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Abstract 
 

The Friction Stir Welding process is a rotating tool, that consists of a specialy designed shoulder and pin, that 

is plunged into the joining line of the required material and traverses along this line. The friction is induced by 

the rotating tool causes the workpiece material to rise to an operating temperature of 70% to 90% of the 

workpiece material's melting temperature and resulting in, no phase change, nor any defects associated with 

phase change, occurs in the workpiece. The increased temperature of the material causes the shear yield 

strength to drastically decrease thus allowing the two pieces to plasticise, easily stir around the tool and sub-

sequently join. As the tool traverses along the workpiece, the softened material cools in the wake of the 

rotating tool and recrystallises, forming a ne grained microstructure. 

 

Attempts to develop an innovative tool to correlate the resulting of thermal models with process parameters 

are scarce. In this work, 6056-T4 and 6082-T6 Aluminum alloy sheets are friction stir welding at different 

rotational and translational speeds during the experimental aspect and material 2024-T3 for the analytical 

calculations. The effects of process parameters on the resulting thermal and mechanical properties are 

investigated. The results show that the use of coolant during the friction stir weld decrease heat generation 

substantially, this can also affect the force of the weld. It is also observed that the shear strenght of the 

processed sheet depends strongly on the rotational and translational speeds as weld as the thermal aspect and 

varies widely within the processed region, this was shown in this study by evaluating the thermal aspects of 

different weld types namely the Standard tool, Bobbin tool and the innovative tool. In addition. The proposed 

approach involves determination of the use of the friction stir welding in different thermal conditions and 

championing the use of an innovative tool. 
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1. Introduction 

1.1.  The Thermal Process Models of Friction Stir Welding 
 

Friction Stir Welding (FSW), patented by The Welding Institute [1] in 1991, is a new technique for material 

joining and processing. Friction Stir Welding is a solid-state welding technology that has been a very 

comprehensive method for joining non-ferrous materials such as aluminium alloys and copper. It is a solid-state 

process, occurring below the solidus temperature of the metals being joined. FSW produces welds that are 

high in quality, strength, and also inexpensive to make. The other main advantage is that it produces no fumes 

during process and is energy efficient. FSW does not need any filler material as required in conventional 

welding process and is relatively easy to perform. However, the work piece should be rigidly clamped and welding 

speeds are low in order to avoid defects like porosity. For aluminium alloys such as the 2000, 5000, 6000, 7000, 

and 8000 series, the alloys can be easily welded by friction stir welding. During FSW, the work piece is placed 

on a backup plate and is clamped rigidly to eliminate any degrees of freedom. A cylindrical tool with a pin 

normally one-third the diameter of the shoulder at the base of the shoulder rotates with a high speed in the 

range of 300 to 1000 rpm. It is slowly plunged into the work piece until there is contact between the shoulder 

surface and the work piece which consequently creates heat. The heat is consequently produced due to friction 

and the plastic deformation of the material. The tool then moves along the designated path on the work piece 

with a specified travel rate. The pin of the rotating tool hence provides the ΨΨstƛǊΩΩ action in the material of the 

work piece. This result in a Heat Affected Zone (HAZ) with a better grain refinement required for a good weld 

joining. One of the main process parameters in FSW is the heat flux. The heat flux should be high enough to keep 

the maximum temperature in the work piece around 80% to 90% of the melting temperature of the work piece 

material [2], so that welding defects are avoided. The amount of the  heat  conducted  into  the  work  piece  

usually  generates  a  good  weld  in  terms  of  the microstructure of the Heat Affected Zone (HAZ), the residual  

stress, and the distortion of the work piece. Also the amount of the heat conducted back into the tool dictates 

the life of the tool. A low amount of heat transfer could lead to breakage of the pin due to its hard material. 

These factors emphasize the importance of the heat transfer aspect of friction stir welding. 

1.2.  Problem Statement 
The problem in incorporating FSW into manufacturing is that developmental process and testing is expensive from 

the view point of time, materials, and manpower. Much of the process knowledge is through running experiments 

for various changes in process parameters and the looking at the resulting metallurgical aspects to analyse the 

results. This consequently slows down the development of applications for this process. A faster and more cost 

effective way to examine new aspects regarding friction stir welding is required to reduce actual experimental 

testing. Finite element modelling is an option which can help determine process parameters that require further 

experimental testing for validation and analysis. The post-weld microstructure depends largely on how the 

material is heated, cooled and deformed. Hence a prior knowledge of the temperature evolution within the work 

piece would help in design of process parameters for a welding application. Research in the field of FSW lap joints 

has been limited possibly due to proprietary publishing restriction within industry. Hence it would be very 

beneficial for future development of FSW to understand the process behind FSW of lap joints by the means of 

Finite Element Analysis (FEA).  Two process parameters of interest for FSW lap welds are tool travel rates and 
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rotational tool velocities. A lot of emphasis has been laid on FEA analysis in previous published papers [3, 4, 5, 6, 

and 7] hence FEA analysis of these process parameters would broaden the scope of application of FSW lap welds. 

1.3. Statement Purpose 
The main objectives of this study is to develop and validate three-dimensional thermal models  of  friction stir  

welding for  butt  and  lap  joints  for  specific experimental cases  and investigate the effect of varying several 

process parameters on weld temperature history. In order to better understand the process an initial detailed 

study into butt welds was performed. The developed models would be validated against the published 

experimental results.  The best validated model was used to further perform parametric studies to predict thermal 

history and temperature distribution necessary for high quality welds. The parametric study was designed to 

investigate the following: 

ω 9ŦŦŜŎǘǎ ƻŦ ǾŀǊƛƻǳǎ ŀƭǳƳƛƴƛǳƳ ŀƭƭƻȅǎ ǎǳŎƘ ŀǎ !ƭслсм-T6, Al5052-H32, AA7050-T451, and Al2024-T3 on work piece 

temperature evolution. 

ω 9ŦŦŜŎǘ ƻŦ ǾŀǊƛŀǘƛƻƴ ƻŦ ǘƻƻƭ ǘǊŀǾŜƭ ǊŀǘŜǎ ŀƴŘ ŘƛŦŦŜǊŜƴǘ ǿƻǊƪ ǇƛŜŎŜ ƳŀǘŜǊƛŀƭǎ ƻƴ ǿƻǊƪ ǇƛŜŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ŜǾƻƭǳǘƛƻƴΦ 

ω 9ŦŦŜŎǘ ƻŦ ǾŀǊƛŀǘƛƻƴ ƻŦ Ǌƻǘŀǘƛƻƴŀƭ ǘƻƻƭ ǾŜƭƻŎƛǘȅ ŦƻǊ C{² ƭŀǇ ǿŜƭŘ ƻŦ !ƭнлнп-T3 alloy on work piece temperature 

evolution. 

Such process parameter studies covering parametric conditions not found in the literature would provide insights 

for further testing and analysis needed for development of process specifications for FSW butt and lap welds. The 

significance of the research is multi-faceted. The drawbacks abating the adoption of the FSW process for 

manufacturing commercial aircrafts will be mitigated. This work will also boost the confidence of non-aero 

manufacturing industries in substituting fusion processes with FSW. Research objectives have been formulated 

with this intention. 

1.4. Definition of Concept 
The basic study methodology to be developed a computational thermal model for butt and lap welds based on 

published experimental data. The correlated model will be extrapolated to perform  further  parametric  studies  

involving  process  conditions  not  seen  in  the  research literature. The unique focus of the study to be 

investigated thermal modelling of FSW lap welding which has been less researched than butt welding. Mode 

Frontier is a multi-objective optimization and design environment, written to couple CAD/computer aided 

engineering (CAE) tools, finite element structural analysis and computational fluid dynamics (CFD) software. It is 

developed by 'ESTECO SpA' and provides an environment for product engineers and designers. Mode Frontier is 

a GUI driven software written in Java that wraps around the CAE tool, performing the optimization by modifying 

the value assigned to the input variables, and analysing the outputs as they can be defined as objectives and/or 

constraints of the design problem. The logic of the optimization loop can be set up in a graphical way, building up 

a "workflow" structure by means of interconnected nodes. Serial and parallel connections and conditional 

switches are available. Mode Frontier builds automatic chains and steers many different external application 

programs using scripting (DOS script, UNIX shell, Python programming language, Visual Basic, JavaScript,etc) 

Mode Frontier includes design of experiments (DOE), optimization algorithms and robust design tools, that can 

be combined and blended to build up the most efficient strategy to solve complex multi-disciplinary problems. 

Different strategies are available, including random generator sequencŜǎΣ CŀŎǘƻǊƛŀƭ 5ƻ9ΩǎΣ hǊǘƘƻƎƻƴŀƭ ŀƴŘ 
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Iterative Techniques, as like as D-Optimal or Cross Validation. Monte Carlo and Latin hypercube are available for 

robustness analysis .When you start the Mode Frontier system, the GUI switches automatically to the Workflow 

desktop. A mesh independence study will be also performed to identify the effect of mesh density on the 

temperature evolution through the work piece.  The overall  temperature  evolution through  the  work piece 

during welding process  will be  observed  through  the  generated  temperature  contour plots  and temperature-

time history plots. 
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2.  Literature Survey  
 

Friction Stir Welding (FSW) has become a technology of widespread interest because of its numerous 

advantages, most important of which is its ability to weld otherwise un-wieldable alloys. Friction Stir Welding 

is a solid state joining technique that was invented at The Welding Institute (TWI) in the United Kingdom by 

Wayne Thomas and colleagues. The first patent submitted by TWI (US Patent No. 5.460.317 in 1991).  Although 

originally perceived as a technology for joining conventionally un-wieldable materials, mostly alloys of 

aluminium, it is currently being investigated for a number of other materials including ferrous alloys like 

stainless steels. 

The research presented in this thesis aims at applying optimization methods to FSW process models. In the 

literature limited work has been presented on this topic and most work has focused on modelling different 

aspect of the process, ranging from analytical models describing the temperature field to 3D numerical 

thermo-mechanical models and residual stress models. The present work focuses on optimization of thermal 

models of varying complexity and the next section is devoted to different thermal models. 

One of the reasons why academic and research interests are being focused on the use of FSW for these 

materials is its capability of producing high quality solid-state joints. Due to the absence of melting, the 

temperatures involved are considerably lower than those encountered in fusion welding techniques and the 

consequent residual thermal stresses are expected to be much lower as well. 

However, the motion constraints imposed by the rigid clamping of the weld pieces can lead to significant rise 

in residual stresses. Residual stresses in welded metals play an important role in understanding the response 

of a Friction Stir Welded structure subjected to general loading as well as its fatigue crack growth resistance 

[8]. It is well known that compressive residual stresses tend to retard the growth of fatigue crack while tensile 

residual stresses have a detrimental accelerating effect. Sutton et al. have reported experimental residual 

stresses for AA2024-T3 friction stir butt welds. 

The use neutron diffraction technique for strain measurements and from there computed the residual stresses 

ǳǎƛƴƎ ŀƴ ƛǎƻǘǊƻǇƛŎΣ ƘƻƳƻƎŜƴŜƻǳǎ ŦƻǊƳ ƻŦ IƻƻƪŜΩǎ ƭŀǿΦ ¢ƘŜȅ ŦƻǳƴŘ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǎǘǊŜǎǎ ŎƻƳǇƻƴŜƴǘǎ ǘƻ ōŜ 

the largest tensile residual stresses and reported a maximum value of 105 MPa with the highest stresses 

occurring near the crown side of the specimen over the entire FSW region. The highest transverse stress was 

approximately 75 MPa with the largest stresses occurring at mid-thickness. The through thickness stress 

component ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ŎƻƳǇǊŜǎǎƛǾŜ ƛƴ ǘƘŜ ǿŜƭŘ ȊƻƴŜ ǿƛǘƘ ŀ ƳŀȄƛƳǳƳ ƻŦ ҍпл MPa located near the root 

side about 12 mm from weld centreline, with a rapid transition to tensile stresses outside the shoulder 

diameter. [9] Also reported the residual stresses observed in friction stir welded AA-024-T351 sheets using 

neutron diffraction measurements 

Residual stresses are calculated from the measured residual strains with E=70 Dtŀ ŀƴŘ ˄ Ґ лΦопрΣ ƳŀȄƛƳǳƳ 

longitudinal stress has been reported to be about 65 MPa on the retreating side and about 55MPa on the 

advancing side. Inside the weld zone, the maximum of 50 MPa has been reported to be close to the centreline. 

Additional measurements of 1.5 mm below the top surface and 1.5mm from the bottom surface showed no 

variation of transverse and normal stresses through the thickness of the sheet while the maximum longitudinal 

stress was reportedly only 20 MPa at the bottom surface. 

Residual stress component in a normal direction was seemingly high. These observations are significantly 

divergent [8] most likely because of the cooling that was used during welding [10], similar techniques report 

residual stresses for friction stir welded SS 304 L specimens. The residual longitudinal stresses is to be close to 

the base metal yield strength with negligible variation in the through thickness direction. 
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However, reports of significant variation (up to 150 MPa) of the transverse stresses in the through-thickness 

direction that changed from tensile at the crown-side to compressive at the root side of the weld. The variation 

is likely due to the faster cooling experienced by the root of the weld relative to the crown because of the 

intimate contact between the root side and the backing plate. They also noted that the minimum strength 

region occurs in the HAZ and suggested that the yield strength of the relatively weak HAZ might limit the 

residual stress levels. 

The 300 rpm welds showed finer grain structure as compared with the 500 rpm welds. Both welds had higher 

strengths than the base metal, but 300 rpm weld had the higher value of the two. 0.2% offset yield strengths 

for base, 300 rpm weld and 500 rpm welds were reported to be 295, 430 and 360 MPa, respectively. The 

tensile strengths were 667, 735 and 678 MPa, respectively. The residual stress in the tensile specimens was 

relieved when the specimens were cut from the welded plate.  

Lǘ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ƭƻƴƎƛǘǳŘƛƴŀƭ ǎǘǊŜǎǎ όˋȅȅύ ǾŀǊƛŜŘ ƻƴƭȅ ǎƭƛƎƘǘƭȅ ǿƛǘƘ ŘŜǇǘƘΦ ¢ƘŜ ƳŀȄƛƳǳƳ ǾŀƭǳŜǎ ƻŦ ˋȅȅ ǿŜǊŜ 

similar in both welds and close to the base metal yield strength. The region of high tensile, residual and 

longitudinal stress was found to be wider in the 500 rpm weld (20 mm on either side of centreline) than in the 

300 rpm weld (15 mm on either side) due to the higher temperatures. [11] reported residual stress 

measurements on AA7108T79 alloy and observed that the texture and residual strains produced by thermo-

mechanical FSW are not closely coupled as non-uniform plastic deformation could lead to high stress 

gradients.  

The longitudinal maps indicated a through thickness tensile strain field which was not spread perpendicularly 

to the surface but was tapered with z (depth direction) and outside this region was a steep change of the strain 

field that levelled out in compression. Transverse orientation peak position patterns showed a smaller but 

more distinct variation between the face and the root of the weld, [12] implemented an equilibrium-based 

weighted least square algorithm to reconstruct the residual stress tensors from measured residual stress data. 

Although it was used stress-free boundary conditions at the edges, the computations indicated the tensile and 

longitudinal stresses dipped to the compressive side beyond the HAZ. This also came up with fluctuating 

normal (through-thickness) stress profiles within the HAZ. 

In the present study, an attempt has been made to predict the thermal residual stresses developed in metal 

alloys upon Friction Stir Welding by employing sequentially coupled finite element analyses. In a sequentially 

coupled analysis, thermal analysis is performed first to generate temperature histories for the welding process 

which is then utilized as thermal input to the mechanical analysis for the prediction of stresses and strains that 

are generated owing to the temperature changes within the con-strained metal plates. Aluminium alloys 

AA2024, AA6061 and stainless steel 304 L, one of the most widely used of stainless steels, has been used as 

the materials of choice. Experimental temperature and stress measurements are also presented in order to 

validate the numerically predicted results. A commercially available finite element package, ABAQUS, was 

used for the computations.  
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Advantages and Disadvantages 

¶ Little perpetration is need on the workpiece before welding. 

¶ There is no melting of the material, such that there is no need for inert gasses to prevent the molten 

material from reacting with the air. This reduces the complexity of the welding setup and reduces 

environmental impact.  

¶ Levels are low on residual stress rather than on fusion welding. 

¶ The Friction Stir Welding process can be automated. 

¶ Magnetic forces do not affect the welding process. 

¶ Consumable parts are not used during the weld process, whilst tool life is high. 

¶ There is low distortion. 

¶ Joint strengths can be easily achieved. 

 

As much as the Friction Stir Welding process is efficient and has remarkable advantages it dose has a few 

downfalls, the disadvantages are listed as follows: 

¶ Once the weld is completed a hole or keyhole is left behind. 

¶ Extensive testing is needed to operating parameters as the process is not accurately modelled. 

¶ A backing plate of high quality is required. 

¶ The need for efficient clamping equipment and a suitable backing plate due to the large forces 

involved downward forces up to 50 kN and traversing forces up to 12 kN are shown). This limits the 

mobility of the process and makes it challenging to do welding on very large parts. 

2.1.  Process 
The Friction Stir Welding (FSW) process is presented as they form the basis for the optimization problems 

considered in this work. FSW is a solid state welding process invented in 1991 by The Welding Institute, [1], 

saying that the process is solid state means that there is no, or very limited and localised, melting of the 

material as opposed to conventional methods like arc welding where a central aspect is the melting of the 

material. The process is affected by many parameters, such as the material properties of the work piece e.g., 

the thermal conductivity and heat capacity, the environment, for example the temperature of the 

surroundings, the tool design and other factors. Once the welding setup, such as work piece dimensions and 

material, has been set, the main process parameters to be chosen, in order to obtain a successful weld, are 

ǘƘŜ ǘƻƻƭ ŘŜǎƛƎƴ ŀƴŘ ǘƘŜ ǘǊŀƴǎƭŀǘƛƻƴŀƭ ǎǇŜŜŘ ǳψǿ ŀƴŘ ǘƘŜ Ǌƻǘŀǘƛƻƴŀƭ ǎǇŜŜŘ ˖Φ ¢ƘŜ ǇǊŜǎŜƴǘ ǿƻǊƪ ŘŜŀƭǎ ǇǊƛƳŀǊƛƭȅ 

ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ ƻǇǘƛƳƛȊŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ƻǇǘƛƳŀƭ ǎŜƭŜŎǘƛƻƴ ƻŦ ǳǿ ŀƴŘ ˖Φ Lƴ ǘƘƛǎ ŎƘŀǇǘŜǊ ƳƻǊe details on the 

FSW process and mathematical modelling of FSW are presented [13]. The basic concept of FSW is remarkably 

simple. A non-consumable rotating tool with a specially designed pin and shoulder is inserted into the abutting 

edges of sheets or plates to be joined and traversed along the line of joint. The tool serves two primary 

functions:  

(a) heating of workpiece 

(b) movement of material to produce the joint.  
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The heating is accomplished by friction between the tool and the workpiece and plastic deformation of 

workpiece. The localized heating softens the material around the pin and combination of tool rotation and 

translation leads to movement of material from the front of the pin to the back of the pin. As a result of this 

process a joint is pǊƻŘǳŎŜŘ ƛƴ ΨǎƻƭƛŘ ǎǘŀǘŜΩΦ .ŜŎŀǳǎŜ ƻŦ ǾŀǊƛƻǳǎ ƎŜƻƳŜǘǊƛŎŀƭ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ǘƻƻƭΣ ǘƘŜ ƳŀǘŜǊƛŀƭ 

movement around the pin can be quite complex. 

The process is sketched in FIG. 2.1 which shows the welding setup, including the tool, the work piece and the 

backing plate, and some terms commonly used in connection to FSW. The tool consists of a cylinder, that is in 

contact with the top surface of the work pieces, and a probe (sometimes called the pin) of smaller diameter 

that is forced, by an axial load, into the material between the plates to be welded. The contact area between 

the cylinder and the work pieces is denoted the shoulder and this contact zone is responsible for a large part 

of the total heat generation. The probe contributes less to the total heat generation but has the effect of 

stirring the material from the two plates to create the weld. Many different tool designs exist, with the 

simplest one being a cylindrical probe attached to a flat shoulder. More complex tools may have conical 

shoulders and threaded or triangular probe designs, [12] where different tool shapes are compared using 

experiments and computational fluid dynamics models. 

The welding process may be divided into four phases: 

¶ First the plunge action where the rotating, but otherwise stationary, tool is forced into the weld line 

in the work piece.  

¶ When the shoulder of the tool contacts the work piece surface the tool is kept stationary for a short 

time known as the dwell period where the work piece gradually heats up and the material surrounding 

the tool is softened. 

¶ After this, the tool is traversed along the weld line (welding period) to join the two parts before the 

transverse movement is stopped and the tool is extracted from the material, leaving behind an exit 

hole, i.e. a hole corresponding to the tool probe [14]. 

¶ During the welding period the process may become stationary in the sense that the temperature field 

and material flow, as seen from the tool, do not change. 

 

¢ȅǇƛŎŀƭ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ǿŜƭŘƛƴƎ ǎǇŜŜŘ ŀƴŘ Ǌƻǘŀǘƛƻƴŀƭ ǎǇŜŜŘ ŀǊŜ ǳǿ Җ м0 ƳƳκǎ ŀƴŘ ˖ Җ мрлл rpm. The local 

velocity of a point on the tool shoulder edge is determined by the rotational speed, the shoulder radius 

Rshoulder and the translational welding velocity. For typical tool dimensions with Rshoulder in the order of 10 

mm the rotational effect on the local velocity is much greater than the translational velocity effect. The work 

in this thesis is focused on the welding part of the process. During this phase the work piece material is heated 

due to the rotation of the tool and then stirred by the probe such that material from the two plates merges 

and creates the weld. 

FSW is well suited for welding aluminium and the majority of work presented in the literature focuses on 

welding of different aluminium alloys. Yet, also materials like steel and copper, or even dissimilar materials, 

may be welded with FSW. Industrial use of FSW is found in the marine, aerospace, railroad, and automotive 

industries where joining of aluminium parts are used, [15] for a list of fields of application. 
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FIG.2.1: Top: Friction Stir Welding setup consisting of- the work piece, the tool and the backing plate. Bottom left: 
Cross section of the plate with the tool. The figure shows a tool with a flat shoulder and a conical probe, but many 
other tool designs exist. Bottom right: Terms denoting positions relative to the tool. 

2.2.  Thermal Models 
Thermal aspects play an important role in the modelling and understanding of FSW. While the real process is 

thermo-mechanical in the sense that the thermal and mechanical aspects of the process are coupled, a purely 

thermal model may still give important knowledge about FSW and can be used as the first part of, for example, 

an uncoupled residual stress model or a microstructure model.  

Thermal models differ greatly in complexity, from analytical Rosenthal models, Rosenthal (1946), to 3D 

numerical models, but all are based on the heat conduction equation with suitable boundary and initial 

conditions. In eqs. 2.1 and 2.2  denotes the material density  ὯὫȾά ȟ ὧ the heat capacity ὐȾὯὫὑ ȟὝ the 

temperature  ὑ ȟὯ the (possibly an isotropic) ” conductivity  ὡȾάὑ ȟή the volume heat input  ὡȾάσ  

and ό the welding velocity vector  άȾί Ȣ The solution procedure and its complexity depends very much on 

the assumptions made regarding welding setup, geometry, boundary conditions and the type of heat source. 

Also a distinction between constant or temperature dependent material parameters is important, the latter, 

e.g., removing the possibility of using analytical Rosenthal solutions. 
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”ὧ  ɳ ὯɳὝ ή                                                                      (2.1) 

 
 
Or in the case of an Eulerian formulation with a convective term 
 
 

”ὧ  ɳ ὯɳὝ ή  ”ὧόɳὝ                                                                 (2.2) 

2.3. Heat Source Models 
 
An important factor when solving the heat conduction equation for a FSW process is the ή term, or an equivalent 
surface flux, that determines the heat input. It is a common approach to model the heat input as a surface flux 
rather than a volume source and a number of different heat source models are presented below. A distinction 
can be made between heat generated by Coulomb friction and heat generated by the plastic deformation of 
material during welding. In Schmidt et al. (2004); Schmidt and Hattel (2004, 2005c) ά¢he contact condition 
between the tool and the work piece is used to develop expressions for the heat generation. Given the contact 
pressure ”ȟὔȾάόȟ between the two parts is given byΥέ 
 

                                                     †  ‘”                                                                        (2.3)              
 

Where ‘ is the friction coefficient, It should be noted that ‘ and ” may be non-uniform across the tool-workpiece 
interface. If the yield shear stress of the workpiece material is larger than the contact shear stress the two surfaces 
will slide against each other. This is called sliding condition. If, on the other hand, the contact shear stress is larger 
than the yield shear stress of the material it will stick to the tool and rotate with it and the sticking condition 
exists.  
 
Also a combination of the two are possible, if the yield shear stress is smaller than the contact shear stress for 
small shear rates but not for larger shear rates. In that situation the material will rotate with the tool but at a 
slower rate. The contact variable ‏ is defined as 
 

 

‏                                                               (2.4)  

 
Based on the contact condition the local heat generation per area can be written as,  

 
                            ήὶ ύὶ‏ ρ †‏                                         (2.5) 

 
 
Where, for ‏ ρ, the total heat generation is due to plastic deformations in the workpiece material and for ‏
π  the heat generation is due only to frictional heat with the friction shear stress †   ‘”. is the ‫ 

rotational speed and  ὶ ὶὼȟώ is the radial distance from the axis of rotation. For direct use of eq. (1.5) one 
should have knowledge about the (non-uniform) distribution of ‏  as well as the shear yield stress  †  ὥὲὨ 

†  . A number of models have been presented in the literature where, instead, the total heat input  ὗ  

is prescribed and subsequently used to develop expressions for the local heat input as function of position. ὗ  , 
may for example be estimated from experiments.  
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A decoupled 3D thermo-mechanical model is presented [2] in which the thermal problem is solved before 
calculating the residual stresses and the distortion of the welded plate. The heat input is generated by the sliding 
between the tool and the shoulder. In order to account for the heat generation from the probe, the probe 
diameter Ὠ π, thus effectively moving the heat generation from the probe tip to the shoulder. The radially 

dependent heat input per area ήὶȟὡȾάςȟ is given by the expression 
 
                                                                                                                          

                                                         ήὶ                                                                                      (2.6) 

 
 
Where Qtotal is the total heat inputȟὡ ȟ ὶ is the outer radius of the shoulder and ὶ  the inner radius of the 
shoulder, i.e. in this case ὶ π  . Eq. (2.6) is derived and shown in a slightly different form in, among others, 
Schmidt et al. (2004). For simplicity only heat generation from a flat shoulder with no probe is considered here. 
The heat generation from a small segment of the shoulder at the distance r from the axis of rotation, see FIG. 2.2 
 
 
 
 
 
 
 
  
 
 
 
 
FIG. 2.2:  Surface element of size Ὠὃ ὶὨ—Ὠὶ used for calculation of total heat input. 
 
 

Ὠὗὶ ύὶ†ὨὃὶὨ—Ὠὶ                                                   (2.7)†‫ 
 
 
Where is the rotational speed and † is the contact shear stress between the tool and the work piece material. The 
surface segment Ὠὃ gives a torque contribution of ὶ†Ὠὃ. Next, the total heat input can be found by integration 
over the shoulder area 
    

ὗ  —ὶὨὶὨ†‫ 

                                                       “†‫ὶ ὶ                                                           (2.8) 

                                                                                                           
 
 
In the case of sliding, the contact shear stress is given by Coulombs law,  † † ‘ὴ Assuming that the 

total downward force ὖ on the tool results in a uniform pressure distribution ὴ, and that the coefficient of friction 
‘ is also uniform, the contact shear stress is[2]:  
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† ‘ὴ ‘ ‘                                                                          (2.9) 

 
 
                                                                                                                                                                                                                                
                                                                                                                                                                                 
 
  For a given point the heat input per area is 
 
 

ὶ ‫ὶ†                                                                               (2.10) 

                                                                                                                                       
 
 
Isolating † in eq. (2.8) and inserting in eq. (2.10) gives eq. (2.6). Thus the heat generation per area depends linearly 
on the radial distance to the tool centre, and the total heat input ὗ   that may be assumed or estimated from 
experiments, e.g., through torque measurements. An example is given in Dickerson et al. (2003), where it is used 
that ὗ ‫Ὕ  and Ὕ  is the measured torque. Alternatively, the pressure p and the friction 
coefficient ‘ may be assumed or somehow estimated such that substitution of † ‘ὴ into eq. (2.8) gives 
 
 

ή “ὶ‘ὴ                                                                                    (2.11) 

 
 
For ὶ π. This may be rewritten as in Frigaard et al. (2001) to 
 

ή “ὴὔὶ                                                                    (2.12) 

 

Where ὔ    is the number of revolutions per second, In Khandkar and Khan (2001) a 3D transient model of an 

overlap FSW process is investigated. The heat generation is due to the sliding between the tool shoulder/probe 
and the work piece material as well as the plastic deformation of the material near the probe. The total heat 
generation from the probe is set to 3 % of the heat generation from the shoulder. The heat generation is a function 
of the downward force on the tool, the friction coefficient, rotational speed and is linearly dependent on the 
distance from the tool centre. Also included in the model is a convective term to take the material transport 
around the probe into account. In Khandkar et al. (2003) the heat generation per area, q, is modelled as 
 

ήὶ ‫ὶ†                                                                                       (2.13) 
 
Where † is determined from experimental measurements of the torque during welding. A uniform value of †
ρτ ὓὖὥ is used for the alloy Al6061-T651 and therefore no assumptions on the value of ‏ are made. This heat 
generation was used in a 3D model and applied at the three contact zones between the tool and the workpiece, 
i.e. at the shoulder, the side of the probe and the tip of the probe. As stated above, the FSW process is coupled in 
the sense that the heat generation is determined by the mechanical behaviour that in turn depends on the 
temperature field, thus requiring a thermo-mechanical model. The idea behind the so-called thermal pseudo-
mechanical (TPM) model, Schmidt and Hattel (2008), is that the friction shear stress is equal to the yield shear 
stress. This is the case if sticking is present, i.e. ‏ π. The heat generation in eq. (2.5) is in that case  
 

ή †‫ὶ                                                                                        (2.14) 
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This result is obtained by integration of the volume heat generation due to the plastic deformation of the material 
in a shear layer between the tool and stationary matrix material. The material in contact with the tool has the 
velocity ‫ὶ which together with an assumption of constant strain rate in the shear layer means that the integral‏ 
of the local plastic heat generation is  ή   .‫ὶ† . This is the first part of eq. (2.5)‏

 
Further, if sticking is present, i.e. ‏ π, then † †  and eq. (2.5) reduces to eq. (2.14). Generally, †  

is a decreasing function of the temperature going to zero when Ὕ  Ὕ  where the material changes from 
solid to liquid phase. This means that when the temperature reaches the solidus temperature for the material the 
heat generation vanishes, thereby limiting the obtainable maximum temperature. The model thus includes some 
of the mechanical effects of FSW without solving explicitly for them. 
 
 An analysis of different ways of modelling the heat source and its geometry is given in Schmidt and Hattel (2004, 
2005) where six cases are considered. The cases are:  
 
(a) All the heat is generated by the shoulder with no contribution from the probe,  
 
(b) Heat generation from the shoulder and a volumetric contribution from the probe and 
 
(c) Heat generation from the shoulder and from the probe surface, with the probe material left out. All three 
models are solved assuming sliding and sticking, respectively, giving a total of six different cases. In case the 
sticking condition is assumed the heat is applied as a volume source in a narrow shear layer of thickness 0:5 mm.  
 
 
One of the conclusions is that the temperature field under the shoulder is greatly affected by the modelling choice 
whereas the far field temperature fields are almost identical. Thus a detailed heat source model may be needed 
for studying effects close to the tool while a simpler model may be adequate for studying effects far from the tool. 
 

2.3.  Examples of Different Heat Sources  
 
In this example three different heat source models are tested using a 2D Eulerian model 
 The heat source models that are used:  
 

¶ TPM model, eq. (2.14),  

¶ A radially dependent model, eq. (2.6) with, ὶ π   

¶ A model with uniform heat input across the tool surface.  
 

No rotational effects are included in the example, meaning that the welding velocity vector is given by όπ π .).  
FIG. 2.3 shows the corresponding temperature fields. The total heat input was obtained from the TPM model by 
integration of eq. (2.14) and this is then applied as the prescribed total heat input in the radially dependent heat 
source, eq. (2.6), and in the constant heat source model. The TPM model yields a temperature field that is close 
to constant under the tool and a maximum temperature well below the other two models and just below the 
solidus temperature set to Ὕ  ψπυ ὑ in this example. The other two models predict much higher 
maximum temperatures and much less uniform temperatures under the tool as is clear from the temperature 
plots at the source. The near constant temperature in the TPM model is due to the temperature dependent yield 
stress used. This effectively turns off the heat source at temperatures close to the solidus temperature, and in 
that way limits the maximum temperature. The other two models predict almost similar temperature fields and 
it is noted that the maximum temperature for the radially dependent heat source is located further away from 
the centre of the source compared to the constant heat source, where the maximum temperature is obtained 
only slightly behind the tool centre.  
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The local heat input close to the centre is small for the radially dependent heat source and therefore the maximum 
temperature is obtained further back. Also note that the temperature fields are symmetric as no rotational effects 
are included, meaning that the material flows through the heat source parallel to the welding direction. 
 

2.4.  Analytical Models 
 
The Rosenthal solutions, Rosenthal (1946), are analytical equations giving the temperature field caused by an 
area, a line or a point heat source of strength q in one, two and three dimensions, respectively. From a FSW 
modelling point of view only the 2D and 3D solutions are of interest as they can be used to describe the 
temperature field around the tool. The solutions are obtained under a number of assumptions. The process is 

assumed to be steady state meaning that π, the material properties, Ὧȟ”  and ὧ are independent of the 

temperature and the heat source moves at a constant velocity ό . For the 2D solution the heat flow is assumed 
to be in an infinitely large plane containing the welding direction and the heat source (FIG 2.3) is given by a line 
perpendicular to the plane, i.e. ή has the unit of W/ m. This leads to the equation: 
 
 

Ὕ Ὕ
ή

ς“Ὧ
ÅØÐ ‗ό‚ὑ ‗όὶ 

 

‗
ὧ

ς“Ὧ
 

                                                                   ὶ ‚ ώ                                     
         (2.15)       

                                                                                                  
where Ὕ is the initial temperature, ὑ is the modified Bessel function of the second kind and zeroth order, ‚ 

and ώ are the coordinates of the point of interest relative to the heat source, see FIG. 2.4. It is noted that for  

ὶ O π the temperature Ὕᴼπ and therefore the model does obviously not predict a maximum temperature 

below the melting temperature as is the case in a real FSW process. The 2D Rosenthal solution.  

 

 

 

 

 

 



 

14 
 

 
 

 

FIG. 2.3: Three different heat source models. The colorbars indicate the temperature [K]. From the top: The TPM 
model (eq. (1.14), Ὕ ψπσ ὑ), the radially dependent heat source (eq. (2.6),Ὕ ψφπ ὑ) and the 
constant heat source (Ὕ ψψσ ὑ).The figures to the left show global temperature fields while the right plots 
show the temperatures at the source. The total heat input is the same in all three examples. Notice the difference 
in maximum temperature. Ὕ  in the TPM model was set to ψπυ ὑȢ  
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FIG. 2.4: Left: Coordinates in the 2D Rosenthal solution, eq. (2.15). The welding direction is in the positive ‚ 
direction. Dotted lines are used to indicate that the domain is infinitely large. Right: Temperature field obtained 
from the 2D Rosenthal solution. Note that the temperature approaches infinity at the heat source.  
 
 
 
This can be modified to take surface heat loss due to convection into account. Similarly, the solution for the 3D 
case, in which the heat source is modelled as a point, q has the unit W, in an infinitely large domain is given by 
 

 

Ὕ Ὕ
ή

τ“Ὧ
ÅØÐ ‗ό‚

ÅØÐ ‗όὙ

Ὑ
 

‗
ὧ

ςὯ
 

Ὑ ‚ ώ ᾀ                                             (2.16) 
 
                                                                                                            
Again, as  Ὑ O π     the temperature Ὕᴼπ. 
 
The two solutions shown here may be extended to take finite width (the 2D case) or finite thickness of the domain 
into account through the use of the method of images. This method results in the expressions for the 
temperatures being given by infinite series, in which sources at ever increasing distances are added to the 
solution. 
 The Rosenthal solutions described above have been widely used, especially in the early modelling of FSW. In the 
3D Rosenthal solution is used to develop a circular heat source resembling the shoulder of the tool by placing 
sources in a ring around the tool centre and integrating to obtain the full temperature field. The heat is assumed 
to be generated by Coulomb friction between the tool and the work piece, i.e. ‏ π. 
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In Fonda and Lambrakos (2002) ά¢he 3D Rosenthal solution taking finite thickness into account was used in an 
inverse modelling technique to model the temperature field in FSW.έ By distributing a number of point sources 
in the heat affected zone around the tool and scaling the contribution from each one according to the local relative 
speed an arbitrary temperature field was obtained. Based on experimental welds and hardness measurements 
the maximum temperature during welding, in a point, was estimated and used to scale the strength of the heat 
sources in the model. Although the ability of the Rosenthal solutions to model the complex heat source and work 
piece geometry is limited, they have the advantage of being computationally very fast compared to numerical 
methods. In the present thesis, the 2D Rosenthal solution is used as a coarse model to assist the optimization of 
a more expensive finite element model using space and manifold mapping techniques.  

2.5.  Experimental Welding Conditions 
 

The experiment reported in this work was performed at the DLR facility (German Aerospace Research) using an 
adapted CNC milling machine. The welding set-up consists of two 3.0 mm thick aluminum panels, 60 mm wide and 
150 mm long. The plates are joined through a 105 mm long weld path, starting 15 mm from one edge and finishing 
30 mm from the other edge (See FIG. 2.5).  The material used in the experimental weld is a heat treatable 2024 T3 
alloy, whose thermo-mechanical properties are known in the range from 28 ɕ/ to 371 ɕ/ [14].  

The observed maximum temperature during the experiment is пллɕ/ at the centerline. Therefore, the yield Stress 
at 400 ɕ/ is estimated as 21 MPa at 0 % plastic strain and 25 MPa at 100 % plastic strain (see table 2.1). The welding 
tool has an interchangeable threaded probe of 6 mm diameter, thread spacing of 0.8 mm and probe length of 3.5 

mm. The shoulder has a cone angle of 10  giving an effective probe height of 2.5 mm, leaving a 0.5 mm root layer 
between the probe tip and the back of the plate.  
 

 

FIG. 2.5: Work piece geometry and welding parameters. 
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Table 2.1. Stress-strain data for 2024 T3 [27] 

 

Welds were performed at a rotational speed of 400 rpm (41.8 rad sҍ1), a welding speed of 120 mm minҍ1 

(2  mm sҍ1), a tilt angle ƻŦ мɕ ŀƴŘ an effective plunge depth of 0.2 mm. During the welding process, data 

acquisition enables monitoring of the mechanical load on the milling head, including the torque on the 

rotating axis and the plunge force. 

2.6.  Contact Conditions 
 

When modelling the FSW process, the contact condition is the most critical part of the numerical model [15, 

16, and 17].  In this case, the Coulomb 

 

Law of friction is applied to describe the shear forces between the tool surface and the matrix. 

In general, the law estimates the contact shear stress as 

 

† ‘” ‘„                                                    (2.17) 

Where ʈ is the friction coefficient, ” and „ are the contact pressures, Analyzing the contact condition of two 

infinitesimal surface segments in contact, CoulombΩs law predicts the mutual motion between the two segmentsτ

whether they stick or slide. The top surface segment originates from the tool and moves with a velocity of ,‫ὶ 

where .is the rotational speed and ὶ is the distance from the surface segment to the rotation axis ‫  

The lower surface segment originates from the matrix, and the velocity is part of the solution. Let us assume 

that the matrix is stationary, and contact is about to be initiated. Applying a normal displacement to the tool, 

produces a mutual bulk response from the matrix and tool, which alters the contact pressure from zero to a state 

dependent pressure. A complex, dynamic state builds up, which is simplified by assuming the tool response to be 

rigid, as compared to the softer aluminum matrix. The response from the matrix is described by the behavior of 

the matrix surface velocity and the reaction shear stress of the interior just below the contact surface. The normal 

interpretation of CoulombΩs law is based on rigid contact pairs, without respect to the internal stress, however, this 

is not sufficiently representative for this model.  
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Thus, a more FSW-specific interpretation of the law is described. For this, the three following contact states are 

defined. 

 

Sticking Condition The matrix surface will stick to the moving tool surface segment, if the friction shear stress 

exceeds the yield shear stress of the underlying matrix. In this case, the matrix segment will accelerate along the 

tool surface (finally receiving the tool velocity), until an equilibrium state is established between the contact shear 

stress and the internal matrix shear stress. At this point, the stationary full sticking condition is fulfilled. In 

conventional CoulombΩs friction law terms, the static friction coefficient relates the reactive stresses between the 

surfaces. 

 

Sliding Condition If the contact shear stress is smaller than the internal matrix yield shear stress, the matrix 

segment volume shears slightly to a stationary elastic deformation, where the shear stress equals the ΨŘȅƴŀƳƛŎΩ 

contact shear stress. This state is referred to as the sliding condition. 

 

Partial Sliding/Sticking The last possible state between the sticking and sliding condition is a mixed state of the 

two. In this case, the matrix segment accelerates to a velocity less than the tool surface velocity, where it 

stabilizes. The equilibrium establishes when the ΨŘȅƴŀƳƛŎΩ contact shear stress equals the internal yield shear 

stress due to a quasi-stationary plastic deformation rate. This is referred to as the partial sliding/sticking 

condition. In this model, there is no difference between the dynamic and the static friction coefficients. 

It is convenient to define a contact state variable, ,ɻ which relates the velocity of the contact points at the 

matrix surface relative to the tool point in contact. This parameter is a dimensionless slip rate defined as 

 

‏ ρ                                                                                    (2.18) 

 
 

‎ ὺ ὺ                                                                                       (2.19) 

                                

Where ‎ is the slip rate and ὺ  is the position dependent tool velocity of ‫ὶȢ Table summarizes the relationship 

between the different contact conditions, As seen, ʵ acts as a state parameter for the interfacial contact condition. 

[18,19,20]. Models were established to predict heat generation and material flow using the contact condition as 

boundary condition in their models, and the results are then compared to experimental observations. Still, it has 

not yet been revealed which contact condition is the most applicable for FSW. 

 

 

Table 2.2. Definition of contact condition, velocity/shear relationship and state variable (dimensionless slip rate). 
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Three different analytical estimations are suggested, all of which are based on a general assumption of uniform 

contact shear stress †  and further distinguished by assuming a specific contact condition.  

In the first estimation, a sticking interface (‏ ρ is assumed and in the second estimation (‏ π interface 

described by a Coulomb friction condition is assumed. In the case of the sticking condition, the shearing is 

assumed to occur in a layer very close to the interface and in the sliding condition the shear is assumed to take 

place at the contact interface. These two types of estimation are distinguished by the assumptions under 

which the shear stress †  is introduced. The third estimation is used in the case where the partial 

sliding/sticking condition is assumed. During the FSW process, heat is generated at or close to the contact 

surfaces, which have complex geometries according to the tool geometry (FIG. 2.6), but for the analytical 

estimation, a simplified tool design with a conical or horizontal shoulder surface, a vertical cylindrical probe 

side surface and a horizontal (flat) probe tip surface is assumed.  

¢ƘŜ ŎƻƴƛŎŀƭ ǎƘƻǳƭŘŜǊ ǎǳǊŦŀŎŜ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ǘƘŜ ŎƻƴŜ ŀƴƎƭŜ ʰΣ ǿƘƛŎƘ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ŀ Ŧƭŀǘ ǎƘƻǳƭŘŜǊΣ ƛǎ ȊŜǊƻΦ 

The simplified tool design is presented in figure 4, where ὗ is the heat generated under the tool shoulder, ὗ   

at the tool probe side and ὗ .  At the tool probe tip, hence the total heat generation,  ὗ    ὗ   ὗ   

 ὗ . To derive the different quantities, the surface under examination is characterized by either being 

conical, vertical or horizontal and the surface orientations relative to the rotation axis are decisive for the 

expressions.  

 

FIG. 2.6: Schematic drawing of surface orientations and infinitesimal segment areas (a) Horizontal (seen from 
above). (b) Vertical. (c) Conical/tilted. Projection of conical segment area onto horizontal and vertical segments.  

 

Each surface orientation is different, but are based on the same equation for heat generation: 

 

Ὠὗ ‫Ὠὓ ‫ὶὨὊ†‫ὶ ὨὊὨὃ                                       (2.20)  
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2.7.  General Heat Generation 
 

The following derivations are analytical estimations of heat generated at the contact interface between a rotating 

FSW tool and a stationary weld piece matrix. The mechanical power due to the traverse movement is not 
considered, as this quantity is negligible compared to the rotational power. 
 

 

Surface Orientations 
A given surface of the tool in contact with the matrix is characterized by its position and orientation 

relative to the rotation axis of the tool. If the tool rotation axis is vertical (along the z-axis), then a 
flat shoulder surface would be horizontal or in the r̒-plane. A cylindrical surface on the tool would 

be vertical or in the z̒-plane. The following subscripts have been used to characterize the orientation 
of the surface: 

 

ҍҐ IƻǊƛȊƻƴǘŀƭ όǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ Ǌƻǘŀǘƛƻƴ ŀȄƛǎΣ ŎƛǊŎǳƭŀǊ ǎǳǊŦŀŎŜύΦ 

 
|= Vertical (parallel to the rotation axis, cylindrical surface). 
 

\= Conical (tilted with respect to rotation axis, conical surface). 
 

Horizontal. In order to calculate the heat generation from a horizontal circular tool surface rotating 

around the tool center axis, an infinitesimal segment on that surface is investigated. The infinitesimal 

segment area Ὠὃ  ὶ Ὠ— Ὠὶ ƛǎ ŜȄǇƻǎŜŘ ǘƻ ŀ ǳƴƛŦƻǊƳ ŎƻƴǘŀŎǘ ǎƘŜŀǊ ǎǘǊŜǎǎ ˍŎƻƴǘŀŎǘΦ ¢Ƙƛǎ ǎŜƎƳŜƴǘ 
contributes with an infinitesimal force of ὨὊ  †ὧέὲὸὥὧὸ Ὠὃ  and torque of Ὠὓ  ὶ ὨὊȢ the heat 

generation from this segment is: 
 

Ὠὗͅ ‫ὶὨὊͅ†‫ὶ Ὠ—Ὠὶ                                          (2.21) 
                                    

Where r is the distance from the investigated area to the center of rotation,—is the angular velocity, and ὶ Ὠ ‫ 
and dr are the segment dimensions. 

 
Vertical. For a cylindrical surface on the tool, the heat generation from an infinitesimal surface segment with the 

area of Ὠὃȿ  Ὠ— Ὠᾀ is 
 

Ὠὗ ‫ὶὨὊ †‫ὶ Ὠ—Ὠᾀ                                             (2.22) 

 

Where Ὠᾀ is the segment dimension along the rotation axis, Conical, In the case of a conical surface segment, a 
similar approach is adopted as in the case of the horizontal and vertical. In fact, the force/torque contribution from 
the tilted segment is split up into the contribution from a horizontal and a vertical segment, as the tilted segment 
area is projected onto the main planes relative to the tool rotation axis. The tilted orientation is characterized by 
the cone angle ,h which is the angle between the horizontal (r )̒ plane and the segment orientation in the 
ὶᾀ plane. 
 

ὨὊ ὨὊͅ ὨὊ                                                                  (2.23) 
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The projection of the tilted segment area is given by Ὠᾀ  ὸὥὲ ‌ Ὠὶ ,Inserting this into (2.23) gives 
 

Ὠὃ ὶὨ—Ὠᾀ 

Ὠᾀ ÔÁÎ‌Ὠὶ ὶὨ—ÔÁÎ‌Ὠὶ 

                                                       Ὠὃͅ ὶὨ—Ὠὶ                                                          (2.24) 

 

ὨὊ † Ὠὃ Ὠὃ † ὶὨ—Ὠὶρ ÔÁÎ‌                                (2.25) 

 

An interpretation of this is that the segment area is enlarged by the fraction of tan  hcompared to a horizontal 
segment. The modification of the heat generated at the tilted segment is 
 

Ὠὗ ‫ὶὨὊ †‫ὶ Ὠ—Ὠὶρ ÔÁÎ‌                                      (2.26) 

 

It is possible to characterize a rotation symmetrical FSW tool shoulder and probe surfaces by these three types of 

surface orientations. The limitation in describing modern FSW tools featuring threads, flutes and facets is 

recognized. 

 

Heat Generation from the Shoulder 

The shoulder surface of a modern FSW tool is in most cases concave or conically shaped. The purpose 

of this geometric feature is to act as an escape volume as the probe is submerged into the matrix 

during the plunge operation, secondarily enhancing the extrusion and consolidation of the material 

during the weld operation.  

 

Previous analytical expressions for heat generation include a flat circular shoulder, in some cases 

omitting the contribution from the probe [15, 17]. This work extends the previous expressions so that 

conical shoulder and cylindrical probe surfaces are included. An analytical model for the heat 

generation, that includes non-uniform pressure distribution or strain rate dependent yield shear 

stresses, material flow driven by threads or flutes, is not taken into account. 

 

Integration of (2.26) over the shoulder area from Ὑ  to  Ὑ  gives the shoulder heat generation, ὗ.  

 

ὗ †‫ ὶ ρ ÔÁÎ‌ὨὶὨ— 

 

“† Ὑ Ὑ ρ ÔÁÎ‌                                            (2.27) 
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Heat Generation from the Probe 

The probe is simplified to a cylindrical surface with a radius of Ὑ and a probe height Ὄ . The heat 

generated from the probe consists of two contributions; ὗ  from the side surface and ὗ  from the tip surface. 

LƴǘŜƎǊŀǘƛƴƎ Řvψ  ΣƛΦŜΦ όнΦннύΣ ƻǾŜǊ ǘƘŜ ǇǊƻōŜ ǎƛŘŜ ŀǊŜŀ ƎƛǾŜǎΣ  

 

ὗ ᷿ ᷿ †‫ Ὑ ὨᾀὨ—ς“† ‫Ὑ Ὄ             (2.28)                         

 

And integrating the heat flux based on equation (1.21) over the probe tip surface, assuming a flat tip gives 
 

ὗ ᷿ ᷿ †‫ ὶὨὶὨ—“† ‫Ὑ                         (2.29) 

 

 

The three contributions are combined to get the total heat generation estimate ὗ  

 

ὗ ὗ ὗ ὗ                                                                               (2.30) 

 

“† ‫ Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ                  (2.31) 

 

 

In the case of a flay shoulder, the heat generation expression simplifies to  

 

ὗ “† ‫Ὑ σὙ Ὄ                                         (2.32) 

 

Which correlates with the results found by Khandkar et al [25] 
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2.8. Contact Shear Stress 
 

Equation (2.14) is based on the general assumption of a constant contact shear stress as mentioned before, but the 

mechanisms behind the contact shear stress vary depending on whether the sliding or sticking condition is 
present. 
 

Shear Stress: Sticking Conditions 

If the sticking interface condition is assumed, the matrix closest to the tool surface sticks to it. The layer between 

the stationary material points and the material moving with the tool has to accommodate the velocity difference 

by shearing. Using the upper limit formulation to calculate the shear stress for this deformation to take place, it 

follows that the stress is independent of the width of the deformation layer. 

 

  This allows the deformation layer, starting at the tool interface and extending further into the weld matrix, to be 

treated as a shear line/surface. The position of this shear line/surface is very close to the contact interface, 

therefore the tool geometry is used to describe it. The yield shear stress † is estimated to be , where 

„ is the weld material stress 

 

 

 

† †
Ѝ

                                                     (2.32) 

 

It is known that that the yield stress is independent of pressure, but highly temperature dependent. If the same 

shear yield stress is applied all over the interface, the assumption of an isothermal interface follows. This gives a 

modified expression of (2.31), assuming the sticking condition 

 

ὗ ȟ “
Ѝ
‫ Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ                                           

(2.33) 

 
 Shear Stress : Sliding Conditions 

Assuming a friction interface condition where the tool surface and weld material are sliding against each other, 
the frictional shear stress ̱ friction is introduced in the general equation (2.31). The choice of CoulombΩs friction 

law to describe the shear stress estimates the critical friction stress necessary for a sliding condition as  
 
 

† † ‘” ‘„                                                          (2.34) 

 

Where ʈ is the friction coefficient, and ” and „ are the contact pressures, Thus, for the sliding condition, the total 

heat generation is given by 

ὗ ȟ “‘ὴ‫Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ                            (2.35) 
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Shear Stress:  Partial Sliding/Sticking Conditions 

The analytical solution of the heat generation for the partial sliding/sticking condition is simply a combination 

of the two solutions, respectively, with a kind of weighting function. Note that this is only possible because of 
the assumption of a uniform distribution of the contact state variable  ɻover the entire contact surface.  

 

From the partial sliding/sticking condition follows that the slip rate between the surfaces is a fraction of r̟, 
lowering the heat generation from sliding friction. This is counterbalanced by the additional plastic dissipation 

due to material deformation. It is convenient to define the weighting function parameter as identical to the 
contact condition variable or dimensionless slip rate ɻ , which is described in this paper [18]. This enables a linear 
combination of the expressions for sliding and sticking 

 

 

ὗ ὗ‏ ȟ ρ ὗ‏ ȟ

ς

σ
†‏“ ρ ὼ‫Ὑ”‘‏ Ὑ ρ ÔÁÎ‌ Ὑ  σὙ Ὄ  

(2.36) 

 

ǿƘŜǊŜ ʵ ƛǎ ǘƘŜ ŎƻƴǘŀŎǘ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ όŘƛƳŜƴǎƛƻƴƭŜǎǎ ǎƭƛǇ ǊŀǘŜύΣ †  is the material yield shear stress at welding 

temperature, ʈ is the friction coefficient, ” is the uniform pressure at the contact interface, is the angular ‫ 
rotation speed, ‌ is the cone angle, Ὑ   is the shoulder radius, Ὑ  is the probe radius and Ὄ  is the 

probe height.  

 

This final expression can estimate the heat generation for π  ‏  ρ, co-responding to sliding when ‏  π, 

sticking when ‏  ρ and partial sliding/sticking when π  ‏  ρ. In a special case where the sliding condition 

and flat shoulder are assumed, equation (1.35) is expressed in terms of the plunge force as:  

 

ὗ ȟ  ὊὙ‘‫ σ                    (2.37) 

 

Using the relationship that the pressure equals the force divided by the projected area [17].  
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2.9. Heat Generation Ratios 
 

Based on the geometry of the tool and independent of the contact condition, the ratio of heat generation, i.e. 
contributions from the different surfaces compared to the total heat generation, are as follows: 
 
 

 

Ὢ
ὗ

ὗ

Ὑ Ὑ ρ ÔÁÎ‌

Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ
πȢψφ 

 

 

Ὢ  

ὗ

ὗ

σὙ Ὄ

Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ
πȢρρ 

 
 

Ὢ  

ὗ

ὗ

Ὑ

Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ
πȢπσ 

 
(2.38) 

 

Where the tool dimensions are Ὑ  ω άάȟὙ   σ άάȟὌ   τ άάȟ‌  ρπȍ. This 

indicates that, for the specific tool geometry, the shoulder contributes the major fraction of the heat generation 
and the probe tip heat generation is negligible compared to the total heat generation. This correlates with the 

results found in [19], noting that the contribution from the probe due to the traverse motion which is not the case 

in the present estimates.  

 

If the sticking condition is assumed, the analytical estimate (2.33) can be used to deduce the estimated shear 

stress in the shearing layer when Q is known. This gives an average shear stress of 20.8 MPa, equivalent to a yield 
ǎǘǊŜǎǎ ƻŦ  Ҟо нлΦу Ґ осΦм atŀΣ ŦƻǊ v Ŝǉǳŀƭ ǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Ǌƻǘŀǘƛƻƴŀƭ ǇƻǿŜǊ όa Ҏ ˖ύ ƻŦ мтрн ² ŀǘ ŀ Řŀǘŀ Ǉƻƛƴǘ 

after 15.5 s of welding. The experiment shows a top surface temperature of maximum 400 ɕ/Σ ŀƴŘ нлнп-T3 has a 

yield stress at 371 ɕ/ ƛƴ ǘƘŜ ǊŀƴƎŜ ŦǊƻƳ ну ǘƻ оп atŀ ώнлϐ ǿƘŜǊŜ ŀƴ ŀǾŜǊŀƎŜ ǾŀƭǳŜ ƻŦ ˍ Ґ мп atŀ ƛǎ ŜǎǘƛƳŀǘŜŘ ōŀǎŜŘ 

on an experimentally measured torque. 
 
Sliding condition. The analytical result for heat generation can be correlated with the plunge force (2.35), if the 
sliding condition and that ὴ  Ὂ Ⱦὃ  are assumed. The plunge force is taken from experimental 
observations and the estimated analytical heat generation is 
 
 

ὗ ȟ

ς

σ
‘‫

Ὂ

Ὑ
Ὑ Ὑ ρ ÔÁÎ‌ Ὑ σὙ Ὄ  

 
ρχυς ὡ 

 
(2.39) 
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Based on the experimental plunge force F = 17.7 kN observed after 15.5 s of welding. Substituting known values 
for the parameters, tool dimensions of Ὑ   ω άάȟὙ   σ άάȟὌ   τ άάȟ‌  ρπȍ and 

Ǌƻǘŀǘƛƻƴ ǎǇŜŜŘ ƻŦ ˖ Ґ пмΦу rad ί , and solving (2.39) for µ, gives a value of µ = 0.3. The analytical estimate for 
ǘƘŜ ƘŜŀǘ ƎŜƴŜǊŀǘƛƻƴ Ŝǉǳŀƭǎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Ǌƻǘŀǘƛƻƴŀƭ ǇƻǿŜǊ όa Ҏ ˖ύ ƻŦ мтрн ² ƻƴƭȅ ŀǘ ƻƴŜ Řŀǘŀ ǇƻƛƴǘΣ ƛΦŜΦ ŀŦǘŜǊ 
15.5s of welding, where the plunge force is 17.7 kN and the torque is 41.9 Nm. 
 
Thus, the heat generation estimated analytically in both cases of sliding and sticking can reproduce the heat 
generation values obtained experimentally. Thus, there is still a further need for a criterion for determining the 
contact condition. Since the sliding condition also predicts a proportional relationship for a changing plunge force, 

the experimental values for the plunge force and torque are examined further, so that the contact condition can 

be estimated. 
 

2.10. Estimation of Contact Conditions 
An interesting analysis is to verify the proportional relationship between the plunge force and the heat generation, 
which is predicted by (2.39) when the sliding condition is assumed. For this, the relationship between the plunge 
force and the torque is examined. This analysis is also used to suggest which contact condition is most likely to be 
present during the experiment. Experimental plunge force and torque. During the experiment, the reaction forces 

in the three directions are monitored, and of special interest is the plunge force. The plunge force is often used in 
the estimation of the heat generation, but only a limited number of publications with experimental results of the 

plunge force are available [17]. Figure 2.7 shows the experimental plunge force and torque using the right y-axes 
and the corresponding analytical and experimental heat generation using the left y-axis. 

As the tool is plunged into the weld panel, the plunge force rises steady during the first part of the plunge action 
όҍмоΦт ǘƻ ҍу ǎύ ǘƻ нмƪb ŀƴŘ ǘƘŜ ǘƻǊǉǳŜ ǊƛǎŜǎ ǘo 15Nm. This initial smooth rise in both the torque and the plunge 

force are caused by the tool probe penetrating the matrix. This is followed by a transient response in both the 
plunge force and torque (rising to 60Nm), in which a result of the shoulder is getting in contact with the matrix 

interface. 
 

 

FIG. 2.7: Heat generation (left y-axis), plunge force and torque (right y-axis) 
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Plunge periodҍ13.7 to ҍ5 s. Dwell period ҍ5 to 0 s. Weld period 0 to 52.5 ǎΦ 5ǳǊƛƴƎ ǘƘŜ ŘǿŜƭƭ ǇŜǊƛƻŘ ŦǊƻƳ ҍр ǘƻ лǎ 

the plunge force drops from 21 to 12 kN where it settles. The torque gradually drops from 60 to 40 Nm. The 

ŀƴŀƭȅǘƛŎŀƭ ǊŜǎǳƭǘ ŦƻǊ ǎƭƛŘƛƴƎΣ ƛΦŜΦ ʵ Ґ лΣ ǇǊŜŘƛŎǘǎ ŀ ǇǊƻǇƻǊǘƛƻƴŀƭ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ǇƭǳƴƎŜ ŦƻǊŎŜ ŀƴŘ ǘƻǊǉǳŜΦ 

FIG: 2.7 shows the reaction force and torque, reading the values on the right y-axes.  

¢ƘŜ ǇǊƻǇƻǊǘƛƻƴŀƭƛǘȅ ƛǎ ƛƴ ǘƘŜƻǊȅ ƻƴƭȅ ŦǳƭŦƛƭƭŜŘ ƛŦ ǘƘŜ ŎƻƴŘƛǘƛƻƴ ƛǎ ŎƭƻǎŜ ǘƻ ǎƭƛŘƛƴƎΣ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ŀ ŎƻƴǘŀŎǘ ǾŀǊƛŀōƭŜ ʵ 

close to 0 and uniform pressure distribution. The proportionality should be applicable during the dwell action 

where the uniform pressure is most likely to be fulfilled, but this is not supported by the non-proportional 

ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ǇƭǳƴƎŜ ŦƻǊŎŜ ŀƴŘ ǘƘŜ ǘƻǊǉǳŜΣ ǎŜŜƴ ŦǊƻƳ ҍр ǘƻ л ǎ ƛƴ CLD нΦуΦ 

After the dwell/weld transition at 0 s, the plunge force rises from 13 to 17 kN at the beginning of the weld, 
finishing at 18.5 kN. The torque starts at 43 Nm, dropping to 41 Nm at the end of the welding period. The traverse 

motion of the tool in the weld period is initiated by a smooth acceleration up to the welding speed of 2 mm sҍ1 

in order to minimize the transient effect. The traverse motion of the tool results in the rise in the plunge force, but 
a corresponding rise in the torque is not observed. (The measured force to overcome the traverse resistance is less 
than 0.5 kN, and the traverse power input is therefore less than 1 W.) 
 
The torque seems to stabilize after 5ς10 s corresponding to a steady state, which is supported by additional 

thermal measurements showing virtually identical temperature history profiles at locations traversed at 15 and 35 

s after the start of the welding (not reported in this work). The modest change in the plunge force from 10 to 52.5 
s could be caused by a machine effect. The tool displacement was set remotely to a fixed value. During welding, the 

measured machine deflection increases slightly (not shown) and the measured plunge force (shown in FIG. 2.7) 
increases slightly, also. These effects show that, during welding, a factor acted to displace the tool upwards. 

This results in an increased deflection of the machine, hence, giving a higher plunge force. A gradual rise in the 
backing plate and tool temperature (yielding expansion), could be the cause. Thus, the plunge force cannot be 

used to assess whether or not steady state conditions apply during welding in this case.  
The following conclusions are drawn 
 

¶ After an initial transient period, the torque does not change during welding. This reflects a steady state welding 

condition. 

¶ The change in the plunge force during steady state welding is most likely caused by the specific machine 
condition present during the welding process. The modest change in the plunge force does not affect the 

torque. This indicates that a sticking condition is present. 
 

FIG: 2.7 shows the heat generation as function of time, using the left y-axis. Two power related quantities are 
shown; the experimental rotational power/heat generation ὓ  and combined analytical heat generation ‫ 

(using the experimental plunge force in the analytical expression). During the plunge and dwell period from ҍ13.7 
to 0 s the welding panel, backing plate and the tool are preheated with approximately 15 kJ (integration of the 
rotational power). The maximum heat generation of 2.5 Ë7 occurs when the shoulder first touches the weld 

panel at ҍ6.1 s and drops to 1.8 kW at the end of the dwell period (0 s). The welding period is initiated by a smooth 

acceleration of the tool to the welding speed of 2 mmί , which gives a rise in plunge force, but a similar effect on 

the heat generation does not take place, instead the heat generation stabilizes in the range of 1.7ς1.8 kW during 

the 105 mm of welding. 
If the sliding is the dominant contact condition, the friction coefficient should attain changing values for positions 
along the weld path, ranging from 0.27 to 0.35. This is thought not to be likely for the same weld in a steady 

state condition. As seen in figure 6, heat generation and the torque are nearly constant (even for alternating plunge 

force) during the dwell and weld period, and this is interpreted as an indication of a sticking or close to sticking 
contact condition. This is supported by an investigation of the material flow in the welds used in this welding 
experiment [21, 22].   
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2.11. Numerical Models 
 

In order to model the thermal aspects of FSW more accurately, numerical methods must be used, for instance 
finite element or finite difference methods. Numerical methods allow a more detailed geometric representation 
of the welding setup in which advanced tool shapes as well as the interaction between tool, work piece and 
backing plate can be modelled. Also temperature dependent material parameters, like the conductivity and yield 
stress, can be handled by numerical methods in contrast to the analytical Rosenthal equations. 
 
A large number of modelling choices must be made when developing a FSW model, the possibilities include 
dimension (2D/3D), transient vs. steady state and Eulerian vs. Lagrangian models, i.e. whether the material flows 
through the mesh or whether the material follows the mesh.  Different aspects of the modelling are presented 
along with some models from the literature. FSW is a non-stationary process as described earlier with the plunge, 
dwell, welding, and extraction phases [23], and to model the full process a time-dependent model should be used, 
i.e. by solving eq. (1.1). However, in many cases it is reasonable to assume that the welding phase, when the tool 
is moving at constant velocity and not too close to the start and end points, is stationary, such that the 
temperature field around the tool does not change during this phase.  
 
In Schmidt et al. (2004) experimental measurements of torque and plunge force during a welding experiment are 
shown, and it is found that the values become almost constant during the welding phase which backs the 
assumption of stationary. The present thesis focuses on thermal models of the stationary phase using a Eulerian 
framework. The heat equation to be solved is: 
 

ᶯ ὯɳὝ ”ὧόɳὝ ή ƛƴ ʍ 

 
Ὕ Ὕ on Ὕ 

 
ὯɳὝȢἶ ή  on Ὕ 

(2.40) 
 
²ƘŜǊŜ ʍ ƛǎ ǘƘŜ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ŘƻƳŀƛƴΣ Ὕ is a Dirichlet boundary with given temperature Ὕ and Ὕ is a Neumann 

boundary where the heat flux ή  is given. n is an outward pointing unit vector normal to the boundary. For an 
insulating boundary ή π  and for boundaries in contact with e.g. air or the backing plate ή ὬὝ Ὕ  with 
Ὕ  being the temperature of the neighbouring body or fluid.  
 
          
This type of model has a number of advantages compared to transient Lagrangian models when only the 
stationary response is of interest. First of all, it is fast, as just one solution is required and secondly, the heat source 
is stationary relative to the mesh meaning that a very fine mesh can be used in the vicinity of the heat source 
while using a coarser mesh further away.  
This type of model is however normally not used for modelling more advanced effects, such as residual stresses, 
where transient Lagrangian models are dominant in the literature, for example in Richards et al and Tutum et al.. 
 
An effect that has a large impact on the global temperature fields is the heat loss from the work piece to the 
backing plate governed by the equation 
 

ή ὬὝ Ὕ                                                                             (2.41) 
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Where Ὤ is the heat transfer coefficient and Ὕ  the temperature of the backing plate, the heat transfer coefficient 

is non-uniform across the area of contact and is a function of contact pressure, backing plate material, surface 
roughness and other factors, thus making it hard to determine appropriate values. Most of the work presented in 
the literature assumes a uniform Ὤ across the contact area.  
 

Examples of values used are: Ὤ χππ  in Schmidt and Hattel (2008), Ὤ συπ   in Chao et al. (2003) and 

Ὤ υπππ in Khandkar et al. (2006). In Soundararajan et al. (2005) an attempt is made to relate the heat 

transfer coefficient to the contact pressure between workpiece and backing plate by calculating the contact 
pressure for an assumed Ὤ value and then assigning a pressure-dependent Ὤ value based on the calculated 

pressure distribution. They define four zones around the tool in which Ὤ varies from Ὤ σπππτπππ  below 

the tool to Ὤ σπσππ   in areas close to the workpiece edges in front of the tool.  

 
Different models with and without backing plates are discussed and different heat transfer coefficients are applied 

in the model and compared to experimental temperature measurements. Uniform values of Ὤ ρππππ  

, Ὤ υπππ  and Ὤ ρπππ  are used.  

 

Also a non-uniform h that take the value Ὤ ρπππππ  under the shoulder, Ὤ ρππππ  in areas 

previously covered by the shoulder and Ὤ ρπππ  in other areas is tested. It is found that the non-uniform 

heat transfer coefficient was too large under the tool and predicted too low temperatures.[24] 
 

2.12. Example of Different Heat Transfer Coefficients 
 
This example is intended to show the effect of the work piece-backing plate heat transfer coefficient h . A 3D 

stationary model consisting of the work piece and a steel backing plate , with the heat source given by the 

TPM model (FIG.2.8), eq. (1.14). Using the TPM model means that the heat input is not the same in the three 

cases presented and, therefore, the effect of changing h is less readily seen than when using a fixed total heat 

input. Figure 2.8 shows the work piece temperature field for three different h values. The heat transfer 

coefficient has a clear influence on the temperature fields by removing heat from the work piece. This is most 

obvious on the left column of plots where it can be seen how the high temperature regions become more and 

more localised around the tool as h is increased, where optimization techniques and experimental data are 

used in order to find optimal values of Ὤ that minimize the difference between the calculated and the 

measured temperatures.  

Although most models in the literature deal primarily with the work piece, and in some cases the backing 

plate, some models also take the tool into account. As well as heat losses to the backing plate, heat is lost to 

the tool and a welding efficiency can be defined as the ratio of heat that is conducted into the tool to the total 

mechanical power, [28]. In that paper values of around 10% were determined for two different welding 

situations. [24] a value of 13 % is mentioned. 
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FIG. 2.8: The figure shows the effect of the work piece-backing plate heat transfer coefficient h for a 3D model of 
the work piece and the backing plate. The left column shows the temperature field in the work piece while the 

right column shows a cross section of the work piece at the tool. The top row shows results for Ὤ υπ , the 

middle row shows results for Ὤ τππ   and the last row shows results for Ὤ ρππππ. Notice the probe 

hole and how the temperature decreases when moving away from the tool for increasing h values. 
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2.13. Experimental Aspect 
A general friction stir welding set up consist of a workpiece, which is the material that is to be joined, a tool, 

consisting of the tool shoulder and the tool pin or probe and lastly a backing plate that is made of a solid 

reliable material to withstand heat that is generated by the tool. 

But a friction stir weld cannot take place unless the correct calculations, simulations and consideration have 

taken place.  

Firstly, is the consideration of the tool shoulder as there are many different types of shoulders and each has 

their own set of advantages. Certain friction stir welding tool shoulders can also contain features to increase 

the amount of material deformation produced by the shoulder resulting increased workpiece mixing and 

higher quality welds. These features can consist of scroll ridges or knurling, grooves and concentric circles 

which can be machined into any tool profile (Concave, Convex and Flat). 

Along with the tool shoulder is pin which is also referred to as a probe, the use of the probe is to provide the 

corrected heating, by the calculation of speed to joint workpieces. 

2.14. Process Parameters 
The success of the Friction Stir Welding process depends on a number of parameters, these parameters being 

both operational parameters due to the nature of the process as well as geometric. In addition to the four 

primary process parameters some critical parameters to consider are as follows: 

¶ Tool Geometry: This includes the diameter of the tools shoulder and pin, pin length, pin taper angel 

as well as both pin and shoulder features. 

¶ Clamping System: A rigid clamping system is required to ensure that no translation motion of the 

workpiece occurs during welding and that the plasticised material is confined during welding. 

¶ Tool Rotational Direction: Either clockwise or anticlockwise. 

¶ Process Forces: In particular, the axial force. 

¶ Tilt Angle: This is the angle between the tool axis and the normal weld plane. 

¶ Plunge Depth: This defines how far the pin is positioned from the backing plate and as a result has a 

significant effect on the weld quality. 

¶ Control Methodology: Typically, either forced or displacement controlled.  

 

Two parameters are very important for the experimental aspect of FSW: tool rotation rate (v, rpm) in clockwise 

or counterclockwise direction and tool traverse speed (n, mm/min) along the line of joint. The rotation of tool 

results in stirring and mixing of material around the rotating pin and the translation of tool moves the stirred 

material from the front to the back of the pin and finishes welding process. Higher tool rotation rates generate 

higher temperature because of higher friction heating and result in more intense stirring and mixing of 

material as will be discussed later. However, it should be noted that frictional coupling of tool surface with 

workpiece is going to govern the heating. So, a monotonic increase in heating with increasing tool rotation 

rate is not expected as the coefficient of friction at interface will change with increasing tool rotation rate. In 

addition to the tool rotation rate and traverse speed, another important process parameter is the angle of 

spindle or tool tilt with respect to the workpiece surface. A suitable tilt of the spindle towards trailing direction 

ensures that the shoulder of the tool holds the stirred material by threaded pin and move material efficiently 

from the front to the back of the pin. Further, the insertion depth of pin into the workpieces (also called target 

depth) is important for producing sound welds with smooth tool shoulders. The insertion depth of pin is 

associated with the pin height. When the insertion depth is too shallow, the shoulder of tool does not contact 



 

32 
 

the original workpiece surface. Thus, rotating shoulder cannot move the stirred material efficiently from the 

front to the back of the pin, resulting in generation of welds with inner channel or surface groove. 

The heating is accomplished by friction between the tool and the workpiece and plastic deformation of 

workpiece. The localized heating softens the material around the pin and combination of tool rotation and 

translation leads to movement of material from the front of the pin to the back of the pin. As a result of this 

ǇǊƻŎŜǎǎ ŀ Ƨƻƛƴǘ ƛǎ ǇǊƻŘǳŎŜŘ ƛƴ ΨǎƻƭƛŘ ǎǘŀǘŜΩΦ .ŜŎŀǳǎŜ ƻŦ ǾŀǊƛƻǳǎ ƎŜƻƳŜǘǊƛŎŀƭ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ǘƻƻƭΣ ǘƘŜ ƳŀǘŜǊƛŀƭ 

movement around the pin can be quite complex. During FSW process, the material undergoes intense plastic 

deformation at elevated temperature, resulting in generation of fine and equated recrystallized grains. The 

fine microstructure in friction stir welds produces good mechanical properties. 

2.15.1.  Welding Parameters 
For FSW, two parameters are very important: tool rotation rate (v, rpm) in clockwise or counter clockwise 

direction and tool traverse speed (n, mm/min) along the line of joint. The rotation of tool results in stirring 

and mixing of material around the rotating pin and the translation of tool moves the stirred material from the 

front to the back of the pin and finishes welding process. Higher tool rotation rates generate higher 

temperature because of higher friction heating and result in more intense stirring and mixing of material as 

will be discussed later. However, it should be noted that frictional coupling of tool surface with workpiece is 

going to govern the heating. So, a monotonic increase in heating with increasing tool rotation rate is not 

expected as the coefficient of friction at interface will change with increasing tool rotation rate. In addition to 

the tool rotation rate and traverse speed, another important process parameter is the angle of spindle or tool 

tilt with respect to the workpiece surface. A suitable tilt of the spindle towards trailing direction ensures that 

the shoulder of the tool holds the stirred material by threaded pin and move material efficiently from the front 

to the back of the pin. Further, the insertion depth of pin into the workpieces (also called target depth) is 

important for producing sound welds with smooth tool shoulders. The insertion depth of pin is associated with 

the pin height. When the insertion depth is too shallow, the shoulder of tool does not contact the original 

workpiece surface. Thus, rotating shoulder cannot move the stirred material efficiently from the front to the 

back of the pin, resulting in generation of welds with inner channel or surface groove. When the insertion 

depth is too deep, the shoulder of tool plunges into the workpiece creating excessive flash. In this case, a 

significantly concave weld is produced, leading to local thinning of the welded plates. It should be noted that 

ǘƘŜ ǊŜŎŜƴǘ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ΨǎŎǊƻƭƭŜŘΩ ǘƻƻƭ ǎƘƻǳƭŘŜǊ ŀƭƭƻǿǎ C{² ǿƛǘƘ лх ǘƻƻƭ ǘƛƭǘΦ {ǳŎƘ ǘƻƻƭǎ ŀǊŜ ǇŀǊǘƛŎǳƭŀǊƭȅ 

preferred for curved joints. Preheating or cooling can also be important for some specific FSW processes. For 

materials with high melting point such as steel and titanium or high conductivity such as copper, the heat 

produced by friction and stirring may be not sufficient to soften and plasticize the material around the rotating 

tool. Thus, it is difficult to produce continuous defect-free weld. In these cases, preheating or additional 

external heating source can help the material flow and increase the process window. On the other hand, 

materials with lower melting point such as aluminium, cooling can be used to reduce extensive growth of 

recrystallized grains and dissolution of strengthening precipitates in and around the stirred zone. 
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2.15.2.  Experimental Parameters 
 

For the experimental aspect of this study the following parameters have been put into consideration as well 

as parameters for the experiment has been derived from the selection chosen, Materials Al2024-T3 and 

Al6056 are the said mentioned materials to be used for the weld having rotational speeds of 

800,1250,1600,2000 rpm with a feed rate of 300,400 and 500 mm/min in a dwell time of 10-15 seconds. 

2.15.3. Test Types  

2.15.3.1. Standard Test 
The standard test is that of basic friction stir weld, the standard friction stir weld is the most basic of the 

friction stir welds, consisting of just simply a single shoulder and a single pin to conduct the weld where the 

tool is held perpendicular to the workpiece. The standard tool has three primary functions. 

A) To heat the workpiece provided the adequacy of thermo-mechanical softening by means of frictional 

contact with the workpiece. 

B) Stirring of the material to produce a joint, heat transfer from the tool softens the material by means 

of reducing the yield strength, so that with tool rotation and translation, it will lead to movement of 

material from the leading edge to the trailing edge of the pin, as a result filling the cavity produced in 

the tool's wake as the moves forward. 

C) Containment of the hot metal beneath the tool shoulder vertical ow occurs during FSW. It is the role 

of the FSW tool, in particular the tool's shoulder to contain the material within what will later know 

as the 'third body region'. 

 

 

 

Image 2.1: A Standard tool Weld 
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2.15.3.2. Hot Water Applied Test 
 

The application of hot water to a friction stir weld is to serve the purpose of reducing heat generation by 

applying boiling water that is of a 100 хC to lower the heat generation of 184 хC, Boiling is lower than the heat 

that is emitted from the actual tool hence the cooling properties.   

A limited number of works have attempted and simulated the temperature history of a friction stir weld under 

an external liquid cooling as presented in this present study in which the coolant is modelled as a water flux 

behind the tool, resulting the cooling effect positive and a reduction of thermal flow adjacent to the tool.  

 

 

Image 2.2: A depiction of a Firction stir weld process with the application of water. 

 

2.15.3.3. The Liquid Nitrogen Applied Test 
 

liquid nitrogen is demonstrated as an alternative and improved method for creating fine-grained welds in 

dissimilar metals. Friction-stir welding with liquid nitrogen significantly suppresses the formation of intermetallic 

compounds because of the lower peak temperature. Furthermore, the temperature profiles plotted during this 

ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ ƭŀǊƎŜǎǘ ŀƳƻǳƴǘ ƻŦ ҟ¢ ƛǎ ƎŜƴŜǊŀǘŜŘ ōȅ ǘƘŜ ǿŜƭŘ ǳƴŘŜǊ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴΣ ǿƘƛŎƘ ƛǎ 

performed at the lowest temperature. It is shown that in low-temperature FSW, the flow stress is higher, plastic 

contribution increases, and so adiabatic heating, a result of high strain and high strain-rate deformation, drives 

the recrystallization process beside frictional heat. The decreasing the starting temperature of workpiece from 30 

to -30 хC with liquid nitrogen cooling resulted in a decrease in peak temperature from 330 to 140 хC at a location 

10 mm away from the weld centreline, thereby leading to a reduction in the grain size from 10 to 0.8 mm on the 

ƳŀǘŜǊƤŀƭ нлнп!ƭ ŀƴŘ ŘǊŀǎǘƛŎŀƭƭȅ cooling the work piece down. 
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3. The Design of Tools 

3.1. Tool Shoulders 
Tool shoulders are designed to produce heat (through friction and material deformation) to the surface and 

subsurface regions of the work piece. The tool shoulder produces a majority of the deformational and frictional 

heating in thin sheet, while the pin produces a majority of the heating in thick work pieces. Also, the shoulder 

produces the downward forging action necessary for weld consolidation.  

 

 

 

 

 

 

FIG. 3.1: Different shoulder features used to improve material flow and shoulder efficiency. Source: Ref 79 

3.2. Shoulder Features 
The FSW tool shoulders can also contain features to increase the amount of material deformation produced by 

the shoulder, resulting in increased work piece mixing and higher-quality friction stir welds [38, 39]. These features 

can consist of scrolls, ridges or knurling, grooves, and concentric circles (FIG 3.1) and can be machined onto any 

tool shoulder profile (concave, flat, and convex). Currently, there are published examples of three types of 

shoulder features: scoops [39], concentric circles, and scrolls [38, 40, 41, 42, 43, 44]. 

 

3.2.1. Concave Shoulder 
The first shoulder design was the concave shoulder [8], commonly referred to as the standard-type shoulder, and 

is currently the most common shoulder design in friction stirring. Concave shoulders produce quality friction stir 

welds, and the simple design is easily machined. The shoulder concavity is produced by a small angle between the 

edge of the shoulder and the pin, between 6 and 10°. During the tool plunge, material displaced by the pin is fed 

into the cavity within the tool shoulder. This material serves as the start of a reservoir for the forging action of the 

shoulder. Forward movement of the tool forces new material into the cavity of the shoulder, pushing the existing 

material into the flow of the pin. Proper operation of this shoulder design requires tilting the tool 2 to 4° from the 

normal of the work piece away from the direction of travel; this is necessary to maintain the material reservoir 

and to enable the trailing edge of the shoulder tool to produce a compressive forging force on the weld. A majority 

of the friction stir welds produced with a concave shoulder are linear; nonlinear welds are only possible if the 

machine design can maintain the tool tilt around corners (i.e. multiaxis FSW machine)  

[24,25,26,27,28,29,30,31,32,33,34,35,36,37]. 
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3.2.2. Scroll Shoulder 
Scrolls are the most commonly observed shoulder feature. The typical scrolled shoulder tool consists of a flat 

surface with a spiral channel cut from the edge of the shoulder toward the centre (Image 3.1). The channels direct 

deformed material from the edge of the shoulder to the pin, thus eliminating the need to tilt the tool. Removing 

the tool tilt simplified the friction stirring machine design and allowed for the production of complicated nonlinear 

weld patterns. Concave shoulder tools also have a tendency to lift away from the work piece surface when the 

tool travel speed is increased. Replacing the concave shoulder with a scrolled shoulder reduces the tool lift and 

increases the welding speed. An additional advantage of the scrolled shoulder tool is elimination of the undercut 

produced by the concave tool and a corresponding reduction in flash. Also, because the tool is normal to the work 

piece, the normal forces are lower than concave shoulder tools, which must apply load in both the normal and 

transverse directions to keep the shoulder in sufficient contact. In addition, the material within the channels is 

continually sheared from the plate surface, thereby increasing the deformation and frictional heating at the 

surface [39]. Scrolled shoulder tools are operated with only 0.1 to 0.25 mm (0.004 to 0.01 in.) of the tool in contact 

with the work piece; any additional work piece contact will produce significant amounts of flash. If the tool is too 

high (insufficient contact), the shoulder will ride on a cushion of material that will smear across the joint line and 

make a determination of weld quality difficult [39]. Thus, use of the scrolled shoulder requires more positional 

care than the concave shoulder. The limitations of scrolled shoulder tools include the inability to weld two plates 

with different thicknesses, an inability to accommodate for work piece thickness variation in the length of the 

weld, and welding of complex curvatures (especially tight curvatures). Scrolled shoulder tools can weld two plates 

of different thicknesses, but some amount of material from the thicker plate is expelled in the form of flash.  

 

 

 

 

 

  

 

 

Image 3.1: Photograph of a scrolled shoulder tool and a truncated cone pin containing three flats 

3.2.3. Convex Shoulder 
 Friction stir tool shoulders can also have a convex profile [39,45,46,47]. Early attempts at TWI to use a tool with 

a convex shoulder were unsuccessful, because the convex shape pushed material away from the pin. The only 

reported success with a smooth convex tool was with a 5 mm (0.2 in.) diameter shoulder tool that friction stir 

welded 0.4 mm (0.015 in.) sheet [45]. Convex shoulder tools for thicker material were only realized with the 

addition of a scroll to the convex shape [46-48]Φ [ƛƪŜ ǘƘŜ ǎŎǊƻƭƭǎ ƻƴ ǘƘŜ Ŧƭŀǘ ǇǊƻŦƛƭŜ ǎƘƻǳƭŘŜǊǎ όǎŜŜ ǘƘŜ ǎŜŎǘƛƻƴ ά{ŎǊƻƭƭ 

{ƘƻǳƭŘŜǊέ ƛƴ ǘƘƛǎ ŎƘŀpter), the scrolls on the convex shoulders move material from the outside of the shoulder in 

toward the pin. The advantage of the convex shape is that the outer edge of the tool need not be engaged with 
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the work piece, so the shoulder can be engaged with the work piece at any location along the convex surface. 

Thus, a sound weld is produced when any part of the scroll is engaged with the work piece, moving material 

toward the pin. This shoulder design allows for a larger flexibility in the contact area between the shoulder and 

work piece (amount of shoulder engagement can change without any loss of weld quality), improves the joint 

mismatch tolerance, increases the ease of joining different-thickness work pieces, and improves the ability to 

weld complex curvatures. The profile of the convex shoulder can be either tapered [46-49] or curved [38-48] 

(Image 3.2). 

 

 

 

 

  

 

 

 

(a)                                                                                   (b) 

Image 3.2: Depictions of the convex shoulder having either (a) curved or (b) tapered geometries 

3.3. Pin Designs 
Friction stirring pins produce deformational and frictional heating to the joint surfaces. The pin is designed to 

disrupt the faying, or contacting, surfaces of the work piece, shear material in front of the tool, and move material 

behind the tool. In addition, the depth of deformation and tool travel speed are governed by the pin design. The 

focus of this section is to illustrate the different pin designs found in the open literature, including their benefits 

and drawbacks. In addition to the pins presented in this section, many other viable pin designs are contained 

within patent or patent application documents that are not contained within the known literature [38]. The reader 

is encouraged to search the patent literature for additional information about pins not contained within this 

chapter. 

 

 

 

 

 



 

38 
 

3.3.1. Round-Bottom Cylindrical Pin  
The pin cited in the original FSW patent [23] consists of a cylindrical threaded pin with a round bottom (Image 

3.3). This pin design was achieved during the TWI group-sponsored project number 5651 and is commonly 

referred to as the 5651 tool in the friction stir community. Threads are used to transport material from the 

shoulder down to the bottom of the pin; for example, a clockwise tool rotation requires left-handed threads. A 

round or domed end to the pin tool reduces the tool wear upon plunging and improves the quality of the weld 

root directly underneath the bottom of the pin. The best dome radius was specified as 75 % of the pin diameter. 

It was claimed that as the dome radius decreased (up to a flat-bottom tool), a higher probability of poor-quality 

weld was encountered, especially directly below the pin. The versatility of the cylindrical pin design is that the pin 

length and diameter can ǊŜŀŘƛƭȅ ōŜ ŀƭǘŜǊŜŘ ǘƻ ǎǳƛǘ ǘƘŜ ǳǎŜǊΩǎ needs [50]. Also, machining a radius at the bottom of 

the threads will increase tool life by eliminating stress concentrations at the root of the threads. 

 

 

 

 

 

 

 

 

Image 3.3: Photograph of a concave shoulder with a roundbottom pin 

3.3.2. Flat-Bottom Cylindrical Pin 
 Contrary to the statements made in the previous section about the negative aspects of the flat-bottom cylindrical 

pin (Image 3.4), the flat-bottom pin design is currently the most commonly used pin design [34,51-52, 

53,54,55,56,57,58,59]. Changing from a round-bottom to a flat-bottom pin is attributed to a geometrical 

argument The surface velocity of a rotating cylinder increases from zero at the center of the cylinder to a 

maximum value at the edge of the cylinder. The local surface velocity coupled with the friction coefficient between 

the pin and the metal dictates the deformation during friction stirring. The lowest point of the flat-bottom pin 

tilted to a small angle to the normal axis is the edge of the pin, where the surface velocity is the highest (FIG 3.1 

a). In contrast, the lowest point of a round-bottom pin is not far from the center of the pin exhibiting a slower 

surface velocity (FIG 3.1 b). The surface velocities at the lowest points of flat-bottom and round-bottom pins are 

compared in Table 3.1, assuming a 3° tool tilt, 5 mm (0.2 in.) diameter pin, and a 3.8 mm (0.15 in.) round-bottom 

pin radius. A larger round-bottom pin radius will reduce the velocity differential, while a smaller pin radius will 

increase the velocity differential. For this example, the flat-bottom pin has a surface velocity 27.9 times the round-

bottom pin. The increased surface velocity at the bottom of the pin would increase the throwing power of the 

pin, or the ability of the pin to affect metal below the end of the pin. In addition, the flat-bottom pin is easier to 

machine, and the defects mentioned in the previous section can be eliminated with correct tool parameters and 

sufficient forging load. 
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Image 3.4: Photograph of a flat-bottom pin 

 

 

 

 

 

 

 

  

 

 

(a)                                                                                                                     (b) 

 

FIG. 3.1: Geometry used to compare surface velocities at calibration point for (a) flat-bottom and (b) round-

bottom pins. Source: Ref 86 
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Table 3.1: Calculated surface velocities of lowest pin location 

3.3.3. Truncated Cone Pin 
Cylindrical pins were found to be sufficient for aluminium plate up to 12 mm (0.5 in.) thick, but researchers 

wanted to friction stir weld thicker plates at faster travel speeds. A simple modification of a cylindrical pin is 

a truncated cone [41-44-60] (Image 3.5). Truncated cone pins have lower transverse loads (when compared 

to a cylindrical pin), and the largest moment load on a truncated cone is at the base of the cone, where it is 

the strongest. A variation of the truncated cone pin is the stepped spiral pin (Image 3.6), a design developed 

for high-temperature materials [33,61,62,63,64,65]. During the friction stir processing (FSP) of Ni-Al bronze, 

a threaded profile distorted, and threadless tools did not produce sufficient material flow to obtain 6 mm 

(0.25 in.) deep deformation regions. Thus, the stepped spiral tool was designed with robust features that 

survived the 1000 °C (1830 °F) temperatures. The stepped spiral has a square edge and never forms a recess 

between a step and the following step. Also, the stepped spiral profile can be ground into ceramic tools, where 

threaded features are not possible. Thus, some PCBN tools contain a stepped spiral pin that increases the 

volume of material deformed by the pin [48, 64, 66].  
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Image 3.5: Truncated cone pin and convex shoulder friction stir welding tool. 

 

 

 

 

 

 

 

Image 3.6: Photograph of a stepped spiral pin 

3.3.4. Addition of Machined Flats on Pins 
Thomas et al. [38] found that the addition of flat areas to a pin changes material movement around a pin. The 

effect of adding flat regions is to locally increase the deformation of the plasticized material by acting as 

άǇŀŘŘƭŜǎέ ŀƴŘ ǇǊƻŘǳŎƛƴƎ ƭƻŎŀƭ ǘǳǊōǳƭŜƴǘ flow of the plasticized material. Colligan, Xu, and Pickens [41] used 

25.4 mm (1 in.) thick 5083-H131 to demonstrate that a reduction in transverse forces and tool torque was 

directly proportional to the number of flats placed on a truncated cone (up to four flats). Recently, Zettler et 

al. [43] have examined the FSW of 4 mm (0.16 in.) thick 2024-T351 and 6056- T4 Al alloys as a function of FSW 

tool parameters for three different pin designs: a non-threaded truncated cone pin, a threaded truncated 

cone pin, and a threaded truncated cone pin with flats. Welding trials quickly showed that the non-threaded 

pin produced voids, while the two threaded pins (with and without flats) produced fully consolidated friction 

stir welds. Adding the flats was shown to increase the weld nugget area and the work piece temperature 

measured at the plate mid-thickness 12.3 mm (0.5 in.) from the joint centreline when compared to the pin 

without flats.  
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3.3.5. Whorl Pin  
The next evolution in pin design is the Whorl pin developed by TWI [68,69]. The Whorl pin reduces the 

displaced volume of a cylindrical pin of the same diameter by 60 %. Reducing the displaced volume also 

decreases the traverse loads, which enables faster tool travel speeds. The key difference between the 

truncated cone pin and the Whorl pin is the design of the helical ridge on the pin surface. In the case of the 

Whorl pin, the helical ridge is more than an external thread, but the helical ridge acts as an auger, producing 

a clear downward movement. Variations of the Whorl pin include circular, oval, flattened, or re-entrant pin 

cross sections (Image 3.7) [69]. The significant advantage of the Whorl pin is the ratio of the volume swept by 

the pin to the pin volume. Cylindrical pins have a ratio of 1.1 to 1, while the Whorl pin has a 1.8 to 1 ratio 

(when welding 25 mm, or 1 in., thick plate). 

 

          

 

 

 

 

(a)                         (b)                          (c)                            (d)                          (e) 

Image 3.7: Schematics of the Whorl pin variations. (a) Oval-shaped probe. (b) Paddle-shaped probe. (c) Three-

flat-sided probe. (d) Three-sided re-entrant probe. (e) Changing spiral form and flared probe. [69] 

  

3.3.6. MX Triflute Pin 
The MX Triflute pin (TWI) is a further refinement of the Whorl pin (Image 3.8) [68,69]. In addition to the helical 

ridge, the MX Triflute pin contains three flutes cut into the helical ridge. The flutes reduce the displaced 

volume of a cylindrical pin by 70 % and supply additional deformation at the weld line. Additionally, the MX 

Triflute pin has a pin volume swept to pin volume ratio of 2.6 to 1 (when welding 25 mm thick plate). Published 

examples using Triflute-type pins include FSW 5 mm (0.2 in.) thick 5251 Al [70] and up to 50 mm (2 in.) thick 

copper. Cederqvist [71] cited that changing to an MX Triflute increased the tool travel speed by 2.5 times over 

the previous tool design. In addition to welding thick-section copper, the MX Triflute has shown promise for 

thick-section aluminium alloys. Ma et al. [72] used the FSP of cast A356 Al to demonstrate that a modified 

Triflute pin (cylindrical pin with three flutes) is more effective in breaking up silicon particles and healing  
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Image 3.8: Schematic of MX Triflute pin. [89] 

3.3.7. Trivex Pin  
Two-dimensional (2-D) computational fluid dynamics simulations were used to examine material flow around 

a series of pin designs [72-73]. The simulations used an oval slip model on the 2-D pin profiles to establish the 

profile that produced the minimum traverse force. The optimal 2-D pin profile was used to produce two 

versions: the featureless Trivex pin (TWI) and the threaded MX-Trivex pin (TWI) (Image 3.9). Friction stir 

welding experiments of 6.35 mm (0.25 in.) thick 7075-T7351 Al demonstrated that the Trivex and MX-Trivex 

pin produced an 18 to 25% reduction of traversing forces and a 12 % reduction in forging (normal) forces in 

comparison to an MX Triflute pin of comparable dimensions [73-74]. In addition, both the Trivex and Triflute 

tools produced friction stir welds with comparable tensile strengths. 

 

 

 

  

 

 

 

 

Image 3.9: Photos showing details of Trivex and MX Trivex pins. Scale is in millimetres. 
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3.3.8. Threadless Pin 
Threadless pins are useful in specific FSW applications where thread features would not survive without 

fracture or severe wear. Tools operating under aggressive environments (high temperature or highly abrasive 

composite alloys) cannot retain threaded tool features without excessive pin wear; pins for these conditions 

typically consist of simple designs with robust features. For example, early PCBN pins designed to friction stir 

weld stainless steels consisted of a truncated cone with three flats at the tip (Image 3.10). Also, Loftus et al. 

used a featureless cylindrical pin to friction stir weld 1.2 mm (0.05 in.) thick beta 21S Ti. Tools used to friction 

stir weld thin sheet commonly have fine pins with little surface area for features. The addition of any threads 

would severely weaken the pin, causing premature pin failure. Thus, thin sheet, for example, 0.4 mm (0.015 

in.) thick Mg AZ31 [45] is commonly friction stir welded with threadless tools. Threadless pins have also been 

used to purposely produce defective welds [40] and to study material flow [43].  

 

 

 

 

 

 

 

Image 3.10: Example of a threadless pin tool. Polycrystalline cubic boron nitride pin tool with three flats at 

pin tip.   

3.3.9. Retractable Pins 
The retractable pin tool (RPT) consisted of an actuated pin within a rotating shoulder [75-76] to allow pin 

length adjustment during FSW (FIG. 3.2). The normal operational mode for these tools was to retract the pin 

at a prescribed rate as the tool traversed forward. This allowed the closure of exit hole in circumferential 

friction stir welds. Also, pin lengths could be adjusted to ensure full penetration welds in work pieces with 

known thickness variations. 

 

 

 

 

 

FIG. 3.2: Example of the retractable pin tool technology, where the pin is fully withdrawn into the shoulder (from 

left to right), thereby eliminating the exit hole (as shown by the region of deformation) 
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4. Theoritical Methodology 
An  analytical  model  for  heat  generation  by  friction  stir  welding ,  based  on different assumptions of the 

contact conditions between the rotating tool surface and the weld piece is established. The material flow and 

heat generation are characterized by the contact  conditions  at  the  interface,  and  are  described  as  sliding,  

sticking  or  partial sliding/sticking. 

A schematic representation of the set-up is illustrated in FIG. 4.1, FIG. 4.2 shows a simplified tool design.  In  

this  process,  two  tool  surfaces  are  needed  to  perform  the heating and  joining  processes in the friction 

stir weld. The shoulder surface is the area where the majority of the heat is generated, whereas the probe 

surface is where the work pieces are joined together and only a fraction of the total heat is generated. Second, 

the shoulder  confines  the  underlying  material  so  void  formation  and  porosity  behind  the probe  are  

prevented.  The  conical  tool  shoulder  helps  establish  a  pressure  under  the shoulder,  but  also  acts  as  

an  escape  volume  for  the  material  displaced  by  the  probe during the plunge action (FIG. 4.1). 

 

 

 

 

 

 

FIG. 4.1: Schematic of the weld set up and definition of orientations  

 

 

 

 

 

 

FIG. 4.2: Side view of the FSW tool showing the conical shoulder cap and threaded probe.  
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5. Standard Friction Stir Welding: Design and Experimentation 

5.1.  Analytical Estimation of Heat Generation 
Three  different  analytical  estimations  are  made,  all  of  which  are  based  on  a  general assumption of 

uniform contact shear stress and further distinguished by assuming contact a specific contact condition. In 

the first estimation, a sticking interface condition (♯ = 1) is assumed and in the second estimation a pure 

sliding (♯ = 0) interface described by a Coulomb friction condition is assumed. In the case of the sticking 

condition, the shearing is assumed to occur in a layer very close to the interface and in the sliding condition 

the shear is assumed to take place at the contact interface. The third estimation is used in the case where the 

partial sliding/sticking condition is assumed. 

   

 

  

 

 

 

FIG. 5.1: Heat generation contributions in analytical estimates [78] 

During the FSW process, heat is generated at or close to the contact surfaces, which have complex geometries 

according  to the tool geometry (FIG. 5.1), but for the  analytical estimation, a simplified tool design with a conical  

shoulder surface, a vertical cylindrical probe  side  surface  and  a horizontal  (flat)  probe  tip  surface  is  assumed.  

The  conical shoulder  surface  is  characterized  by  the  cone  angle ‌ ,  which  in  the  case  of  a  flat shoulder, is  

zero.  The simplified tool design is presented in figure 6, where ὗthe heat is generated under the tool shoulder, 

ὗ  at the tool probe side and   ὗ  at the tool probe tip, hence the total heat generation, ὗ  ὗ  ὗ ὗ 

 

Following are the equations of the heat generated by all the parts of tool: 

 

Heat generation from the shoulder: 

The  shoulder  surface  of  a  modern  FSW  tool  is  in  most  cases  concave  or  conically shaped. The purpose 

of this geometric feature is to act as an escape volume as the probe is  submerged  into  the  matrix  during  

the  plunge  operation,  secondarily  enhancing  the extrusion and consolidation of the material during the 

weld operation.  

╠▼ ⱷⱲ╬▫▪◄╪╬◄

╡▼▐▫◊■▀▄►

╡▬►▫╫▄

Ⱬ
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                                      ╠▼ ⱷⱫⱲ╬▫▪◄
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 ◄╪▪ ♪                                                                              

                                                                                                                                        (5.1)                                                          
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5.1.1. Heat Generation from the Probe 
The  probe  is  simplified  to  a  cylindrical  surface  with  a  radius  of Ὑ   and  a  probe height  Ὄ  . 

The heat generated from the probe consists of two contributions;  ὗ  from the side surface and    ὗ  from 

the tip surface. 
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▀
▐  

                                                                                                                                          (5.2)  
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▀

 

                                                                                                                                               (5.3) 

                                                                                                                                                                                                        

The three contributions are combined to get the total heat generation estimate  ╠  

 ╠  ╠▬◄ ╠▬▼ ╠▼ 

╠ ⱷⱫⱲ╬▫▪◄
╡▼▐▫◊■▀▄►▀

 ◄╪▪ ♪ ╡▬►▫╫▄╡▬►▫╫▄╗▬►▫╫▄ 

                                                                                                                                             (5.4)         

5.1.2. Shear Stress for Sticking Condition 
If the sticking interface condition is assumed, the matrix closest to the tool surface sticks to it. The layer 

between the stationary material points and the material moving with the tool has to accommodate the 

velocity difference by shearing. The yield shear stress †  is estimated to be
Ѝ

, where  „   is the weld 

material yield stress. This result is readily  obtained  by  comparing  von  Mises  yield  criterion  in  uniaxial  

tension  and pure shear. The contact shear stress is then  

                                     

Ⱳ╬▫▪◄Ⱳ╟■╪▼◄░╬
Ɑ◐░▄■▀

Ѝ
 

(5.5) 
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The  yield  stress  is  independent  of  pressure,  but  highly  temperature  dependent.  If the same shear yield 

stress is applied all over the interface, the assumption of an isothermal interface follows.  This gives a modified 

expression of (5.6), assuming the sticking condition                                                                                                                                                                                                                                  

                                                                                                                                               

╠▼◄░╬▓░▪▌ ╬▫▪▀░◄░▫▪Ⱬ
Ɑ◐░▄■▀

Ѝ
 ⱷ
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 ◄╪▪ ♪

▀ ▀
 ▐ 

                                                                                                                                                     (5.6) 

5.1.3. Shear Stress for Sliding Condition 
Assuming  friction  interface  conditions  where  the  tool  surface  and  weld  material  are sliding  against  

each other, the frictional shear stress is  †  introduced in the general friction equation  (5.7ύΦ  /ƻǳƭƻƳōΩǎ 

friction law describes the shear stress the critical friction stress necessary for a sliding condition as 

 Ⱳ█►░╬◄░▫▪ Ⱳ╬▫▪◄╪◄   Ⱨⱬ ⱧⱭ 

                                                                                                                                                      (5.7) 

Where ‘  is the friction coefficient, and ”  and   „ are the contact pressures. Thus, for the 

Sliding condition, the total heat generation is given by 

╠▼◄░╬▓░▪▌ ╬▫▪▀░◄░▫▪ⱫⱧⱬ ⱷ
╡▼▐▫◊■▀▄►▀

 ◄╪▪ ♪
▀ ▀

 ▐ 

                                                                                                                                                 (5.8) 

 5.2. Heat Generation Ratios 
Based on the geometry of the tool and independent of the contact condition, the ratio of heat generation, i.e. 

contributions from the different surfaces compared to the total heat generation, are as follows: 
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                                                    (5.10) 
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                                                                                                                                           (5.11)             

Tool Shoulder ,R 10 mm 0,01 m Drw. 5.1 

Tool Probe radius,R 4 mm 0,004 m Drw. 5.2 

Tool probe height,h 4 mm 0,004 m  

Tool shoulder cone angle  θ 0  

Friction Coefficient µ 0,6 Static Condition 

Friction Coefficient µ 0,4 Sliding Condition 

Friction shear stress µp   

Contact shear stress c̱ont 345 MPa  

Yield stress ỳield 283 MPa  

 

Table 5.1: Analytical estimation of heat generation for the Standard Tool 

 

 

 

 

 

Table5.2 : Tool Angular Rotational Speed and Rotational Speed for the Standard Tool 

 

The tool shoulder that of which is 12 mm. all of the shoulders are in millimetres. The scroll 2 spirals start at 180 

degrees apart, the spiral is clockwise from the outer diameter to the inner diameter with a plunge of 0.8 mm, and 

the shoulder radius being 0.01 m/10m (Drw.5.1) .The 5 mm removable pin with equidistant position i.e. at 120,240 

and 360 degrees. Flats are out to a depth of 0.5 mm perpendicular to the 10 degree taper pin with the tool probe 

radius being 0.004 m probe.(Drw.5.2) 

 Tool Angular Speed  Rotational Speed  

 ̟  (rad/s) N (rpm) 

˖ѕ 83.80 rad/s    800 rpm 

˖і 130.89 rad/s 1250 rpm  

˖ї 167.55 rad/s    1600 rpm 

˖ј 209.44 rad/s    2000 rpm 
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Drw. 5.1: 12 mm tool drawing [ά/ƻǊǊŜƛŀΣ 5Φ όнκлтκнлмнύΣ {Ƙŀƴƪ-Shoulder for 1.6mm Plates.University of the 

²ƛǘǿŀǘŜǊǎǊŀƴŘέ] 

 

Drw. 5.2: 5mm Removable Pin with Equidistant Flats-[ά/ƻǊǊŜƛŀΣ 5Φ όнκлтκнлмнύΣ 5mm Removable Pin with 

Equidistant Flats. ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ǘƘŜ ²ƛǘƘǿŀǘŜǊǎǊŀƴŘέ] 
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On substituting known values of the parameters, tool dimension, and all other values in derived equations, the 

heat generation values are as follows: 

i)  Heat Generation from the Shoulder: from equation 5.1 the values are- 

a) For tool angular rotational speed ‫ѕ = 83.80 rad/s = 800 rpm 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ‫ј = 209.44 rad/s = 2000 rpm 

ὗ
ς

σ
†“‫

Ὑ

ς

Ὠ

ς
 ρ ὸὥὲ ‌ 

ὗ
ς

σ
“ στυςπωȢττ

πȢπς

ς

πȢππψ

ς
 ρ ὸὥὲ π 

ὗ
ς

σ
“ στυςπωȢττ

πȢπς

ς

πȢππψ

ς
 ρ π 

                                                                             ὗ = 141.64 Ὧὡ 

 

 

 

 

Table 5.1: Heat Generation from the Shoulder with reference to angular rotation.  

ii) Heat Generation from the probe side surface and the probe tip: from equation 5.2 and 5.3 the values are- 

a) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 
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ὗ (  Ë7 ) N (rpm) (rad/s) ‫ 

56.62 800 83.8 

88.52 1250 130.89 

113.31 1600 167.55 

141.64 2000 209.44 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 
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ὗ   (Ë7) N (rpm) (rad/s) ‫ 

3.87 800 83.8 

6.05 1250 130.89 

7.75 1600 167.55 

9.64 2000 209.44 

ὗ  (Ë7) (rad/s) ‫ (rpm) ‫ 

11.63 800 83.8 

18.16 1250 130.89 

23.24 1600 167.55 

29.05 2000 209.44 

 

Table 5.2: Heat Generation for the Probe Tip and Probe Surface. 
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iii) Total Heat Generated: from equation 5.4 the values are- 

a) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 
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d) For tool angular rotational speed ј = 209.44 rad/s = 2000rpm ‫ 
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ὗ ( kW) N (rpm) (rad/s) ‫ 

72.12 800 83.8 

110.55 1250 130.89 

144.3 1600 167.55 

180.36 2000 209.44 

 

Table 5.3: Total Heat Generation 
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iv) For Sticking Condition Heat Generated: from equation 5.6 the values are- 

a) For tool angular rotational speed ‫ѕ = 83.80 rad/s = 800 rpm 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ‫ј = 209.44 rad/s = 2000 rpm 

 

ὗ  

ς

σ
“
„

Ѝσ
 ‫

Ὑ

ς

Ὠ

ς
 ρ ὸὥὲ ‌

Ὠ

ς
σ
Ὠ

ς
 Ὤ 

ὗ  

ς

σ
“
υψψ

Ѝσ
 ςπωȢττ

πȢπρς

ς

πȢππψ

ς
 ρ ὸὥὲ π

πȢππψ

ς
σ
πȢππψ

ς

 πȢππτ 

ὗ  

ς

σ
“
υψψ

Ѝσ
ςπωȢττ 

πȢπρς

ς

πȢππψ

ς
 ρ π

πȢππψ

ς
σ
πȢππψ

ς

 πȢππτ 

ὗ   = 301.22  kW 

 

 

 

 

 



 

58 
 

v) For Sliding Condition Heat Generated: from equation 5.7 the values are- 

a) For tool angular rotational speed wѕ = 83.80 rad/s = 800 rpm 
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b) For tool angular rotational speed wі = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed wї = 167.55 rad/s = 1600 rpm 
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e) For tool angular rotational speed wј = 209.44 rad/s = 2000 rpm 
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Based  on  the  heat  generated  from  independent  contact  conditions,  contributions  from different surfaces 

compared to the total heat generated are as follows 
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Percentage of heat with regard the percentage of heat generated by probe tip with regard to total heat 

generated=16 % and for the rest are show in table, percentage of probe side with respect to total is=5 % and 

shoulder =78 % 

This  indicates  that,  for the  specific tool  geometry,  the  tool shoulder contributes major fraction  of  heat  

generation  whereas  the  probe  tip  heat  generation  is  negligible  as compared to that of total heat generated. 

5.3.  Heat Generation: Summary of Calculations 

5.3.1. Heat Generation from the Shoulder 
The heat generation from a tool shoulder is explained in equation (5.1). As indicated in equation (5.1):  ὗ is the 

heat generation of the tool shoulder which is determined by the angular rotational speed (the contact shear ,(‫ 

stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄), the shoulder radius  ╡▼▐▫◊■▀▄► , the probe radius ╡▬►▫╫▄) as well as 

the shoulders cone angle (♪).Equation (5.1) is used in this study to determine heat generation from a tool shoulder 

with four different rotational speeds, formulating to the following values: the speed of 800 rpm  resulted to 56.62 

Ë7, 1250 rpm generated 88.52 Ë7, 1600 rpm went up to 113.31 Ë7 and lastly 2000 rpm generated 141.64 Ë7. 

Rotational speed per minute vs. Heat generation from the shoulder represents the analytical analysed increased 

speed of the tool shoulder which increases the heat generation on the supporting axis: Y: ROTATIONAL SPEED 

(rpm) and X: HEAT GENERATION FROM THE SHOULDER (Ë7), N indicating the TOOL ANGULAR ROTATIONAL SPEED 

(rpm) (Graph 5.1) 

5.3.2. Heat Generation from the Probe Side Surface and the Probe Tip 
Heat generation from the Probe Side Surface and the Probe Tip is explained in equation (5.2) and equation (5.3). 

As indicated in both equations, starting with (5.2) ╠▬▼ represents the heat generation from the side of the probe, 

which is determined by the tool probe height (╗▬►▫╫▄), the tool angular rotational speed (the contact shear ,(‫ 

stress of the material (Al2024-T3), the tool probe radius ╡▬►▫╫▄). (5.3) where  ╠▬◄ represents heat generation 

from the tip of the probe, the contact shear stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄)Equation (5.2) and (5.3) 

is used in this study to determine the heat generation from the probe side surface and the probe tip with four 

different rotational speeds. This process formulated as follows:  At 800 rpm the probe side generated 11.63 Ë7 
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and probe tip 3,87 Ë7.  1250 rpm resulted to probe side surface 18.16 Ë7 and probe pin at 6.05 Ë7.  At 1600 

rpm the probe side surface went up to 23.24 Ë7 and the probe pin to 7.75 Ë7, and lastly the speed of 2000 rpm 

generated at the probe side surface at 29.05 Ë7 and the probe pin at 9.67 Ë7.(Graph. 5.2) Rotational speeds per 

minute vs. from the probe side surface represent the precise speed of the probe side surface against the heat 

generation on the supporting axis: Y: ROTATIONAL SPEED (rpm) and X: HEAT GENERATION FROM THE PROBE SIDE 

SURFACE (Ë7), N representing the TOOL ANGULAR ROTATIONAL SPEED (rpm). (Graph. 3) Rotational speed per 

minute vs. from the probe pin represents the accurate analysed increased speed of the probe pin which increases 

the heat generation on the supporting axis: Y: ROTATIONAL SPEED (rpm) and X: HEAT GENERATION FROM THE 

PROBE PIN (Ë7), N indicating the TOOL ANGULAR ROTATIONAL SPEED (rpm). 

5.3.3. Total Heat Generation 
After formulating these three equations (Q1, Q2, Q3) a total will sum up the total heat generation (5.4) [the tool 

shoulder, the probe side surface and the probe pin] as is indicated in the equation where ╠ is the heat generation 

which is determined by the tool angular rotation speed (contact shear stress of the material [Al2024-T3] ,(‫ 

(Ⱳ╬▫▪◄╪╬◄ , the shoulders cone angle (♪), the tool probe radius ╡▬►▫╫▄) and the tool probe height (╗▬►▫╫▄). The 

totals are as follows: the speed of 800 rpm generated 72.12 Ë7. 1250 rpm generated 110.55 Ë7. 1600 rpm 

resulted to 144.3 Ë7 and 2000 rpm generated 180.36 Ë7. 

Graph. 5.4 Rotational speed per minute vs. from the total heat generation represent the total analysed speed 

against the heat generation on the supporting axis: Y: ROTATIONAL SPEED (rpm) and X: TOTAL HEAT GENERATION 

and N indicating the TOOL ANGULAR ROTATIONAL SPEED (rpm). 

Three cases for this parametric study are considered: 

(1) The tool shoulder  

(2) The probe side surface and 

(3) The probe pin. 

 All 3 of these cases for Al2024-T3 had a speed variation between 800 rpm and 2000 rpm. The tools rotational 

speeds where chosen as such that the obtained work piece heat generation was accurate for a good weld. 



 

63 
 

   

Graph. 5.1 Rotational speed per minute vs. heat generation from the shoulder 

 

Graph. 5.2 Rotational speed per minute vs. heat generation from the probe side surface  
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Graph. 5.3 Rotational speed per minute vs. heat generation from the probe tip  

 

Graph. 5.4 Rotational Speed Per Minute Vs. Total Heat Generation 
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Graph. 5.5 Q1, Q2, Q3, QTOTAL vs. Rotational speed  

5.4. Standard tool: SOLIDWORKS Design 
SOLIDWORKS is solid modelling CAD (computer-aided design) software that runs on Microsoft Windows and is 

produced by Dassault Systèmes SOLIDWORKS Corp., a subsidiary of Dassault Systèmes, S. A. (Vélizy, France). 

SOLIDWORKS is currently used by over 2 million engineers [3] and designers at more than 165,000 companies 

worldwide. SOLIDWORKS is a Parasolid-based solid modeller, and utilizes a parametric feature-based approach to 

create models and assemblies. Parameters refer to constraints whose values determine the shape or geometry of 

the model or assembly. Parameters can be either numeric parameters, such as line lengths or circle diameters, or 

geometric parameters, such as tangent, parallel, concentric, horizontal or vertical, etc. Numeric parameters can 

be associated with each other through the use of relations, which allow them to capture design intent. Design 

intent is how the creator of the part wants it to respond to changes and updates. For example, you would want 

the hole at the top of a beverage can to stay at the top surface, regardless of the height or size of the can. 

SOLIDWORKS allows the user to specify that the hole is a feature on the top surface, and will then honour their 

design intent no matter what height they later assign to the can. Features refer to the building blocks of the part. 

They are the shapes and operations that construct the part. Shape-based features typically begin with a 2D or 3D 

sketch of shapes such as bosses, holes, slots, etc. This shape is then extruded or cut to add or remove material 

from the part. Operation-based features are not sketch-based, and include features such as fillets, chamfers, 

shells, applying draft to the faces of a part, etc.  

A friction stir welding work bench was design to show a 3-d view for a standard tool (Drw.5.3) A friction stir 

welding work bench is design to show views in both 2-D and 3-D presentations (Drw.5.4).For friction stir welding 

tool, where Ds is the tool shoulder and Dp is the tool pin is in a 3-D design (Drw.5.5).  
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Drw. 5.3: Friction Stir Welding Workbench design[ Uslu, M.Y. (2014), Workbench Design, University of the 

Withwatersrand] 

Aluminium plate length, A (As seen on drw5.3) 

Aluminium plate width, D (As seen on drw5.3) 

Aluminium plate thickness, t (As seen on drw5.3) 

Workbench clamps distance, M (As seen on drw5.3) 

Workbench length, B (As seen on drw5.3) 

Workbench width, F (As seen on drw5.3) 

Workbench thickness, C (As seen on drw5.3) 

Workbench backing plate width, E (As seen on drw5.3) 
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Drw.5. 4: Friction Stir Welding Workbench design views [ Uslu, M.Y. (2014), Friction Stir Welding Workbench 

design views, University of the Withwatersrand] 
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Drw. 5.5: Friction Stir Welding Tool [ Uslu, M.Y. (2014), Friction Stir Welding Tool, University of the 

Withwatersrand] 
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5.5. Standard Tool: Mode Frontier Simulation 
 Mode Frontier 4.3.1 b20113011 software was used for this design project (Image5.1).ModeFrontier is a multi-

objective optimization and design environment, written to couple CAD/computer aided engineering (CAE) 

tools, finite element structural analysis and computational fluid dynamics (CFD) software. It is developed by 

'ESTECO SpA' and provides an environment for product engineers and designers. ModeFrontier is a GUI driven 

software written in Java that wraps around the CAE tool, performing the optimization by modifying the value 

assigned to the input variables, and analysing the outputs as they can be defined as objectives and/or 

constraints of the design problem. The logic of the optimization loop can be set up in a graphical way, building 

up a "workflow" structure by means of interconnected nodes. Serial and parallel connections and conditional 

switches are available. ModeFrontier builds automatic chains and steers many different external application 

programs using scripting (DOS script, UNIX shell, Python programming language, Visual Basic, JavaScript,etc) 

ModeFrontier includes design of experiments (DOE), optimization algorithms and robust design tools, that 

can be combined and blended to build up the most efficient strategy to solve complex multi-disciplinary 

problems. Different strategies are available, including random generator sequences, Factoriŀƭ 5ƻ9ΩǎΣ 

Orthogonal and Iterative Techniques, as like as D-Optimal or Cross Validation. Monte Carlo and Latin 

hypercube are available for robustness analysis .When you start the ModeFrontier system, the GUI switches 

automatically to the Workflow desktop. You can make it active by clicking on the corresponding tab, or 

selecting Project Work Flow from the main menu. In order to setup the optimization problem, you need to 

define the entities involved, such as Input Variables, Output Variables, Design Objectives and Design 

Constraint, as well as the application script to calculate mathematical expressions: in other words, all the 

entities defining the stream of data from the input to the output end of the system considered, which make 

up the so-called data flow. In addition to this, you have to define the complete sequence of all the logic events 

that let the ModeFrontier solve the cone optimization problem, including application scripts as well as the 

optimization strategy to be applied:  

Image 5.1 : Mode Frontier 4.3.1 b20113011 software was used for this design project 
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Input Data, Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet file name: 

mehmet deneme .xlsm is used in Mode Frontier for this Design Project: Since each component defining the 

Workflow is represented by a specific node which can be linked to other nodes, a proper node from the available 

Node Library toolbar or, alternatively, chosen by using the Workflow Nodes panel. It is shown all the input data 

output data and boundary variables in a Microsoft Excel workbook. The excel work books is used so that the 

equation for the rotational speed along with the heat generation is calculated where the results will be used in 

ModeFrontier to assist in the design (Image 5.2).Once a Workflow Plan created by Mode Frontier Project as shown 

in deneme04.prj, also includes DOE (Design of Experiments) and DOE Sequence, as well as indicating Input 

Variables, Output Variables, Design Objectives + Gradients, Microsoft Excel Workbook and Logic End(Image5.3).A 

workflow plan is created using a DoE (Design of Experiments) and a DOE Sequence on a new Overlook. Once this 

is open workflow nodes can be added on. Variable nodes which are the input nodes and the output nodes are 

used. Workflow nodes such as the schedulers, the logic switch and logic end is used. An application node is used 

for excel. A goal node which is the design objective+gradient node. Mode Frontier Input and Output Data is 

connected to Microsoft Excel Workbook (Image 5.4) .Excel workbook properties are used for basic node 

configuration where an Excel Workbook is selected (Image 5.3). Once selected the input and out data is connected 

from the chosen Excel workbook. An Interactive Selection used between Mode Frontier deneme04.prj and 

Microsoft Excel Workbook: mehmet deneme .xlsm to determine Excel Workbook Properties for Mode Frontier 

(Image 5.5) An interactive selection allows each input and output node to be configured in accordance to the Excel 

workbook. Where each variable is interactively selected to complete the work plan.  
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Image 5.2: Input Data, Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet 

file name: mehmet deneme .xlsm is used in Mode Frontier for this Design Project  
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Image 5.3: Workflow Plan created on Mode Frontier Project as shown in deneme04.prj, also includes DOE (Design 

of Experiments) and DOE Sequence, as well as indicating Input Variables, Output Variables , Design Objectives + 

Gradients, Microsoft Excel Workbook and Logic End 
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Image 5.4: Mode Frontier Input and Output Datas connected to Microsoft Excel Workbook as shown above 
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Image 5.5 : Interactive Selection used between Mode Frontier deneme04.prj and Microsoft Excel Workbook: 

mehmet deneme .xlsm to determine Excel Workbook Properties for Mode Frontier  
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5.5.1. Boundaries:  Standard Tool Design 
A standard tool contact stress as an input variable for Al2024-T3, where the value is 345 MPa and the variable 

type is constant. (As recorded on the aerospace specification metals/ASM) these variables are chosen by 

ModeFrontier (Image 5.6). Rotational speed is a variable value between 50 and 3000. 3000 been the maximum 

speed used in this design (as demonstrated in the lab experiment Telco 17.04.2013) (Image 5.7). An optimal ratio 

of shoulder diameter to pin diameter is suggested to assist with a tool design, however the ratio (2.5:1 and 1.6:1) 

is dependent on the aluminium alloy composition and only is applied to 6 mm (0.24 in) thick plate. As the work 

piece thickness increases, the thermal input from the shoulder decreases, the pin then must supply more thermal 

energy(In reference with table 5.4)  (Image 5.8 &5.9).the tool shoulder cone angle with the variable type being 

variable with the lower bound is 0.0degrees and upper bound at 90.0 degrees. Height probe(Image 5.10) is used 

in accordance to the design of the shoulder tool(in reference with Colligan, Xu and Pickens, on the use of practise 

metal where the demonstration of a reduction in transverse forces, the tool toque is directly proportionated to 

the numbers of flat place, a pin is the design of the helical ridge of the pin/probe height for both lower and upper 

bounds) where the variable type being variable and the range properties being upper bound 1.0 and the lower 

bound  being 20.0 (Image 5.11). Yield stress variable is constant and the value 283MPa. The range properties being 

fixed (as recorded on the aerospace specification metals/ASM) (Image 5.12). 

 

  

Table 5.4 Summary of friction stirring tool dimensions for a given workpiece material 
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Image 5.6 : Al2024-T3 material contact shear stress 345 MPa is chosen, where the variable type constant 

hence the lower and upper bound is fixed 

 

Image 5.7: Rotational speed is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog. 
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Image 5.8: Probe Radius is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog 

 

Image 5.9: Shoulder radius is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog 
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 Image 5.10: Tool shoulder angle is determined by lower and upper bound range properties, as shown in the 

input variable node properties dialog 

 

Image 5.11: Probe height is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog 
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Image 5.12 : Al2024-T3 material Yield stress 283 MPa is chosen, where the variable type constant hence the 

lower and upper bound is fixed  

 

5.5.2. History Charts, Multi History and Parallel Co-Ordinate Charts: Standard 

Tool Design 
The history chart is a two dimensional plot that can be used as a time series chart. In this chart, quantities can be 

plotted as a function of the design ID which identifies the sequence of the design generated. In a single object 

optimization problem, the history charts shows how the optimization algorithm evolves, designs that are violating 

constrain are orange whereas feasible solutions are plotted in white. A history chart displays the moving average: 

a technical analyst tool. A simple moving average (SMA) smoothen a data series and makes it easier to spot trends. 

A simple moving average is formed by computing the average design value over a specific number of periods (MA 

samples). In addition the history a display of an analyst tool that measures the relative highness or lowness of 

design value, it consists of a middle band (represented by the SMA: the underweight average of the previous 

design with valid values. i.e. not NaN) an upper band (the SMA plus the standard deviations) and a lower band 

(the SMA minus the standard deviations). The project starts once a run project has started (Image 5.13). An index 

(Image5.14) before the initial project design commences. To create this chart firstly input variables, out variables 

and objectives need to selected (Image 5.15).The history chart shows the variations for Probe Side Heat 

Generation and Rotational Speed. A history chart highlights in an easy way, the minimum and the maximum 

feasible design values: the bottom chart area displays the minimum feasible design value while the top of the 

chart area display feasible design value. A multi history chart is a two dimensional plot that can be used as a time 

series chart for two or more variables. In this chart, quantities are plotted as a function of the design ID which 

identifies the sequence of design generated. It is equal to a history chart except that it is possible to plot more 

than one variable at the same time. One particular of this chart is that it is possible to associated variables to a 

second axis with its boundaries, grid and format. A multi history can display each design with customizable symbol 

representing the type (real & feasible, real & unfeasible, virtual & feasible, virtual & unfeasible, real & error and 

ǾƛǊǘǳŀƭ ϧ ŜǊǊƻǊύ ƻǊ ǘƘŜ ǾŀǊƛŀōƭŜ ǎŜǊƤŜǎ ƛǘ ƛǎ ōŜƭƻƴƎƛƴƎ ǘƻΦ Lƴ ŀ ŎƘŀǊǘ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ƘƛƎƘƭƛƎƘǘ ǘƘŜ ƳŀǊƪŜŘ ŘŜǎƛƎƴǎ ǘȅǇŜ 
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visualization and category visualization. A representation of the heat generation from a standard tool shoulder 

(Chart 5.1) when the indicated rotational speed increases the heat generation also increases. A clear 

representation of the accurately increased rotational speed of the tool shoulder and the increased heat 

generation exerted. This chart also verifies that the design is feasible (Chart 5.2).Representation of heat 

generation of a tool shoulder that has been generated by the increased rotation of a tool probe radius (Chart 

5.3).In a representation for a parallel co-ordinated chart to show feasibility the increased heat generation from 

the tool probe side form a tool shoulder cone angle (Chart 5.4). (Chart 5.5) is a representation of the heat 

generation from a standard tool shoulder. As shown when the indicated rotational speed of the tool shoulder 

increases the heat generation of the probe side also increase. The heat generation from a tool shoulder which is 

determined by the speed of the tool rotation is represented by (Chart 5.6). A history chart based on the heat 

generation of the shoulder determined by the tool shoulder radius is accurately represented by (Chart 5.7). 

 

 

Image 5.13 : Click on run/stop icon(1). Run project box will pop up(2). Click on run project(3) to start design 

project. 
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Image 5.14 : Before project runs, a project info index will be shown. As seen in the above image.  

 

 

 

 

 

 

 

 

 

 

 

 

Image 5.15 : History Chart created on Mode Frontier Designs Space as shown above for Probe Side Heat 

Generation and Rotational Speed  
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Chart 5.1:  Multi-History Chart on Designs Space as created from Qshoulder vs. Shoulder radius, Rs 

 

Chart5.2:  Parallel Coordinates as created from Qshoulder vs. Shoulder radius, Rs 
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Chart 5.3:  Multi-History Chart on Designs Space as created from Qprobe, side vs. Tool shoulder cone angle 

 

Chart 5.4:  Parallel Coordinates as created from Qprobe side vs. Tool shoulder cone angle 
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Chart 5.5 : Multi-History Chart on Designs Space as created from Qprobe, side vs. tool shoulder radius 

 

 

  

 

 

 

 

 

 

 

 

 

Chart 5.6:  Multi-History Chart on Designs Space as created from Qshoulder vs. Tool rotational speed 
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Chart 5.7:  History Chart on Designs Space as created from Qshoulder vs. tool shoulder radius 
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6. The Bobbin Tool Friction Stir Welding: Design and Experimentation  
Bobbin tools consist of two shoulders, one on the top surface and one on the bottom surface of the work 

piece, connected by a pin fully contained within the work piece (FIG. 6.1). The bobbin tool concept was 

included in the first FSW patent by TWI [23], but initial trials had problems with weld nugget containment due 

to improper shoulder design. The next iteration of bobbin tools used a fixed shoulder-to-shoulder distance 

and the scrolled shoulder tool [68], which eliminated the need to tilt the tool. However, subsequent FSW trials 

showed that the fixed shoulder distance bobbin tools had issues with pin fractures that were attributed to 

thermal expansion stresses between the tool and work piece. The final bobbin tool iteration included the RPT 

[75], which allowed the relative movement between the shoulders to maintain a constant force between the 

shoulders. The bobbin tool works by placing the bottom or reacting scrolled shoulder onto the end of a 

retractable pin. This is typically done by first drilling a hole through the work piece, inserting the threaded pin, 

and securing the second shoulder to the pin. During FSW, the bottom shoulder is drawn toward the top 

shoulder (using the RPT technology) until the desired force is reached. Because the two shoulders are reacting 

together to form the friction stir weld, the bobbin tool is also known as the self-reacting tool. The primary 

advantages of bobbin tools include ease of fixturing (no anvil is needed), the elimination of incomplete root 

penetration, and increased tool travel speeds due to heating from both shoulders [79]. Fixed shoulder-to-

shoulder distance bobbin tools are now possible with the convex scrolled shoulder [46-49]. This bobbin tool 

configuration does not require the bottom shoulder actuation (RPT) to produce a sound weld and simplifies 

the design of FSW machines. Bobbin tools have successfully joined thick aluminium plates from 8 to 25.4 mm 

(0.3 to 1 in.) [79] and thin aluminium plate from 1.8 to 3 mm (0.07 to 0.12 in.). However, several considerations 

must be made when dealing with the bobbin tools [79]. Careful cleaning of the tools after each weld is 

necessary to maintain the needed load by actuating the pin and bottom shoulder. During welding, material 

can extrude between the pin and shoulder, making removal of the bottom shoulder difficult. Thermal 

comparisons between the bobbin and conventional tools show that the maximum temperature for the bobbin 

tools is 50 °C (90 °F) higher than the conventional tool [81].This behaviour is attributed to the backing anvil in 

conventional FSW acting as a heat sink. As would be expected with higher temperatures, the forging forces 

were 4 to 8 times less for the bobbin tool than conventional FSW. 

 

 

 

 

 

 

 

FIG. 6.1 Schematic of a bobbin tool consisting of a top shoulder, pin, and bottom shoulder attached to the 

pin. The friction stir weld is produced when the pin is moved upward, forcing the bottom shoulder to react 

against the top shoulder. 
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(a) Baseline bobbin tool in this study                                         (b) Schematic of a tool in action 

Image 6.1: The FSW bobbin tool 

 

Tool Shoulder ,R 10 mm 0,01 m Drw. 5.1 

Tool Probe radius,R 4 mm 0,004 m Drw. 5.2 

Tool probe height,h 2 mm 0,002 m  

Tool shoulder cone angle  θ 0  

Friction Coefficient µ 0,6 Static Condition 

Friction Coefficient µ 0,4 Sliding Condition 

Friction shear stress µp   

Contact shear stress c̱ont 345 MPa  

Yield stress ỳield 283 MPa  

 

Table 6.1: Analytical Estimation of heat generation for the Bobbin Tool 

 

 

 

 

 

Table 6.2: Tool Angular Speed and Rotational Speed for the Bobbin Tool 

 Tool Angular Speed  Rotational Speed  

 ̟  (rad/s) N (rpm) 

˖ѕ 83.80 rad/s    800 rpm 

˖і 130.89 rad/s 1250 rpm  

˖ї 167.55 rad/s    1600 rpm 

˖ј 209.44 rad/s    2000 rpm 
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On substituting known values of the parameters, tool dimension, and all other values in derived equations, 

the heat generation values are as follows: 

 

i)  Heat Generation from the Top Shoulder: from equation 5.1 the values are- 

a) For tool angular rotational speed ‫ѕ = 83.80 rad/s = 800 rpm 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ‫ј = 209.44 rad/s = 2000 rpm 
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ὗ  (Ë7) N  (rpm) (rad/s) ‫ 

56.62 800 83.8 

88.52 1250 130.89 

113.31 1600 167.55 

141.64 2000 209.44 

 

Table 6.3: Heat Generation Calculations for the Top Shoulder. 

 

ii) Heat Generation from the Probe Side Surface: from equation 1.2 the values are- 

a) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 
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Table 6.4: Heat Generation Calculations for the Probe Side Surface 

ὗ  (Ë7) ὔ (rpm) (rad/s) ‫ 

5.81 800 83.8 

9.08 1250 130.89 

11.63 1600 167.55 

14.52 2000 209.44 
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iii)  Heat Generation from the Bottom Shoulder: from equation 5.1 the values are- 

a) For tool angular rotational speed ‫ѕ = 83.80 rad/s = 800 rpm 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ‫ј = 209.44 rad/s = 2000 rpm 
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ὗ (Ë7) N  (rpm) (rad/s) ‫ 

56.62 800 83.8 

88.52 1250 130.89 

113.31 1600 167.55 

141.64 2000 209.44 

 

Table 6.5: Heat Generation Calculation for the Tool Shoulder 

iii) Total Heat Generated: from equation 1.4 the values are- 

 

f) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 
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g) For tool angular rotational speed і = 130.89 rad/s = 1250 rpm ‫ 
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h) For tool angular rotational speed ї = 167.55 rad/s = 1600 rpm ‫ 
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i) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 
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ὗ  (Ë7) ὔ (rpm) (rad/s) ‫ 

119.05 800 83.8 

186.12 1250 130.89 

238.25 1600 167.55 

297.81 2000 209.44 

 

Table 6.6: Total Heat Generation for the Bobbin Tool. 
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Based  on  the  heat  generated  from  independent  contact  conditions,  contributions  from different surfaces 

compared to the total heat generated are as follows 
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Percentage of heat with regard the percentage of heat generated by bottom shoulder with regard to total heat 

generated = 47 % and for the rest are show in table, percentage of probe side with respect to total is=4.8 % and 

shoulder =47 % 

6.1. Heat Generation: Bobbin Tool  

6.1.1. Heat Generation from the Top Shoulder 
With the use of equation (5.1) it is explainable the heat generation of a bobbin tool top shoulder. The heat 

generation (ὗ ) is determine by the angular rotational speed (the shoulders cone angle (♪), the contact ,(‫ 

shear stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄ and both the shoulder radius (Ὀ) and probe radius (Ὠ). 

During this specific study equation (5.1) is recorded by increasing rotational speeds to determine the outcome of 

the heat generation from the top shoulder of the bobbin tool. where the Initial weld with four different rotational 

speeds is performed  as follows:  The speed of 800 rpm resulted to 56.62 Ë7, 1250 rpm generated 88.52 Ë7, 

1600 rpm went up to 113.31 Ë7 and lastly the increased speed 2000 rpm generated 141.64 Ë7. 

Rotational speed per minute vs. heat generation from top shoulder shows accurate analysed details of the 

increased heat generation of the bobbin tools top shoulder with an increased rotational speed, with N indicating 

the rotational speed, the Y axis representing ROTATIONAL SPEED and X axis representing THE HEAT GENERATION 

OF THE TOP SHOULDER, Q (Ë7). (Graph. 6.1) 
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6.1.2. Heat Generation from the Probe Side Surface 
The heat generation from the probe side surface (╠▬▼) of the bobbin tool which is formulated by the angular 

rotational speed (the contact shear stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄, the probe radius (Ὠ) and the ,(‫ 

tool probe height (Ὤ) (Equation 5.2)  

The evaluation of the heat generation from the probe side surface formulated to the following values: 800 rpm 

generated 5.81 Ë7. 1250 rpm increased to 9.08 Ë7. 1600 rpm went up to 11.63 Ë7 and 2000 rpm had a 

generation of 14.53 Ë7. 

Rotational speed per minute vs. heat generation from the probe side surface represent the precise increased 

speed of the tool and shows accurate analysed details of all increased heat generated exerted from the bobbin 

tools probe side surface. As shown on the graph the Y axis represents ROTATIONAL SPEED while the X represents 

THE HEAT GENERATION PROBE SIDE, Qps (Ë7) and N acts as an indicator for the exact TOOL ANGULAR 

ROTATIONAL SPEED (Graph. 6.2) 

6.1.3. Heat Generation from the Bottom Shoulder 
Equation (5.1) is also used to formulate the heat generation of the bottom shoulder. Hence explanation is similar: 

The heat generation (ὗ ) is determining by the angular rotational speed (the shoulders cone angle (♪), the ,(‫ 

contact shear stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄ and both the shoulder radius (Ὀ) and probe radius (Ὠ). 

Equation (5.1) is used in this study to determine the heat generation from the bottom shoulder with four different 

rotational speeds(Graph 6.3). This process formulated as follows: 800 rpm went up to 56.62 Ë7. 1250 rpm 

generated 88.52 Ë7. 1600 rpm resulted 113.31 Ë7. And lastly 2000 rpm exerted a heat generation of 141.64 Ë7. 

Rotational speed per minute vs. heat generation from bottom shoulder is a representation of the total analysed 

speed increased to the increased heat generation on the supporting axis: Y: ROTATIONAL SPEED (rpm) X: HEAT 

GENERATION FROM THE BOTTOM SHOULDER and N as an indication for TOOL ANGULAR ROTATIONAL SPEED 

(rpm). 

6.1.4. Total Heat Generated 
The following equations(Q1,Q2,Q3)  is used to formulate the total heat generation from a bobbin tool (the top 

shoulder, the probe side surface and the bottom shoulder), as is indicated in the equation where ╠ is the heat 

generation which is determined by the angular rotational speed (the shoulders cone angle (♪), the contact ,(‫ 

shear stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄, both the shoulder radius (Ὀ) and probe radius (Ὠ) and the tool 

probe height (Ὤ). The total values are as follows: 800 rpm generated 56.62. 1250 rpm went up to 88.52. 1600 rpm 

resulted to 113.31 Ë7 and the increased speed of 2000 rpm generated 141.64. Graph 6.4.  Rotational speeds per 

minute vs. total heat generation represent the total analysed speed against the heat generation on the supporting 

axis: Y: ROTATIONAL SPEED (rpm) and X: TOTAL HEAT GENERATION and N indicating the TOOL ANGULAR 

ROTATIONAL SPEED (rpm). 

The variations of rotational speed for this specific tool are of the same nature as the standard tool. The same 

material has been used Al2024-T3. The heat generation varied according to the constant tools rpm; similar to the 

standard tool the faster the rotational speed the higher the heat generation is, as there is more time for localized 

work piece heating. For all speeds is a constant difference in heat generation between the top shoulder, the probe 

side surface and the bottom shoulder. 



 

97 
 

 

 
Graph.6.1: Rotational speed per minute vs. heat generation from top shoulder 

 

Graph.6.2: Rotational speed per minute vs. heat generation from the probe side surface  
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Graph. 6.3: Rotational speed per minute vs. heat generation from bottom shoulder 

 

Graph. 6.4: Rotational speed per minute vs. total heat generation 
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Graph.6.5: Q1, Q2, Q3, QTOTAL vs. Rotational speed 
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Drw. 6.1: Friction Stir Welding Workbench design & 3D views-Bobbin Tool [Uslu, M.Y, 2013, FSW Work Bench 

Design, University of the Witwatersrand] 
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Aluminium plate length, f (As seen on drw.6) 

Aluminium plate width, d (As seen on drw.6) 

Aluminium plate thickness, t (As seen on drw.6) 

Workbench clamps distance, h (As seen on drw.6) 

Workbench length, g (As seen on drw.6) 

Workbench width, b (As seen on drw.6) 

Workbench thickness, c (As seen on drw.6) 

Workbench backing plate width, e (As seen on drw.6) 

 

6.2. Mode Frontier Simulation: Bobbin Tool Design 
Input Data, Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet file name: 

bobbin tool .xlsm is used in Mode Frontier for this Design Project(Image 6.2) In( image6.3) it is shown all the input 

data output data and boundary variables in a Microsoft Excel workbook. The excel work books is used so that the 

equation for the rotational speed along with the heat generation is calculated where the results will be used in 

ModeFrontier to assist in the design. The Workflow Plan created by Mode Frontier Project as shown in 

BOBBINTOOL.prj , also includes DOE (Design of Experiments) and DOE Sequence, as well as indicating Input 

Variables, Output Variables , Design Objectives + Gradients, Microsoft Excel Workbook and Logic End(Image6.4). 

A workflow plan is created using a DoE (Design of Experiments) and a DOE Sequence on a new Overlook. Once 

this is open workflow nodes can be added on. Variable nodes which are the input nodes and the output nodes are 

used. Workflow nodes such as the schedulers, the logic switch and logic end is used. An application node is used 

for excel. And a goal node which is the design objective+gradient node. Excel workbook properties are used for 

basic node configuration (Image6.5) where an Excel Workbook is selected (Image 6.3). Once selected the input 

and out data is connected from the chosen Excel workbook. An Interactive Selection used between Mode Frontier 

BOBBINTOOL.prj and Microsoft Excel Workbook: bobbin tool .xlsm to determine Excel Workbook Properties for 

Mode Frontier. An interactive selection allows each input and output node to be configured in accordance to the 

Excel workbook. Where each variable is interactively selected to complete the work plan.  
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Image 6.2: Input Data, Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet 

file name: bobbin tool .xlsm is used in Mode Frontier for this Design Project  

 

 

 

 

 



 

103 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Image 6.3: Workflow Plan created on Mode Frontier Project as shown in BOBBINTOOL.prj , also includes DOE 

(Design of Experiments) and DOE Sequence, as well as indicating Input Variables, Output Variables , Design 

Objectives + Gradients, Microsoft Excel Workbook and Logic End 
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Image 6.4: Mode Frontier Input and Output Datas connected to Microsoft Excel Workbook as shown above 
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Image 6.5: Interactive Selection used between Mode Frontier BOBBINTOOL.prj and Microsoft Excel 

Workbook: bobbin tool .xlsm to determine Excel Workbook Properties for Mode Frontier  
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6.2.1. Boundaries: Bobbin Tool Design 
The boundaries for the bobbin tool are in similar reference to the standard tool, the boundaries are as follows: 

yield stress, rotational speed, probe radius, shoulder radius, tool cone shoulder angle, probe height and the 

contact stress. (Images 6.6-6.12) 

 

Image 6.6: Al2024-T3 material yield stress 283MPA is chosen, where the variable type constant hence the lower 

and upper bound is fixed 

 

 

Image6.7: Rotational speed is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog. 
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Image 6.8: Probe Radius is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog  

 

 

Image 6.9: Shoulder radius is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog  
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Image 6.10: Tool shoulder angle is determined by lower and upper bound range properties, as shown in the 

input variable node properties dialog  

 

 

Image 6.11: Probe height is determined by lower and upper bound range properties, as shown in the input 

variable node properties dialog  
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Image 6.12: Al2024-T3 material contact shear stress 345 MPa is chosen, where the variable type constant hence 

the lower and upper bound is fixed 

 

 

Image 6.13: Click on run/stop icon (1). Run project box will pop up (2). Click on run project (3) to start design 

project. 
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Image 6.14: Before project runs, a project info index will be shown. As seen in the above image. 

6.2.2. History Charts and Parallel Co-ordinate Charts: Bobbin Tool Design 
Multi-History Chart on Designs Space as created from QTOPshoulder vs. Shoulder radius, Rs  shows that when the 

rotational speed increases the heat generation of the top shoulder increases as well (Image 6.15). The graph also 

demonstrates that the design is feasible on a virtual scale (Chart 6.1).Multi-History Chart on Designs Space as 

created from Q Probe, side vs. Tool shoulder cone angle on Bobbin Tool shows the increase on the heat generation 

of the probe side surface on the effect of the rotational speed of the tool shoulder cone angle. The charts also 

indicates that the design is feasible on a virtual scale(Chart 6.3), Multi-History Chart on Designs Space as created 

from QBOTTOMshoulder vs. tool shoulder radius is a representation of the heat generation of the bottom 

shoulder as the effect of the rotational speed of the tool shoulder radius.(Chart 6.5). QBOTTOMshoulder vs. Tool 

rotational speed represents that when the rotational speed increases the heat generation of the top shoulder 

increases as well. The graph also demonstrates that the design is feasible on a virtual scale (Chart 6.6). A parallel 

co-ordinate chart is used for the purpose to display multivariate data. It proves useful for visualizing designs in a 

particular range. This type of chart allows the creation of a filter for the selection of the most interesting solution 

in the data base; the filter is created by dragging the filter arrows up and down.  This way the variables lower and 

upper limits can be set. And if a variables value goes out the define range, its design will not be shown. Parallel 

Coordinates as created from Qshoulder vs. Shoulder radius, Rs indicates accurately the increased rotational speed 

of the top shoulder and the increased heat generation exerted. Showing that it is a feasible design both on a real 

and virtual scale (Chart 6.2). Parallel Coordinates as created from Qprobe side vs. Tool shoulder cone angle is an 

accurate analysis of the heat generation due to the increase in rotational speed, making the design feasible on a 

real and virtual scale (Chart 6.4). 
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Image 6.15: History Chart created on Mode Frontier Designs Space as shown above for Probe Side Heat 

Generation and Rotational Speed 

 

Chart 6.1:Multi-History Chart on Designs Space as created from QTOPshoulder vs. Shoulder radius, Rs 
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Chart 6.2 : Parallel Coordinates as created from Qshoulder vs. Shoulder radius, Rs 

 

 

 

 

 

 

 

 

 

 

 

 

Chart 6.3 : Multi-History Chart on Designs Space as created from QProbe, side vs. Tool Probe radius on Bobbin 

Tool 
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Chart 6.4: Parallel Coordinates as created from Qprobe side vs. Tool shoulder cone angle 

 

Chart 6.5: Multi-History Chart on Designs Space as created from QBOTTOMshoulder vs. tool shoulder radius 
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Chart 6.6: Multi-History Chart on Designs Space as created from QBOTTOMshoulder vs. Tool rotational speed 
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7. Innovative Friction Stir Welding: Design And Experimentation 
Friction stir welding is performed on the material Al2024-T3 (Image 7.1). A sliding bar is used as a sliding backing 

bar. With ball transfer units with ball transfer units that would be of a similar dimension. It is also through that a 

sliding backing bar would aid in clamping support. The sliding backing bar is made out of copper (Image 7.2) for 

the purpose of conduction due to the fact that when a weld is performed there is an extra exertion of heat 

generation. Putting a copper bush into a sliding copper bar are similar in many ways but the use off a sliding 

copper bar allows us to change a copper bush after each weld. For the use of cost saving alternative, excluding 

the sliding copper bar is more cost effective as both sliding copper bar and copper bush share the same mechanical 

properties and thermal behaviour.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Image. 7.1:  Optimization of innovative Friction Stir on material Al2024-T3 [82]. 
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Image 7.2: Copper Sliding Backing bar serves as a conductor due to excessive heat during a Friction Stir Welding 

process [82]. 

Tool shoulder radius 10 mm 0.01 m  Drw 5.1 

Tool probe height 4 mm 0.004 m    

Tool shoulder cone angle   θ 0   

Friction Coefficient µ 0.6  static condition 

Friction Coefficient  µ  0.4  sliding condition 

Yield stress ỳield 283 MPa     

Contact shear stress  ̱ cont   345 MPa   

Copper Yield stress ỳield  117 MPa     

 

Table7.1: Analytical Estimation of Heat Generation for the Innovative Tool. 

 

 

 

 

 

Table7.2: Tool Angular Speed and Rotational Speed for the Innovative Tool. 

 

 Tool Angular Speed  Rotational Speed  

 ̟  (rad/s) N (rpm) 

˖ѕ 83.80 rad/s    800 rpm 

˖і 130.89 rad/s 1250 rpm  

˖ї 167.55 rad/s    1600 rpm 

˖ј 209.44 rad/s    2000 rpm 
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On substituting known values of the parameters, tool dimension, and all other values in derived equations, 

the heat generation values are as follows: 

 

i)  Heat Generation from the Shoulder: from equation 1.1 the values are- 

a) For tool angular rotational speed ‫ѕ = 83.80 rad/s = 800 rpm 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ‫ј = 209.44 rad/s = 2000 rpm 
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Table 7.3:  Heat Generation Calculation for the Innovative Tool Shoulder 

 

 

 

 

 

 

ὗ (Ë7) N (rpm) (rad/s) ‫ 

56.62 800 83.8 

88.52 1250 130.89 

113.31 1600 167.55 

141.64 2000 209.44 
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ii) Heat Generation from the Probe Side Surface and the Probe Tip: from equation 1.2 and 1.3 the values are- 

a) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 
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iii) Heat Generation from the Modified Copper Bush Side: from equation 1.2 and the values are- 

a) For tool angular rotational speed ѕ = 83 .80 rad/s = 800 rpm ‫                   
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 
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iv) Heat Generation from the Modified Copper Bush Tip: from equation 1.3 the values are- 

a) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 
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b) For tool angular rotational speed ‫і = 130.89 rad/s = 1250 rpm 
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c) For tool angular rotational speed ‫ї = 167.55 rad/s = 1600 rpm 
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d) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 
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ὗ   (Ë7) N (rpm) (rad/s) ‫ 

11.63 800 83.8 

16.16 1250 130.89 

23.24 1600 167.55 

29.05 2000 209.44 

ὗ   (Ë7) N (rpm) (rad/s) ‫ 

3.87 800 83.8 

6.05 1250 130.89 

7.75 1600 167.55 

9.67 2000 209.44 

ὗ  (Ë7) (rad/s) ‫ (rpm) ‫ 

3.41 800 83.8 

5.34 1250 130.89 

6.83 1600 167.55 

8.54 2000 209.44 

ὗ  (Ë7) (rad/s) ‫ (rpm) ‫ 

0.76 800 83.80 

1.19 1250 130.89 

1.52 1600 167.55 

1.90 2000 209.44 

 

Table 7.4: The Heat Generation for the Probe side Surface, the Probe Tip, the Copper Bush Side Surface and the 

Copper Bush Tip.  
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iii) Total Heat Generated: from equation 1.4 the values are- 

e) For tool angular rotational speed ѕ = 83.80 rad/s = 800 rpm ‫ 

 

ὗὝ  ὗ  ὗ ὗ ὗ ὗ  

 

ὗὝ ρρȢφσσȢτρυφȢφςπȢχφσȢψχ 

 

ὗὝ= 76.29 Ὧὡ 

f) For tool angular rotational speed і = 130.89 rad/s = 1250 rpm ‫ 

 

ὗὝ  ὗ  ὗ ὗ ὗ   ὗ  

 

ὗὝ ρψȢρφυȢστψψȢυςρȢρωφȢπυ 

 

ὗὝ =119.26 Ὧὡ   

g) For tool angular rotational speed ї = 167.55 rad/s = 1600 rpm ‫ 

 

ὗὝ  ὗ  ὗ ὗ ὗ   ὗ  

 

ὗὝ ςσȢςτφȢψσρρσȢσρρȢυς + 7.75 

 

ὗὝ = 152.65 Ὧὡ   

 

h) For tool angular rotational speed ј = 209.44 rad/s = 2000 rpm ‫ 

 

ὗὝ  ὗ  ὗ ὗ ὗ   ὗ  

 

ὗὝ ςωȢπυψȢυτρτρȢφτρȢωπωȢφχ 

 

ὗὝ = 190.8  Ὧὡ 

 

ὗὝ Ë7 N (rpm) (rad/s) ‫ 

76.29 800 83.8 

119.26 1250 130.89 

152.65 1600 167.55 

190.8 2000 209.44 

 

Table 7.5: The Total Heat Generation for the Innovative Tool. 
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7.1. Heat Generation: Innovative Tool 

 7.1.1. Heat Generation from the Tool Shoulder 
The heat generation of the innovative tool shoulder (Qs) is explained by the calculations of equations (5.1), which 

is determine by the angular rotational speed (‫ , the contact shear stress of the material Al2024-T3 (Ⱳ╬▫▪◄, the 

shoulders cone angle (♪), the probe radius (Ὠ) and the shoulder radius (Ὀ).  Equation (5.1) is used in this study to 

determine the heat generation from the innovative tool shoulder at 4 different rotational speeds. Each of these 

rotational speeds exerted the following Ë7 of heat generation when the rotational speed has been increased. 

800 rpm generated heat of 56.62 Ë7 .1250 rpm had equated to a heat generation of 88.52 Ë7. 1600 rpm exerted 

an increasing heat generation of 113.31 Ë7 and lastly the rotational speed of 2000 rpm accumulated a heat 

generation of 141.64 Ë7. The calculation total of the innovative tool shoulder is accurately analysed (Graph 7.1) 

with representing axis, Y representing Rotational Speed (rpm), X representing the Heat Generation From The Tool 

Shoulder (Qs)  Ë7 and N being the Angular Rotational Speed (rpm). 

 

 

Graph. 7.1: Rotational speed per minute vs. heat generation from the innovative tool shoulder  
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7.1.2.  Heat Generation from the Probe Side 
The heat generation from the probe side surface for the innovative tool is represented by equation (5.2) 

represents the exertion of heat that has been generated from the following increased rotational speeds 800 

rpm,1250 rpm,1600 rpm and 2000 rpm. The heat generation from the probe side surface (Qps) is determined by 

the probe height (h), the probe radius (▀), the tool angular rotational speed (‫  and the contact shear stress of 

the material Al2024-T3 (Ⱳ╬▫▪◄.the process formulated as follows, 800 rpm generated 11.63 kW. 1240 rpm 

resulted in an increase of 18.16 kW. 1600 rpm the probe side surface had an increased heat generation of 23.24  

KW and lastly 2000 rpm exerted an accumulated heat generation of 29.05 kW. The formulation totals of the probe 

side surface was represented precisely to show the heat generation due to an increased rotational speed (Graph 

7.2) with axis Y representing Rotational Speed (rpm), the X axis representing the Heat Generation Of The Probe 

Side Surface (Qps) and  N indicating the Angular Rotational Speed (rpm). 

7.1.3. Heat Generation from the Probe Tip 
Heat generation from the Probe Tip of the innovative tool is explained in (5.3). As indicated in both equations, 

where  ╠▬◄ represents heat generation from the tip of the probe, the contact shear stress of the material [Al2024-

T3] (Ⱳ╬▫▪◄╪╬◄) Equation (5.3) is used in this study to determine the heat generation from the probe tip with four 

different rotational speeds. This process formulated as follows:  At 800 rpm generated 3,87 kW. 1250 rpm at 6.05 

kW.  At 1600 rpm the probe pin to 7.75 kW, and lastly the speed of 2000 rpm the probe pin generated a heat of 

9.67 kW (Graph 7.3) Rotational speed per minute vs. from the probe pin represents the accurate analysed 

increased speed of the probe pin which increases the heat generation on the supporting axis: Y: ROTATIONAL 

SPEED (rpm) and X: HEAT GENERATION FROM THE PROBE PIN (kW), N indicating the TOOL ANGULAR ROTATIONAL 

SPEED (rpm). 

7.1.4. Heat Generation from a Modified Copper Bush Side Surface 
The heat generation for the modified copper bush side surface of an innovative tool is calculated with equation 

(5.2), where (ὗ  ) is the heat generated by the modified copper bush which is determined by the probe 

height (h), the probe radius (▀), the tool angular rotational speed (‫  and the Copper Contact shear stress 

67.55MPa (Ⱳ╬▫▪◄. The process formulated as follows, 800 rpm generated heat up to 3.41 KW. 1250 rpm resulted 

to an increase of 5.34  kW. 1600 rpm exerted a generation of 6.83 KW and finally 2000 rpm at a generation of 

8.54 Ë7. Making the Modified Copper Bush the best material for a sliding backing bar to maintain heat generation 

during a weld. An analytical analysis (Graph 7.4) is shown with the axis Y Representing Rotational Speed (rpm), 

the axis X representing the Heat Generation from a Modified Copper Bush and N indicating the Angular Rotational 

Speed. 

7.1.5. Heat Generation : Modified Copper Bush Tip 
 The heat generation between the modified copper bush and the tool tip of an innovative tool is calculated with 

equation (7.2), where (ὗ  ) is the heat generated by the modified copper bush which is determined by the 

probe height (h), the probe radius (▀), the tool angular rotational speed (‫  and the Copper Contact shear stress 

67.55 MPa (Ⱳ╬▫▪◄. The process formulated as follows, 800 rpm generated heat up to 0.76 KW. 1250 rpm resulted 

to an increase of 1.19 Ë7. 1600 rpm exerted a generation of 1.52 Ë7 and lastly the rotational speed of 2000 rpm 

generating 1.90 Ë7. An accurate analysis (Graph 7.5) is shown respectively with the axis Y Representing Rotational 
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Speed (rpm), the axis X representing the Heat Generation from a Modified Copper Bush and N indicating the 

Angular Rotational Speed. 

 

 

Graph. 7.2 Rotational speed per minute vs. heat generation from the innovative tool probe side surface  
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Graph 7.3: Rotational speed per minute vs. heat generation from copper bush side  

 

Graph. 7.4 Rotational speed per minute vs. heat generation from copper bush tip  
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Graph. 7.5 Rotational speed per minute vs. heat generation from the innovative tool probe tip  

 

7.1.6. Total Heat Generation for the Innovative Tool  
After formulating these three equations (Qs, Qps, Qcopperside, Qcoppertip) a final total will sum for the total 

heat generation where ╠ is the heat generation which is determined by the tool angular rotation speed (,(‫ 

contact shear stress of the material [Al2024-T3] (Ⱳ╬▫▪◄╪╬◄ , the shoulders cone angle (♪), the tool probe radius▀) 

and the tool probe height (╗▬►▫╫▄). The total calculation is as follows with 800 rpm generated a heat of 76.29 kW. 

1250 rpm exerted 119.26 kW. 1600 rpm had an exponential heat generation of 152.35 kW and lastly 2000 rpm 

accumulated a heat generation of 190.8 kW. The Rotational speed per minute vs. from the total heat generation 

from an innovative tool (Graph 7.6) represent the total analysed speed against the heat generation on the 

supporting axis: Y: Rotational Speed (rpm) and X: Total Heat Generation and N indicating the Tool Angular 

Rotational Speed (rpm). 
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Graph. 7.6 Rotational speed per minute vs. total heat generation from innovative tool 
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Graph. 7.7 Qs, Qpt, Qps, Qcopper-tip, Qcopper-side, QT vs. Rotational speed 

7.2. SolidWorks: Innovative Tool Design 
The Modified Copper Bush with a Tool shoulder radius, R = 10 mm where the outer side of the bush been 18 mm 

and the inner 4,50 mm (Drw 7.1) and the Modified Sliding Backing Copper Bar with the outer side been 58 mm 

and the inner copper bar been 18 mm (Drw 7.2) is shown in both a 2-D and 3-D representation .The innovate tool 

workbench has been created in 3-D with copper sliding backing copper bar (Drw 7.3), the innovative tool friction 

stir weld dimensional views (Drw 7.4) and an innovative work bench design (Drw 7.5) with the aid of the 

SolidWorks software programme. The use of copper to design the sliding backing bar is in its unique ability to 

conduct heat, hence the reason for the usage to avoid the overheating and/or melting of participating metals  
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Drw. 7.1: Modified Copper Bush [ D, Correia, (30/05/2015), Bush Modified. University of the Witwatersrand] 

 

Drw. 7.2: Modified Sliding Backing Copper Bar- [Correia, D, (30/05/2015),Sliding Backing Bar Modified. 

University of the Witwatersrand]  

 

 

 




























































































































































































































































































































































