-
ing happened. 

To perform the FSW, normally, instead of perpendicular the tool is tilted back-
wards to generate more pressure at backside of the tool (the “trailing edge”) [5]. 
Therefore, a reasonable tilt (normally 1-20) of the spindle towards trailing direction 
ensures that the stirred material is held by threaded pin and move material efficiently 
from the front to the back of the pin [6]. 

In general, all the parameters are interactional. Therefore, a high quality seam re-
quires all parameters with a suitable value. 

2.5 Typical Defects and Their Causes 
There are two typical defects which related to geometric properties of the tool and the 
workpiece are similar like fusion welding despite it has many differences compared 
with FSW. The two defects “incomplete penetration” and “lack of mix together” lead 
to incomplete consolidation at the bottom side of the weld. The reason of the former 
defect is a probe too short and the latter is improper positon of the tool [5]. 

The others defects can be associated with the material flow and incorrect choice 
of welding parameters. They are: 

• Void/Wormhole defect which is completely subsurface, volumetric and con-
tains no material appears. This can occur due to a high welding speed and low 
rotational speed (“Cold weld”),which can be seen in Figure 7 (a)[5, 11, 12]. If 
many wormholes happened continuously, the groove defect will happen (As 
shown in Figure 7 (b)). 

• Hooking effect, as shown as Figure 7 (c) this often happens in lap-joints only, 
causes thinning of the top sheet (upward side) or bottom sheet (downward 
side) [5]. 

• Excessive flash (faying surface flaw as shown in Figure 7 (d) defect happened 
when the tool position is programmed too deep, the axial force us too high or 
the temperature is too high. Normally, it related to high rotational speed and 
low welding speed. The material will build up at the edge of the weld so that 
reduced the plate thickness which results in lower strength [5, 12]. 
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2.6 FSW developments 
With the FSW technology fast developing and widely using, there are many methods 
and/or technologies have been developed to work with the initial FSW thereby ac-
quired high feasibility, dependability and operability. 
One of the FSW important developments was force control. Force control evolved 
from indirect to direct force control. Indirect force control is achieved though motion 
control, while direct force control contained closed loop force feedback [5]. Further-
more, to ensure the force control, force measured which either a hardware (force 
measurer) or software (Like ABB robot, the force measurement system could be im-
plemented in software) was necessary [13]. 

Robot FSW systems were developed since robot was invested to perform the 
FSW. The robot FSW systems can assistant the robot more suitable to perform the 
FSW. For example, in USA, Christopher presented the robot FSW system which used 
ABB IRB 6400 with a 2200 W electric motor and force control system so that 
demonstrated FSW can be performed by the standard industrial robot [13]. Soron in 
ESAB AB Welding Equipment, Sweden, implemented a FSW robot system consists 
of modified the hardware (mechanical unit) and software which can control, plan and 
evaluate the performance of system so that the robot FSW gain flexibility [14]. 

It is worth to mention that temperature control is significant method to ensure the 
seam with a high quality. As shown in Figure 8, the weld with and without tempera-
ture control had huge difference of the seam quality. Complex geometries cause vary-
ing heat dissipation in the weld product so that leads to unstable process with risk of 
defects and meltdowns and/or varying weld properties [2, 5]. To implement the tem-
perature control, temperature measurement is necessary. There are variant methods 

 
Figure 7: The typical defects. (a) Wormhole; (b) Groove; (c) Hooking effect 

[5]; (d) Excessive Flash. 
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presented as follow: 
• One way is using thermocouples inserted in the tool, which developed by 

Fehrenbacher etc. [15]. It allows online control but the major disadvantage 
are the need for pre-drilled holes in the tool for placing the thermocouple [16], 
the thermocouple can break during welding and it has time delay. This leads 
to increase cost and time loose. Moreover, the measurement devices on the 
spindle probably induce extra instabilities.  

• The other method was developed by Shahdan, Vanderbilt University, USA. It 
called “ultrasonic time of flight” which basis on the physical phenomenon 
that the speed of a sound wave through a medium relates to the temperature 
of the medium [17]. The advantage of this technology is the accuracy of the 
temperature measurement is very high. However, it requires a flat surface so 
that unsuitable for welding of complex geometries.  

• Backer etc. invested an infrared camera on SFW robot to measure the maxi-
mum temperature at the edge of the tool shoulder [18]. However, it has time 
delay due to the temperature information only provide from the edge of the 
tool shoulder and the flash formation during the welding can disturb the im-
age so that influence the temperature information such as, it not read the 
temperature peak. 

• Recently, a novel temperature measurement method, which named “The 
Tool-Workpiece Thermocouple (TWT)” [19], was exposed by De Backer and 
Bolmsjo. The principle of TWT is based on the thermoelectric effect between 
dissimilar materials so that calculated the temperature of the interface be-
tween tool and workpiece. The advantages of TWT are low investment cost 
and nothing is need inside the tool or workpice. Moreover, in the material, 
temperature change can be detected in an accurate way by using the TWT 
method. What is more, TWT method suitable for the on-line temperature 
control due to the quickly response of the influence of the environmental sit-
uations change. However, the drawback are the measure temperature is a 
mean value and cannot show a temperature profile under the shoulder [19]. 

 
Figure 8: The difference of temperature control and without temperature con-

trol. The welds are from Jeroen De Backer. 

 9 



Degree Project for Master of Science with specialization in Robotics 
Robotic 3D Friction Stir Welding  - Friction Stir Welding 

2.7 Application Highlights 
There are various applications of FSW in different areas, like aerospace industry, rail-
way industry, automotive industry, military industry and so on. There various applica-
tion highlights are shown below. 

2.7.1 Aerospace Industry 
The aluminium alloys are widely used in aerospace industry due to its high-strength 
and lightweight such as 2XXX and 7XXX. However, trough the conventional welding 
methods, because of the occurrence of hot crack, it is very difficult to joint this high-
strength aluminium [6]. Moreover, some alloys are not weldable by fusion techniques. 
Therefore, the FSW play a significate role when welding that aluminium. There are 
many applications in aerospace areas such as the Eclipse 500 aircraft which using the 
FSW to join skins components and structure [6], the NASA space launch system 
(SLS) [5, 20], the Delta II and IV rocket which have total of 2100m and 1200m of 
defect free Friction stir welds, respectively [21]. 

2.7.2 Railway industry 
The railway industry has large demand of welding. The applications of FSW include 
high speed trains, railway tankers, container bodies, underground carriages etc. Since 
1996, the Sapa facility in Finspång, Sweden, produces large aluminium panels with a 
production rate of 1000m of friction stir welds per day [5, 21]. Alstom LHB (Germa-
ny) have used FSW aluminium side walls in 2001 and FSW floor panels for Munich 
suburban trains in 2002. 

2.7.3 Automotive Industry 
All aluminium components in the car can be welded by FSW [20] such as alloy 
wheels, bumper beams, crash boxes, drive shafts and so on. For example, Riftec ap-
plied a 240mm long FSW with dissimilar thickness of 1.7 and 2.4mm by a Tricept-
9000 parallel kinematics robot and use for Audi R8. Not only does it allowed Audi to 
reduce vehicle weight, but also increase efficiency due to reduce the cost of material 
and forming. Another example in Guangdong, China, apply FSW to produce ramp-up 
of light alloy wheels [21]. 

 10 
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3 FSW 3D Welds 

Science and technology fast developing requires for higher seam quality and more 
complex welding joint geometry like 3D welds. Therefore, there is a need to invest a 
good method so that acquire high seam quality with complex welding joint geometry. 
As environmental friendliness and energy efficiency welding technology [6, 7], FSW 
has been developed to perform the 3D welds with industrial robot. For example, in 
Germany, Zaeh and Voellner using a high payload industrial robot [22] and Christo-
pher, in USA, using a standard industrial robot with a force control device to demon-
strate that the robot the ability to perform 3D welds with high seam quality and ac-
ceptable cost [13]. 

3.1 Typical 2D FSW welding joints 
For FSW, butt and lap joints are the most convenient joint configurations. There are 
some different butt joints and lap joints are shown inFigure 9. As Figure 9 (a) and (d) 
shown, they are typical butt joints. Figure 9(b) is a simple lap joint which place two 
lapped plates or sheets. The rotating tool joint two plates by perpendicular plunged 
though the upper plate into the lower plate and welded along desired direction. What 
is more, there are some joints which combined the butt and lap joints, such as fillet 
joints (Figure 9 (c)) [6]. Nevertheless, nowadays, because of the complex product 
geometry, the welding joints are no longer simple 2D structure. For example, the 
same types of joint like Figure 9 shown but with a curvature, it will become a 3D 
weld joint. 

3.2 3D structures 
Nowadays, 3D-structures become more and more common in industrial. Therefore, 

 
Figure 9: (a) square butt, (b) lap joint, (c) fillet joint, (d) edge butt, (e) T joint. 
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instead of 2D weld joints, 3D-structure welds are unavoidable in industry applications. 
For example, in automobile, the body of the automobile has extremely complex ge-
ometry. As another example, the vanes geometry of aircraft engine has many degrees 
of freedom. Therefore, it is impossible to avoid 3D welds. The main challenge for 
3D-structures is the weld with three dimensional free which have x, y and z axis joints 
freedom. However, generally, normal FSW equipment such as, the dedicated FSW 
machine and modified milling machine, only can perform 2D structures so that a ro-
bot is required. Compared with simple machine, robot has more parameters, more 
complete motion and more degree of freedom so that more suitable to preform 3D 
welds. Although, the robot lack of stiffness leads to vibration thereby deviations is 
produced [5, 22], there are many developments allow the robot get rid of the draw-
backs when preform friction stir welding, which were explain in chapter 4.3. Other 
challenges are the design of the clamping and the place of the backing bar which 
should be under the welding product. 
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4 Robot FSW  

In many applications, using standard FSW machines lead to the FSW require for the 
high capital cost and the poor productivity. Therefore, robot FSW solution have been 
proposed [23]. The first robotic FSW application was presented to the public in 
Gothenburg, Sweden, 2000 during the Friction Stir Welding Symposium by two re-
search groups [5]. One group was using an ABB IRB-6400 serial kinematics robot 
[24], the other using a Neos parallel kinematics robot [25]. Instead of the standard 
FSW machine, using a robot to perform the FSW will generated more flexibility and 
capacity to achieved complex welds such as, three-dimensional. 

4.1 FSW Equipment 
Nowadays, the dedicated FSW machine, modified milling machine, serial and parallel 
kinematics robots, are commonly used to perform FSW [26]. All those equipment 
have advantages and disadvantages. 
As the first FSW machine, modified milling machine have the same general character-
istics as FSW machine [27]. Both milling and FSW machine generally supply a high 
stiffness with a good accuracy [26]. They are widely using in the industry so that 
makes the cost of investment less compared with the others. However, most of the 
milling machines can not propose a force controlled operation except the new milling 
machines [26]. 

For the FSW dedicated machine, it has high framework stiffness so that offered 
high payload capacity, it suite for all types of material and varied thickness as well [26]. 
Moreover, FSW dedicated machine can weld 3-dimensional joint when it composed 
of a five axes machine which has two rotational axes [14]. The disadvantages are the 
high investment cost and low productivity [13]. Consequently, in order to dedicate 3-
dimensional welds, the other types of equipment (robots) have been developed to 
increase the productivity and reduce the investment cost [26]. 

4.2 FSW Robots 
In FSW, as shown in Figure 10, the task performing robots can be mainly divided to 
two types of robot, one is serial kinematics robot (SKR) and the other is parallel kin-
ematics robot (PKR). 
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Serial kinematics robots (SKRs) are commonly and widely used in industry. They 
are designed a series link connected to each other, also it called articulated arms. Gen-
erally, serial kinematics robots (SKRs) have six degrees of freedom so that it can place 
the tool or manipulated object in an arbitrary pose (both positions and orientations). 
Therefore, it more flexibility, multidimensionality and lower investment cost that ded-
icated FSW machine [28]. There are various FSW SKRs can be found such as, KUKA 
KR 1000 titan, ABB IRB-6400, ABB IRB7600, ESAB Rosio etc. However, there is a 
fatal disadvantage is their lack of stiffness so that lack of the load capacity. A good 
way to handle the drawback is using force control system which using a force sensor 
to measure the real force and send it back as a reference force so that correct the in-
put force [5, 13, 23, 26]. 

Parallel kinematics robots (PKRs) have an extremely high payload. For example, 
during welding, with a path following accuracy 50 µm, the PKM Tricept P9000 can 
offer a continuous actuator load of 20 kN and peak can be achieving 40 kN. The pay-
load of KUKA KR 1000 titan which is one of the most powerful serial kinematics 
robots only has 1000 kg [5]. However, compared to SKRs, there are some disad-
vantages with PKMs, which are high investments costs, limited workspace and less 
suitable for 3-dirmensional applications [5, 26]. 

In general, using the industrial robot allowed FSW technology to preform compli-
cate welds such as, 3-dimensional welds. However, the high investments cost, the 
vibrations and the insufficient path accuracy limited the developing of the robot in 
FSW. Therefore, there are variety developments in robot FSW. 

4.3 General problems/limitations and their corresponding 
developments of Robot FSW 

FSW requires high down force. However, for industry robot, the common problem is 
lack of the stiffness result high vibrations thereby crate an inaccuracy path. To over-
come the insufficient stiffness, the powerful robots such as the PKM tricept P9000 

 
Figure 10: IRB7600 Serial Robot (Left) and IRB940 Parallel Robot (Right).[23] 
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(maximal payload force is 40 kN), the KUKA KR 1000 titan (as shown in Figure 11 
(Left) maximal payload of 1000kg) and the ABB IRB-7600 (as shown in Figure 10 
(Left), maximal payload force is 15 kN), and the modified robots like the ESAB Ro-
sio FSW robot (Can be seen in Figure 11 (Right) ) had been developed. But there is 
still some disadvantages, for example, to perform the FSW, it impossible to apply the 
FSW tool vertically upwards [5]. 

Another good way to get rid of the disadvantage is using robot FSW system which 
normally involved in force control system. As an example, in USA, Christopher 
demonstrated that the FSW can be performed by the standard industrial robot with 
robot FSW system and force control system [13].  Moreover, in ESAB AB Welding 
Equipment, Sweden, Soron implemented a FSW robot system consists of modified 
the hardware (mechanical unit) and software which can control, plan and evaluate the 
performance of system [14]. Using this system allows the robot FSW gain flexibility 
which involved in: 
 Basis on CAD models, use a modelling context to plan and simulate the weld 

(motion).  
 Weld in calibrated environment. 
 Through object inspection and data evaluation so that verify the result. 

What is more, to acquire a high accuracy path and/or position of the robot, robot 
deflection compensation was developed by Backer [29]. This research was investigated 
path compensation methods basis on two sensor-based methods which are vision 
based and laser based methods (The experiment set up can be seen in Figure 12). In 
the vision, a monochrome camera which needs to be calibrated for intrinsic (only 
once in the beginning of welding) and extrinsic (every time of welding) parameters 
was used to measure the distance between tool centre point (TCP) and the welding 
joint line so that it can be corresponded to the absolute distance between TCP and 
the welding joint line. The drawbacks of this method are the light conditions require 
controlled, cannot apply for overlap joints and the plunging step. Instead of the cam-
era, in the laser based method, two laser sensors were invested to measure absolute 
position in z and y direction. Therefore, laser based method can produce high preci-

 
Figure 11: The KUKA KR 1000 titan robot (Left) and ESAB Rosio FSW robot 

(Right). 
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sion measurement. However, it only works for straight welding lines and requires a 
reference plane. 

 
Figure 12: Sensor arrangement of vision based (left) and laser based (right) 

[29]. 
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5 2D FSW Experiments 

The 2D FSW experiments were invested to acquire suitable parameters, which include 
welding parameters exposing, path planning, and welding positional error compensa-
tion setting, thereby prepare for 3D FSW experiments. In this study, it specially focus 
on T-butt joint which, nowadays, is common in industry applications, basis on the 
conventional FSW method invent a good way to handle those welding joints so that 
reduce cost and increase the productivity. 

5.1 Experiments setting up 
To execute the experiments, there are many preparations which are sample prepara-
tion, FSW robot system installation, path planning and offline programming. 

5.1.1 Experiment samples 
Aluminium alloy 6082-T6 was known has high strength and good weld-ability. Nowa-
days, it becomes one of the common aluminium alloys in industry applications. There-
fore, in this thesis, all the experiments material are aluminium alloy 6082-T6. To simu-
late the real case in industry application which is a container needs to be welded both 
along the axis and circular around the container, the samples was design to three piec-
es which can be seen in Figure 13. The horizontal weld represent the weld which 
around the container and the vertical weld instead of the weld which along the axis. 

5.1.2 Experiment tool 
The experiment too is show in Figure 14. The total length of the tool is 105.6 mm 
and the length of pin is 1.28 mm. The diameter of the tool shoulder is 8 mm and the 
pin is 3 mm. 

 
Figure 13: The 2D experiments sample. (a) The design of the 2D sample. (b) 

The real 2D sample. The thinness is 1.5 mm. 
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5.1.3 The FSW Robot system 
In this thesis, all experiments are performed on the ESAB Rosio FSW robot system 
which is located at the Production Technology Centre (PTC) in Trollhattän, Sweden. 
As a high technology centre, PTC combined laser welding lab, FSW lab, NDT (Non 
Destructive Testing) lab, Machining and Metal Forming lab, etc. ABB IRB-7600 robot 
which has 500 kg payload was used in this system. However, the last robot axis has 
been modified which can be seen in Figure 15. Instead of the original robot axis, the 
FSW equipment was used. The spindle motor is a AC servo motor (Mavilor MSA-45) 
which can offer up to 4500 rpm speed and 30 Nm torque. Therefore, it ensure the 
high rotational speed and high torque requirements [5]. Moreover, there is software 
which named ContRoSit was used to control and supervise the robot FSW. The 
ConRoStir software was developed by Jeroen De Backer and improved by Ana Silva. 
It was created by using the National Instruments LabVIEW software. This software 
allows quick measurement and controls the various parameters easily. 

 
Figure 14: The experimental tool, which has scrolls shoulder and cylindrical 

probe. 

 
Figure 15: The ESAB Rosio FSW robot, which has five joints only. The “last 

joint” is same like the rotation spindle. 
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5.1.4 Path planning 
Because of the limitation of the robot itself as well as the limitation of equipment (no 
rotational table), it is almost impassable to weld the real 3D T-butt joint on the cylin-
der. Therefore, there are three different paths were investigated to simulate the real 
application which can be seen in Figure 16. One of them is the common ways which 
tread the T-butt joint as two welds (as shown in Figure 16 (a)). The others are one 
path only. Therefore, it leads to one key-hole only, less time consuming and locating 
point requirements, which increased the productivity and reduced the invented cost. 
All paths start at the axis weld (vertical weld) due to the minimum the influence of the 
deformation. Comparing with axis weld (vertical weld), normally, the around weld 
(horizontal weld) has more deformation which leads to the failure of vertical weld.  

5.1.5 Offline programming 
Because of the FSW require tilt angle, therefore it is beneficial to program offline. 
ABB RobotStutio was used due to its user-friendly and the ESAB Rosio FSW robot is 
original from ABB IRB-7600 robot (Normally different companies have different 
offline simulation software), which can be seen in Figure 17. Before the offline robot 
program can be use, online calibration is necessary. To ensure the position, at least the 
coordinate of three points in real environment are needed. Then, the virtual environ-
ment can be calibrated basis on those points. Once the accurately targets are build, the 
paths programming can be automatically created by the ABB RobotStutio. Moreover, 
it can be uploaded to the robot controller easily. 

5.2 Experiments 
FSW require different welding parameters which interact with each other. To acquire 
the suitable welding parameters, there are lots of welding experiments were necessary. 
The experiments can be classify to four steps which are initiatory parameter setting 
up, non-welding parameter setting up, welding parameter modifying and path choos-
ing, respectively. 

 
Figure 16: Three different paths. (a) Conventional path. (b) New path 1. (c) 

New path 2. 
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5.2.1 Initiatory parameter setting up (First step) 
In the first weld, auto-plunge was used because there is no idea what the parameter 
should be. Auto-plunge was developed by the research team in University West, Swe-
den, which can automatically change the down force so that reach expecting tempera-
ture during welding during the tool down into the material (plunge). It can help peo-
ple get the approximately suitable payload basis on the other parameters. In other 
words, there is a need to acquire other welding parameter such as, tilt angle, rotational 
speed and temperature. The common way to acquire the parameter is use the same 
parameters of similar case. After down force were acquired, keeping the same down 
force, changing one parameter each time so that modify the parameters which obtain 
from the similar case. 

5.2.2 Non-welding parameter setting up (Second step) 
Non-welding parameter is the one which is not conventional welding parameter but 
still influence the quality of seam. In this thesis, they are (1) Tool-Workpiece Thermo-
couple (TWT) calibration, (2) rotational speed range, (3) proportional-integral-
derivative (PID) controller and (4) compensation. 

During the welding, temperature control was used to maintain the expected weld-
ing temperature trough changing rotational speed. Therefore, temperature measure-
ment is significant. TWT method was used to measure the real welding temperature 
which, as a reference, back to the system thereby adjusts the rotational speed. Howev-
er, to enable using the TWT, a calibration of TWT was invested, which shows the 
relationship between voltage and temperature (TWT equation). The common way to 
calibrate the TWT equation heats the connection in an oven and controls it with a 
standard thermocouple. Then, establishing the relationship between the temperature 
which were collected by normal thermocouple and the voltage which from the TWT. 
Once the calibration is finished, the real temperature can be calculated by the voltage. 

 
Figure 17: The 2D offline programming in RobotStudio. 
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The follow step is setting the upper and lower limit of the rotational speed. The 
greater spendable range of the rotational speed, the more power to against the tem-
perature changing. For example, when the real temperature is lower that the expecting 
temperature, normally, the temperature controller will raise the rotational speed so 
that acquire more heating input to achieve the expecting temperature. However, a 
small range of rotational speed only allows the temperature controller change within 
that small range. Therefore, if the gap between expecting and real temperature is too 
big and the spendable range of rotational speed is too small, the real temperature, 
probably, could not achieve the expecting temperature.  

For the PID controller, a high proportional gain (P) related to a big change in the 
output for a given change in the error. However, the system become unstable, if the 
proportional gain too high; while a small proportional gain results in a small output 
response to a large input error and less sensitive. Moreover, if the gain is too small, 
the control action will be useless compare with the noise. The larger integral term (I) 
results the faster response. Nevertheless, when the integral term is too big, the over-
shooting will happen due to it accumulated errors from past. The derivative term (D) 
improves settling time and stability. Normally, it is unnecessary [30]. 

To obtain a high positional accuracy of robot, an online compensation was invest-
ed. The positional deflection can be measured from the first weld. Then, compensat-
ing those measured deflection, manually. 

5.2.3 Welding parameter modifying (Third step) 
In this step, the experiments were invested to repeat the first step basis on the param-
eters which have been acquired. However, in this time, it mainly optimize the quality 
of weld depend on the analysis of the weld. It was use visual inspection to evaluate the 
weld quality and modify the parameters in order to improve it. It is a dependent step. 
In this study, the flash defect of intersectional point need be improved, which will 
discuss on chapter 5.3.4. 

5.2.4 Path choosing (Fourth step) 
To obtain the optimized path, the temperature of intersectional point was compared 
with each other. The higher remnant heat lead to more risk of defects, when passing 
the same area more than once. The temperature on the intersectional point was ap-
plied a thermocouple in order to acquire the temperature during the second pass of 
weld. Moreover, the samples were mounting and polishing to detect the voids under 
microscope. 

5.3 Results and Discussion 
Basis on the 2D experiments, there are various results can be exposed and discussed. 
All the results from 2D experiment will become references of 3D experiment. 

5.3.1 Tool-Workpiece Thermocouple (TWT) calibration 
As shown in Figure 18, both welds have the same welding parameters. The left (a) 
shows the weld with wrong TWT calibration while, which leads to work on wrong 
range of temperature; the right (b) shows the weld with correct TWT equation. Be-
cause of the wrong equation (Wrong relation between voltage and temperature), the 
measure temperature of left weld was lower that the real temperature. Thereby, the 
temperature controller increases the rotational speed which results the real tempera-
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ture higher than the expected temperature. Also, with an incorrect TWT equation, the 
wrong measure temperature could greater that the real temperature thereby the tem-
perature controller decrease the rotational speed so that leads to the real temperature 
lower that the expecting temperature. The TWT equation for aluminium alloy 6082-
T6 is blow: 

𝑇𝑇 = 1662626356𝑉𝑉3 − 7293762𝑉𝑉2 + 99865𝑉𝑉 
T is temperature; V means voltage. 

5.3.2 Rotational speed range & proportional-integral-derivative (PID) 
controller 

Large rotational speed range achieves strong temperature maintainability and less sys-
tem stability. Therefore, the PID controller is significant when the range is large.  

As Table 1 shown, comparing the weld 1 with weld 2, the only thing changing is 
the range of the rotational speed. However, as shown in Figure 19 (a) and (b), the 
welds show difference. In Figure 19 (a), because of the range is too small to decrease 
the rotational speed. So, the rotational speed was on the limit and did not adapt to 
achieve the set up temperature. Therefore, flash defect happen due to the high tem-
perature. Nevertheless, as shown in Figure 19 (b), the large range makes the tempera-
ture colder than the weld 1 in some points. In the same time, the system become un-
stable, this leads to the temperature change too fast. Therefore, in some area, the 
temperature is too high while, in some points are too cold. The reason why both the 
rotational speed and the welding temperature varying in a cycle way is because that the 
unsuitable PID value makes the system is too sensitive and overshooting. As Figure 
19 (b) shown, when the system detected the temperature is higher than the expecting 
temperature, the temperature controller start decrease the rotational speed. However, 
due to the unsuitable PID value, the rotational speed changing too fast and over-
shooting thereby leads to the temperature too cold. Then, the controller quality in-
crease the rotational speed and overshooting so that too hot. In the end, the unstable 
system leads to vary temperature and rotational speed. 

Moreover, in weld 3, the PID has been modified. Trough comparing the weld 3 
with weld 2, the system obviously becomes stable. Also, the result shows acceptable 
due to the temperature is staying around the pre-setting temperature. 

 
Figure 18: The weld with different TWT equation. (a) Wrong equation. (b) 

Right equation. 
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Table 1: The welding parameters of the three different welds. 

 

 
Figure 19: Three welds with different parameters response to Table 1. (a) Weld 
1; (b) Weld 2; (c) Weld 3; (d) The RPM (Red) and temperature(Blue) of weld 1; 
(e) The RPM and temperature of weld 2; (f) The RPM and temperature of weld 

3. 
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5.3.3 Compensation 
The result of the compensation shows various between x and y axis, can be seen in 
Figure 20. Because of the deflection, the compensation of y is 0.5 mm while, x is -1.5 
mm. As Figure 20 (a) shown, both vertical and horizontal weld are not in the middle. 
But the vertical weld has less deflection compare with horizontal weld. After the 
compensation was established, the weld accuracy achieved higher accuracy which can 
be seen in Figure 20 (b). 

5.3.4 Welding parameter modify 
As chapter 5.2.3 mentioned, there is flash deflect in the intersectional point, which 
can be seen in Figure 21 (a). There are many ways to remove the defect, they are: 
increasing the welding temperature, reducing the down force, increasing the welding 
speed and/or combining them. In the Table 2, it has shown the parameter of various 
ways to optimize the weld. Corresponding results can be found in Appendix A. The 
optimized weld (Way 3) can be seen in Figure 21 (b), which compared with the orig-
inal weld. 

 
Figure 20: Path deviation (a) The weld without compensation; (b) The weld 

with compensation. 

Table 2: The parameter of various ways to optimize the weld. 
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5.3.5 Path choosing 
The temperature of intersection point in both paths is shown in Figure 22. The weld-
ing tool passes the intersection point in each peak. Before the second passing, for 
path 1 and path 2, the lowest temperature is 60 °C and 57 °C, respectively. The differ-
ence of temperature is approximately 3°C, which is insignificant. What is more, the 
results of voids inspection are meaningless. There are no find voids defects in both 
paths. On the other hand, it shows both welds have a good quality. Therefore, both 
path was invested to 3D experiment. 

 
Figure 21: The optimized weld compare with original one. (a) The original 

weld which has flash defect on intersection point. (b) The optimized weld with 
defects free (Way 3). 

 
Figure 22: The temperature of the intersection point changing basis on time. 
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6 3D FSW Experiments 

The 3D experiments were performed to verify the new paths can be used on 3D ge-
ometry as well as to show the capacity of the robot during 3D welding. Moreover, it 
demonstrated the method which developed in this paper to solve the 3D T-Butt joint. 

6.1 Experiments setting up 
Basis on the 2D experiments, the 3D FSW experiments use exactly the same proce-
dure which include the same equipment, tool, welding software methods to develop 
the process, etc. However, instead of three pieces, the used sample was composed by 
only one piece due to the limitation on the bended plates preparing. Comparing with 
the 2D sample, the 3D samples have a curvature (the radius is 5050) which can be 
seen in Figure 23. Appling the complex path on the 3D geometry require extremely 
high positional accuracy. Moreover, it is impossible to create the path on the 3D ge-
ometry directly. Therefore, to ensure the high positional accuracy, the CAD module 
shows significant to offline programming. Higher CAD model accuracy results higher 
offline programming accuracy. As shown in Figure 24, the welding path can by au-
tomatically created based on the CAD module, which can be upload to the robot con-
troller easily. After that, online calibration is necessary to ensure the positional accura-
cy. 

 
Figure 23: The sample of 3D experiment. 

 
Figure 24: The path which generated basis on CAD module in RobotStudio, 

automatically. 
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6.2 Experiments 
The initiatory welding parameters have been set basis on the 2D experiments. Then, 
using the same methods like 2D experiment to modify until achieve suitable parame-
ters. Once the right parameters are acquired, it will be applied to the paths which have 
been developed from the 2D experiments. 

6.3 Results 
The result of the paths can be seen in Figure 25. As Figure 25 shown, both paths 
have a good result, which demonstrate the truth that 3D T-butt joint can be welded 
with one path only. Also, it presented the advantages of using the robot into the 3D 
FSW, which offered more positional flexibility. For 3D T-butt joint, comparing with 
the conventional path (Figure 16 (a)), the new paths which developed in this paper 
shown better. Because the present method needs weld twice thereby results two key-
holes on the product while, the new paths have one key-hole only due to it is simply 
path once. Moreover, the conventional path requires weld twice so that needs more 
time as well as locating points, which descent the productivity and increase the in-
vented cost. 

What is more, through the data analysis, there are some interesting results were 
found as shown as below: 

1. Keeping the same conditions such as, downforce (Fz), welding speed, rota-
tional speed, tilt angle, welding temperature (except rotational speed due to it 
rewrite by temperature controller during welding), material and path, the force 
of tool in Y axis (Fy) shown higher in 3D weld than 2D weld. To ensure the 
accuracy of the data, the experiments ware repeated 7 times in 3D and 4 times 
in 2D. Then, the average of Fy in 3D as well as in 2D were used to compare 
with each other (The original data can be seen in Appendix B). As Figure 26 
shown, the peak of Fy in 3D is around 900 N while, in 2D is about 600 N. 
Same in nadir, in 3D and 2D are -900 N and -600 N, respectively. 

 
Figure 25: The results of 3D experiments. (a) The new path 1. (b) The new 

path 2. 
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2. Using exactly the same procedure as previous point decrive, comparting the 
force of tool in X axis (Fx) in 3D and 2D, the Fx shown irregular, which can 
be seen in Figure 27. The original data can be seen in Appendix C. 

3. Higher downforce (Fz) lead to higher both Fx and Fy in 2D weld, which can 
be seen in Figure 28. 

 
Figure 26: The Fy of 3D and 2D welds. 

 
Figure 27: The Fx of 3D and 2D welds. 
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6.4 Discussion 
The reason why Fy shown higher in 3D weld mainly depend on the sample geometry 
and the path. As Figure 29 shown, the peak point and nadir point can be matched 
with the weld through the x, y and z pos. As an example, in the peak point, the weld-
ing direction is tangential with the seam. However, FSW require a tilt angle (1-20) 
thereby results a small force suffering area (The red area in Figure 29 (b)). With tool 
moving from peak point (about 900 N) to the right side, the Fy decreasing until 0 N 
in the end point. Moreover, the seam which paralleled shown same trend. It start na-

 
Figure 28: The influence of Fz on the Fx and Fy with same temperature (4800). 
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dir point (-900 N) and end up close to 0 N in the last point of the whole path. The 
reason why it behaviour like this, probably, it related to the force sensor, the gravita-
tional potential energy of the tool and force controller. However, it still needs some 
extra experiments to demonstrate the root reasons. 

For the relation between Fz with Fx and Fy it can be defined like that, in 2D weld, 
increasing the Fz result the tool into material more so that increasing the Fx and Fy. 
However, due to the lack of bended plates for 3D experiments, there are not enough 
data to support this trend in 3D. 

 
Figure 29: The Fy analysis of the 3D weld. (a) The average of Fy in 3D weld 

with 2800N downforce (Fz) and the pose of x, y and z; (b) The real weld with 
the highest Fy mark point, and the cross section view of the weld in the white 

rectangular area. “-”negative sign means direction only. 
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7 Conclusion 

This study developed two FSW paths which can weld the 3D T-butt joint with one 
path, only. Comparing with the present method which welds twice, the new paths 
only lead to one key-hole, less time consuming and locating points requirements 
thereby increased the productivity and reduced the invented cost. 

Moreover, in the report, it introduce the parameter developing methods of FSW 
process, which is composed of initiatory parameter setting, non-welding parameter 
choose (such as, temperature control and PID control), welding parameter modifica-
tion and position compensation. Specially, the study demonstrates how the complex 
welding can be performed by a robot using temperature controlled FSW. In the same 
time it presented the advantages of using the robot into the 3D FSW, which offered 
more positional flexibility. What is more, this paper demonstrates that TWT tempera-
ture control is able to acquire high quality 3D welds. 

Finally, an analysis of the 2D welding and 3D welding was invented, which ex-
posed that, keeping exactly the same welding conditions such as, downforce, welding 
speed, rotational speed, tilt angle, welding temperature, material, path and so on, the 
maxim suffering force of the tool shown higher in 3D weld. However, due to the 
complex geometry, the forces changing show different. Basis on the special case in 
this paper, when the tool goes like “climbing” the sample, the suffering force of tool 
decreasing with increasing the height (Z position); nevertheless, when the tool goes 
like “downhill”, the suffering force of tool decreasing with decreasing the height (Z 
position). The direction of suffering force is always the opposite of the welding direc-
tion. What is more, in 2D weld, increasing the downforce (Fz) results increasing the 
Fx and/or Fy. 
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8 Future Work 

It seems there is a long way to go on robotic FSW. However, the future work can be 
invested in different areas and/or it can be combined with the other technology so 
that FSW can be applied on complex geometry with high seam quality. 

8.1 Following this case 
Basis on this specifically case, the two new paths can be invested into a real cylinder. 
Also, the tensile test of those two paths on 2D experiments can be performed and 
compared with the conventional method which welds twice. 

8.2 FSW in robot area 
Researching how the downforce (Fz) influent the Fx and Fy in 3D weld, and the reac-
tion of the tool suffering force with different welding geometries. Combing the auto-
mation technology, to use the robot preform the FSW automatically, such as, posi-
tional compensation, path planning, seam tracking, welding parameter setting, defects 
checking, etc. 

8.3 FSW in material area 
How the cooling rate of backing bar influence the seam quality when using the same 
welding parameters. What is more, the future work can be focus on what is the mate-
rial behaviour when keeping the same welding temperature while, changing the com-
bination of the tool rotational speed and downforce. 
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A. The data of weld optimize 

 

Table A1: The parameter of various ways to optimize the weld. 

 

 
Figure A1: The original weld and various optimize ways. 
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B. The data of Fy when Fz equal 2800 N 

 
Figure B1: The original data of Fy in both 2D and 3D with 2800 N downforce (Fz). 

Appendix B:1 
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C. The data of Fx when Fz equal 2800 N 

 

 
Figure C1: The original data of Fx in both 2D and 3D with 2800 N downforce (Fz). 
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