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Abstract 

This research work is primarily focused on the simulation of the thermal effects on the Friction 

Stir Welding (FSW) process on aluminium alloys for aerospace applications. The main 

objective is to be able to realistically characterise the thermal input of a FSW process by 

means of an accurate parametric Finite Element thermal model, verified using thermal imaging 

camera data as a benchmark. 

FSW is a solid state joining process. A rotating tool is plunged into the joint line between two 

clamped plates. The heat transfer input mechanism in the FSW process is due to the frictional 

contact between the tool and the work-piece plates. Since the FSW process occurs at solid 

state, no melting occurs and hence the yield strength of the material is temperature dependent. 

Obtaining accurate measurements of temperature for the FSW process has proven to be 

challenging. Preliminary experimental observations in obtaining temperature variations in the 

material was performed using thermocouples but issues arose, one being the inability to obtain 

a complete thermal representation of the tool and the work-piece as thermocouples were 

placed along the FS weld only as control points. Research was undertaken using a thermal 

imaging camera. The type of camera used has a sensitivity that is able to detect temperature 

differences as small as 0.04°C. This experimental approach gives direct information of the 

temperature at all points of the work-piece, obtaining a complete external thermal assessment 

of the process. This is also beneficial in obtaining images of the temperature distribution in the 

tool itself also if it is rotating and partly submerged into the work-piece.  

Since the temperature field directly affects the final residual stress distribution in the joint, an 

accurate thermal model of the FSW process is required to assimilate the numerical simulation 

with the process that actually occurs in reality. The new release of the Finite Element (FE) 

software ANSYS Release 14 was used. This novel version is capable of modelling the specific 

features required to assimilate the FSW process by using the ANSYS Parametric Design 

Language (APDL). The APDL language has new specific features designed for frictional heat 

generation, plastic heat generation and temperature controlled bonding contacts. The 

formulation of the model is based upon the thermal-mechanical model specifically developed 

by Zhu and Chao [20]. ANSYS APDL language is parametric by nature as such, it is well suited 

to be efficiently implemented into a multi-objective optimization platform, such as the 

modeFRONTIER software, in order to further improve the FSW simulation. 

The quantitative experimental data obtained from the thermal imaging camera was used to 

match and verify the numerical results of the FSW FE model. An accurate FSW thermal model 
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will help to achieve a deeper understanding of the different phases of the process and an 

enhanced control of the key parameters of this technology, significantly reducing the required 

testing phase. It has many benefits over previous models including; 

 The model is a fully developed thermal-structural model whereby the thermal and 

structural effects of each other are modelled together 

 The model does not incorporate symmetry to account for the advance and retreating 

side of the weld as this has an effect on the temperature distribution and can be seen 

in the frictional stress developed where the one side clearly depicts a higher stress 

than the other 

 It incorporates material properties changing with temperature 

Results obtained prove to be of some comparison with not only the literature but 

experimentally as well. Although there is some comparison, further investigation needs to be 

conducted on the convection coefficients as well as the friction coefficient and 

recommendations have been suggested for these parameters. However, a fully parametric 

thermo-mechanical model has been developed and it is able to be implemented into an 

optimisation tool such as modeFRONTIER.  
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Nomenclature 

Symbol Definition Units 

Q Total heat transfer W 

Q1 Heat generated from shoulder W 

Q2 Heat generated from probe W 

Q3 Heat generated from probe tip surface W 

QTotal Total heat generation W or W/m2 

τcontact Shear stress contact MPa 

ω Tool rotation rad/s 

RShoulder Shoulder radius m 

RProbe Probe radius m 

HProbe Probe height m 

Q1 Heat flux into the model due to the friction between tool and 

work piece surface 

W/m2 

Q3 Heat flux from the friction between tool and work piece 

surface 

W/m2 

Q2 Heat conducted from the bottom of the work piece to the 

backing plate 

W/m2 

q2 Convection due to heat lost from work piece surface to the 

air 

W/m2 

Q Increase of heat content in the work piece W/m2 

Q4 Heat flux transferred from the clamped tool to the machine 

bushing 

W/m2 

q1 Convection due to heat lost from the tool surface to the air W/m2 
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h4 Convection coefficient for clamped tool W/m2K 

AC Area of clamped tool section m4 

AS Area of shoulder tool section m4 

T Temperature °C 

TO Ambient temperature = 25°C °C 

F1 Force N 

ε Emissivity  

σSB Stephan Boltzman constant = 5.  
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F Force acting due to plunge of tool N 

q(r) Total heat flux for the tool W/m2K 

r Radial output until tool shoulder radius m 

δ Contact condition  

γ Slip condition  

vtool Velocity of tool m/s 

vmatrix Matrix velocity m/s 
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Chapter 1 

1. Introduction 

1.1 Background of Friction Stir Welding 

Friction Stir Welding (FSW) is a solid state joining process as depicted in Figure 1.1 [1]. A 

rotating tool is plunged into the join line between two clamped plates. The heat transfer input 

mechanism in the FSW process is due to the frictional contact between the tool and the work 

piece plates. Since the FSW process occurs at solid state, no melting occurs and hence the 

yield strength of the material is temperature dependent as are a few other properties of the 

material. 

 

 

 

 

 

 

 

Due to its finer grain recrystallization, the following material advantages of the FSW technique 

include: 

 Reduces residual stresses 

 Lower distortion, shrinkage and porosity 

 Strong ductile joints 

Other advantages for the FSW process are as follows; 

 Wider range of materials can be welded 

o Some of the materials include, magnesium, titanium, zinc, mild steel, selected 

stainless steels, nickel alloys and aluminium alloys [1] 

o It is a great benefit for aluminium and its alloys since in the past it has always 

been difficult to weld aluminium alloys due to its high thermal conductivity and 

Figure 1.1: Depiction of FSW process 
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rapid formation of an oxide film over liquid weld puddles causing weaknesses 

in the weld properties [1] 

o Investigation into welding dissimilar materials has also been investigated 

 Consumes less energy 

o One tool can be used to weld 1000 metres of a joint length [2] 

o No extra processes in between is required for the weld such as, grinding, 

brushing or pickling [2] especially when it comes to mass production, this 

improves production time, which in turn helps with cost 

 Environmentally friendly 

o The use of filler wire are eliminated, hence no harmful gases are emitted  during 

the process [1] 

FSW is being used in a variety of applications for various industries due to the advantages 

listed above. Some of the areas where FSW is being implemented are in the aircraft and 

aerospace industry. One aircraft company already using this process for production on their 

primary parts of their aircraft is Eclipse Aviation, where an example of one of their aircraft is 

shown in Figure 1.2 [3] below. 

  

 

 

 

 

The aerospace industry has used FSW process on the external tanks on the Space Shuttle 

[4]. The Shuttle’s External Tank project (The external tank can be seen in Figure 1.3 [4]) 

developed a tool pin that is described as a through-spindle and is retractable, this was 

designed as such so that the pin tip could be retracted or expanded within the material 

depending on the material thickness [4]. Reason for this is because it was found that a fixed 

pin is limited to a constant material thickness. 

 

 

 

 

Figure 1.2: Eclipse aircraft which uses FSW on primary parts of their aircraft  



3 
 

 

 

 

 

 

The last two industries where this process is applicable are in the automotive and marine 

industries, where the marine industry is particularly interested in the naval ships as depicted 

in Figure 1.4 [5]. The Navy is interested in joining naval materials and with the improved 

property-to-weight ratio for high strength low alloy steels and also aluminium alloys; thinner 

gauge sections can be used which results in lighter weight designs [5]. 

 

 

 

 

 

 

 

 

Since the FSW process has many applications in the industry, it is important for the FSW 

process to be proven a reliable and improved manufacturing process as compared to previous 

welding and joining techniques. In order to introduce this process into industry, experimental 

findings of the process need to be conducted. 

1.2 Purpose of study 

Moving away from the physical approach of the FSW process and towards the computational 

approach, it is found that there is a desirable need for it. There are multiple advantages in 

using a computational approach, which are; 

 It eliminates the need to do actual weld tests which has benefits in that being 

o Saving material cost 

Figure 1.3: Depiction of the external tank on the Space Shuttle that uses FSW  

Figure 1.4: Marine application where FSW is used on naval materials 
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o Saving time spent in doing the actual welds 

 Can input various different parameters and run them parallel to each other and find the 

effects of the different parameters 

 Can optimise the model which again eliminates the need for actual weld tests 

The next step in improving the computational finite element model would be to optimise it 

using a multi-objective optimisation tool. The optimisation tool predicts the best quality weld 

parameters that should be used in the process. Some of the parameters to be considered that 

would be an advantage in finding the best quality weld include; 

 Tools rotational speed 

 Feed rate 

 Dwell time 

These parameters are important attributes when considering the phases of the FSW process 

and will be discussed further for each phase and its influences.  

Some limitations attributing to the model and have an effect on the quality of the weld from an 

examined perspective are the following; 

 Some thermal parameters that are not found in the literature such as the thermal 

convection coefficient for a specific material while temperature changes 

 Friction coefficient of a specific material while temperature changes 

To better understand what the problem involves when modelling the FSW process, previous 

work were reviewed to see what method of computation they used, with respect if it was a 

user interface or a numerical coding computation. Other aspects noted include whether a 2-D 

or 3-D model was used, what the outcomes were and what features they were looking at of 

the FSW process. 

1.3 Problem Statement 

Much research has been investigated with respect to the FSW process whereby actual weld 

tests have been done. Some of the research includes looking at the microstructure of the weld 

and for any defects it might contain as well as the material flow and different regions that exist 

within the welded region. This is important when investigating the reliability of the weld and 

hence to prove it as a reliable process. Other areas include investigating the temperature 

distribution around the weld. Certain methods have been used in the past where 

thermocouples have been placed along certain points and measurements have been taken, 
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but a lot of care needs to be done when doing this. Another approach to represent the 

temperature variation is to use a thermal imaging camera. 

In the current study, this method was used experimentally using the FLIR thermal T640 

camera together with the FLIR tools + software. 

Based on the previous models discussed in the literature, main conclusions drawn were the 

parameters that influenced the welding process. Other points of interest are the developments 

of the model used and assumptions made with respect to how the heat is generated. This 

information is useful when developing the model and what assumptions can be made and 

what could be neglected.  

The model was investigated for the heat generated within the tool to the work piece and using 

relevant boundary conditions one was able to relate the process in a realistic way in terms of 

heat generation. The modelling software used is the ANSYS version 14 which has new 

command features that enable a contact point to generate heat within the work piece from the 

tool. This frictional contact is what assimilates the heat generation within the model and is able 

to depict the heat flow from the tool into the work piece. This new model is a structural-thermal 

analysis. The model created is a mechanical structure with thermal input commands. This 

improved model consists of structural and thermal degrees of freedom, since the temperature 

and mechanical properties are both coupled to each other for the FSW process. In the new 

ANSYS version 14, the new features allow one to model the process more realistically using 

a rotating and moving tool piece.  
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Chapter 2 

2. Literature Survey 

2.1 Friction Stir Welding 

In 1991 [7], TWI (The Welding Institute) developed an innovative welding technique that used 

the heat created by friction between materials to be welded together. Since then, many other 

research institutions and companies have delved into the finer details of the process, asking 

questions as to what makes the process work well for welds that are acceptable for use in 

aeronautical applications and what is occurring in the microstructure of the materials that 

allows for this to be chosen as a viable option.  

Friction Stir Welding encompasses many advantages, such as having finer recrystallisation 

within the grain structure and a more environmentally and economic option when compared 

to other welding techniques currently being used. With these advantages, many industries are 

taking advantage of using this technique in the manufacturing of their products. While industry 

is using this technique various institutions including industry themselves are researching into 

the process under a microscope. One area of particular interest has been the computational 

modelling of the process. This has included looking at the stirring motion of the material around 

the tool to the heat developed in the material caused by the rotating tool creating heat due to 

friction between the two surfaces.  

Developing a computational model involves researching what has been accomplished so far, 

as well as understanding the short comings that previous researchers came up with as well 

as what important considerations were considered in their models and what is important for 

the current model. To understand, one needs to ask questions and to answer these questions, 

one needs to discover and delve into the knowledge that is available. 

2.2 Phases of the FSW process 

The process for the FSW can be separated into theoretically three or four phases. The fourth 

phase which is sometimes considered is the retraction of the tool from the work piece [6] for 

the purpose of this study in terms of heat generation and effects thereof, only the first three 

phases are deemed important and consist of the following; 

 Plunge 

 Dwell 

 Feed rate 
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Shown in Figure 2.1 [8] is a simple schematic for the various 3 phases of the FSW weld, where 

the first picture is merely the initial tool rotation before it plunges into the work piece followed 

by the three main phases of the FSW process. 

 

 

 

 

 

 

 

 Plunge 

o This consists of the tool penetrating into the work piece by a downward force 

whilst rotating at a particular speed. This is the initial phase of heat generation 

created. 

 Dwell 

o This consists of the tool rotating for a period of time creating friction between 

the two surfaces and thereby generating heat between the two surfaces until 

the material plasticises to a particular temperature.  

 Feed rate 

o Feed rate is when the tool begins to move in a lateral direction along the weld 

line, creating the weld. This phase consists of not only the tool rotating 

generating heat between the surfaces but also a weld speed in m/s. This feed 

rate has a significant effect on the quality of the weld. 

Each parameter has an effect on the temperature condition of the FSW process and is 

described in Table 2.1 [9]. 

 

 

 

 

 

Figure 2.1: FSW phases in FSW in general 

Table 2.1: Effects of each parameter and influence on temperature development in FSW 

process 
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Rotation of the tool has a profound effect on the work piece material being stirred. This results 

in the weld having an advance and retreating side of the weld. This is depicted in Figure 2.2 

[10], where the advancing side is where the rotation of the tool stirs the material away in the 

direction of the rotation and the retreating side is where that point of rotation has left behind. 

It is assumed that the temperatures on each side of the weld should also depict a difference 

since one side is stirring the heated material to the side while the other collects it. As to which 

side has the higher temperature is little is known, but according to Arbegast and Hartley [10] 

the advance side depicted has a slightly higher temperature. 

 

 

 

 

 

 

 

 

 

 

2.3 FSW models 

Previous work has been performed by developing models of the FSW process with many 

different objectives in mind. Models involve the material flow simulation, the effect of process 

parameters on the residual stresses produced, a thermal model predicting temperatures in the 

heat affected zone. Various assumptions have been made for each of the models and various 

considerations have been included in relation to the output of the model. 

Previous works done for the modelling of the FSW process via computational means are 

described under each relevant researcher who was involved with the respective modelling; 

 Xu, et al [10] 

 Developed two finite element models 

o Slipping interface model 

o Frictional contact model 

Figure 2.2: FSW depicting the sides of the weld and an in depth view of the pin in the work 

piece  
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 Finite element models compared qualitatively well with experimental measured 

patterns by means of marker insert technique 

 Colegrove and Shercliff [10] 

 Used CFD code (FLUENT ‘slip’ model developed) 

o Interface conditions governed by local shear stresses 

 Findings with slip model; 

o Slip model revealed differences in flow with different tool shapes 

o Slip model showed different flow behaviour by common assumption of 

material stick 

o Deformation region is smaller on advancing side than retreating side 

o Material in path of pin is swept round the retreating side of tool- 

Corresponds to studies done by London and Guerra 

o Streamlines show bulge behind tool 

o Dragging material behind the advancing side – corresponds to studies with 

previous embedded marker experiments done by Reynolds et al [10] 

 Colegrove [2] 

 Together with Airbus investigated to develop a mathematical model to enable one 

to look “inside” the weld to examine the temperature changes and distributions 

within the microstructure [2]. 

 Uses a COMSOL Multiphysics model as depicted in Figure 2.3 [2] 

o Couples a 3-D thermal analysis to a 2-D axisymmetric swirl flow simulation 

[2] which can be seen in Figure 2.3 [2] 

 

 

 

 

 

 

 

 A follow on project is being funded to refine the model in terms of thermal and 

microstructural analysis 

 Smith and Bendzsak [12] 

Figure 2.3: COMSOL Multiphysics model depicting the 3-D model coupled with the 

2-D model  
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 Developed thermo-mechanical flow model (STIR-3D) as depicted in Figure 2.4 [11] 

o Fluid mechanics applied in model for flow patterns [12] 

o Assumes viscous heat dissipation (opposed to frictional heating) 

o Inputs into model [12]; 

 Tool geometry 

 Material properties 

 Operational conditions 

o Outputs for analysis and design [12];  

 Material flow profile 

 Shear and stress maps 

 Force distributions on all tool surfaces and tool forces and torques 

 Thermal profiles which are the temperature and heat generation 

fields 

o Assumptions made for the model [12] 

 Variations of the thermal profiles around the tool and within the 

weld of the nugget are assumed to only have secondary effects 

on the flow dynamics  

o Three distinct flow regimes are formed below tool shoulder and the 

following conclusions are made [12] 

 Region of rotation immediately below shoulder – flow occurred in 

direction of tool rotation 

 Region where material extruded past rotating tool- this occurred 

towards base of pin 

 Region of transition in between first two points – Flow had chaotic 

behaviour 

 

 

 

 

 

 

 
Figure 2.4: Depiction of STIR 3D model described as "3D particle dynamics at the tool leading 

edge"  



11 
 

 Askari, et al  (CTH code) [10] 

 3-D code- able to solve time dependent equations of continuum mechanics and 

thermodynamics 

 Predicts 

o Strain 

o Strain rate 

o Temperature distribution 

 Validity of model verified by marker insert technique 

 Goetz and Jata [10] 

 2-D FEM code – DEFORM 

 Simulated material flow in FSW of 1100Al and Ti-6Al-4V alloys 

 Non-isothermal simulation – depicted highly localised metal flow likely to occur 

 Simulation predicts strain rates of 2-12s-1 and strains of 2-5 in localised flow zone 

 Stewart et al  [10] 

 Mixed zone model 

o Assumes metal in plastic zone flows in a vortex system at an angular 

velocity of the tool  

o Metal interface and angular velocity drops to zero at edge of plastic zone 

 Single slip surface model 

o Principal rotational slip takes place at contracted slip surface outside tool 

(work-piece interface) 

o Using limited region of slip, thermal field, force and weld region 

corresponded well to experimental measurements 

 Song and Kovecevic [13] 

 Model using a moving co-ordinate system 

o A non-uniform mesh is generated in order to solve the model 

o Includes tool pin in the model 

o Divided into three stages 

 Penetration 

 Weld period 

 Tool pulling out 

o Assumptions for model 

 Heat generated at interface is frictional heat 

 Thread of pin is neglected 

 No heat flows into the work-piece if the material melting temperature 

is reached via the local temperature 
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 Model results and conclusions 

o Detailed information can be provided by model results which is sometimes 

difficult to see experimentally 

o Difficulty in depicting the temperature distribution has been reduced 

o No moving heat source needs to be modelled 

 Arbegast [10] 

 Resultant microstructure and metal flow features of FSW resemble hot worked 

microstructure of typical Aluminium extrusion and forging – FSW modelled as a 

metal working process 

 Models the equivalent stage of the extrusion zone 

o Uses mass balance considerations and reveals; 

o Relationship between; 

 Tool geometry 

 Operating parameters 

 Flow stress of material being joined 

 Indicated that calculated temperature, width of extrusion zone, strain rate and 

extrusion pressure – consistent with experimental observations 

From the above models, the following points need to be noted when modelling the FSW 

process. 

 Many factors influence material flow during FSW 

 Tool geometry 

o Pin and shoulder design 

o Relative dimensions of pin and shoulder 

 Welding parameters 

o Tool rotation rate 

o Tool direction (Clock wise/Counter clock wise) 

o Traverse speed 

o Plunge depth 

o Spindle angle 

 Material type 

 Work piece temperature 

 Likely material flow within nugget consists of several independent deformation processes 

The models described above are brief explanations of what has been done, to follow, is a 

more concise account of various types of models and what each has to offer. However, based 

on the above information, the following is concluded as to what the above models can offer. 
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 The slip condition of the model is mentioned more than once and this is important 

regarding the tool geometry being used but the tool geometry has an effect on the heat 

generated, so the slip contact condition is important for the current study as well. 

 Many of the papers described above concentrate on the material flow describing at 

times full detail as to what occurs at the pin which has been included in their model. 

Also mentioned is the deformation that occurs from this material flow. This is not seen 

as an important matter for the current study, but what is important to consider is that 

one should expect a heat distribution almost depicting material flow and the heat 

although is distributed outwards, one can also expect one side to have a higher 

temperature than on the other. 

 Phases of the FSW process has been included with welding parameters mentioned 

according to what being tested. 

 Thermal models had many various assumptions made. The ones mentioned are those 

that are to be considered for the current model. 

o One assumes a viscous heat dissipation as opposed to another that assumes 

frictional heat generates the heat at the interface of the two surfaces.  

o Physicality of the tool is modelled differently, some include the pin and other 

ignore it. 

Based on the above findings, more is to be found in order to gain valuable information regards 

to parameters which should be included in the model and what these important parameters 

are. There are a lot of various ways in analysing a situation, so each will be divided into the 

relevant sections as outlined below. 

The development of various depiction categories for the FSW can be summarised in each of 

the following sections; 

 Analytical model- uses a mathematical approach, whereby it describes relationships 

between variables that might or are inter-dependent on one another using 

mathematical concepts. Also described as a “closed form” solution [10] 

 Numerical models- Determining the state of the model by using incremental time steps 

with different input conditions for each time step procedure [10] 

Based on the above definitions, the following models are categorised into the two different 

sections, also only the important information relating to any temperature information given 

in their models is looked at and discussed.  
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2.3.1 Numerical models 

The following numerical models relate to thermal and thermal mechanical models that have 

been developed. The first part discusses the models and their assumptions made were the 

second part discusses their results obtained. These models are an important part in 

discovering what has been achieved and where discrepancies lie. As the models are 

discussed, mentions as to which properties are important and why will be revealed as well as 

in the results what lastly issues might arrive and where the current study can improve.  

2.3.1.1 Model properties for papers discussed 

Due to the vast amount of literature available on the thermal and thermal mechanical models, 

certain attributes of the models will be discussed and more detail can be found in in Appendix 

1. Each of the papers discussed will be categorised according to software where various 

considerations have been considered.  

ANSYS software  

The following papers utilise the ANSYS software in order to develop their FSW process model. 

Kural et al [15] 

A thermal model is developed with the following model characteristics 

 A moving heat source is used to simulate the heat distribution from the friction between 

the tool and work piece surface 

 3D models are developed using the ANSYS APDL to develop the moving heat source 

and HyperXtrude 

 The pin is considered in the model 

 Material properties changing with temperature are used 

o Thermal conductivity 

o Heat capacity 

 Convection coefficients are applied to top and bottom surface of the work piece as 

shown in Figure 2.5 [15] 

 Heat flux is applied at the surfaces between the tool shoulder and pin on the work 

piece as shown in Figure 2.5 [15] 
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Figure 2.5: Boundary condition set for model 

 

  

 

 

 

 

 

Stamenkovic [16] 

A thermo mechanical model is developed with the following characteristics 

 A moving heat source is used 

 Assumptions for the thermal model 

o Displacement of the work pieces during the weld does not affect the thermal 

distribution 

o All material properties are defined until the liquid phase of the material is 

reached 

o  Convection and radiation are considered 

o Element birth and death technique is employed 

 SOLID 70 was used for the thermal analysis and SOLID45 was used for the structural 

analysis 

 Material properties changing with temperature are given below in Table 2.2 [16] 

 

  

 

 

 

Table 2.2: Material properties changing with temperature ASTM 36 steel 
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Figure 2.6: Boundary conditions set for FEA model 

Muhsin et al [17] 

Thermal model is developed using the APDL of ANSYS with the following characteristics 

 Element SOLID70 is used 

 Following assumption are made 

o  The work piece material is considered to be isotropic and homogenous 

o Density, specific heat and thermal conductivity change with temperature 

o  During the process of the FSW, no melting occurs 

o  Thermal boundary conditions are symmetrical over the weld line  

 This is not a good assumption, since it is known that the retreating 

side and advance side do depict variation in temperature and there 

cannot be considered symmetrical over the weld line. 

o  Between the clamp and work piece, heat transfer is negligible 

 Convection coefficient and heat flux is used for the boundary conditions and can 

be seen in Figure 2.6 [17] 

 

 

 

 

 

 

 

 

 

 

Chen et al [18] 

Fictitious convection coefficient βb 

and T0=25°C 

Initial temperature 

25°C 

Heat Flux 

Convection + 

Radiation (Top and 

side surfaces) 
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A 3D model to study the thermal history and thermo-mechanical process in butt welds is 

developed. 

 A thermal model is set up and then a mechanical model which are then coupled after 

the thermal temperature data is used to evaluate those mechanical properties with 

thermal parameters 

 Only half of the model is considered due to symmetry 

o This is again, not a valid assumption due to the retreating and advancing sides 

differing in temperature as mentioned before 

Malde [19] 

A thermo mechanical model is replicated using ANSYS based on a model developed by Zhu 

and Chao [20].  

 A non-linear transient 3D heat transfer model is developed which is then coupled to a 

3D non-linear transient structural model 

 The same assumptions as used in Muhsin [17] are applied 

 SOLID70 is used for the thermal model and SOLID185 is used for the structural model 

 Boundary conditions are as described in Muhsin [17] 

 Yield stress, Youngs modulus and thermal expansion are changing with temperature 

 Assumptions for the structural model  

o Deformation occurs symmetrically and only one half of the work piece is 

considered 

 This is not a valid assumption based on the knowledge that each side 

depending on retreating and advance side does depict variations in 

properties 

o Work piece material is homogenous 

 Command ETCHG is used to switch between the elements 

 Simulation was performed over two stages 

o First the transient thermal model was solved 
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o Non-linear structural model was solved after the previous point 

 Since each model is solved separately but the second is coupled, and 

that only half the model is considered, this allows for processing time to 

be reduced. This is based on the assumptions given, as one will realise 

at the end of the current study, is that the processing time points toward 

an imperative role for the model to process results accordingly. And if a 

full model is developed and is used this time is considerably extensive 

to those performed above. 

ABAQUS/EXPLICIT software 

Awang et al [21] 

Finite Element modelling for friction stir spot welding is developed. A 3D coupled thermal-

stress model is analysed 

 Adaptive mesh scheme is used when elements are highly distorted and the mesh is 

regenerated 

 Assumptions 

o Only the work piece is able to deform 

o Pin tool and backing anvil are considered to be rigid 

o Elastic-plastic behaviour of the work piece is assumed 

o Friction coefficient is dependent on temperature and is described by Coulombs 

law. This coefficient is zero at melting point of the work piece. Other 

temperature dependent properties are found in Table 2.3 [21] 

 

 

 

 

Table 2.3: Temperature dependent properties for aluminium alloy 6061-T6 
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 Boundary conditions  

o Edges of the work piece do not transfer any heat 

o Convection coefficient is applied to top and bottom surface and assumed to be 

the same value. A full depiction of the boundary conditions is seen below in 

Figure 2.7 [21] 

 

 

 

 

 

 

Grujicic et al [22] fully coupled thermo-mechanical finite element analysis of material evolution 

during friction stir welding of AA6063 model 

 Nodal degrees of freedom include nodal velocity and nodal temperature 

 Arbitrary Langrangian-Eulerian formulation is used, where adaptive re-meshing is 

performed 

Chao et al [23] 

A thermal model is developed to determine heat flux based on the temperature fields obtained 

by measurement. 

 Thermal boundary conditions are described extensively for each surface of the work 

piece and tool 

 Element type DCAX4 is used 

 Material properties affected by temperature are considered and a relationship for 

specific heat and thermal conductivity changing with temperature is given below in 

Figure 2.8 [23]. 

Figure 2.7: Full depiction of boundary conditions set  
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 The work piece was modelled using WELDSIM 

o 3D transient non-linear finite element code for heat transfer and solid 

mechanical analysis 

o Half of the work piece is modelled due to symmetry 

o A larger heat conduction coefficient is applied to the surface area where tool 

shoulder is located 

Grujicic et al [24] Modelling of AA5083 material-microstructure evolution during butt friction stir 

welding 

Fully coupled thermo-mechanical model is employed; 

 It uses first-order, 8 node reduced integration hexahedral thermo-mechanically 

coupled solid elements 

 Interactions between surfaces are given specific algorithms applicable to contact 

pressure and shear stresses developed between tool and work piece surface 

 Tool is modelled as a rigid material and the work piece material is isotropic and linear-

elastic 

Li et al [25] 

Fully coupled thermo-mechanical model is created;  

 Temperature displacement coupled element C3D8RT is used 

Figure 2.8: Material properties changing with temperature AA2195 
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Figure 2.9: Mesh of model developed by Keiereddine 

 Convection coefficients are applied to all surfaces of the work piece, where the bottom 

surface has a higher convection to the rest of the surfaces 

 Constant friction coefficient is used 

 Contact conditions were simulated using a contact pair algorithm 

 Tool pin is considered in the model 

DEFORM 3D software 

Kheireddine et al [26] 

Thermo-mechanical model is developed using the DEFORM 3D software. The model is shown 

in Figure 2.9 [26] 

 Tool and backing plate of the work piece are modelled as rigid undeformable bodies 

and only heat transfer is accounted for 

 Two work pieces are modelled as one block and as a plastic body which is able to 

deform and has the effect of heat in it 

 

 

 

 

 

 

 

 

 

 Tetrahedral elements were used for the thermal analysis 

 At the tool and work piece surface interaction rectangular mesh control was used for 

finer mesh elements 
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 Constant mechanical material properties were employed 

 A thermo-visco-plastic formula was used to describe the stress of the material 

 Friction coefficient was calculated based on the percentage of sticking 

 Local remeshing was incorporated to allow for the deformation effects occurring on the 

work piece 

STIR3D software 

Bendzak et al [27] 

3D heat and material flow simulation using the STIR3D software 

 Each sub-divided region is further divided into a set of non-orthogonal control volumes 

 Meshes in each region have varied densities allowing for a finer structure for the flow 

near the tool to be shown 

 Meshing does not require matching between each of the regions interfaces 

 Assumptions 

o Viscosity is assumed constant and temperature conditions in each region are 

constant 

 FLUENT software 

Colegrove et al [28] 

Model involves a 2D axisymmetric flow model for calculating heat generation, coupled with a 

3D thermal model to calculate the heat flow to be input into the 2D model. 

 The 3D thermal model was modelled using the FLUENT software and calculates the 

heat flow 

o Four pathways for the heat transfer are described in Figure 2.10 [28] and 

constant thermal conductivity is applied to the model 

o Values for hb and hv are 1000 W/m2K and 10 W/m2K respectively 
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Figure 2.10: Pathways for the heat (thermal boundary conditions) described by Colgrove  

 

 

 

 

 

 

 

 

 

 

 2D axisymmetric flow model predicts the rotational flow around the tool 

Colegrove [29] 

A thermal model was developed with flow characterisation of the FSW process 

 A coupled thermal and flow analysis was performed 

o Thermal model was considered as well as an isothermal model 

 Viscous dissipation was used to describe the heat generation 

 Material softening (to assimilate the effect of the material heating) could not be fully 

defines with the FLUENT software as it caused unstable solutions 

 Specific heat and thermal conductivity is changing with temperature 

WELDSIM code 

Zhu et al [20] 

3D thermal and thermo-mechanical model was carried out using WELDSIM code 

 Material properties changing with temperature as can be seen in Figure 2.11 [20] for 

various material properties 



24 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Due to symmetry only half the model is used for analysis 

o As previously mentioned, this assumption does not account for the retreating 

and advance side of the weld that is present and the effects thereof 

 A thermal analysis was performed first whereby the temperature output was used for 

the thermo-mechanical model 

 Heat flux is modelled as a moving source on the boundary 

Other numerical models are discussed, where the software being utilised is not at times fully 

explained but other times is a discussion of the various software packages available. 

Tasic et al [30] 

FEM simulation possibilities regarding the heat transfer are proposed 

 Two different descriptions for heat generation are given: 

Figure 2.11: Material properties changing with temperature for aluminium 

alloy 5000 series 
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o Direct way, explicit expressions describe the amount of heat generated by the 

physical parameters of the FSW process and material properties 

o  Temperatures are measured and a relationship between heat generation, 

friction coefficient , rotational speed etc. are found and reached temperatures 

are calculated 

 Boundary conditions are important parameters to be considered and need to be 

described fully 

Nandan et al [31] 

3D visco-plastic and temperature field was mathematically modelled 

 Heat is generated at a constant rate 

 Mass flow is treated as a Non-Newtonian, incompressible visco-plastic material 

 Assumes constant material properties such as friction coefficient 

 Assumes a contact condition where percentage of sticking is given at 0.7 

Song et al [13] 

3D heat transfer model is developed 

 A moving co-ordinate is used to represent the movement of the tool 

 Only one plate is modelled 

Sharma et al [32] 

Discusses various FEA models and the various software available to model the FSW process. 

Vilaca et al [33] 

 Experiments of the FSW welding process are presented with results  

 Difficulty in computational modelling is discussed 

 Analytical modelling is discussed with special reference to iSTIR code 

 Numerical modelling approach is also discussed 

The last few papers discussing various attributes of the FSW and the modelling considerations 

are probably one of the most important to consider when beginning to understand the work 

involved in modelling the FSW process. It offers valid input into what has been developed and 

what various inputs and conditions have been used as well as where some of the heat 

generated properties are coming from and how it is developed in the numerical models. 
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The numerical models use various software packages available and consider many different 

objectives. The various considerations for these models are: 

 Moving heat source or moving co-ordinate system is created and this simulates the 

heat generation 

o Current model will use a frictional contact that generates heat. This is more 

realistic than previous studies as it is known that it is this friction between 

surfaces that generates the heat. 

 Various elements are used that are able to describe various degrees of freedom i.e.  

thermal, structural or certain nodal qualities are present such as velocity 

o The current model will use an element type that is able to describe both 

structural and thermal degrees of freedom 

 Some models only use half the geometry since they consider symmetry, but for heat 

generation this is not the case since the advance side and retreat side do have a 

different heat profile that needs to be considered. 

Assumptions made for the various models are mentioned below, where these assumptions 

are to be considered especially for the input of particular parameters that affect the heat 

generated 

 Certain material properties are affected by temperature. Some models do not consider 

this but since a true reflection of the heat generated is required, it is imperative to 

consider these properties 

o Thermal conductivity 

o Specific heat 

o Density 

o Heat transfer coefficient 

 Convection coefficients are mentioned for various surfaces and these values range 

for the top plate and backing plate respectively as follows: 

o 10 W/m2.K-30 W/m2.K 

o 300 W/m2.K -1000 W/m2.K 

o It has also been mentioned with reference to a specific paper [23] that the heat 

transfer from the tool to the work piece is 11kW/ m2.K. This value is very higher, 

but will be kept into consideration when analysing the comparison of 

experimental and FEA models performed in the current study 

 Friction coefficient 

o This is at times considered changing with temperature and at others a constant 

value. The current study will consider a friction coefficient changing with 
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temperature and more data will be researched on this and of which is also 

recorded in the numerical and experimental sections that follow this. 

The points mentioned above retrieve that information which is most important and deemed 

viable considerations for the current study. However, the more information that is known, the 

better assumptions that can be made when developing the model. 

2.3.1.2 Results for numerical models  

A general observation of results are discovered, where more detail for each specific model 

can be found in Appendix 1. These common similarities include: 

 Temperatures on advance side are higher than on the retreating side of the weld. This 

is useful when comparing and relating models and ensuring it is according to literature. 

o Temperature profiles across the weld for Awang et al [21] depict that from the 

centre of the tool to the outer radial distance, the temperature is within a fairly 

close region. However, the stress increases further from the centre of the tool. 

Other temperature profiles across the weld depict a bell shape curve for the 

temperature across the weld as can be seen in results for Chen et al [18] and 

Malde [19]. 

o Temperature profiles across the weld over time can be seen in Kheireddine et 

al [23] and Muhsin et al [17] temperature results. It also indicates in Muhsin et 

al [17] that the advance side has a slightly higher temperature than on the 

retreating side. This result profile is shown in Figure 2.12 [17] 

 

 

 

 

 

 

  

 Higher rotational speeds increase the heat generated and hence temperature. The 

following Table 2.4 [31] from Nandan et al [31] depicts the heat input from various 

aspects of the tool together with the maximum temperatures. This result shows an 

Figure 2.12: Temperature profile over weld for advance and retreating 

side 
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increase of heat generated by the shoulder and tool as the weld speed increases and 

these values further increase with increase in rotation speed. However, the maximum 

temperatures recorded drop with these increasing weld parameters. 

 

 

 

 

 

 Yield stress changing with temperature needs to be considered as it is a function of 

temperature. This must be considered when entering material properties into the FEA 

model under consideration for this study. 

 Slip condition for a smaller contact radius can assume a pure sticking condition which 

is used to predict heat generation. This contact condition although won’t be physically 

modelled, but will appear in the distortion of the model, when analysing this will help to 

determine the condition based on the experimental results and conclusions drawn. 

2.3.1.3 Contributions from numerical findings to be considered  

A list of the following factors are derived from those discussed for the numerical models: 

 Material properties changing with temperature 

o Density 

o Specific heat 

o Thermal conductivity 

o Yield strength 

o Friction coefficient 

 Convection coefficients are given in Table 2.5 and are along the assumptions that 

the backing plate has a higher value than that of the top surface of the plate. This 

assumption, as the values depict is an unknown value since this is a simplification 

factor of the model since this surface is not under convection exactly since the 

bottom surface is in contact with a backing plate and not air. 

Table 2.4: Weld parameters and heat generated from the tool 
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Table 2.5: Convection coefficients for the work piece surface 

 Convection coefficient for 

top of work piece (W/m2.K) 

Convection coefficient for bottom 

of work piece (W/m2.K) 

Kural et al [15] 30 300 

Chao et al [20] 30 Is dependent on the measured 

temperature 

Kheireddine et al 

[26] 

20 11000 

Li et al [25] 10 1000 

Colegrove [29] 10 1000 

 

 Temperature profiles across the weld need to conform to a bell shape curve and 

the advance side should have a higher temperature than that found on the 

retreating side.  

 Weld parameters have an effect on the temperature results 

Some issues raised with various models mentioned and where the current study will improve. 

 Some are only pure thermal models which is not a true reflection of the FSW 

process since the thermal and structural effects of the process are interlinked 

together. This is where the current model will improve as it is a structural-thermal 

model 

 Some variables which should be changing with temperature are considered 

constant, although mentioned previously this is another improvement set out for 

the current study as this will consider these properties changing with temperature. 
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2.3.2 Analytical models 

The analytical models described below are important when understanding the effects of 

process parameters on the heat generation for a particular material. Parameters and 

assumptions made for each model will be useful when deducing which will be important 

considerations based on what is required to be investigated and what the goals for the final 

study consist of. These models will give a brief explanation into understanding these decisions. 

2.3.2.1 Model properties for papers discussed 

Each model will be discussed, outlining certain properties that are considered important to the 

current study at hand. 

Schmidt et al [34] 

 Mentioned in the introduction according to other models the following is said; 

o The analytical has a certain flexibility with respect to the contact condition and 

tool design 

o With comparison to experimental results the contact condition will be present 

at the interface of the tool/matrix 

 The contact condition is affected by the friction coefficient value as well as the tool 

geometry 

 A ratio for the each of the tools contribution to heat is also concluded based on the 

equations allocated for slipping, sticking and combination contact conditions. 

Nandan et al [35] 

 Friction and slip between the surfaces as well as heat transfer was investigated for 

effects on model reliability 

o Its mathematical model created and relationships determined for the following 

parameters; 

 Friction coefficient 

 Extent of sticking 

 Heat transfer coefficient for the bottom surface of the work piece 

 Extent of viscous dissipation converted to heat  

o Bottom surface heat transfer is obtained by optimisation and given by the 

following equation [35] 

(2.1) 
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o The top surface has both radiation and convection and is expressed in the 

following equation [35] 

(2.2) 

 

  

These equations will be important when considering one’s own model for the 

surface conditions and the values obtained for comparison. 

 Understanding more of the parameters and the influences that affect them is very 

useful when considering what needs to be incorporated and what should be considered 

as an important input. This mathematical model presented with equations is therefore 

a useful tool to use. 

Hamilton et al [36] 

 Empirical relationship is derived amongst the temperature and weld energy 

o Relationship obtained could be valid based on the results obtained to compare 

with current study parameters and temperatures obtained. 

o Tool rotation, weld velocity and applied force contribute to the energy imparted 

to the work piece. 

 These process parameters can relate to each phase of the FSW 

process and will be considered when developing current model. 

o Friction coefficient is set at different values for various contact conditions for 

aluminium alloy and mild steel material; 

 Sticking-0.5 

 Sliding-0.25 

o Increasing solidus temperature will increase the maximum temperature for a 

given energy level. 

Emam et al [37] 

 Energy based thermal model is used and investigates the heat generated due to plastic 

deformation and the friction between the surfaces of the tool and work piece 

o Various material properties are given for the materials under scrutiny and these 

values for each property are given in Table 2.6 [37] 
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o Energy per mm were found similar to those outlined in Hamilton [34] 

Song et al [13] 

 Uses a moving coordinate system to model the moving tool 

o Mathematical model is created whereby heat generation from the tool shoulder 

and pin is included 

o Friction coefficient is known to vary and therefore an effective coefficient is 

assumed and 0.4 is used 

o  Yield stress changes with temperature 

o Heat conductivity is set to 167 W/mK 

 The above parameters are important and it should be noted that these parameters are 

for the material of the 6000 series of Aluminium alloy 

Durdanovic et al [38] 

 Mathematical which describes the stages of the FSW process for heat generation of 

the model 

o Considers 5 phases for the FSW process 

 Plunging 

 Dwelling 

 Welding 

 Final dwell time 

 Extraction of the tool from the work piece 

o Heat treatment of the weld is described in 4 phases 

Table 2.6 Table for material properties under consideration for the energy model  
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 Dwell, the rotating tool achieves an acceptable temperature ahead of 

the tool that will allow for ease of forward motion 

 Transient heating, this occurs when the tool is moving along the weld 

line 

 Pseudo steady-state, thermal field around the tool that remains fairly 

constant 

 Post steady-state, additional heating around the tool occurs at the end 

of the weld due to the backing plate and end of weld pieces 

o Heat is generated during two tribological processes 

 Pure sliding or pure sticking 

 Contact interface is described as a Coulomb friction condition 

o Uncertainties 

 Some parameters involved in the mathematical model lead to uncertain 

results as the model has mainly geometrical inputs. If these are 

excluded together with the welding conditions, the main influences then 

include: 

 Contact state variable 

 Friction coefficient between surfaces 

 Contact pressure 

 Shear stress of the weld 

Lakshminarayanan et al [39] 

 Using a Taguchi parametric design approach, properties of the FSW process are 

optimised to improve tensile strength in weld joints 

o Process parameters are chosen and an orthogonal array is selected 

o Optimised parameters contribute to the understanding of the effects it has on 

the weld and one can also make conclusions based on heat generation for the 

parameters that have the most influence 

 Process parameters are given and the range for axial force is shown in Table 2.7 [39] 

 

 

 

 

 

Table 2.7: Axial force with varying process parameters 
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Khairuddin et al [40] 

 Various cases are considered for predicting transient temperature profiles 

o Full sliding contact condition where the theoretical plunge force is based on 

temperature dependent tensile strength 

o Full sliding contact condition where the theoretical plunge force is based on 

temperature dependent yield strength 

o Sticking contact condition where the theoretical plunge force is based on 

temperature dependent shear strength 

o Experimental plunge force and plunge depth control 

 Some material temperature dependent properties are shown below in Figure 2.13 [40] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Friction coefficient changing with temperature is considered, this is for the kinetic 

friction taken into account. This is shown below in Figure 2.14 [40] 

 

 

 

 

 

 

 
Figure 2.14: Coefficient of friction versus temperature  

Figure 2.13: Temperature dependent properties 
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2.3.2.2 Results for analytical models discussed 

Results for the analytical models are outlined below 

Schmidt et al [34] 

 Heat generation is shown in Figure 2.15 [34] , where a constant sticking condition is 

deduced 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Torque does not change indicates a steady state welding condition 

 Contact state variable is defined and each contact condition is related to a specific 

variable range for this state variable 

 Sliding conditions give a fairly known range of friction coefficient for material surfaces 

interacting 

 For the sticking condition, yield shear stress at elevated temperatures is used to obtain 

these frictional coefficients 

Nandan et al [33] 

 Conclusions were drawn that the parameters observed and investigated affected the 

temperature fields 

 Optimised values of three of the important parameters are shown in Table 2.8 [35], 

where it can be observed for the chosen material the parameters fall in the following 

ranges; 

o Friction coefficient 0.488-0.499 

o Frictional slip 0.01-0.022 

o Heat transfer coefficient (cal/cm2.s) 0.01-0.012 

Figure 2.15: Heat generation for various conditions 
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Hamilton et al [36] 

 Resulting temperatures for different materials, welding parameters and tool geometry 

are outlined in the Table 2.9 [36] below. 

 

 

 

 

 

 

 

 

 

 An empirical formula is proposed to estimate the maximum temperature from the tool 

geometry. The following Table 2.10 [36] outlines the maximum temperatures reached 

for various welding rotational  speeds 

 

 

Table 2.8: Optimised values for parameters affecting heat generation 

Table 2.10: Temperature result for various rpm 

Table 2.9: Temperatures for various parameters and materials 
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 Equation 2.3 [36] used to calculate the maximum temperature (based on the welding 

energy) does not account for plastic deformation affecting heat generation 

 

 

Emam et al [37] 

 Heat generated is due to friction and plastic deformation 

 Plastic deformation has a profound effect on the temperature results. Temperatures 

for various revolution speeds are given in Figure 2.11 [37] 

 

 

 

 

 

 

 

 

 

 

 

Song et al [13] 

 Model accurately depicts the FSW process where the temperature distribution near 

the tool pin has been reduced 

 A preheat of the temperature of the work piece in front of the tool piece will aid the 

weld in helping the material flow easily around 

Durdanovic et al [38] 

 Ambiguity lies in the value of the friction coefficient 

(2.3) 

Table 2.11: Maximum temperatures for different rpm input 
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 Contact conditions are described and friction values assumed for each are determined 

 Lakshminarayanan et al [39] 

 Optimum values for the FSW parameters were found for the particular material 

investigated 

 Percentage contribution for each parameter was found, these percentages can be 

seen in the pie chart in Figure 2.16 [39]. This is useful when developing the model 

under the current study, as to what parameters one can change in order to see various 

temperature effects 

 

 

 

 

 

 

 

Khairuddin et al [40] 

 Heat generation and heat transfer are important parameters in determining the 

success of the joining process 

 Issues from this model is that it only assumes either a slip condition or a sticking 

condition, which is not always the case for the FSW process 

2.3.2.3 Contributions from analytical findings to be considered  

The main contributions taken from these models are the following: 

 Material properties influenced by temperature 

 Equations relating specific welding properties to heat generation 

 Certain values outlined for contact conditions, friction coefficient and convection 

coefficients. 

Each of the material properties given in the papers, offer some consideration that is required 

to be accounted for when inputting values into the model. In both Schmidt et al [34] and Song 

et al [13], yield stress is dependent on temperature. However, in Nandan et al [35], it gives 

Figure 2.16: Percentage contributions form welding paramerts  
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equations for specific heat and thermal conductivity which are temperature dependant and 

these are again, other material properties which need to be accounted for in temperature 

variance. 

One particular welding property which is given is the axial force exerted and is a property that 

is dependent on the machines parameters but an overview of this is given below in Table 2.12. 

It can be noted that at higher rotation speeds, the axial force is smaller and resulting 

temperatures are not only affected by the property but by material and other welding 

conditions. 

Table 2.12: Axial force and resulting temperatures for various models 

 Rotational 

speed (rpm) 

Feed rate 

(mm/s) 

Axial 

force (kN) 

Hamilton et al [34] 

1500 

180 

360 

5 

1.7 

1.7 

7 

28 

24 

Emam et al [35] 

1500 

520 

700 

5 

1.9 

1.9 

7 

24 

16 

Lakshminarayanan 

et al [37] 

1200 

1400 

1600 

0.37 

0.75 

1.25 

4 

6 

8 

 

The last important parameters mentioned is the friction coefficient and contact surface 

condition, being either sticking, sliding or combination of the two. Schmidt et al [34] outlines 

the equations that are required to calculate the heat flux based on the friction coefficient, 

although it uses various contact conditions to estimate the heat generated, which in the end it 

is concluded that a sticking condition occurs. Hamilton et al [36] gives an equation for torque 

which has friction coefficient present and indicates that friction coefficient is dependent on 

temperature. Although, it is kept constant at 0.5 for energy levels smaller than 2000J/min and 

decreases to 0.45 at higher energy levels. This indicates that the friction coefficient decreases 

with increasing temperature as it is assumed that the contact condition between the surfaces 

is between a combination of sticking and sliding and more towards the sliding condition. Emam 

et al [37] uses the same notion as Hamilton et al [36] for the friction coefficient and ranges the 

friction coefficient between 0.5-0.25 for sticking and slip conditions respectively. 
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However, Durdanovic et al [38] assumes a constant friction coefficient throughout the 

mathematical model. This we know is for simplification purposes as there is definitely a change 

in this value as temperature changes. Khairuddin et al [40] on the hand, similar to Emam et al 

[37] and Hamilton et al [36], considers constant and changing friction coefficient based on the 

static and dynamic phases of the FSW process.  

These are key parameters which affect the result of the FSW process and therefore care and 

attention is required to make the best assumptions for the model inputs and analysis of 

experimental data. 

2.3.3 Experimental findings 

Experimental work is briefly looked at to find any physical qualities that have been found that 

one may include as an initial estimation for any unknown values that are to be used in the 

current model investigation.  

2.3.3.1 Model properties for papers discussed 

Each experimental approach will be discussed, outlining properties that were considered 

important and if any result or information that has been included in the studies that is relevant 

to the current study, will therefore be commented on. 

 Khodir et al [41] 

 Investigates the effects of the rotational speed in joining dissimilar material 

o Investigates dissimilar materials located at the advancing side and then 

retreating side 

o Observes the macrostructure and microstructure of the joints 

o Results obtained discuss the various effects of the material properties at 

various rotation speeds 

This information was important since it listed the material properties of the Aluminium alloy 

2024 T3 at room temperature (Which is the material we are interested in for the current study) 

and it is interesting to note the effects these material properties have at various welding 

parameter conditions. 

Cederqvist and Reynolds [42] 

 Investigate the lap joints of FSW 

An interesting conclusion is the mention of the lower rotational speeds causing less vertical 

mixing on the retreating side of the weld. When looking at results of one’s own developed 
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model, it is then expected that for lower rotational inputs, one can expect lower temperatures 

on this side, since there is less frictional stress and therefore heat generation occurring. 

Hussain et al [43] 

 Investigates the strength and hardness under various process parameters 

It was interesting to note the effect of process parameters on the weld material property of 

tensile strength. Since this is a parameter to input into the model, understanding its behaviour 

helps to observe these issues experimentally since one of the conclusions is that misalignment 

will produce weaker strength in the material and this is a care that needs to be considered 

when performing the weld trials since the model will be analysed assuming perfect alignment 

of the work pieces. 

Mijajlovi et al [44] 

 Parameters affecting heat generation are investigated 

o Discusses the influence of the parameters on the heat generation which include 

 Tool geometry 

 Loads 

 Tribological parameters which include friction coefficient, contact 

pressure and shear stress 

o Experimental study was performed,  

 Estimated torque and axial force was recorded 

 Estimation of the friction was also performed 

o The interlinking between these parameters is shown in Figure 2.17 [44] 

 

 

 

 

 

 

 

Figure 2.17: Influence of parameters on heat generation (Variables have the same 

description as outlined in the Nomenclature 
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Figure 2.18: Results for various feed rates and rotation speeds for experimental 

findings  

2.3.3.2 Results for experimental finding as discussed 

Experimental results based on the investigations above yield the following; 

Khodir et al [41] 

 Rotation speeds influence the following  

o Grain sizes increase with higher rotation speeds 

o Tensile properties for the 7000 series were higher when located on advancing 

side of the weld 

Cederqvist and Reynolds [42] 

 “Cold” welds cause less mixing on the retreating side, which this is assumed to have 

an effect on the frictional stress it is produced on that side which has an effect on the 

heat generated on that area. 

Hussain et al [43] 

 Increase in rotational speed increases tensile strength due finer grain structure 

developing in weld. Tensile strength is higher at a lower weld speed.  

 Results for various rotation speeds and feed rate versus the tensile strength and 

hardness are shown in Figure 2.18 [43] 
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Figure 2.19: Friction coefficient versus time for experimental findings 

Mijajlovi et al [44] 

 For experimental findings, the following aspects of the friction coefficient are found 

over time and this is shown in Figure 2.19 [44] 

 

 

 

 

 

 

 

2.3.3.3 Contributions from experimental findings to be considered  

Based on the above discussion of experimental work and results, the following contributions 

from the study are considered and which will be used going forward. 

Three most important findings are taken forward when conducting own experimental work and 

development of model. This is the experimental set up with regards to precautions of 

misalignment which needs to be considered, especially in comparison of FEA model and 

experimental findings of temperature, which leads to the consideration to ensure that the 

advance side depicts a higher temperature in the model and experimental weld trials.   

The next important finding is that of the contributing factors influencing the heat generation. 

This is predominantly important when setting up both experimental and FE model work as to 

what considerations need to be made in order to depict a comparison or the reasoning behind 

differences of the processed data for results.  

The third finding is that of the friction coefficient over the FSW process time. Further 

conclusions are drawn from the experimental findings based on Mijajlovi et al [44]. Coefficient 

of friction is dependent on tangential force, length of force pole, diameter of weld tool probe. 

And it shows that the friction coefficient changes between 0.1 and 1 depending on the phase 

of FSW process. 

 

 



44 
 

2.3.4 Current model features versus previous models developed 

Based on the models discussed in each section with their contributing parameters of 

importance, the following is related to the development of the current model and what sets it 

apart from all the rest.  

Many of the models described are either thermal models only or are specified as thermo 

mechanical models, relating either two variations of models that first utilises the one property 

of either thermal or structural and inserts it into another model for the counter part for it to be 

considered a thermo mechanical model. The current model utilises both thermal and structural 

in one model. With the new command feature in ANSYS 14.5, heat is generated by friction 

within the model and this command feature sets it apart from the rest. Other models have 

implemented moving heat sources and moving co-ordinate systems. This command feature 

allows the model to be analysed in a more realistic way by implementing the mechanical 

features of the process and therefore resulting in a thermal output which is especially relevant 

not only to the FSW process but towards other approaches such as simulation of brake discs 

whereby heat is also generated by friction. 

Although there are those models which have used the software ANSYS, and have compared 

well to their literary experimental findings, the approaches used for each are different. 

 Moving heat source [16] 

 Thermal model only is considered [17] The element SOLID70 is used which has only 

a single degree of freedom for the temperature at each node defined 

 Heat transfer model and mechanical model are coupled [18] half of the welded plate is 

considered but this limits the effects of temperature on the advance and retreating 

sides of the weld. 

 Model is based on that developed by Zhu and Chao [20]. A moving heat flux is used 

to assimilate the heat generation by friction [22] 

The current model being developed enhances and embraces those new features in a more 

recent ANSYS version whereby, a different element (SOLID226) is specified whereby an 

alternative command feature that generates heat within the work piece by friction is used as it 

allows for a structural-thermal model to be developed instead of a coupled models of thermal 

and mechanical. Also to note that the current model is also that based on the model by Zhu 

and Chao [20], it is modelled with the workbench interface and not that of the APDL. 

The current model will invest in the notion of as many material properties changing with 

temperature are included and where these properties may be inserted as parameters resulting 

in a parametric model being developed for further implementation for optimisation. This too 
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sets it apart from the previously developed models as previously these properties are either 

assumed constant for simpler analysis or it’s a combination of properties changing with 

temperature and others remaining constant. This approach, though it may be valid for their 

particular study, in order to have a true representation of the process, it is imperative to take 

these properties under consideration. 

In terms of the actual model geometry, each model is specific to the tool geometry and work 

piece used. With this being said, it is difficult to compare any temperature results obtained for 

their models as various other studies have also shown the effect the geometry of the tool and 

the parameters inserted into the model have an effect of the weld and hence the temperature 

result of the FSW process. This is where the experimental weld trials for our study needs to 

be done, and based on the experimental studies, we are able to at least ensure that our study 

is representative of the parameter findings in literature. Also based on their approaches and 

being aware of the trouble with thermo couples being used, it is also decided to improve on 

this method of approach by utilising a thermal camera. 

2.3.5 Parameters of interest based on prior models 

The following parameters are important when considering those which are relevant to the 

model to be developed. Based on the previous models, the heat generated on each surface 

is looked at in more detail as well as what previous models have used and assumed on the 

convection and friction coefficients. The contact condition is also discussed further since it has 

been found that this incorporates not only if the weld is of a good quality but the friction 

coefficient as well as tool geometry. Since friction is created by the two surfaces interacting 

with one another and this generates heat, the slip condition is then an important parameter to 

investigate since it can also be related to the temperature the weld produces.  

2.3.5.1 Heat generation 

The amount of heat generated in the model is predominantly caused by the tools properties 

and the friction between the tool and work piece surfaces. The total amount of energy is the 

sum of the heat generated from the tools probe and shoulder surface. 

𝑄 = 𝑄1 + 𝑄2 + 𝑄3                                                                                                                (2.4)                                                                              

 Q1= Heat generated from shoulder [34] 

Q2= Heat generated from probe [34] 

Q3= Heat generated from probe tip surface [34] 
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The final result after integration of above with respect to the radii of each, the following total 

heat generation can be calculated as follows according to [34] 

𝑄𝑇𝑜𝑡𝑎𝑙 =
2

3
𝜋𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝜔(𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 + 3𝑅𝑝𝑟𝑜𝑏𝑒
2 𝐻𝑝𝑟𝑜𝑏𝑒)                                                               (2.5) 

Based on Chao-Qi-Tang, [23] concludes that 5% of the heat generated by friction flows to the 

tool and the remaining 95% flows through the work piece 

The following heat generation continues from the above and describes the surfaces of interest 

that need to be accounted for during the FSW process. These heat contributions on the 

surfaces are shown in Figure 2.20.  

 

 

 

 

 

 

 

 

 

From Figure 2.20, the following heat generation contribution is as follows and is according to 

Chao-Qi-Tang [23] 

𝑄3 = 𝑄4 + 𝑞1                                                                                                                       (2.6)                                                                              

𝑄1 = 𝑄2 + 𝑞2 + 𝑄                                                                                                                 (2.7)                                                                                 

Q1 = Heat flux into the model due to the friction between tool and work piece surface 

Q2 = Heat conducted from the bottom of the work piece to the backing plate 

Q3 = Heat flux from the friction between tool and work piece surface 

Q4 = Heat transferred from the clamped tool to the machine bushing 

q1 = Convection due to heat lost from the tool surface to the air  

Q

Q

Q

Q

q2 
q1 

Figure 2.20: Heat generation contributions from each part of the model 
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q2 = Convection due to heat lost from work piece surface to the air 

Q = Increase of heat content in the work piece 

Since Q3 is the heat generation coming from the tool and Q1 is the heat generation into the 

work piece from the tool, the assumption is; 

𝑄3 = 𝑄1 = 𝑄𝑡𝑜𝑡𝑎𝑙                                                                                                                  (2.8) 

We can describe these two as the total heat generated by each of the contributing factors as 

described in the above equations. 

Each of the definitions above can be represented in their own form. For the work piece Q2 and 

q2 are described in terms of heat flux loss, according to Muhsin et al [17] 

𝑞2 = ℎ𝑞2(𝑇 − 𝑇0) + 𝜀𝐹1𝜎𝑆𝐵(𝑇4 − 𝑇0
4)                                                                                    (2.9) 

𝑄2 = ℎ𝑄2(𝑇 − 𝑇0)                                                                                                               (2.10) 

Then, based on convection, the heat transfer and heat flux [13] for the tool pieces can be 

defined as; 

𝑄4 = ℎ4𝐴𝑐(𝑇 − 𝑇0)                                                                                                             (2.11) 

𝑞1 = 𝜇𝐹𝜔𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟2𝜋                                                                                                         (2.12) 

Where Ac and As are the surface areas for the clamped tool surface and shoulder surface 

respectively. 

Additional heat transfer into the work piece is described as 

𝑄 = ℎ𝑄(𝑇 − 𝑇0)                                                                                                                  (2.13) 

Heat flux along the tool into the work piece is expressed as follows with reference to Chao-Qi-

Tang [20] 

 

 

2.3.5.2 Contact states for slip condition 

The contact condition between surfaces is important as it affects the friction coefficient 

variable. Three contact conditions exist; 

(2.14) 
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 Sticking 

 Sticking and sliding combination 

 Sliding 

Contact condition variable is expressed as δ and the slip condition as γ [34]. 

𝛿 =
𝑣𝑚𝑎𝑡𝑟𝑖𝑥

𝑣𝑡𝑜𝑜𝑙
= 1 −

𝛾̇

𝑣𝑡𝑜𝑜𝑙
                                                                                                        (2.15) 

Where; 

𝑣𝑡𝑜𝑜𝑙 = 𝜔𝑟 𝑎𝑛𝑑 𝛾̇ = 𝑣𝑡𝑜𝑜𝑙 − 𝑣𝑚𝑎𝑡𝑟𝑖𝑥                                                                                    (2.16) 

The following Table 2.13 [34] outlines the contact conditions and the results of each for the 

state variable value and the shear stress and matrix velocity conditions. 

 

 

 

 

Based on the heat generated in equation 2.3, each of the above conditions change with 

contact shear conditions [34] 

For sticking conditions, the contact shear is equal to the yield stress divided by the root of 

three. Yield stress is temperature dependent and the heat generated for pure sticking 

conditions is as follows; 

                                                                                                                                          (2.17) 

For pure sliding, the contact shear stress is the friction coefficient multiplied by the contact 

pressures [34] and the heat generated is expressed as  

  

Combination of sliding and sticking condition takes into account the contact condition variable 

(δ) 

 (2.18) 

Table 2.13: Contact condition 
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𝑄𝑡𝑜𝑡𝑎𝑙 = 𝛿𝑄𝑡𝑜𝑡𝑎𝑙,𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 + (1 − 𝛿)𝑄𝑡𝑜𝑡𝑎𝑙,𝑠𝑙𝑖𝑑𝑖𝑛𝑔                                                                    (2.19) 

2.3.5.3 Friction coefficient 

Friction coefficient is affected by the changes in temperature. An example appears on waxed-

wood skis, where the friction coefficient differs at 0.02 for temperatures above -10°C but 0.4 

for temperatures below this amount [45]. 

Based on [28] it is concluded that for sliding conditions, friction coefficient lies within known 

values between surface conditions and for sticking conditions, yield shear stress relating to 

work piece material for varying temperatures is used. 

M. Mijajlovic et al [44] predicts the friction coefficient in terms of the momentum of friction and 

axial force which is dominantly expressed for the plunge phase 

𝜇 =
3𝐹𝑡𝐿

𝐹𝑧𝑑
                                                                                                                          (2.20) 

Where; 

 d is the diameter of the tool probe 

 Ft is the tangential force 

 L is the length of the force/friction pole 

 Fz is the axial force 

For the slip condition to be taken into account which is affected by the temperature and strain 

rate conditions, the friction coefficient is expressed as follows with reference to A.H 

Kheireddine [26] 

 

2.3.5.4 Convection coefficient 

The convection coefficient is expressed as follows; 

ℎ =
𝑄

𝐴∆𝑇
                                                                                                                           (2.22) 

Where; 

A=Surface area 

ΔT = Difference in temperature between surface temperature and fluid temperature (In our 

case is air) 

 (2.21) 
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Q=Heat transfer 

2.4 Material properties 

The following materials describe those used for the work piece and tool piece respectively, 

describing as to why the selected material was chosen and more details relating to each of 

the material properties can be found in the Appendix 2. 

2.4.1 Aluminium Alloys 

Aluminium is a light weight, white metal. It has a melting temperature of 650 degrees Celsius 

[46]. Aluminium alloys improve mechanical properties and strength [46]. The two aluminium 

alloys of interest are the 2xxx and 6xxx series. Copper for the 2xxx series is the main alloying 

element and are commonly used in aircraft applications and for the 6xxx series, magnesium 

and silicone are the alloying elements [47]. The 6xxx class of aluminium alloy has intermediate 

strength capabilities as to the 2xxx aluminium class [46]. Apart from its advantage in being 

light weight, it also has exceptional resistance to atomic oxygen erosion [64] as well as its 

advantage in machinability and weld ability. 

Forging temperature for Aluminium alloys in the range of 315 to 550 Degrees Celsius [47], this 

temperature is important to note since the FSW process requires the material to plasticize and 

not melt. 

Applications of aluminium alloys; 

 Skin panels for aircraft or anywhere in the aircraft where fatigue performance and good 

strength properties are required [48] 

 Blades and pistons for aircraft engines  

 Fuel tanks for rockets 

2.4.2 H13 Tool steel 

Tool steel is used for the shaping, cutting or forming a material into a component or part that 

is according to application [49]. Some other applications where tool steel is used include, 

pressure casting tools, hot shear knives as well as tools for the plastic industry [50]. It is 

especially suited for die casting of aluminium and copper [51] 

Particular interest will be noted for the tool steel used experimentally, as well as material 

properties of it included for the finite element model analysis, which is commonly known as 

H13 Tool steel (USA) (4659 BH13 4659 H13 according to B.S.) [49] 

H13 Tool steel falls under the category of Chromium hot work steels. [49] This is suitable for 

the application of use since there is a considerable amount of heat produced within the 
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process it is being used in. The melting temperature range for this particular tool steel is 

between 1200-1500 Degrees Celsius [46]. This particular material is able to withstand 

combinations of heat and pressure which is also applicable to current application use. 

Advantages for H13 Tool steel (Chromium hot-work steel) 

 Good resistance to softening due to chromium content, and therefore includes ease of 

forming and working [49] 

 Resistance to erosive wear on material at high temperatures (due to Vanadium content 

[46, 49] 

Relatively low thermal expansion coefficient 

2.4.3 Material properties affected by temperature 

The following properties [45] relate to properties of a material that are influenced by 

temperature and affect the values thereof. Results of increasing temperature of the above 

material properties include grain recrystallization which is an important result in the FSW 

process. This is due to the heat input which causes the dislocations in the material structure 

to decrease which increases its ductility and reduces its resistance [45]. Typical 

recrystallization temperatures are approximately 0.4 at melting temperature. Specifically for 

aluminium the recrystallization temperature is 150°C taking the melting temperature at 660°C 

[45] 

An increase in temperature usually has a decrease in mechanical properties [45]. Typical 

values of material properties at room temperature can be found in the Appendix: Material 

properties and include typical values of those mentioned properties below; 

 Density 

 Elastic Modulus 

A list of material properties changing with temperature is specified below. These material 

properties increase in value when the temperature increases. These thermal material 

properties are important for the FSW process since heat generation due to friction is the main 

cause and the components associated with a materials thermal properties need to be 

understood clearly in order for a fully defined model that consists of all important parameters 

to be described.  

 Friction coefficient 

o Has common assumptions that it is independent of area contact and velocity of 

motion between surfaces [52] 
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Figure 2.21: Increase in heat capacity with increasing temperature at constant volume  

 

o The friction independent of velocity is not true for the case of FSW. It has been 

noted that with a high increase in speed and air friction is come upon as part of 

this, the friction is dependent on the speed and also might be affected as much 

as the square or even higher powers of the speed has an influence. [53] 

o An increase in friction occurs near the melting point of a material and decreases 

after the melting point temperature of that specific material [51]. This increase 

in friction is due to an increase in shear area as the adhesive effects become 

more pronounced between the surfaces [53] 

o Applicable to FSW process is that at high velocities, frictional sliding may 

exceed the rate of heat conduction and hence the temperature changes may 

be quite significant [54] and hence this results in frictional heating being a 

primary factor.   

 Specific heat capacity 

o This is the amount of energy per unit mass the material requires to produce a 

temperature rise by one degree [55] 

o Relationship of specific heat capacity with temperature is shown in Figure 2.21 

[55]. Specific heat capacity increases when temperature increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 Thermal expansion coefficient 

o It’s the materials capability of expanding with temperature and its units are the 

inverse of temperature. 

 Thermal conductivity 

o Refers to the materials ability to transfer heat 

o Heat flows from higher temperatures to low temperatures [56] 
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 Heat transfer coefficient 

o As the fluids velocity increases, the heat transfer coefficient increases [56] 

 Emissivity 

o Influencing factors [57] 

 Surface condition 

 Opacity 

 Reflectivity 

o It is defined as the ratio of the actual amount of infrared energy emitted 

compared to the theoretical amount of energy that could be emitted [57] 

o The values range between 0.000 and 1. [57] 

o It is best to measure the emissivity of a material within the cone of maximum 

emissivity. Viewing angles influence the emissivity value and for molten metals 

this emissivity value is the highest within a 45° cone [57] 

o The emissivity value varying with the angle can be shown in Table 2.14 [58], 

where the angle after 45° (from the vertical point, where 90° is the parallel angle 

measurement) shows some discrepancy with published values. [58] 

o Effects of visible light on the area in question being evaluated also affects the 

emissivity value [58] 

 

 

 

 

 

 

  

 

Table 2.14: Emissivity value dependant on view 
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2.5 Objectives 

From the literature, it is evident that a thermal mechanical model is needed, which is capable 

of implementing temperature dependent material properties as well. Various models which 

have been developed make various assumptions on these temperature dependant properties 

in order to simplify the model, but there is concern with this as it does not truly represent the 

actual FSW process. Therefore, it is imperative to consider these properties and investigate 

the effects further as well by a comparison of experimental and FEA model. 

 Use the new command features in ANSYS version 14 to develop a thermo-mechanical 

model of the Friction Stir Welding Process depicting relevant phases of the process in 

one model 

 To asses weld trials of various tool parameters that are to be considered best quality 

welds. These welds will be captured using a thermal imaging camera whereby the 

temperature can be obtained at specific points along the weld 

 Compare the temperature results obtained from the experimental weld trials to that of 

the Finite Element model created in ANSYS for the same parameter settings and 

therefore validate the numerical model 

2.6 Summary 

The objectives outline the work that is required to be conducted in order to achieve the set 

goals. Based on the knowledge gathered for the various models, the initial step is to setup a 

FEA model which is capable of having thermal and mechanical properties input into it and the 

effects of each other with another needs to be implemented as well. This is outlined in the next 

section, after which the experimental weld simulation are performed where the temperatures 

are recorded on the surface of the plates and tool.  

The material properties that are required and which are temperature dependant are as follows; 

 Density 

 Elastic Young’s modulus 

 Coefficient of thermal expansion 

 Specific heat 

 Thermal conductivity 

These properties are important when inserting information in to the model, as previous models 

have outlined. For the experimental weld trials, the emissivity value set on the camera needs 

to be calibrated and checked. 
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Those  parameters for friction coefficient, convection coefficients for the surfaces of the work 

piece and tool are given estimations in the model based on theory suggestions and then will 

be compared to those calculated from the experimental data obtained from the weld trials 

performed. 
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Figure 3.1: ANSYS mechanical logo 

Chapter 3 

3. Finite Element Modelling 

3.1 Introduction 

The software used to develop the model is ANSYS version 14.5 and the methodology is set 

out describing the development of the model in full detail. The geometry of the model is 

described as well as the boundary conditions are set on the model as to describe the physical 

behaviour of the system in engineering terms by constraining areas in various directions to 

represent clamped or rigid surfaces. The contact conditions used are explained together with 

the input commands used to represent the thermal inputs of the mechanical model.  

3.2 Apparatus 

ANSYS version 14.5 (The start-up logo is shown in Figure 3.1 [59] was used to carry out the 

analysis for the FSW process. ANSYS mechanical is used to develop the model and it allows 

one to create the model using the Design Modeller interface. With a user-friendly workbench 

navigation window, one is able to insert conditions under the Mechanical model interface, once 

the analysis type has been chosen. With its advanced numerical methods for solving problems 

it is a useful tool to analyse non-linear problems. The software provides an advanced post-

processing capabilities that allows the user to obtain not only visual details of the model but 

colour contour planes but has results which can be exported to spread sheets for further 

analysis. Also capable of slicing through models, it can reveal more details within the model. 

 

 

 

 

 

 

 

The computer used was a DELL Optiplex 790, with a core i7.  



57 
 

Figure 3.2: SOLID226 element geometry 

3.3 Methodology 

The following steps are the guidelines that were taken into developing the model in the FEA 

software ANSYS version 14.5. This version incorporates new elements, such as the 

SOLID226, which allows for thermal commands to be implemented within the mechanical 

interface are capable of a thermal structural analysis and has new features enabling one to 

define contact points which simulate heat being generated.  

SOLID226 has various capabilities, predominantly incorporating thermal effects to structural 

nodal points. The KEYOPT number indicates the degrees of freedom set for the element as 

well as determines the corresponding force and reaction solution. For the current study the 

field key for the structural field is set it to one and the field key for the thermal is set to 10, 

therefore the 11 is used to define the structural-thermal element. 

It has up to 4 degrees of freedom (DOF) [59] and is a 3-D element consisting of 20 nodes. 

The DOF include for the x,y,z axis as well as a  thermal DOF. The 3-D element with each node 

is shown below in Figure 3.2 [59] 

  

 

 

 

 

 

 

 

The structural-thermal analysis can be used for full transient type of analysis and with its 

degrees of freedom in the x,y,z and temperature planes, one is also able to insert additional 

material properties relating to a materials thermal properties as well as its mechanical 

properties. Convection, heat flux and radiation can be applied to the surface of the model and 

the heat generation is applied to the body of the model when using this element type. This last 

point is the most important as it is the heat generation within the work piece one is trying to 

visualise. 



58 
 

A transient structural analysis tree is created, whereby all the information required is input into 

the work bench and all thermal aspects of the model are inserted as commands within the 

structural analysis, this is because the SOLID226 is being used. 

The following procedure outlined for the modelling in ANSYS workbench is guided by the 

model created by Zhu and Chao [20], which uses a moving heat and modelled in the APDL of 

ANSYS with is new features in version 14.  

3.3.1 Material property inputs 

In the engineering data of the ANSYS work interface, this is where the following properties for 

the tool and work piece will be defined. For the current study, the following material properties 

are as follows (Table 3.1) and for those material properties changing with temperature are 

clearly indicated. 

 

 

 

 

 

 

 

 

 

The above table does not depict the values, but indicates those properties which have 

“Tabular” alongside as those properties which are changing with temperature. The following 

table (Table 3.2) outlines those properties changing with temperature with the corresponding 

values clearly indicated as well. 

Table 3.2: Material properties inserted into engineering data in ANSYS 

Aluminium Alloy 2024 H13 Tool Steel 

Material Property and Temperature (°C) Material Property and Temperature (°C) 

Temperature (°C) Density (kg/m3) Temperature (°C) Density (kg/m3) 

0 2780 0 7750 

Table 3.1: properties of materials as given in Engineering Data 
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200 2700 25 7740 

400 2650 200 7740 

600 2600 400 7700 

800 2550 600 7650 

Temperature (°C) 

Coefficient of 

thermal expansion 

/°C 

Temperature (°C) 
Coefficient of thermal 

expansion /°C 

0 1.40E-05 0 1.02E-05 

20 2.11E-05 20 1.02E-05 

100 2.29E-05 100 1.04E-05 

200 2.38E-05 200 1.12E-05 

300 2.47E-05 425 1.22E-05 

400 2.56E-05 650 1.31E-05 

500 2.66E-05 816 1.35E-05 

Temperature (°C) 
Young's Modulus 

(Pa) 
Temperature (°C) Young's Modulus (Pa) 

0 7.31E+10 0 2.07E+11 

20 7.24E+10 200 1.84E+11 

100 6.89E+10 400 1.75E+11 

200 6.35E+10 600 1.54E+11 

260 5.75E+10   

300 5.00E+10   

371 3.44E+10   

Temperature (°C) 
Thermal 

Conductivity (W/mK) 
Temperature (°C) 

Thermal Conductivity 

(W/mK) 

0 144 0 30 

20 164 215 28.6 

100 182 350 28.4 

200 194 475 28.4 

300 202 605 28.7 

400 210   

500 220   

Temperature (°C) 
Specific Heat 

(J/kg°C) 
Temperature (°C) Specific Heat (J/kg°C) 

0 875 25 434 
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20 881   

100 927   

200 1047   

300 1130   

400 1210   

500 1300   

  

3.3.2 Geometry 

The geometry of the aluminium work piece and tool are modelled as shown. The tool geometry 

is that based in Appendix 5, Figure 10.18 [60] and the work piece thickness was kept 

consistent to that used in the experimental weld trials. Previous models created in ANSYS 

depicted the whole length and breadth of the work piece under consideration, but due to 

number of elements and processing time, the work piece was reduced as close to the tool 

area as this area of contact was the point of interest. Processing time was an immense 

property affecting the solution of the work and was therefore deemed an appropriate option in 

order for the running time to decrease, the number of elements could be reduced by shortening 

the plate dimension in terms of length and width, but the tool geometry and thickness of the 

plate is to be kept the same. The geometry created in the ANSYS geometry is seen below in 

Figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 Figure 3.3: Geometry of model built in ANSYS version 14.5 
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Sliced planes are used as to divide certain areas for particular boundary conditions and 

contact points. These sliced areas can be clearly seen in Figure 3.3. 

3.3.3 Boundary conditions and contacts 

The contacts between the surfaces (Two work piece edges and the surfaces between the tool 

and work piece) are described as frictionless. Due to the new feature in ANSYS version 14.5, 

commands are inserted within the model tree as shown in Figure 3.5 and under each relevant 

contact, the commands relate to the thermal conditions for that particular contact point. The 

commands are expanded upon and it can be seen that the APDL is used to set these thermal 

commands within the structural analysis. This is only possible to due to the command labelled 

Element Type. This Element Type command is explained in detail in Figure 3.4. 

 

 

 

 

 

 

 

 

First line indicates the element type (ET) the current elements need to be changed to ITYPE 

is 500 and later this is set to CID to correspond to the contact type parameter, which will be 

able to insert these thermal commands for the element type described as SOLID226.  Solid226 

is the desired element type and it is defined as structural-thermal by the number 11 as 

explained for the SOLID226 elements.  

The element select command (ESEL) is explained below and taken from the ANSYS help file. 

It explains each part of the command in detail. 

 

ET-Element type 

Changing element to SOLID226 and 

defining it as a structural-thermal element 

by indicating the 11 at the end 

Figure 3.4: Element type command 
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The type S represents a new set of elements is selected. 

The item is defined by the ENAME, which uses the element name to identify the elements to 

redefine to a different element name (EMODIF).  

 

 

The IEL is specified as ALL so that it modifies all the elements which is linked with the ESEL 

command. 

STLOC-Startling location for the first node to be modified, where TYPE is used to modify only 

those elements as indicated by the I1 value which is 500, and this corresponds to the elements 

changed to the element type of SOLID226. 

The model tree is depicted below, Figure 3.5, indicating the commands inserted under each 

section required to have a thermal input. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5: ANSYS Workbench model tree 

Contact thermal 

conditions 

Mechanical boundary 

conditions 

Thermal boundary 

conditions 
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Two types of boundary conditions are considered, mechanical and thermal. The following 

mechanical boundary conditions are; 

 Since the plate is clamped on the edges, these outside edges are constrained in all 

directions 

 The bottom of the work piece is constrained in the vertical direction 

The thermal boundary conditions are inserted as commands within the “Transient” branch. It 

is the convection coefficients given to each relative surface. From previous studies, this figure 

is kept fairly similar, so for initial simulations these values were considered as first 

approximations. The convection coefficients were applied to the following surfaces; 

 Top of the work piece 

 Tool shoulder 

 Tool part considered clamped in its bushing 

 Bottom surface of the work piece which lies on a backing plate 

This command is detailed below in Figure 3.6, where each of the ARG values are specified to 

each convection coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

Selecting a new set of surface 

elements and restraining the 

temperature on it to 25°C 

Figure 3.6: Thermal boundary command 
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The Type is set to S- Selects the new set which in this situation the surfaces where given 

named selections and correspond to each surface according to its name. 

 

 

Nlist is specified to ALL, so all nodes that are selected are to be used with which the surface 

load to be applied is set. 

Lab is the surface load label and this is defined, for the thermal input, which CONV is used 

which indicates the convection on the surface. 

VALUE is the surface load value that one sets and this is set to the ARG whereby an input 

value can be inserted easily instead of inserting it here on the command. Instead it reads the 

ARG value set under the workbench tree. 

VALUE2 is the second load value if applicable. It is set to 25 to and this is the bulk temperature 

for the thermal analysis when the CONV command is used. 

These above thermal boundary conditions assume the following; 

 The clamped tool piece and backing plate is assumed to be exposed to air and given 

convection coefficients instead of conduction (since it is between material to material 

and not material to air) Their values are therefore an estimate and although is not a 

true representation it is a good estimation for the model in order to process the heat 

generated from the tool to work piece. 

The commands inserted for the contact conditions are as follows for each contact surface 

beginning with the multiple contact and then the contact between the two work pieces which 

come together; 

 Friction coefficient changing with temperature is defined for the contact between the 

tool shoulder surface and top work piece surface 

 Thermal contact conductance is specified between the tool and work piece surface 

 The amount of frictional energy converted to heat is specified 
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 Heat distribution from tool surface to work piece is specified. This number is that 

corresponding to the amount of heat generated by the shoulder to the work piece and 

is related to the tool geometry. 

The KEYOPT command selects the relevant elements for the command to apply. 

 

 

ITYPE is the element type number which corresponds to various options set out in the ET 

command. This is the contact type which is equal to the parameter and is defined as the CID. 

Two CID variations exist, where one indicates “The type number for the contact type is equal 

to the parameter CID”, the other refers to the following, “The real and mat number for 

asymmetric contact pair is equal to the parameter CID”. Depending on each command, each 

is applicable. 

The command for the friction coefficient changing with temperature, frictional heat dissipated 

which is converted to heat and the heat distribution is depicted below in Figure 3.7 for the 

command between tool surface and work piece contact. 

 

 

 

 

 

 

 

 

 

 

 Figure 3.7: Contact condition command for the tool surface and work piece surface contacts 



66 
 

 

This command activates the table for material properties to be set. For the current study since 

friction is changing with temperature, a table for the friction coefficients changing with 

temperature are set.  

Lab is set to fric and this is the material model data type that is being specified to be the friction 

coefficient 

 

The TEMP is set to a value corresponding to that value as outlined in C1 in TBDATA. 

KMOD is left for blank for a new temperature to be redefined and reactivated 

  

 

STLOC is set to 1 in order for this value to correspond to the first value set for the table 

constant. 

C1 is the value defined for the chosen property, for this command in particular is the friction 

coefficient value set for a particular temperature. 

 

 

NSET is the existing set to be modified which is defined as the CID. 

STLOC is the starting location for the modified data and is required to be greater than 1. This 

data input corresponds to the number defined for that constant set. For each various input, a 

different number is defined for this. 

V1 is the value set for each property indicated with the comments alongside. 

The thermal boundary conditions as explained, are shown visually in Figure 3.8. 
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The command set for the contact surfaces between the two plates are as follows and shown 

in Figure 3.9 in detail relating to each argument set. 

 Thermal contact conductance coefficient is given between the two work piece contacts 

 A bonding temperature is given between the two work piece contacts. This command 

changes the frictionless contact to a bonded contact once the specific temperature is 

exceeded. (This temperature is set to approximately 80% the melting temperature for 

work piece material since the material under consideration is to only plasticize and not 

melt. 

 

 

 

 

 

The above command set out for RMODIF is outlined previously but as indicated, the various 

ARG values correspond to different aspects of the model. Again, with the set up as above with 

the ARG values as inputs, it is easy for these parameters to be inserted into an optimisation 

Figure 3.8: Thermal boundary conditions between tool shoulder surface and work piece surface 

This is the 

contact point 

where the 

thermal boundary 

conditions are 

applied. 

Figure 3.9: Thermal boundary condition command between work piece surfaces 
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tool since the model is parametric and these values can be easily called into the optimisation 

tool. 

The frictionless contact is shown within the ANSYS model in Figure 3.10, where the thermal 

boundary conditions as explained above are inserted. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 Analysis 

From previous models, all three steps of the FSW process are considered (Plunge, dwell and 

transverse speed). For simplification purposes and time constraint, the model was reduced to 

the first two steps of the FSW process. A pilot node was created (Figure 3.11) on the top of 

the tool, to allow for plunging force and rotation conditions to be applied. This based on the 

different phases for the model as described in Figure 2.1. We assume three phases, plunge, 

dwell and transverse speed or feed rate. Since each phase has a condition set to it, this pilot 

node allows an easy way of inserting these parameters for each phase. 

 

 

 

Figure 3.10: Frictionless contact between two plates 

This is the 

contact point 

where the 

thermal boundary 

conditions are 

applied. 
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Initial models had all three phases represented in the model and the dwell time set to 10 

seconds since this was the time allocated for the weld trials of the dwell time. The third phase 

had a time set to the same time corresponding to that of the weld trial time taken to complete 

a weld.  

The initial time step is fairly quick, having 5 iteration steps most of the time since the 1 second 

is analysed after every 0.2 seconds. This is the initial plunge into the work piece. 

The second time step is more involved. Initially it was solving for every time increment of 0.001 

seconds and converging for the force, heat flux and moment conditions. This proved to take a 

lot of processing time, since convergence sometimes only happened after 10-20 iterations for 

that time step of increment 0.001 seconds and sometimes only increasing by the minimum set 

number of 0.0001 seconds. The time for the dwell time was then decreased to a lower number. 

This still proved to take a lot of processing time and so sub-steps was chosen that it analyses 

every few degrees until a certain degree and this takes the time allocated and distributes it 

accordingly. This proved to be better than before but still a lot of processing time took place, 

except convergence took less iterations, but time increment was smaller than before. It was 

then decided since this second phase took a long time, the third part of the model was to be 

taken out and until the second phase of the modelled solved sufficiently and had produced 

results of an acceptable standard, this could then be used to be inserted in the final phase of 

a model, whereby this model would only consist of the third phase. The third model is 

essentially set up based on the model already created except without the first two time steps. 

However, this final model was never run since the current model with two time steps still 

continued to solve without exact completion, due to at times large deformation effects or 

allocated memory to be exceeded.  

Figure 3.11: Remote point located for the two time steps for plunge and rotation 
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Time steps are put into place for each part with the corresponding plunge depth and rotation 

value. These inputs for the plunge depth and rotation example can be seen in Table 3.3. 

 

 

 

A command is inserted whereby the elements are changed to a SOLID226, this enables the 

elements to be analysed in a structural setting with thermal inputs, since this model is a 

thermo-mechanical one. 

Various rotational calculations were done in order to insert the correct value in the Rx column 

in the table above.  

Method 1 

1. RPM x 2π/60=rad/sec X time (indicated in table) = radians 

2. Convert to degrees 

Method 2 

Indicate 3600° 

In the side property sheet number of sub steps in stage two indicate the degrees the tool turns 

in that space of time. E.g. for the tool to move 5°, the sub step is made 720 (For a set number 

of 3600°) 

3.3.5 Parametric model features 

It is important to note the following features of the developed model as described above. 

Based on the APDL commands set in section 3.3.3 Boundary conditions and contacts, it allows 

these parameters that have been inserted as physical values, to be integrated into an 

optimisation platform such as modeFRONTIER. These parameters include; 

 Convection coefficients set for the various surfaces 

 Friction coefficient changing with temperature 

 Heat dissipation factor for the contact surfaces between the tool and work piece 

 Fraction of the heat dissipated by means of frictional energy which is converted to heat 

 Contact conductance coefficient set between the two work piece surfaces on the join 

line. 

Table 3.3: Depiction of pilot node setting in ANSYS workbench 
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It is imperative for the following considerations to be mentioned with the above as this limits 

the results obtained and hence the optimisation of the model itself. This model has been 

developed as a parametric model which allows it to be easily integrated with an optimisation 

platform but the limit of the whole model comes in terms of the computational capability of the 

computer itself. As mentioned briefly in the analysis with regards to the time allocated for each 

step and the actual computational processing time.  

In order for computational capability to be at its best it is, it is suggested that a cluster to be 

used in order to process the data faster and hence more results for comparison can be 

obtained. But due to limited resources available and the real time taken to process a set of 

results, the final results obtained are extremely valuable for the current study not only for result 

comparison with experimental data but for the implementation of it into an optimisation tool.  

3.4 Summary 

A FE model has been created using ANSYS version 14.5 software. Whereby it makes use of 

the SOLID226 elements. This element allows for a thermal mechanical model to be created 

as thermal inputs can be inserted within the mechanical interface of workbench. 

With set geometry specified according to the same geometric properties of the tool which is to 

be used in the weld trials, these same geometric dimensions are used to create the geometry 

of the model. The boundary conditions are explained where certain thermal input commands 

have been inserted to account for material properties changing with temperature. One 

particular command is of essential use to the simulation of FSW process as it generates heat 

within the model by changing the frictionless contact to a bonded contact. 

Analysis of the model includes the phases of the FSW process, and explains the individual 

steps used via a pilot node which was created on the top surface of the tool. The phases 

included in the model is for the plunge and dwell. The transverse phases has been eliminated 

for the moment for the time period of the study. 

Important parameters of the model, have been outlined and are important when optimising the 

model in an optimisation tool such as modeFRONTIER. 
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Chapter 4 

4. Experimental Weld Trials 

4.1 Introduction 

Weld trials were performed whereby certain parameters such as the rotational speed and the 

feed rate were specified and programmed into the CNC machine. The material for the work 

piece and tool piece is described briefly and needs to be known since different material 

properties relate to various values affected by temperature and in order to make a fair 

comparison with the FEA model, these properties need to be specified accordingly. The whole 

FSW process was recorded using the thermal imaging camera T640. Using the FLIR Tools + 

software one is able to process the temperature field of the FSW process. 

4.2 Apparatus 

The apparatus used for the experimental weld trials include the programmable CNC machine 

and FLIR thermal imaging camera T640. 

4.2.1 CNC machine 

Depicted below in Figure 4.1 is a representation of the experimental setup of the tool within 

the CNC machine together with the two plates clamped on either side. 

 

 

 

 

 

 

 

 

 

 

 

Control interface 

Tool housing 

Screw clamp 

Tool 

Laterally moving 

table 
Figure 4.1: CNC Machine 
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Technical specifications for the CNC machine area are outlined in Appendix 4: CNC 

information. 

4.2.2 FLIR Systems 

The company was started in 1978 [61] and is a world leader in the design, manufacture and 

marketing of thermal imaging infrared cameras. They cater for various industries which are 

categorised as follows; 

 Commercial 

 Industrial 

 Government 

The above categories rely on different uses and developments within the infrared thermal 

imaging camera. It measures the emitted infrared from an object and dependent on the 

emissivity of the object as well as radiation [62]. The emissivity of various aluminium 

specifications can be found in the  

The current use is associated with the research and development of the infrared thermal 

camera. Some advantages of using this method for capturing and recording thermal 

distribution [63] 

 Real time recording allows for an accurate measurement of heat patterns across 

surfaces during processes 

 Particularly to manufacturing it enables an improvement in adjusting process 

parameters by detecting defects on the material in a non-destructive way  

Together with the thermal imaging camera the FLIR tools + is used to process the temperature 

information, whereby inspection reports can be created. 

4.2.2.1 Thermal camera T640 

For visual purposes and with new technology reaching into the photography industry, one is 

able to examine surfaces and see the varying temperature of the surface through the lens of 

a camera. For the purpose of the study being undertaken, the T640 thermal camera is to be 

used to help capture the varying temperature of the tool on the work piece. 

The T640 thermal camera has many qualities contributing to its use. It has a 640 x 480 pixel 

resolution [64]. This high definition will enable a more accurate inspection of the image. Other 

attributes include a high sensitivity to temperature variations as small as 0.04°C as well as a 

“radiometric IR video streaming” which can be connected to a PC and using the FLIR tools 
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software can record live video streams which can be analysed at a later stage using the FLIR 

tools + software. [64] 

The T640 thermal camera has three standard temperature ranges that are required to be set 

when operating the camera. The accuracy of these temperatures is within a ±2°C or ±2% of 

the reading [63]. The standard temperature ranges are listed as follows; 

 -40°C – 150°C 

 100°C – 650°C 

 300°C – 2000°C 

With these temperature ranges set and used with the specified software a profile 

measurement analysis can be done which depicts a live graph of temperature across a 

specified line on the image [65]. This is an important feature when one is required to process 

the information once the stream of video has taken place. The camera used is represented in 

Figure 4.2 [66] 

 

 

 

 

 

4.2.2.2 Specifications 

The following specifications [67] relate to the FLIR T640 thermal camera 

Table 4.1: Thermal camera specification 

Specification detail Value 

Infrared resolution 640 x 480 pixels 

Thermal sensitivity 40mk 

Accuracy ±2°C 

Temperature range -40°C to 2000°C 

Focal length 25mm 

Emissivity correction 0.01-1 

 

Figure 4.2: T640 thermal camera 
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4.2.2.3 Calibration 

In order to read the correct temperature of the reflected surface, the emissivity value needs to 

be determined. Based on a simple test, using a thermocouple and thermal camera the 

following calibration procedure was performed. 

1. Heat the aluminium sheets and tool in an oven to temperature of about 200. 

2.  Remove the test piece carefully and place on a surface that will not absorb the heat 

quicker than one will be able to record the temperature. 

3. Place the thermal couple on a position of the test piece. 

4. At the same time, using the thermal camera, locate the same area in which the 

thermocouple is placed. 

5. Reading the thermal couple temperature value, match the temperature on the thermal 

camera by changing the emissivity value. 

6. When the temperature value on the thermal camera is matching the thermo couple 

temperature, use the emissivity used as the calibrated emissivity of that particular 

surface. 

4.2.2.4 Precautions 

1. Ensure the angle which the temperature is being read on thermal camera is less than 

45° to the test piece surface as this will affect the emissivity value. 

4.2.3 Tool and work piece properties 

The information used in the FEA model was taken from Figure 4.3 [60]. This is also the tool 

that was used to perform the weld trials. It depicts a more detailed dimension of the tool and 

one is able to see clearly the shoulder geometry as well as where the pin is inserted into the 

tool. These dimensions are important when developing the model as well as analysing the 

heat generation since the surface of the tool is which dominantly creates this. 

Material of the work piece and tool are Aluminium alloy 6056 (Although the properties of this 

material are very similar to AA2024, hence these properties will be used) and H13 tool steel 

respectively. Each of the properties for each are briefly described in Table 4.2 

Table 4.2: Material properties of tool and work piece 

Material property Aluminium alloy 2024 H13 Tool steel 

Density (kg/m3) 2780 7760 

Young’s Modulus (GPa) 73.1 210 
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Ultimate tensile strength (Mpa) 475  1400 

Coefficient of thermal expansion (/°C) 22.9 12.3 

Specific heat (J/g-°C) 0.875  0.457 

Thermal conductivity (W/m-K) 121  27.7 

Melting temperature (°C) 502°C -638°C 817 

 

 

 

 

 

 

 

 

 

 

 

 

 

The material and geometry of the tool and the work pieces is given in the Table 4.3. This 

information is especially important when the FEA model is developed. 

Table 4.3: Tool and work piece geometry 

Properties Work piece 

Material AA 6056 (Similar 

to AA2024) 

 

Clamped work piece 

Length 400 mm 

Breadth 250 mm 

Thickness 1.6 mm 

Figure 4.3: Tool geometry 
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 Tool 

Material H13 Tool steel  

Shoulder radius 12 mm 

Pin radius 5 mm 

Outer tool radius 20 mm 

Shoulder height 15 mm 

Pin height 1.4 mm 

Overall tool height 50 mm 

4.3 Methodology 

The setup of the CNC machine and of the thermal camera are given in the following sections. 

Precautions are given as a guidance for those wanting to repeat the experiment and have 

results which are able to be repeated for the same inputs and dynamics of the machine and 

materials used. 

4.3.1 CNC Setup 

1. The two plates are cleaned with alcohol/acetone and placed onto the CNC table where 

it is clamped down. 

2. The tool is inserted into the bushing and into the CNC machine spindle. 

3. Position the tool so it touches the line of the plates to be welded. 

4. The parameters for the tool are inserted into the machines settings. 

a. Rotation 

b. Plunge 

c. Dwell time 

d. Feed rate 

4.3.1.1 Precautions 

 Ensure the alignment of the tool is in position of the line of the two plates to be 

joined. This is achieved by running a needle along the one plate line and ensuring 

its running along the same line, then the other plate is aligned to it. 

4.3.2 Thermal camera setup 

1. Connect the camera to the computer. 

2. Open the FLIR Tool + software 

3. The camera settings are programmed for the respective temperature ranges and the 

emissivity value is adjusted according to the calibration. 
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4. The camera is placed on a tripod, above the work piece, with a clear view of the 

weldment that is to take place. 

5. The angle of the camera is positioned so that it is not greater than 45° to the vertical. 

(this is based on the information described in the emissivity literature) 

4.3.2.1 Precautions 

 Ensure the correct temperature range is set for the respective weld trial 

 Confirm the angle is not greater than 45° to the vertical 

4.4 Summary 

The setup of the apparatus for the experimental FSW process has been described. The CNC 

machine has been clearly defined together with the tool and work piece geometry and ambient 

material properties have been given. 

The thermal camera functions and precautions have been detailed where the emissivity value 

defined when recording the temperature of the surface needs to be calibrated. Essential 

precautions for the setup of the thermal camera have been highlighted especially the angle at 

which the camera is positioned is also very important as this affects the emissivity value 

defined. 
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Chapter 5 

5. Data Processing 

5.1 Introduction 

The data obtained from the FEA modelling is analysed and based on section 2.3.5 Parameters 

of interest based on prior models, these variables are calculated and compared to information 

captured experimentally with the thermal imaging camera. Temperature and heat variables 

are concentrated on since this will be used for the comparison of data and since 

experimentally, we have temperature data readily available it reasons to use this for 

comparison.  

The FEA model parameters are initially discussed to obtain the variables for various thermal 

outputs obtained as is the experimental data also done in this way. Since the FEA model has 

defined inputs for these thermal properties, and is therefore available for comparison once 

these thermal properties have been calculated for the experimental weld trials. For both the 

FEA and weld trials however, heat flux can be calculated and compared as well. 

5.2 Finite Element Modelling 

The following outlines the various models developed with different inputs. 

 The number of load steps with the time for each step indicated in seconds 

o First time step always 1 second and represent the plunging force. 

 Plunge depth of 0.1mm for model number 1-2 and 4-5.  

 Model number 3 has a smaller depth of 0.0008mm.  

 Model number 6 plunge depth is 0.01mm 

 Thereafter, model 7-16 plunge depth is set to 0.05mm 

o Second time step 

 Initial models time allocated was according to weld trial times set of 10 

seconds for dwell time. This is later changed to a lower number for 

processing purposes. 

 Rotational speed is allocated at this step 

o Third time step 

  Model 1- 6 have a distance along the y-axis allocated to the length of 

the plate in the model, 230mm 

 Remaining models do not have the last time step (allocated to the feed 

rate along the weld line) due to excessive running time 
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 The time set initially for this step is 46 seconds as this is the time worked 

out for the particular feed rate 

 𝐹𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑡𝑖𝑚𝑒
 therefore, 𝑡𝑖𝑚𝑒 =

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝐹𝑒𝑒𝑑 𝑟𝑎𝑡𝑒
=

230 𝑚𝑚

300𝑚𝑚/𝑚𝑖𝑛
× 60 =

46 𝑠𝑒𝑐 

 Tool rotation- as seen in ANSYS model tabular data for rotation in x(RX (°)) 

 Convection coefficients 

o ARG1-Convection coefficient between top plate surface and air 

o ARG2- Convection coefficient between bottom plate surface and backing plate 

o ARG3- Convection coefficient between tool shoulder surface and air 

o ARG4- Convection coefficient between clamped tool surface and air 

 Further comments are given on any parameters on interest, especially when changes 

are made to following models. 

The following Table 5.1 represents the models that gave relevant results to be used for 

analysis. Although, more models were processed, it is important to extrapolate that data which 

is most useful for the current study. 

Table 5.1: Model log book for different inputs 

Model 

number 

Tool rotation 

RPM (°) 

Convection coefficient 

(W/mK) 

Comments 

1 1250 

(130.83°) 

 ARG1- 15  

 ARG2- 300 

 ARG3- 150  

 ARG4- 360 

Material properties for the 

aluminium alloy and H13 tool 

steel do not account for change 

in temperature for thermal 

conductivity and specific heat. 

3 load steps are considered, for 

the plunge, dwell and feed rate 

respectively 

2 1250 

(130.83°) 

 ARG1- 15  

 ARG2- 3000 

 ARG3- 150 

 ARG4- 3600 

 

3 (209.44°)  ARG1- 15  

 ARG2- 300 

 ARG3- 150  

 ARG4- 360 
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4 2 –(75000°) 

3 – (345000°)  

 ARG1- 15  

 ARG2- 300 

 ARG3- 150  

 ARG4- 360 

 

5 2 –(7500°) 

3 – (34500°) 

 ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

6 2 –(37500°) 

3 – (207000°) 

 ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

7 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

New geometry is implemented 

by reducing the model size in 

order to reduce mesh elements 

and therefore processing time. 

Only two load steps are now 

considered, plunge and dwell. 

8 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

9 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

10 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

Material properties changing 

with temperature are 

implemented for the two 

materials where before some 

only had one value considered 

at room temperature. 

11 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  
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 ARG4- 120 

12 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

13 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

14 (3600°)  ARG1- 30  

 ARG2- 150 

 ARG3- 30  

 ARG4- 120 

 

15 (3600°)  ARG1- 30  

 ARG2- 100 

 ARG3- 30  

 ARG4- 120 

 

16 (3600°)  ARG1- 30  

 ARG2- 200 

 ARG3- 40  

 ARG4- 120 

 

17 (3600°)  ARG1- 30  

 ARG2- 200 

 ARG3- 40  

 ARG4- 120 

 

18 (3600°)  ARG1- 30  

 ARG2- 300 

 ARG3- 40  

 ARG4- 120 

 

19 1250 

(22500°) 

 ARG1- 30  

 ARG2- 300 

 ARG3- 40  

 ARG4- 120 

 

20 1250 

(22500°) 

 ARG1- 30  

 ARG2- 300 
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 ARG3- 40  

 ARG4- 120 

21 1250 

(22500°) 

 ARG1- 10  

 ARG2- 300 

 ARG3- 30  

 ARG4- 120 

 

 

Based on the models, the following temperature results are represented in Figure 5.1. From 

time of 1 second, this is representative of the dwell time in the second time step. One can see 

that the temperature increases remarkably in a short space of time in the model. 

Figure 5.1: Temperature comparisons with various models 

Calculating the heat flux transfer for each part in the model is related to the convection 

coefficient outlined in Table 5.1 and change in temperatures taken from the temperature 

results of the model. Total processed data can be found in Appendix 6: FEA model processed 

data. 

5.2.1 Sample calculation for heat flux for FEA model 

Heat flux is calculated as follows for the FEA model, since the convection coefficients and 

temperature values are known, one only requires the equation below [50] to calculate the heat 

transfer of each. 
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𝑄 = ℎ(∆𝑇)                                                                                                                              5.1 

For the heat transfer of the clamped tool of model 8 and average change in temperature taken 

as 853°C, where the convection coefficient is set to 120 W/m2K 

𝑄 = 120(853) 

𝑄 = 102.4 𝑘𝑊/𝑚2 

5.2.2 Heat transfer values for FEA model 

Table 5.2 displays the heat flux transfer. This is the average heat flux transfer calculated over 

the entire length of time for the dwell time.  

Table 5.2: Heat flux transfer (kW/m2) for various FEA models 

Model 

Number 

Heat flux transfer 

clamped tool 

Heat flux transfer 

Shoulder of tool 

Heat flux transfer 

from top plate 

Heat flux transfer 

from bottom plate 

8 102.4 25.6 60.95 256.09 

10 109.03 27.26 42.21 272.58 

12 109.03 27.26 42.21 272.58 

14 127.19 31.80 59.11 158.99 

17 100.08 25.01 45.29 166.79 

 

Represented graphically in Figure 5.2, is to show the heat distribution of the heat generated 

from the tool to the work piece. Also shown between the surfaces is the frictional stress created 

between the tool and work piece surfaces. This frictional stress, gives some insight into the 

parts of the tool and work piece where there is higher frictional stress in areas as the tool 

rotates revealing that a higher temperature is expected at that point. 

  

 

 

 

 

 

 

Figure 5.2: Heat distribution and frictional stress from tool to work piece 



85 
 

Figure 5.3, closely reveals the frictional stress between the surfaces and indicates where the 

frictional stress is higher as well as the direction of rotation is visible. 

 

 

 

 

 

 

 

 

5.3 Weld Trials 

The following Table 5.3 represents the weld trials performed under various FSW process 

parameter conditions as indicated. The tool used is that as described in Figure 4.3 together 

with the aluminium alloy specified in Table 4:3. 

Table 5.3: Weld trial parameters with images 

Trial 

number 

Rotation 

(rpm) 

Feed rate (mm/min) Images 

1a 1250 400 

 

1b 1600 400 

 

This darker region indicates a 

higher frictional stress.  

Figure 5.3: Frictional stress region between tool surface and work piece surface 
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1 1250 300 

 

2 1250 400 

 

3 1250 500 

 

4 1600 400 

 

 

Thermal imaging data 

1. Spots were placed in areas of interest and temperatures were recorded along that 

point for the weld time. Average temperatures along the tool are also noted. 

2. Based on these locations, temperatures at different times are considered for the dwell 

time and compared with temperatures of other weld trials.  

3. A temperature increase rate is determined for each weld 
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4. Total heat transfer based on theory is calculated and is used to determine an 

approximate value for the convection coefficients to match this value. A contact 

variable is assumed to be sticking to calculate the aforementioned. 

5. Further, these temperatures are determined along an approximate point of the weld 

line to compare with FEA. 

6. The heat transfer can be used to compare with that of the FEA and conclusions may 

also be determined from the assumptions and approximations made. 

5.3.1 Sample calculation for heat transfer values 

Total heat transfer is calculated for the various conditions for the contact between the surface, 

namely, sticking, sliding or a combination of these two. The common parameters for describing 

the tool are outlined in Table 5.4; 

Table 5.4: Tool parameters values 

Symbol Description Value 

Rs Shoulder radius 12 mm 

Rp Pin radius 5 mm 

Rc Clamped tool radius 20 mm 

Hp Pin height 1.4 mm 

ω Rotation speed 130.9 rad/sec 

AS Area of shoulder 113.1 mm2 

Ac Area of clamped tool 314.16 mm2 

v Velocity (ωr) 0.785 m/s (Shoulder speed) 

 

Sticking condition, assumes the shear contact is equal to the yield stress of the material over 

the square root of three, therefore based on equation     (2.17 the total heat generation is; 

𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =
𝜎𝑦𝑠

√3
=

289𝑀𝑃𝑎

√3
= 166.85 𝑀𝑃𝑎 

Therefore,  

𝑄𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙 =
2

3

𝜎𝑦𝑠

√3
𝜋𝜔 ((𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − 𝑅𝑝𝑟𝑜𝑏𝑒
3 )(1 − tan 𝛼) + 𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 + 3𝑅𝑝𝑟𝑜𝑏𝑒
2 𝐻𝑝𝑟𝑜𝑏𝑒) 

α= 0  

So substituting the above parameters yields the result of; 
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𝑄𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙 = 11.08 𝑘𝑊 

For sliding conditions 

𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜇𝑃𝐶𝑜𝑛𝑡𝑎𝑐𝑡 

𝑃𝐶𝑜𝑛𝑡𝑎𝑐𝑡 =
𝐹

𝐴𝑠
 

The force is calculated using the CNC information given for the maximum power it has and for 

the maximum rotation it can produce. Based on Appendix 4: CNC information, the maximum 

power and maximum rotation it can produce is 2.2 kW and 2000 rpm respectively. 

Assuming a linear relationship between these, and knowing the rotation of the test piece, an 

estimated power at which it is operating at for that particular rotation is therefore as follows; 

𝑃𝑜𝑤𝑒𝑟

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛
=

𝑃𝑚𝑎𝑥

𝑅𝑚𝑎𝑥
=

𝑃1

𝑅1
 

2200

2000
=

𝑃1

1250
→ 𝑃1 = 1.375 𝑘𝑊 

∴ 𝐹 =
𝑃1

𝑣
=

1.375

0.785
= 1.75 𝑘𝑁 

∴  𝑃𝐶𝑜𝑛𝑡𝑎𝑐𝑡 =
1.75 ∗ 1000

113.1 ÷ (1000 ∗ 1000)
= 15.5 𝑀𝑃𝑎 

The total heat transfer for pure sliding conditions is calculated using equation  (2.18 

𝑄𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙 =
2

3
𝜇𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝜋𝜔 ((𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − 𝑅𝑝𝑟𝑜𝑏𝑒
3 )(1 − tan 𝛼) + 𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 + 3𝑅𝑝𝑟𝑜𝑏𝑒
2 𝐻𝑝𝑟𝑜𝑏𝑒) 

𝑄𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙 = 411.2 𝑊 

Then for a combination between sliding and sticking the heat transfer is between the values 

above; 

𝑄𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙 < 𝑄𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛,𝑡𝑜𝑡𝑎𝑙 < 𝑄𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙 

411.2 𝑊 < 𝑄𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛,𝑡𝑜𝑡𝑎𝑙 < 11080 𝑊 

The total heat flux is then calculated using equation 2.14; 

𝑞𝑡𝑜𝑡𝑎𝑙 =
3𝑄𝑡𝑜𝑡𝑎𝑙𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

2𝜋𝑟0
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Qtotal is the total heat transfer for either sticking or sliding conditions 

r0 is the distance along the radius 

𝑞𝑡𝑜𝑡𝑎𝑙,𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =
3 × 11080 × 0.006

2𝜋 × 0.006
= 5291 𝑊/𝑚2 

𝑞𝑡𝑜𝑡𝑎𝑙,𝑠𝑙𝑖𝑑𝑖𝑛𝑔 =
3 × 411.2 × 0.006

2𝜋 × 0.006
= 196.35 𝑊/𝑚2 

Following relationships as described in section 2.3.5.1 Heat generation, the convection 

coefficients for the top surface of the work piece and bottom surface of the work piece are 

estimated. From equation 2.9, 

𝑞2 = ℎ𝑞2(𝑇 − 𝑇0) + 𝜀𝐹𝜎𝑆𝐵(𝑇4 − 𝑇0
4) 

𝑞2 = ℎ𝑞2(𝑇 − (25 + 273.15)) + 0.11 × 1 × 5.67 × 10−8(𝑇4 − (273.15 + 25)4) 

𝑄2 = ℎ𝑄2(𝑇 − 25) 

For a temperature of 70.2°C= 343.35K 

𝑄2 = ℎ𝑄2(45.2) 

𝑞2 = ℎ𝑞2(45.2) + 37.4 

The increase of heat content to the work piece described as Q is formulated as the additional 

heat flux 

𝑄 = ℎ𝑄(𝑇 − 𝑇0) 

𝑄 = ℎ𝑄(45.2) 

𝑄1 = ℎ𝑄2(45.2) + ℎ𝑞2(45.2) + 37.4 + ℎ𝑄(45.2) 

The sum of convection coefficients 

5291 − 37.4

45.2
= ℎ𝑄2 + ℎ𝑞2 + ℎ𝑄 

116.23 = ℎ𝑄2 + ℎ𝑞2 + ℎ𝑄 

If we assume a percentage of each surface contributing to the heat transfer rate, estimation 

for the convection coefficients for each can be calculated. These percentage estimations are 

given in Table 5.5, where the convection coefficient value is also then calculated. 
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Table 5.5: Convection coefficients estimation for each contributing surface 

 hq2 (W/m2K) hQ2 (W/m2K) hQ (W/m2K) 

Percentage 

contribution 

0.65 0.25 0.1 

Value  75.5 29.05 11.62 

 

Heat flux from tool shoulder equation 2.12 is as follows, 

𝑞1 = 𝜇𝐹𝜔𝑅2𝜋 

𝑞1 = 0.4 × 1750 × 130.22 × 0.006 × 2𝜋 = 3455.75 𝑊/𝑚2 

𝑞1 = 𝑞1𝐴𝑆 = 3455.75 × 0.0001131 = 0.391 𝑊 

If, 𝑞1 = ℎ𝑞1(𝑇 − 𝑇0) , then  

ℎ𝑞1 =
𝑞1

(𝑇 − 𝑇0)
=

3455.75

45.2
=  76.45 𝑊/𝑚2𝐾 

This convection coefficient is only applicable for a temperature at 70.2°C. 

This leads to the convection coefficient for the clamped tool to be calculated, using equation 

2.6; 

𝑄3 = 𝑞1 + 𝑄4 

11080 = 0.391 + 𝑄4 

𝑄4 = 11080 − 0.391 = 11079.61 𝑊 

ℎ𝑞1 =
𝑞1

𝐴𝐶(𝑇 − 𝑇0)
=

11079.61

0.000314 × 45.2
= 35.27 𝑘𝑊/𝑚2𝐾 

Average convection coefficients were calculated for the weld trails, based on the calculations 

above. The average convection coefficients are for the dwell period only.  Table 5:8, 

represents the flux heat transfer for the different rotational speeds. It can be noted that for the 

same rotational speeds, the heat flux is the same as a result of the equation only have the 

tools parameters for influence and the contact stress which is influenced by the friction 

coefficient (which is assumed constant at a value of 0.4, for simplicity purposes for calculation) 

and force acting upon the work piece. If there are to be discrepancies for the values, this will 

surely come into effect with the force value, and should be determined experimentally as well. 
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Though, for the purposes given a force value (dependant on the rotational speed) was 

determined and used in all calculations.  

5.3.2 Convection coefficients and heat transfer values of weld trials 

Based on the calculations above for the weld trials, the following data is represented for each 

model. Table 5.6 depicts the average convection coefficients found within the rectangular area 

shown in the images alongside for each trial number. 

The square areas chosen where located between the tool and work piece areas. This is so 

that a uniform temperature comparison could be obtained instead of including areas of the 

work piece that are the retreating and advancing side of the tool.  

Table 5.6: Average convection coefficients for the tool during dwell time 

Trial 

number 

hQ4 (kW/m2K) hq1 (W/m2K) Spot locations for average 

temperature on tool 

surface 

1a 960.99 94.16 
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1b 1399.22 107.13 

 

3 1538.44 117.8 

 

4 2945.28 288.6 
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The convection coefficients for each of the weld trials for the work piece surfaces is given 

below (Table 5.7), also to note the estimated contributions coming from each since the total 

heat transfer was calculated and each surface has a fraction of this. 

Table 5.7: Average convection coefficients on work piece surfaces during the dwell period 

Trial number hq2 (W/m2K) hQ2 (W/m2K) hQ (W/m2K) 

% Contribution 

of each 

0.65 0.25 1 

1a 14.85 5.7 2.28 

1b 15.7 6.03 2.4 

3 24 9.2 3.7 

4 72.5 27.9 11.15 

 

For sticking and sliding conditions, the following was obtained, where the sticking condition is 

largely affected by the rotation of the tool piece. These values of heat transfer for the various 

weld trials are shown below in Table 5.8. 

Table 5.8: Heat transfer for sliding and sticking for dwell period 

Trial 

number 

Rotation 

(rpm) 

Feed rate 

(mm/min) 

Total Heat transfer 

(W) -Sliding 

Total Heat transfer 

(W)-Sticking 

1a 1250 400 196.35 5291.02 

1b 1600 400 196.35 6772.51 

1 1250 300 196.35 5291.02 

2 1250 400 196.35 5291.02 

3 1250 500 196.35 5291.02 

4 1600 400 196.35 6772.51 

 

Temperature results from the FLIR tools + software was obtained by placing points across the 

weld line. The results will be discussed in more detail in the discussion to follow, but other 

comments are made on the graphs to describe the different areas as well as certain 

discrepancies that appear which do affect the temperature output. This is to also to note the 

difference in temperatures from the advancing and retreating side and can be neatly shown in 

the graphs that follow. The locations for these spots for each weld trial are given in Table 5.9. 
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Table 5.9: Spot locations for temperature graphs 

Weld trial 

number 

Spot allocations for temperature data 

3  

4 

 

1a 

 

1b 

 

 

Table 5.9 outlines the corresponding spot details which correlate with the specific graphs 

below. The temperature details were extrapolated from the FLIR tools + software which 

yielded the following graphs; 

A few points to note are the following; 

• Each part is shown which represents the dwell and feed rate phases 

• The camera was set for values between 100°C and 650°C. This is for finer clarity 

of the image, since at higher temperatures, the resolution is not as clear. This is 
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also the reason as to why there are straight lines in the graphs for the maximum 

temperatures, since at these points, which may lie on the tool piece, are actually 

at a higher temperature than 650°C at the emissivity value set for the work piece. 

• The emissivity value has an effect on the output temperature as discussed, and 

when performing the calculations for the tool piece surface, this value was 

changed in order to obtain a true temperature value for the tool. These graphs 

however, are set to the emissivity value calibrated for the work piece 

This first Figure 5.4, clearly shows the behaviour of the temperature for the stages of the FSW 

process.  

 

 

 

 

 

 

 

 

 

It can be noted that spot value 2 and spot value 1 are on the retreating side of the tool and 

spot value 4 and spot value 5 are on the advance side, since the temperature at point 1 and 

2 are at lower temperatures than spot values 4 and 5. This is based, not only in literature 

where it was found that the advance side has a slightly higher temperature than the retreating 

side, but graphically it was noted which was the advance and retreating side of the tool. 

In the next figure, Figure 5.5, with a higher rotation speed but slower federate, whereas before, 

the dwell time represents the temperature increasing over that period of time. Again as 

explained, the retreating and advancing side can be clearly depicted. 

 

 

 

Dwell period Feed rate 400 mm/min  

Figure 5.4: Temperature plot versus weld time for 1250 RPM and 500 mm/min feed rate 

weld trial 
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The next Figure 5.6, has the same parameters set for the rotation and feed rate as in Figure 

5.4. The erratic behaviour of the lines represent the unsteady handling of the camera but it is 

still consistent with the temperature trend as seen in the previous figures. 

 

 

 

 

 

 

 

 

 

 

The final figure, Figure 5.7, has the same parameters as that of Figure 6.5. Each phase of the 

FSW process is also represented and erratic behaviour for this set of results is the same as 

before where the camera handling was to blame but still follows the same trend for increasing 

temperature over a period of time for the dwell period. 

Dwell period Feed rate 400 mm/min  

Dwell period Feed rate 400 mm/min  

Figure 5.5: Temperature plot versus weld time for 1600 RPM and 400 mm/min feed rate 

weld trial 4 

Figure 5.6: Temperature plot versus weld time for 1250 RPM and 400 mm/min feed rate 

weld 1a 
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The above graphs represent a similar trend for the various parameters set. The discrepancy 

of values (if required the same) and erratic behaviour of the lines could owe to the following; 

• Unsteady camera and camera angle (As this camera angle influences the emissivity 

value) 

 Other points already mentioned but summarised as follows; 

• Spot 1 and 2 are located on the retreating side of the tool and spots 4 and 5 on 

the advance side since these spots depict higher temperature values than spot 

1 and 2. 

• Flat parts of the graph, represent the maximum limit of the range of temperature 

reached since the thermal imaging was recorded between 100°C and 650°C. 

This temperature range was chosen since we assume that the work piece 

material only reaches 80%-85% of its melting temperature which is only in the 

region of 450°C of the aluminium alloy 

5.4 Summary  

A temperature comparison was shown for the various FEA models run, whereby some 

correlation between some models existed. Heat flux transfer was calculated for the models 

that depicted strong correlation with each other. These values show a close relation for the 

heat flux of the tool, but the heat flux for the backing plate depicts a wide difference, which will 

need to be addressed.  

Dwell period 

Feed rate 

400 mm/min  

Figure 5.7: Temperature plot versus weld time for 1600 RPM and 400 mm/min feed rate weld 

1b 
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Some images taken from the FEA for the frictional stress depicts an interesting phenomena 

which is already known, but clarified in the model. This is the direction in which the tool rotates 

and the effects of the advance and retreating side of the weld line. A higher frictional stress is 

thus experienced on the advance side of the weld and hence a higher temperature is expected 

in this region as well. 

Weld trials were performed and images of these welds have been recorded. Since the 

convection of the work piece and tool are unknown, but the temperatures have been recorded, 

this data will be processed to estimate the convection coefficients for the relative surfaces and 

hence the heat flux can be calculated as well. 

Temperatures across the weld are documented, whereby each begin and end phase has been 

shown. The temperatures in each phase also offer insight into the heat generation of the FSW 

process. It can be seen that during the weld, temperature increases gradually as the frictional 

contact between the two surfaces increases. During the feed rate, there is a slight drop in the 

temperature as the tool moves along the weld line. Although contributing factors could include 

the alignment of the thermal camera to the surface of the work piece.   
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Chapter 6 

6. Results 

6.1 Introduction 

The results outlined are those taken from the processed data for comparison with the FEA 

model and weld trials. The following data will be compared and relationships will try be 

determined for further processing; 

• Heat fluxes 

• Temperatures 

• Convection coefficients for surfaces 

• Trend data for temperatures across the weld and for different parameters 

6.2 Finite Element Modelling 

The average heat flux for the tool and work piece are given in the table below after which the 

total heat flux transfer is given. The specified convection coefficients were used to calculate 

the following values (Table 6.1); 

Table 6.1: Heat flux transfer values for certain FEA models specified 

Model 

Number 

q1 heat flux transfer 

for tool kW/m2 

Q4 heat flux transfer 

for the tool  kW/m2 

q2 heat flux 

transfer for the 

work piece  

kW/m2 

Q2 heat flux 

transfer for the 

work piece 

kW/m2 

8 25.61 102.44 60.94 256.09 

10 27.26 109.03 42.21 272.58 

12 27.26 109.03 42.21 272.58 

14 31.80 127.19 59.11 158.99 

17 25.02 100.08 45.29 166.80 

 

The total heat flux transfer were calculated using equations 2.5 and 2.6 and Table 6.2 displays 

the heat flux transfer for the values obtained in the FEA model. This is the average heat flux 

transfer calculated over the entire length of time for the dwell time. These calculated values 

are given in Table 6:2. 
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Table 6.2: Total heat flux transfer for FEA models 

Model 

Number 

Total heat flux 

transfer for tool 

kW/m2 

Total heat flux 

transfer for the work 

piece (Q1-Q) kW/m2 

8 128 317.04 

10 136.29 314.79 

12 136.29 314.79 

14 158.99 218.10 

17 125.09 212.08 

 

Average increase in temperature for the models was determined within the temperature result 

ranges obtained for the same period of time. The reason for this is that some models had more 

results for a longer process time where others did not, so a uniform comparison could be made 

by determining the average temperature increase (Table 6.3) within the same range. 

Table 6.3: Average increase in temperature for FEA models 

Model 

Number 

Average increase in 

temperature (°C/s) 

8 1048.05 

10 1251.21 

12 1251.21 

14 779.38 

17 949.65 

 

6.3 Weld Trials 

Results of the weld trials are represented below and were obtained using the same method 

as outlined in 5. Data Processing for sample calculation for the weld trials. Initially total heat 

flux was determined for the sliding and sticking conditions along the radius of the shoulder of 

the tool. It can be noted that in Table 6.4, the heat flux decreases outward and the reason for 

this is that the inner most part generates heat and this is generated outward. 

Table 6.4: Total heat flux along radius for both contact conditions 

Radius until 

shoulder radius (r0) 

Total heat flux 

(Sliding)- W/m2 

Total heat flux 

(Sticking)- W/m2 
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0.001 1178.08 31746.14 

0.0015 785.39 21164.09 

0.002 589.04 15873.07 

0.0025 471.23 12698.45 

0.003 392.69 10582.05 

0.0035 336.59 9070.32 

0.004 294.52 7936.53 

0.0045 261.80 7054.70 

0.005 235.62 6349.23 

0.0055 214.20 5772.02 

0.006 196.35 5291.02 

 

After determining the convection coefficients, these were used to determine the total heat flux 

and an average was taken over the dwell time period. This result is shown below in Table 6.5. 

Table 6.5: Average for work piece of weld trials 

Weld 

trial 

Total heat flux transfer 

for the work piece (Q1-

Q) W/m2 

1a 4917.09 

1b 6262.92 

3 4897.98 

4 6262.99 

 

Based on the above, it can be seen for higher tool rotations, the heat flux is higher than for 

lower tool rotations, both which are also set at constant feed rate values. 

Convection coefficients for the first two seconds were determined for the weld trials as this 

would give a uniform comparison with the FEA models time, for which it was analysed within. 

These average heat convection coefficients results for each weld trial are shown below in 

Table 6.6.  

Table 6.6: Average heat convection coefficients before the first 2 seconds of the weld trial 

Trial number hq2 (W/m2K) hQ2 

(W/m2K) 

hQ (W/m2K) 
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% Contribution of each 0.65 0.25 0.1 

1a 88.22 33.93 13.57 

1b 453.9 174.6 69.83 

3 80.79 31.08 12.43 

4 88.01 33.85 13.57 

 

The same was done for the tools convection coefficients and to note the emissivity value for 

this data was changed to the emissivity value of the tool, since it is required to use the correct 

surface temperature for that particular surface. These results are recorded in Table 6.7.  

Table 6.7: Convection coefficients for the tool for first 2 seconds of dwell time 

Trial number hq1 (W/m2K) hQ4 (MW/m2K) 

1a 522.08 5.32 

1b 641.70 8.38 

3 303.68 3.10 

4 951.72 12.43 

 

The change in temperature was also observed for future FEA comparison as the rate of 

temperature increase could help determine the heat generation rate that is inserted as a 

command in the FEA model. These changes in temperature are results obtained from the data 

obtained in the weld trials and are given in Table 6.8. 

Table 6.8: Average change in temperature for the first 2 seconds of work piece and tool 

Trial number T-TO (Work piece) T4-TO
4 (Work piece) T-TO (Tool) 

1a 38.79 5E09 7.36 

1b 9.74 1.1E09 5.48 

3 43.93 5.9E09 11.38 

4 51.72 7.17E09 3.63 

 

The above data reveals that average change in temperature has a higher increase in 

temperature rate for higher tool rotations. Although, trial 1b depicts change in temperature 

being lower for the higher tool rotation, these experiments also show erratic behaviour of 

points due to unsteady camera position and were initial tests performed as trials before trials 

1-4 were achieved by including a procedure for the best possible recording of thermal data. 
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Below is the average increase in temperature rate, which one can again note the same trend 

as described in the change of temperature. Where, 1b shows a slower rate of increase which 

it should be higher due to the higher rotation of the tool causing a higher friction and hence 

heat generation increase between surfaces. 

Table 6.9 depicts the increase in temperature over a 2 second dwell period for the work piece 

and tool for the weld trials performed. 

Table 6.9: Average increase in temperature for work piece and tool for the entire dwell 

duration as well for the first 2 seconds of the dwell period are recorded. 

Model 

number 

Increase in temperature (Work piece) 

°C/s first 2 seconds and over dwell time 

Increase in temperature (Tool) °C/s 

first 2 seconds and over dwell time 

1a 175.97 52.12 174.95 15.76 

1b 174.92 28.63 1346.69 61.47 

3 36.27 22.05 13.07 6.64 

4 168.24 23.04 26.27 1.61 

 

Heat flux (Table 6.10) for each is calculated as shown in the sample calculations in the data 

processing for the weld trials. 

Table 6.10: Heat flux for work piece and tool during first 2 seconds of dwell time 

Model 

number 

q2 (W/m2) 

Q2 

(W/m2) Q (W/m2) 

Q1  

(Total heat 

flux) (W/m2) 

q1 (W/m2) Q4 

(MW/m2) 

 

Q3 

(MW/m2) 

 

1a 3.45E+03 1316.145 526.3803 5.29E+03 3842.51 39.155 39.159 

1b 4.43E+03 1700.604 680.1442 6.81E+03 3516.52 45.922 45.926 

3 3.59E+03 1365.344 546.0499 5.50E+03 3455.88 35.278 35.282 

4 4.60E+03 1750.722 701.8404 7.05E+03 3454.74 45.121 45.124 

 

Total heat flux for various surfaces depict higher values at higher rotation speeds. In 

comparison, between the different weld trials for the same parameters, similar values have 

been obtained, indicating some error but still fairly similar for the same rotation and feed rate 

values. 

Error in calculated values based on differences between each are determined for each of the 

weld trials with the same parameters (Table 6.11). 
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Table 6.11: Error for total heat flux values on surfaces for weld trials of the same parameters 

Trial comparison  Parameters Error % 

1a and 3 1250 RPM and 400mm/min 3.8 % difference 

1b and 4 1600 RPM and 400mm/min 3.4 % difference 

6.4 Comparison of FEA and weld trial results 

A comparison of the heat flux and convection coefficients is represented below in Figure 6.1 

for the FEA results and Weld trial results.  

The following initial observations are made; 

• The model heat flux values are far higher than the weld trial heat fluxes, this is due 

to the rotation values set for the model being a lot higher than the rotation values 

used in the weld trials. 

• Heat flux Q2 depicts a vast difference in a proportional relationship in comparison with 

FEA and weld trials. Q2 depicts a higher value than that found in the weld trials. Based 

on this it is assumed that an initial assumption that this value contributes a higher 

percentage to the total heat flux is incorrect and has been corrected in the processed 

data based on result findings following this section. 

• Heat flux q1 and Q4 depict a similar proportional relationship in comparison of FEA 

and weld trail results. 

• q2 requires more observation but it does reveal a similar proportional relationship 

depicted between the two comparisons.  
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Figure 6.1: Heat flux comparison for each contributing surface for the FEA and weld trials 

 

 

 

 

 

 

 

 

 

 

 

 

The following is observed for each of the convection coefficients for the weld trials and FEA 

model, these comparisons are represented graphically in Figure 6.2; 

• Weld trials have a higher convection coefficient values than the FEA model initially 

used. 

• Since the weld trials convection coefficients used a percentage value contributing to 

each and the values used in the FEA model were obtained from literature and 

manipulated when looking at various effects, the percentage contribution for the weld 

trials need to be adjusted accordingly. 

• However, based on the higher values obtained for the convection coefficients for the 

weld trials, it can be assumed that the values used in the FEA are required to be of a 

higher value than initially assumed. 

• Hq1 and hQ4 for the weld trials need to be changed for percentage contribution as this 

based on FEA models values, hQ4 requires a higher contribution and therefore value. 
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Figure 6.3: Temperature increase over time for the FEA and weld trials to compare 

 

Figure 6.2: Convection contributions for each surface for the FEA and weld trials 

The temperature results for each are compared and it can be seen that the temperature results 

obtained for the weld trials are far lower than those obtained for the FEA model. This is 

possibly due to the convection coefficients values being very different. This is represented in 

Figure 6.3, where the weld trial and FEA temperature results are represented on one graph to 

show the comparison. 

 

 

 

 

 

 

 

 

 

 

0 200 400 600 800 1000 1200 1400

8

10

12

14

17

1A

1B

3

4

hq2 hQ2 hq1 hQ4



107 
 

0
20
40
60
80

100
120
140
160
180
200
220
240
260
280
300

0 0,5 1 1,5 2 2,5

TE
M

P
ER

A
TU

R
E 

(°
C

)

TIME(SECONDS) 

Weld trial 1a Weld trial 1b Weld trial 3

Weld trial 4 Poly. (Weld trial 1a) Poly. (Weld trial 1b)

Poly. (Weld trial 3) Poly. (Weld trial 4)

Figure 6.4: Weld trial temperature trend data 

Based on the temperature graphs, each of the weld trial temperature results and model 

temperature results were observed separately to see if they followed the same trend. Also, for 

visual purposes, depicting each separately one is able to note that their trend similarities. Both 

temperature results were able to follow a polynomial trend to the power of 5. 

Weld trial temperature results depict that at higher rotation speeds, higher temperatures are 

obtained which follows from previous results and processed data. The FEA model was 

analysed under a various rotation values and the models under comparison are those for 

which the rotation value is more than double that of the maximum rotation specified for the 

weld trials. This also adds to the fact as to why the temperatures are so high. These values 

are only being used, since the models which had the same rotation value set, did not have 

enough data results for a full comparison to be made. 

Each of the temperature results for the weld trial and FEA model are represented separately 

for further information to be obtained. The first Figure 6.4, is that temperature result obtained 

for the weld trial.   

 

 

 

 

 

 

 

 

 

 

The second Figure 6.5, represents the temperature results obtained for the FEA model. Both 

graphs represent a similar trend in increase in temperature for that particular weld time. 

Although, the weld trials depict a slower rate of increase, it is then suggested that the 

convection coefficients initially assumed on the FEA model needs to be revised in order to 

decrease this temperature increase as it shows a rather rapid increase in temperature. 
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Figure 6.5: FEA temperature trend data 

 

 

 

 

 

 

 

 

 

 

6.5 Processing data based on result findings 

Since the model is based on literature attributes, especially for the convection coefficients and 

friction coefficients, the processed data shows that the dominant convection coefficient is that 

of the bottom surface of the work piece to the backing plate. Originally for the weld trial one 

assumed a low percentage contribution. This is now changed and the following results are 

shown, based on that the heat flux of bottom and top surface combined are 90% contributing 

to the total heat flux. This resulted in contributing factors for each surface being in an average 

of 10% and 80% respectively (Table 6.12). 

Table 6.12: Revision of heat flux values for weld trials 

Trial number hq2 (W/m2K) hQ2 (W/m2K) hQ (W/m2K) 

% Contribution 

of each 

0.1 0.8 0.1 

1a 12.43 99.44 12.43 

1b 13.54 108.32 13.54 

3 13.57 108.58 13.57 

4 69.84 558.7 69.84 

 

The above results are another assumption and this value for the backing plate would have 

errors since it is assumed as a convection coefficient which in fact it is conduction. However, 
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Figure 6.6: Work piece convection coefficients for FEA and weld trials after adjusted 

data contributions 

a similar trend can now be noted for the weld trials and FEA model convection values (Figure 

6.6). Where the similarity is that the heat flux for Q2 is far higher than that of q2 

 

 

 

 

 

 

 

 

 

 

 

6.6 Summary 

Results based on the processed data is given, from which a comparison of the heat flux results 

for the FEA model and for the experimental weld trials can be compared.  The temperature 

results of both are also be investigated.  

The results of the temperature comparison prove to be challenging but a fair relationship can 

be determined in that the temperatures for each are increasing in a similar manner, which 

concludes that the model developed is a good representation of the FSW process in this 

regard.  

The convection coefficients for the work piece surfaces need to be developed further in terms 

of those input into the model as models convection is a lot larger than that worked out for the 

weld trials, also their contributions of each surface convection coefficient do depict a similar 

relationship for each other. 
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Chapter 7 

7. Discussion 

7.1 Introduction 

The order of discussion will first outline the model development and special mention to the 

whole process of the final model as it stands. The data for the FEA and for the weld trials 

obtained will be reviewed and any discrepancies discussed in more detail where applicable. 

After results for each will compared and future recommendations based on findings will also 

be briefly suggested. The optimisation of the parametric model will also be discussed further 

in terms of future development and what the current model contributes to enabling this. 

7.2 Model development 

The modelling of the FSW process was an on-going endeavour throughout the investigation. 

It was initially modelled using a basic guidance from the ANSYS APDL (ANSYS parametric 

design language) model of Zhu and Chao [20]. Certain parameters in the model were either 

clarified by literature or used or initial assumptions were made and later discussed and 

developed further where possible. An outlined version of the new model as that compared to 

the other models also developed in ANSYS as mentioned in 2.3.4 Current model features 

versus previous models developed, shows an advance in the FEA model developed not only 

in terms of user friendly interfaces (APDL versus the workbench) but also in terms of 

representation of the new command feature which together with the element SOLID 226 is 

able to represent the model in a more realistic manner by enabling the heat generated by 

friction to be simulated in the model.  

Based on the heat generation ratios outlined in Scmhidt et al [34], the following heat 

contributions were determined and to justify the absence of the tool tip/probe in the model. 

The total heat generated was determined and using the ratios outlined in the equations [34] 

below; 
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Figure 7.1: Extract from the contact command in FEA methodology 

 

The above equations resulted in the following percentage contribution, given in Table 7.1, for 

the proposed dimensions of the tool used. 

Table 7.1: Percentage contributions for each part of the tool 

Ratio Percentage 

contribution (%) 

fprobe side 10.8 

f probe tip 6.4 

 

This amount conforms well to other literature, from which it states that 5% of heat generated 

due to friction (due to probe tip) flows into the tool and remaining amount of heat generated 

flows into the work piece [24].  

This heat generation into the work piece is modelled as a command for the heat generated 

between the contact and target surface between the tool and work piece (Figure 7.1).  

 

 

 

Changes in the model were made either to refine the model or to investigate the influences of 

particular parameters. 

 Plunge depth changes in the model, initially to see the effects thereof since the 

deformation of the plates was shown as an issue, which it was then reduced. It was 

decided to use half the real plunge depth as in the experiment since this worked well 

with the model at the present time. 

 Model size, this was reduced in order to reduce number of elements and hence 

processing time 

 Material thermal properties. Initially, some thermal properties were set as commands 

in the workbench tree, since it was created in a structural transient analysis, but was 

later also seen as redundant since ANSYS has an Engineering Data block where this 

can all be inserted into. The thermal properties were added to the Engineering Data 

via a new component in the interface and not under the structural transient component 

as before. This then allows for the information to be read into the model. 
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 Rotation of the tool in the x co-ordinate was also changed. As outlined in the 

Methodology for the FEA modelling 2 methods were used for the calculation of this. 

Where one of the last models took the approach of both, by working out the degrees 

for a particular rotation and adjusting the time step accordingly. 

 Convection coefficients were changed to see the effects on temperature, which one 

could then determine the rate of temperature increase in the model and compare to 

that of the rate of increase to the weld trials. These boundary conditions have a high 

uncertainty in the fact that little value is really known and it is suggested that more work 

is done in determining these values in order to obtain a better FEA model. 

These changes contributed to the model analysis either in processing time, or to develop 

the model in a more realistic way in that all properties were accounted for correctly. The 

following results would not have been possible without these changes. 

7.3 FEA model processed data 

The heat flux transfer worked out for the FEA model was determined using the convection 

coefficients input and the temperature results obtained from the model. The results obtained 

for each of the sections; 

 Clamped tool (ARG 4) 

o Shows little variation with change in value inserted 

 Shoulder of the tool (ARG 3) 

o This value was kept similar for most of the models and very little variation exists 

in the results 

 Top plate surface (ARG 1) 

o This value was kept the same throughout the models, and little variation exists 

between the models 

 Bottom plate to backing plate (ARG2) 

o This is considered the most important value, as a definite difference in value 

exists for the variations inserted into the model for this convection coefficient. 

The model is proven to be according to literature in terms of that the heat flux 

is higher when the convection coefficients are higher, which the same result is 

obtained in the weld trials. It is immediately apparent when comparing these 

heat fluxes to the convection coefficients specified that in order for the heat to 

be transferred at a faster rate, the convection coefficients needs to be set to a 

higher value. When comparing it is seen that convection coefficients of 300 

W/m2K, the heat flux is over 250 kW/ m2 and for convection coefficients 

between 150 W/m2K and 200 W/m2K, the heat flux ranges in the 159- 168 kW/ 
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m2. These heat flux transfers are also very high compared to the weld trials 

results. More reason as to why the convection coefficients need more attention. 

The average increase in temperature for the FEA models correspond to the heat flux transfer 

obtained and hence the convection coefficient outlined for the bottom of the plate to the 

backing plate. It is clear that the heat transfer rate is higher at this higher convection coefficient 

than at a lower one. 

7.4 Weld trial processed data 

Results for the weld trials lead to interesting developments and outcomes. Although more than 

4 weld trials were performed, it was decided to look at 4 in particular weld trials under similar 

conditions and steady state. Two of the weld trials for each are at 1200 and 1600 rpm 

respectively. Each set was performed at different times which also allowed one to see the 

conformity for the comparisons and how repeatable the procedure is. Although there are some 

discrepancies, results do show some similarity for valid conclusions to be drawn. 

The initial results for the FLIR-temperature comparison for the same weld rotation for various 

weld trials compare fairly well, suggesting better results, whereas the last indicate a greater 

difference. Possible influences could be any of the following; 

 Angle of camera changes further out on the weld line, therefore emissivity value might 

be different 

 Reflective temperature has an influence on final temperature results as well 

 There is also the possibility that the CNC machine has a discrepancy with input which 

results in the uncertainty that the rotation is set correctly, though this last may seem 

unlikely, it just ensures that these parameters need to be checked and ensured that 

they are correct. 

Based on calculations performed to get the heat transfer coefficient with total heat transfer at 

particular temperatures, one is able to conclude whether sticking, sliding or a combination of 

each is occurring. Based on total heat flux transfer, one is able to conclude as to what condition 

the process is undergoing, it is assumed that based on the table for Total heat flux along radius 

for both contact conditions, values lie between the sticking and sliding condition. This 

conclusion is also comparable to literature and is outlined in [25] 

Other notes on the temperature rate for FLIR; 

 Heat flux transfer is higher at higher rotations than at lower rotations and this is due to 

the increase in friction generation rate between the two surfaces. 
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 For higher rotations, the rate of increase in the temperature is faster than those at 

lower rotations. This is a valid conclusion since higher rotations cause faster heat 

generation since friction coefficient increases at a faster rate. With this been said it can 

be concluded that the friction coefficient is some way influenced by the rotation 

parameter of the FSW process. It should be noted however, that for weld trials of 1a 

and 1b for the work piece, there is some discrepancy since the lower rotation exhibits 

a higher increase in temperature rate. Possible reasons for this could be due to the 

camera handling which would lead to, data points being inconsistent when processing 

the temperature results. 

The total heat flux calculated for the tool using equation 10, clearly depicts the heat is mostly 

concentrated from the middle of the tool outwards and distributed along the weld line, where 

the temperature would be expected highest in the middle and gradually decrease from the 

weld line. This type of temperature measurement is difficult to measure experimentally and is 

where the FEA model would contribute to determining these temperatures. This would also 

lead to conclusions of the condition at the centre whether sticking is occurring at this point. 

Together with the aforementioned, correct parameters can then be selected to account for this 

and also would benefit the tool design. 

The convection coefficients for the work piece were first based on an initial assumption that 

the heat from the top surface was the highest, this was to observe the effects thereof the 

varying surfaces and what type of convection coefficients one could expect. Average 

convection coefficients were determined for the dwell period and it can be noted that at higher 

rotations, the convection coefficients are higher, which relates to the rate at which the heat 

transfer is occurring. The tools convection coefficients, especially for the clamped part of the 

tool are very high. Though one can note that for the tools shoulder convection coefficients, 

they relate very similarly to the FEA convection coefficients used for the first few model runs, 

after which it was changed to a lower setting for observation purposes. It is however, 

concluded that for the tool shoulder convection coefficients, one could possibly use 100-300 

W/m2K when inserting this value into the FEA model.  

Factors contributing to the convection coefficients of the clamped surface could be due to the 

force value worked out based on the operating conditions of the CNC machine. Since this 

force value was not measured, there is an uncertainty that it may not be correct. This value 

also affects that of the other values and could outline certain errors for the calculated heat 

transfer and hence the convection coefficients in the weld trial samples. 
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Temperature results obtained by placing spots across the weld line (Figures 5.4-5.7) , clearly 

indicate that a bell shape curve can be made for each of the data points set out in the figures 

for the temperature plots. The steadier the camera is set, the better the temperature results 

will be and can observed in the figures where there are erratic lines, although still depicting 

the correct trend, one will not be able to use those values as reliably as those results which 

show smoother increases in temperature. 

The weld trial did however compare well to each other and although there are many 

precautions and consideration to take into account when setting up the experimental 

procedure for the thermal camera, it was noted that a percentage difference of less than 5% 

for the same parameters was obtained. This then proves to be a very good method in obtaining 

data since with the correct precautions and set up to consider, it makes the experimental 

procedure fairly repeatable and therefore a good comparison to be used with the FEA model 

temperature results. 

7.5 Results comparison 

Average increases in temperature indicate that the models temperatures are increasing at a 

higher rate than the actual weld trials. This is possibly due to the convection coefficients 

specified in the model as well the difference in rotation speeds specified in the model. The 

reason for the comparison of the different rotation speeds for the FEA with that to the weld 

trials is that the FEA model for those rotation speeds had more results to work with and 

compare then the previous models set out. One can notice though however, that the 

convection coefficient for the bottom of the work piece to the backing plate has an effect in the 

model. The higher this convection coefficient the faster the rate of temperature increase rate 

is. Also, therefore in the processing of the weld trials, the percentage of convection coefficients 

can be changed that hQ2 has a contributing factor than originally thought for the hq2 value. The 

convection coefficients for the clamped part of the tool and shoulder of the tool surface can be 

investigated further. After processing the results again to obtain better convection coefficients, 

one is able to make a better estimate of these values 

Comparison of the heat flux transfer depicts higher values for the model than for the weld 

trials. It was mentioned that the convection coefficient for the bottom of the work piece should 

be changed and since the heat flux for the weld trials are much lower and hence their 

convection coefficients, it is suggested that a lower convection coefficient could be used for 

the bottom surface. Based on the bar graph for the coefficients, a relationship in terms of a 

percentage from view should be noted. 
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 For the models, it is noted that the heat flux for q2 is much lower than that of Q2 (which 

these relate to the top and bottom surface respectively). It can then be seen that for 

the weld trials this is in the reverse (but this is also the result of the percentage 

contributions chosen) Since in literature the bottom surface has a higher heat transfer 

rate and it is a result observed closely above, it can be suggested that for the weld 

trials, these values be altered and that the model does indeed depict the correct 

relationship between these two values. 

 For the clamped and shoulder part of the tool, the models depict that indeed the 

clamped part of the tool has a higher value than that of the shoulder which can be seen 

more clearly in comparison for the heat transfers for these two values for the weld 

trials. Therefore, it can be concluded that the clamped tool part should indeed have a 

higher value than the shoulder, which also corresponds to the values obtained for the 

weld trials.  

 However, as mentioned, the FEA model rotation value is at a higher degree and so 

although the values do not compare exact in number, in terms of correlation in 

percentage wise to each other it is comparable. It should also then be noted that for 

higher rotations speeds the convection coefficients and hence heat flux are much a 

higher and for a future recommendation a relationship of the rotational speed and 

convection coefficients can be further investigated.  

Temperature comparisons for the weld trials and model show some varying degree between 

the values obtained. Although the model temperatures are far higher than the weld trial 

temperatures, they do follow the same trend of a curve and then increasing. The models do 

exhibit a higher increase in temperature, but this is due to the parameters inserted into the 

model. It is difficult to assume from these temperature values that the rotation inserted has a 

great affect (which under normal FSW circumstances should exhibit). The only conclusion that 

can be drawn as to why there may be the difference in the trends and that is again the 

convection coefficient specified for the bottom surface of the work piece, since a higher one 

was specified for model 10 and this is clearly shown a higher temperature increase and 

temperature result.  

To see whether any relationship exists between the weld trials and temperatures, although 

the temperatures do not coincide, a polynomial line is fitted to each of the data points. Each 

of the lines were fitted with a polynomial line to the power of 5. This fitted very well for the 

trends with the weld trials having data points lying almost equally in and outside the line, 

indicating some error in the experimental results as is expected, but only slightly. Only one 

data trend does not consist with this polynomial fitting as this gave a linear trend of temperature 
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increasing for model 8. This could be an inaccurate result from the model, since the other 

trends follow quite well with one another and a possible reason could be the iterative workings 

for that particular model run. It is apparent however that for the weld trials temperatures 

obtained, higher rotations, results in higher temperature results. 

After changing the convection coefficients percentage for the weld trials, one is able to depict 

a more comparable relationship between the bottom and top surface coefficients when 

compared between the experimental weld trials and model results. However, as noted in the 

Results section, this value for the backing plate is highly unstable since it has been assumed 

that it takes on a convection coefficient for modelling purposes when in fact it is conduction. 

So although, this comparison can be made, it is an assumption for both to compare. 

In conclusion to the model developed, it is apparent that there are similarities between the 

model and weld trials in terms of the way the model behaves and one can conclude that the 

model does indeed depict the heat generation, but care and more extensive data is required 

for the model to operate within the correct conditions in order to achieve exact results. 

7.6 Optimisation of parametric model 

Based on the information obtained and alternate solutions that are required to be analysed for 

further research and findings, it is highly recommended that the optimisation of those thermal 

parameters needs to be done. Since this model is parametric, it has the potential to be used 

with modeFrontier which is an optimisation tool. One is able to use the experimental findings 

as objectives and since the model is parametric, these parameters can be optimised by 

reducing the minimum difference of the temperature field comparison of the experimental 

results and of the FEA model. This could optimise those parameter values i.e. convection 

coefficient, friction coefficient etc. as mentioned in section 3.3.5 Parametric model features. 

Since the model has various parameters which are affected with one another, a response 

surface method (RSM) can be employed to optimise these values for the various parameters. 

A 3 dimensional response surface can be generated whereby the parameters at the minimum 

will be the optimal value. The RSM utilizes a Design of Experiment (DoE) approach. 

Since the model is a parametric, one can appreciate that it can be implemented with this type 

of optimisation method relatively easily. However, the time to process these results can be 

extremely time consuming and is a fall back to the computational modelling aspect, but the 

information obtained from these models is far beyond that which can be seen experimentally. 

Thus, in determining a clear comparison with the experimental and FEA models, it is beneficial 

to use the FEA to obtain more results over a period of time.   Based on the aforementioned 

with respect to processing time, this is the reason as to why this model has not been optimised 
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in this way. Since resources were limited and the time to process one solution within only the 

FEA model,  the optimisation would have taken far longer to process since the surface of 

results for the FEA model alone for which it would require to input in modeFRONTIER, would 

be extensive in itself. Therefore, the processed results offer some insight as to what the 

parameter values might be, or at least the ranges in which they might be, for the convection 

coefficients, and a curve comparison for the temperatures of the FEA model and weld trials 

offer some revelation for an expected polynomial result that could be implemented to other 

criteria to determine temperatures for various rotations.  Recommendations are set out for 

future work to be developed, not necessarily in the model itself, but more with respect to the 

computation time required to obtain other results and optimisation results. 

7.7 Summary 

Each of the sections above are discussed in detail and given support based on literature and 

results. The following summarises each of the sections outlined above; 

 The development of the model went through various phases and resulted in depicting 

two phases of the FSW process 

 The data processed for the FEA model and weld trials gave some valuable insight in 

terms of the convection coefficients that were used and calculated respectively  

 A fair comparison can be made between the FEA model and the weld trials performed 

as temperature depicted a similar trend over time. This further supports the models 

reliability, although there is still room for improvement in the model 

 Optimisation of the model is the next step in order to obtain values that have proven to 

have some uncertainty and due to the parametric behaviour of the model this is fairly   

reasonable to use with an optimisation tool such as modeFRONTIER
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Chapter 8 

8. Conclusions and recommendations 

8.1 Introduction 

The following conclusions and recommendations are listed below with reference to results 

found. During the course the study, the following workshops and conferences were attended 

by means of a selection process. The current work was presented at various stages of the 

study, where the following final conclusions have been expanded upon to those presented. 

The following events are listed in chronological order: 

 HPC (High performance computing) - 2012 

 IASSA 2012 (International Aerospace Symposium of South Africa) - 2012 

 AeroMat (24th Advacnced Aerospace Materials and Processes) - 2013 

The conclusions drawn are in adherence to the objectives outlined in the initial phase of the 

study and give a brief summary of those objectives achieved as well as important results 

obtained during the study that are applicable to each objective. The recommendations propose 

future work required and where attention is needed to further develop the study in order to 

achieve better results and more in depth knowledge of the FSW process. 

8.2 Conclusions 

 A thermo-mechanical model was developed using the new command features in 

ANSYS version 14.5, for the first two phases of the FSW process.   

 Weld trials were performed for various rotational speeds and feed rates. The 

temperature during the process were recorded using the FLIR T640 thermal imaging 

camera. These experimental welds were processed using the FLIR tools + software in 

order to capture the temperatures at various points of the weld. 

 Heat transfers and convection coefficients were calculated for the weld trials which 

was then used to compare with the FEA model. Due to the dissimilar inputs of the FEA 

model with that of the weld trials for comparison, the temperatures for the FEA model 

far exceed those of the weld trials which indicate that the rotation has a great effect on 

the temperature field. The convection coefficients input into the model need to be 

revised, but the temperature curves correlated to each other in comparison of trends, 
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which leads to the conclusion that the model does predict the correct heat generation 

in correspondence to the weld trials but more attention on the inputs of the model can 

be further developed and investigated should the time for processing be improved. 

8.3 Recommendations 

The following recommendations are for the FEA model as more processing time would allow 

for more results and a greater comparison with that of experimental findings. Although, the 

experimental procedure is also looked at for further development. 

 Since the convection coefficients are highly influential on the output of temperature for 

the model, these values need to be checked and optimised in order to achieve a better 

result.  

 The third step for the FSW process needs to be implemented so the feed rate can also 

be investigated as this will help in understanding the stresses incurred in the weld 

which can be compared to weld trials as well. 

 The friction coefficient needs to be further investigated and a suggestion of a study to 

predict friction coefficients changing with temperature needs to be done as very little 

literature and findings are available on this subject. This value needs to be related to 

the FSW process parameters for the various phases of the weld. These results will be 

highly valuable when inserting inputs into a thermo mechanical modelling when 

predicting temperatures along the weld. 

 Experimental procedure needs to be conducted more strictly, since the thermal 

imaging is extremely sensitive to environmental conditions. Although, these have been 

accounted for as much as possible, there is still minor discrepancies which could be 

why the results are not as consistent as if it were under perfect conditions. These 

perfect conditions for the setup include the exact angle the camera is set to the work 

piece and accounted for as the CNC table moves along the weld. Also, the camera 

needs to be kept as stable as possible and needs to be set so it is not affected by the 

vibrations of the CNC machine. 

 A model with new parameter finding need to be run where the convection coefficient 

for the bottom of the work piece and backing plated needs to be made a lot higher than 

originally thought and other convection coefficients need to be adjusted as well.  

 A relationship needs to be determined for the convection coefficients in order to 

manipulate the heat generation with what is happening realistically and this also 

corresponds to the material of the work piece and tool as well.  

 Optimisation of parameters need to be investigated further, by creating a workflow for 

the parameters to modeFrontier which is an optimisation tool software. It’s 
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recommended that response surface method for optimisation be used since the 

temperature field is vast and an optimisation for all the values would require more than 

two variables. 
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Chapter 10 

10. APPENDIX 

10.1 Appendix 1: Further information on literature models 

The tables are summarised version of the context found for each type of model in the literature 

survey. 

Table 10.1: Numerical models investigated 

Model 
ID 

Model description FSW process 
parameters and 
material 
properties 

Parameters and assumptions 

1 [15] 1. Only one plate is modelled due 
to symmetry. 2. SOLID70 is used 
which has 3D thermal conduction 
and can be used in steady state or 
transient thermal analysis.  
3. Pin is incorporated in model.  
4. Transient thermal analysis is 
used.  
5. Moving heat source with heat 
distribution is used 

Rotation- 800, 
1000, 1200 
rev/min Feed 
rates- 2.5 and 5 
mm/s. 
6061-T6 
aluminium alloy 
plates, 3.1mm 
thick 

5. Thermal conductivity and 
heat capacity are 
dependent on 
temperature.  

6. Heat flux is applied to the 
interface of the tool 
shoulder, pin and work 
piece.  

7. Convection coefficients-
30W/m2 and 300W/m2.  

2 [30] Tool serves as heat sink-Has 
constant ambient temperature on 
outside surface. 

None given Assumed: Maximum temperature 
does not exceed 500° C. 
Radiation is neglected. Material 
properties are temperature 
dependant. 

3 [31] Thermal conductivity, specific heat 
and yield strength depend on 
temperature and used in model. 

304 Stainless 
steel  

Assumptions- Heat is generated 
at constant rate for quasi-steady 
flow. Mass flow is non-Newtonian, 
incompressible, visco-plastic 
material. Partial sticking condition 
at surface of tool and work piece. 

5 [21] 3D Dynamic fully coupled thermal-
stress analysis.  
2. C3D8RT Element is used which 
is an 8 node tri-linear displacement 
and temperature 

 
Plunge rate- 
2.668mm/sec 
(step1) Plunge 
rate-0.493mm/sec 
(Step2) 
Aluminium Alloy 
6061-T6.1mm 
thick plate 
 
 

Assumptions-Frictional contact is 
by Coulomb’s frictional law and 
temperature dependent. Friction 
coefficient=0 at melting 
temperature of material 
 

6 [22] 1. Fully coupled thermo 
mechanical model is created.  

Fixed rotational 
speed range 

Static and kinetic coefficients are 
set to a specific value. Arbitrary 
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2. Nodal degrees of freedom 
include nodal velocities and nodal 
temperature.  
3. Effect of local temperatures on 
for mechanical aspects are 
accounted for by temperature 
dependant material properties of 
the work piece. 

 200-
400rev/min 

Aluminium alloy 
5083-H321 
thickness 3 mm 

Langragian Eulerian formulation 
is used. 
Boundary conditions- Bottom of 
work piece is constrained, Tool 
rotation is maintained, fixed 
contact pressure applied over tool 
and work piece interface, work 
piece is still for first 2 seconds 
after which a constant material 
flow velocity is applied. 

7 [23] 1. Study heat transfer of the work 
piece and tool. 2 DCAX4 element 
type used for the tool. 3. Heat 
source moves along work piece at 
same weld speed set for the tool. 
4. Only half the work piece is 
modelled due to symmetry. 

240 RPM and 
2.36mm/sec weld 
speed. 
Aluminium alloy 
2195 T8 8.1 mm 
thick 

Used thermocouples in 
experiment to determine 
temperatures along weld. 
Temperature dependant material 
properties are used for the tool, 
thermal conductivity, specific heat 
and density. 30W/m2°C is 
conductivity of top surface of work 
piece. Convection coefficient at 
bottom is dependent on 
temperature. 

8 [16] 1. Thermal and mechanical 
welding simulation using a moving 
heat source and temperature 
dependent material properties. 
Used to predict residua stresses in 
butt welds.  
2. SOLID70 element used for 
thermal analysis and SOLID45 
used for structural analysis.  
3. Change in thermal state causes 
change in mechanical state 

Weld speed 
5mm/sec 
ASTM 36 Steel 
plate (carbon 
steel), 3mm thick 

Thermal stresses are results from 
the temperature distribution by 
thermal model from which 
mechanical analysis uses 
previous results to obtain 
displacements 

9 [26] 3D thermo mechanical coupled 
model is developed.  
2. Tetrahedral elements are used.  
3. Backing plate and tool are for 
thermal analysis only. 

 (AISI 1045) 
Carbon steel, 3.2 
mm thick  

Constant mechanical properties 
defined in table those that are no 
present are dependent on 
temperature changes. Convective 
heat coefficient- 20 W/m2 °C. 
Heat transfer between tool and 
work piece- 11kW/m2 °C. Friction 
coefficient is dependent on 
temperature. 
 
 

10 
[20] 

3D nonlinear thermal and thermo-
mechanical analysis using FEA.  
2. Investigate the effect of material 
properties which are temperature 
dependent on the transient 
temperature, residual stresses and 
distortion in welding process.  
3. Thermal analysis performed 
which results are transferred to 
thermo-mechanical analysis 

 5025-H32 
Aluminium alloy, 
6.25mm thick 
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11 
[13] 

Moving co-ordinate is used to 
model the moving tool. 

Aluminium Alloy 
6061-T6.12.7mm 
thick plate 
 
Constant material 
properties 
 
 
 
 

Yield stress strongly depends on 
temperature. 

12 
[27] 

3D heat and material flow. 
2. Analysis physical properties 
within the weld.  
3. 3-D Navier stokes equations are 
used as well as non-linear 
dynamics. 
4. Software offers temperature and 
heat generation field outputs as 
well as velocity profiles and 
pressure distributions.  

Wed speed- 
20mm/sec. Tool 
rotation-1200rpm. 
Aluminium 6061-
T6 7mm thick 
plate 

1. Assumption that the material 
surrounding to tool is at eutectic 
temperature.  
2. Constant temperature 
conditions are used. 

13 
[32] 

Thermo-mechanical problem is 
modelled. 

  Thermo physical and thermo 
mechanical material properties 
are taken into account. 

14 
[17] 

3D nonlinear thermal mechanical 
simulation. Arbitrary Langragian 
formulation is used. Predict 
numerical thermal distribution of 
aluminium alloy 7020-T53. 
SOLID70 is used for the thermal 
analysis. Heat loss is modelled by 
convection. 

Welding speeds-
40mm/min and 
16mm/min. 
Rotation-900rpm 
and 1400 rpm. 
Aluminium alloy 
7020-T53, 5 mm 
thick 
 
 
 
 
 
 
 
 
 

K-Type thermocouples are used. 
Transient temperatures are 
recorded. Thermal analysis of 
FEA performed. Newton Raphson 
and non-linear equations are 
used in analysis. 

15 
[18] 

Study thermal history and thermo 
mechanical process in butt welds. 
2. Residual stress measured using 
X ray diffraction is used to validate 
model.  Considering the 
mechanical effect of the tool, 
stresses in the weld can be 
determined by the impact of the 
thermal effect of the FSW. 

Rotation-500rpm 
and welding 
speed is 
140mm/min. 
Aluminium alloy 
6061-T6, 6 mm 
thick 

Temperature dependent 
properties are used up to a 
particular temperature (371Deg 
C) which after temperature 
dependent properties are 
extrapolated for the material. 
Constant friction coefficient is 
used. Langrangian FEM is used. 

16 
[33] 

Computational modelling involves 
the following difficulties when 
developing this: Material 
deformation, heat generated due to 
sliding which depends on unknown 

  iSTIR is a thermal analytical 
model and is a 'reverse 
engineering approach'. Integra3D 
is code associated with the 
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friction coefficient, materials 
thermo-mechanical properties, 
thermal flow into the tool and work 
piece. 

numerical modelling of FSW 
written in FORTRAN code.  

17 
[24] 

Fully coupled thermo-mechanical 

FE model. Modelling of work piece 

material behaviour and interaction 

between plastic deformation and 

dynamic recrystallisation process. 

 Aluminium alloy 
5083-H131 

Heat generation equations are 
considered as well as heat and 
mass transfer equations are 
investigated using conservation 
equations of energy and 
momentum. Material flow of the 
work piece and temperature fields 
of the model are investigated. 
Process parameters and tool 
design are also considered. 

18 
[28] 

Predicts heat generation from 

thermal properties, process 

parameters and physical attributes 

from the tool and work piece. 

Couples 3D thermal model which 

involves calculating the heat flow to 

a 2D axisymmetric flow model to 

calculate the heat generation. 

 

 

Aluminium alloy 
2024, 7449 and 
6013 
350rpm and 
350mm/min 
 

Thermal model is used to predict 
the temperature near the tool 
surface using the thermal 
properties associated with the 
process. The 2D axisymmetric 
model predicts the rotational flow 
around the tool. Thermal model 
involves four different pathways 
for the loss of heat which these 
are used as the convective heat 
transfer coefficient. This 
coefficient is temperature 
dependent but is difficult to 
determine since its sensitive to 
the material condition but since 
volume of material is small, 
assuming a room temperature 
value is a viable option.  

19 
[25] 

Thermo mechanical coupled model 
is developed. C2D8RT elements 
are used which is an 8-node, 3D 
temperature displacement coupled 
element. 

 Aluminium 2024-
T3, 3 mm thick 

Convection coefficient of 
1000W/m2K is used for the 
bottom surface of the backing 
plate and the rest of the plate 
10W/m2K is used. 

20 
[19] 

Studied model based optimisation 
approach to understand effect of 
input parameters.  Using a 
developed model to study the 
temperature history of the weld as 
well as the residual stresses. 
SOLID70 is used. SOLID185 is 
used to model the plate and is 
switched from the SOLID 70 so it 
goes from thermal to structural. 

304L stainless 
steel 

Material properties used changing 
with temperature; Specific heat, 
thermal conductivity and density. 
Design of experiment technique is 
used to optimise the factors 
affecting the results of the 
process. 

21 
[29] 

Main objective is to assist the 
design of tools by creating a 
numerical model. Visualises 
material flow for the FSW process. 

Experimentally 
various process 
parameter were 
investigated on 

Convection coefficient of 

1000W/m2K is used for the bottom 

surface of the backing plate and 

Figure 10.1: Flow model depicting 

coupling for thermal model 
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Investigation into threaded and 
unthreaded tool profiles using 3D 
CFD model is also done but for 
purposes of the study undertaken 
only information regard 
temperature will be extracted for 
assumptions to be made for 
current model being developed. 
CFD modelling of flow around 
profiled FSW tooling is also 
investigated. 

various thickness 
of plates. 
Aluminium alloy 
7075 

the rest of the plate 10W/m2K is 

used. 

 

 

Results for the numerical model are outlined and the software used for each is also stated.  

Table 10.2: Results and issues discussed for numerical models 

Model 

ID 

Software used to develop 

model 

Results and issues 

1 [15] 

ANSYS APDL and 

HyperXtrude 

Differences are due to the different mathematical models 

used in the software. 2. Maximum temperatures obtained 

near the weld are higher than recrystallizing temperature of 

aluminium. 

 

2 [30]  Not indicated 

As weld time increases, efficiency ratio decreases. 2. Heat 

flux from friction is dependent on the dynamic friction 

coefficient and stresses. 3. Graph depicts efficiency 

decreasing with weld time taking into account plunge or 

without plunge. 

Issues 

Figure 10.2: Rotational speed versus temperature 

result for numerical model 1 
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 Calculating heat transfer efficiency has its 

complications and lacks accuracy. 

3 [31]  Not indicated 

Temperatures on advance side are higher than in retreating 

side due to higher local relative velocity. 

5 [21] ABAQUS/EXPLICIT 

Higher maximum temperature was experienced at the 

tool/work piece and may be due to the approximated friction 

coefficients. 

 [22] ABAQUS/EXPLICIT 

 Constant mechanical properties are used, not changing with 

temperature include- density and specific heat 

 

Figure 10.4: Numerical model 6 modelling result 

7 [23] 

ABAQUS-Tool. WELDSIM- 

work piece   

8 [16] ANSYS 

Good comparison between experimental and FEM. 

 

Figure 10.3: Efficiency of weld over time 

for numerical model 2 

Figure 10.5: Stress along weld line result for numerical 

model 8 
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9 [26] DEFORM 3D 

A higher rotational speed in case 2 gave a peak temperature 

in the FEA model close to peak temperature found 

experimentally.  

10 [20] WELDSIM 

Thermal conductivity, Yield stress and Young’s modulus 

have certain effects on transient temperature, stress and 

distortion respectively. Average conductivity as well as using 

a constant conductivity at room temperature can be used to 

determine temperature. All thermal properties can be taken 

at room temperature. Yield stress has to be a function of 

temperature. 

11 [23]  Not indicated   

12 [27] STIR3D 

Material flow results are given. Software models the flow 

structure and its irregularities consistently that is observed 

micro structurally. 

13 [32] 

Various models are 

discussed   

14 [17] 

Experimental and ANSYS 

APDL 

Results of both compare well, with a 2 % error. Axial load 

decreases with increase in rotational speed. Temperature on 

advance side is higher than retreating side. Temperature 

increases with rotation speed increasing.  

Issues 

 Friction is kept constant. Only thermal model is 

predicted. 

15 [18] 

ANSYS and X-ray diffraction 

used to measure the 

stresses in the weld. 

Highest temperature is at centre of weld. Calculated values 

of temperature are higher than the measured temperatures 

but less after the maximum temperature. Higher welding 

speed produces lower temperatures in weld. Higher stress 

is produced by a higher weld speed. 

 

Figure 10.6: Temperature results for numerical model 15 
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16 [33] 

Discussion of computational 

and experimental FSW 

processes.   

17 [24] ABAQUS/Explicit 

Plastic strain results are discussed and material trajectories 

are concluded based on process parameters. Larger thermal 

gradients are observed in the front of the tool. Higher 

rotational speed results in higher temperatures. 

18 [28] 

Steady state thermal model 

is created in FLUENT. 

Appears as if the boundary condition at the shoulder is a slip 

condition, but using a smaller contact radius, a stick 

condition (simpler model) can be used to predict heat 

generation. 

 

19 [25] ABAQUS/Explicit 

Temperature dependent properties, young’s modulus, 

friction coefficient and shear stress can result in better 

temperature predictions. 

20 [19] 

ANSYS with parametric 

studies 

Peak temperature increases with weld speed. Work piece 

temperature decreases with increase of weld speed. 

Issues 

 Two stages are carried out, from transient thermal 

analysis to a non-linear structural analysis. Process 

variables are limited and future work is suggested to 

perform optimisation on a process model which 

includes more input variables and output responses. 

21 [29] FLUENT 

Slip model indicates that different tool designs affect 

condition whether sticking or slip is occurring or both. 

 

 

Table 10.3: Analytical models investigated 

Model 

ID 

Model description FSW process parameters 

and material properties 

Parameters and 

assumptions 

3 [34] Estimate heat 

generation based on 

different contact 

conditions 

Rotation speed-400rpm, 

welding speed-120mm/min, 

plunge depth 0.2mm. 

Aluminium Alloy 2024-T3 

Yield stress is 

dependent on 

temperature. 
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4 [35] Heat, momentum and 

solute transport model 

with a fixed grid finite 

difference method is 

used. 

Aluminium alloy 1200  and 

aluminium alloy 6061 

Friction coefficient, 

sticking condition, heat 

transfer coefficient at 

bottom surface and 

extent of viscous 

dissipation are important 

parameters considered 

that affect output results. 

5 [36] Predict maximum 

temperature using 

characteristic curves to 

determine temperatures 

for Sc-modified and Al-

Zn-Mg-Cu alloy. Uses 

Mikron M7815 thermal 

imaging camera to 

obtain temperature 

profile. 

225,250,300 & 400 rev/min 

Sc-modified and Al-Zn-Mg-

Cu alloy 

 

Friction coefficient is 

dependent on 

temperature. 

Calculations changed 

friction coefficient 

depending in energy 

levels value and was 

adjusted accordingly. 

6 [37] Investigates the heat 

generated due to plastic 

deformation within work 

piece and the friction 

between the surfaces 

using an energy based 

model. 

Aluminium alloy 6000 and 

7000 series. 

Average value of friction 

coefficient for sticky 

condition is 0.5 and 0.25 

for sliding condition and 

is dependent on the 

energy value. 

7 [13] Moving co-ordinate is 

used to model the 

moving tool. 

Aluminium Alloy 6061-

T6.12.7mm thick plate 

 

Yield stress strongly 

depends on 

temperature. 

8 [38] Mathematical model 

shows the geometrical 

conditions for heat 

generation 

  Two basic tribological 

processes are involved- 

Pure sliding associated 

with adhesion and pure 

sticking associated with 

the deformation part of 

the process. Constant 

pressure and friction 

coefficient is assumed. 
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9 [39] Investigate optimised 

properties to improve 

tensile strength of the 

joint. Uses Taguchi 

parametric design 

approach. 

RDE-40 aluminium alloy, 6 

mm thick 

Taguchi method 

determines most 

influential parameters 

which are independent 

of variation in 

environmental 

conditions. Uses an 

orthogonal array. 

10 

[40] 

Predicts the transient 

temperature profile and 

stresses developed as 

well as the 3D force 

components. Various 

cases are considered for 

the model. Case 1 and 2 

assume sliding 

condition, case 3 

assumes sticking 

condition, case 4 is 

experiment plunge force 

and first three cases are 

theoretical plunge force. 

 Aluminium alloy 6061-T6, 7 

mm thick 

 

It describes the friction 

coefficient being 

constant during the 

static phase and 

temperature dependant 

when kinetic friction is 

taken into account as a 

result of the condition 

being sliding or non-

sticking. Plastic 

dissipation heat 

generation occurs at 

higher temperatures due 

to the frictional heat and 

is said to only be 

significant during the 

dwell phase and welding 

of the process. Constant 

friction coefficient but for 

sliding condition, is 

dependent on 

temperature. After 

sliding, sticking condition 

is assumed. 

 

Table 10.4: Results for analytical models 

Model 

ID 

Results and issues observed 

3 [34] Close to sticking condition is concluded. 

4 [35] Parameters mentioned important affect the temperature fields: 

Friction coefficient 

Slip condition 
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5 [36] As welding energy increases, discrepancies with relation to experimental data 

and predicted temperature data exists. 

Issues 

 Formula used to calculate weld energy per unit length does not take into 

account heat generation due to plastic deformation. 

6 [37] Heat due to plastic deformation has a significant effect on the temperature 

results. 

8 [38] Combination of sliding and sticking condition exists. 
Issues 

 Uncertainties in values for combination of sliding and sticking exist with 

mathematical model. 

9 [39] (% contribution)Rotational speed (41%0, traverse speed (33%) and axial force 

(21%) affect tensile strength significantly. 

  

10 [40] Experimental depicts a profile that is similar to case 4 for the plunge force but 
similar to case 3 for the tool torque.  
Issues 

 Assumes either slip or sticking condition between rotating tool and work 
piece. This is not always the case. 

 

The following table summarise the parameters and material properties that was used as well 

as any other valid assumptions made for each.  

Table 10.5: Experimental studies investigated 

Model 

ID 

Model 

description 

FSW process parameters and 

material properties 

Parameters and 

assumptions 

1 [41] Investigates 

effect of 

rotational 

speed for 

joining 

dissimilar 

materials. 

Aluminium Alloy 2024-T3 and 

Aluminium Alloy 7075 T6 3mm 

thick 

Constant weld speed-100 mm/min. 

Rotation speeds-400,800,1600, 

2000 /min 

 

Peak temperature and 

deformation rates influence the 

microstructure and grain size 

during the FSW process. 
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2 [43] Investigating 

lap joints of 

aluminium 

alloys 

Aluminium 2024-T3 and Aluminium 

7075-T6, 2.29mm thick 

 

 

 

 

 

 

 

 

 

 

4 [43] Tensile 

strength and 

hardness for 

the FSW 

process is 

evaluated 

under various 

process 

parameters. 

770rpm and 75mm/min. 130rpm 

and 900 rpm with same weld 

speed. 90mm/min and 900rpm. 

Aluminium alloy 6351, 6 mm thick 

Uses Vickers hardness and 

radiography to measure outputs 

welds with various parameters. 

Important process parameters- 

Feed rate, depth of penetration 

and spindle speed (rotation). 

Ratio of tool speed to weld 

speed is 4:3 

5 [44] Analytical 

model to 

estimate heat 

generation 

and the 

parameters 

that affect this 

are 

investigated. 

Aluminium alloy 2024-T351, 6mm 

thick.  

Dominant influencing 

parameters are, tool geometry, 

technological parameters, 

delivered loads, tribological 

parameters (Friction 

coefficient, contact and shear 

stresses), temperature of the 

work piece and mechanism of 

heat generation. Friction 

coefficient is taken as a 

constant. 

 

Figure 10.8: Tool 

dimensions for experimental 

work 

Figure 10.7: Table of welding 

parameters for experimental work 

2 

Figure 10.9: Table of tool 

parameters for experimental 

work 5 
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10.2 Appendix 2: Material properties 

The material properties come from the references in Matweb [68-70] 

Table 10.6: Aluminium alloy 2024 properties changing with temperature  

Temperature 

(°C) 

Thermal 

conductivity 

(W/mK) 

Specific 

Heat 

(J/kgK) 

Elastic 

modulus 

(MPa) 

Yield 

strength 

(MPa) 

Density 

(kg/m3) 

Thermal 

expansion 

coefficient 

(/10^-6) 

20 164 881 72.4 473 2780 14 

100 182 927 66.5 416.5 2780 23.018 

200 194 1047 63.5 293.5 2780 24.509 

300 202 1130 60.4 239.8 2780 25.119 

400 210 1210 56.1 150 2780 25.594 

500 220 1300 50 100 2780 26.637 

 

Table 10.7: Aluminium Alloy 2024 T3  

Physical Properties Metric Comments 

Density  2.78 g/cc AA; Typical 

Mechanical Properties Metric Comments 

Hardness, Brinell  120 AA; Typical; 500 g load; 10 mm ball 

Hardness, Knoop  150 Converted from Brinell Hardness Value 

Hardness, Rockwell A  46.8 Converted from Brinell Hardness Value 

Hardness, Rockwell B  75 Converted from Brinell Hardness Value 

Hardness, Vickers  137 Converted from Brinell Hardness Value 

Tensile Strength, 
Ultimate  

 

 

 

>= 440 MPa Drawn tube 

>= 475 MPa Wire, rod, and bar (rolled or cold 
finished); T36 

483 MPa AA; Typical 

34.0 MPa 

@Temperature 371 °C 
 

52.0 MPa 

@Temperature 316 °C 
 

76.0 MPa 

@Temperature 260 °C 
 

http://www.matweb.com/tools/unitconverter.aspx?fromID=43&fromValue=2.78
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=440
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=475
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=483
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=34.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=52.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=76.0
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=743&sigid=1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=743&sigid=14
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=743&sigid=17
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186 MPa 

@Temperature 204 °C 
 

379 MPa 

@Temperature 149 °C 
 

455 MPa 

@Temperature 100 °C 
 

483 MPa 

@Temperature 24.0 °C 
 

496 MPa 

@Temperature -28.0 °C 
 

503 MPa 

@Temperature -80.0 °C 
 

586 MPa 

@Temperature -196 °C 
 

>= 435 MPa 

@Thickness 0.203 - 3.25 mm 
Flat sheet 

>= 440 MPa 

@Thickness 3.28 - 6.32 mm 
Flat sheet 

>= 395 MPa 

@Diameter <=6.32 mm 
Wire, rod, bar and shapes (extruded) 

>= 395 MPa 

@Diameter <=6.32 mm 
Extruded tube 

>= 415 MPa 

@Diameter 6.35 - 19.0 mm 
Wire, rod, bar and shapes (extruded) 

>= 415 MPa 

@Diameter 6.35 - 19.0 mm 
Extruded tube 

>= 450 MPa 

@Diameter 19.0 - 38.07 mm 
Wire, rod, bar and shapes (extruded) 

>= 450 MPa 

@Diameter 19.0 - 38.07 mm 
Extruded tube 

>= 470 MPa 

@Diameter >=38.1 mm 
Wire, rod, bar and shapes (extruded); 
Area 25-32 in2 

>= 470 MPa 

@Diameter >=38.1 mm 
Extruded tube; Area 25-32 in2 

>= 485 MPa 

@Diameter >=38.1 mm 
Wire, rod, bar and shapes (extruded); 
Area <25 in2 

>= 485 MPa 

@Diameter >=38.1 mm 
Extruded tube; Area <25 in2 

Tensile Strength, Yield  

 

>= 290 MPa Drawn tube 

345 MPa AA; Typical 

http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=186
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=379
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=455
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=483
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=496
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=503
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=586
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=435
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=440
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=395
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=395
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=415
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=415
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=450
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=450
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=470
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=470
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=485
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=485
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=290
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=345
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=745&sigid=14
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>= 360 MPa Wire, rod, and bar (rolled or cold 
finished); T36 

>= 290 MPa 

@Thickness 0.203 - 3.25 mm 
Flat sheet 

>= 290 MPa 

@Thickness 3.28 - 6.32 mm 
Flat sheet 

>= 290 MPa 

@Diameter <=6.32 mm 
Wire, rod, bar and shapes (extruded) 

>= 290 MPa 

@Diameter <=6.32 mm 
Extruded tube 

>= 305 MPa 

@Diameter 6.35 - 19.0 mm 
Wire, rod, bar and shapes (extruded) 

>= 305 MPa 

@Diameter 6.35 - 19.0 mm 
Extruded tube 

>= 315 MPa 

@Diameter 19.0 - 38.07 mm 
Wire, rod, bar and shapes (extruded) 

>= 315 MPa 

@Diameter 19.0 - 38.07 mm 
Extruded tube 

>= 315 MPa 

@Diameter >=38.1 mm 
Extruded tube; Area 25-32 in2 

>= 330 MPa 

@Diameter >=38.1 mm 
Wire, rod, bar and shapes (extruded); 
Area 25-32 in2 

>= 330 MPa 

@Diameter >=38.1 mm 
Extruded tube; Area <25 in2 

>= 360 MPa 

@Diameter >=38.1 mm 
Wire, rod, bar and shapes (extruded); 
Area <25 in2 

28.0 MPa 

@Strain 0.200 %, 
Temperature 371 °C 

 

41.0 MPa 

@Strain 0.200 %, 
Temperature 316 °C 

 

62.0 MPa 

@Strain 0.200 %, 
Temperature 260 °C 

 

138 MPa 

@Strain 0.200 %, 
Temperature 204 °C 

 

310 MPa 

@Strain 0.200 %, 
Temperature 149 °C 

 

331 MPa 

@Strain 0.200 %, 
Temperature 100 °C 

 

http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=360
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=290
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=290
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=290
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=290
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=305
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=305
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=315
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=315
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=315
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=330
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=330
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=360
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=28.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=41.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=62.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=138
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=310
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=331
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=745&sigid=17
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=745&sigid=31
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345 MPa 

@Strain 0.200 %, 
Temperature 24.0 °C 

 

352 MPa 

@Strain 0.200 %, 
Temperature -28.0 °C 

 

359 MPa 

@Strain 0.200 %, 
Temperature -80.0 °C 

 

427 MPa 

@Strain 0.200 %, 
Temperature -196 °C 

 

Elongation at Break  

 

 

 

>= 10.0 % Wire, rod, and bar (rolled or cold 
finished); T36 

10.0 - 16.0 % Drawn tube 

11.0 % 

@Temperature 149 °C 
 

16.0 % 

@Temperature 100 °C 
 

17.0 % 

@Temperature -80.0 °C 
 

17.0 % 

@Temperature -28.0 °C 
 

17.0 % 

@Temperature 24.0 °C 
 

18.0 % 

@Temperature -196 °C 
 

23.0 % 

@Temperature 204 °C 
 

55.0 % 

@Temperature 260 °C 
 

75.0 % 

@Temperature 316 °C 
 

100 % 

@Temperature 371 °C 
 

10.0 - 15.0 % 

@Thickness 0.203 - 3.25 mm 
Flat sheet 

>= 15.0 % 

@Thickness 3.28 - 6.32 mm 
Flat sheet 

18.0 % 

@Thickness 1.59 mm 
AA; Typical 

>= 8.00 % 

@Diameter >=38.1 mm 
Extruded tube; Area 25-32 in2 

http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=345
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=352
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=359
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=427
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=263&sigid=1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=263&sigid=14
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=263&sigid=17
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>= 8.00 % 

@Diameter >=38.1 mm 
Wire, rod, bar and shapes (extruded); 
Area 25-32 in2 

>= 10.0 % 

@Diameter 19.0 - 38.07 mm 
Wire, rod, bar and shapes (extruded) 

>= 10.0 % 

@Diameter >=38.1 mm 
Wire, rod, bar and shapes (extruded); 
Area <25 in2 

>= 10.0 % 

@Diameter <=6.32 mm 
Extruded tube 

>= 10.0 % 

@Diameter 6.35 - 19.0 mm 
Extruded tube 

>= 10.0 % 

@Diameter 19.0 - 38.07 mm 
Extruded tube 

>= 10.0 % 

@Diameter >=38.1 mm 
Extruded tube; Area <25 in2 

>= 12.0 % 

@Diameter <=6.32 mm 
Wire, rod, bar and shapes (extruded) 

>= 12.0 % 

@Diameter 6.35 - 19.0 mm 
Wire, rod, bar and shapes (extruded) 

Modulus of Elasticity  73.1 GPa AA; Typical; Average of tension and 
compression. Compression modulus is 
about 2% greater than tensile modulus. 

Notched Tensile 
Strength  

379 MPa 2.5 cm width x 0.16 cm thick side-
notched specimen, Kt = 17. 

Ultimate Bearing 
Strength  

855 MPa Edge distance/pin diameter = 2.0 

Bearing Yield Strength  524 MPa Edge distance/pin diameter = 2.0 

Poisson’s Ratio  0.330  

Fatigue Strength  138 MPa 

@# of Cycles 5.00e+8  
completely reversed stress; RR Moore 
machine/specimen 

Machinability  70 % 0-100 Scale of Aluminium Alloys 

Shear Modulus  28.0 GPa  

Shear Strength  283 MPa AA; Typical 

Electrical Properties Metric Comments 

Electrical Resistivity  0.00000582 ohm-cm 

@Temperature 20.0 °C 
AA; Typical 

Thermal Properties Metric Comments 

CTE, linear  21.1 µm/m-°C 

@Temperature -50.0 - 20.0 °C 
 

http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=73.1
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=379
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=855
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=524
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=138
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=28.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=283
http://www.matweb.com/tools/unitconverter.aspx?fromID=115&fromValue=0.00000582
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=21.1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=57483b4d782940faaf12964a1821fb61&propid=182&sigid=1
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22.9 µm/m-°C 

@Temperature 20.0 - 100 °C 
 

23.2 µm/m-°C 

@Temperature 20.0 - 100 °C 
AA; Typical; average over range 

23.8 µm/m-°C 

@Temperature 20.0 - 200 °C 
 

24.7 µm/m-°C 

@Temperature 20.0 - 300 °C 
 

24.7 µm/m-°C 

@Temperature 20.0 - 300 °C 
average 

Specific Heat Capacity  0.875 J/g-°C  

Thermal Conductivity  121 W/m-K AA; Typical at 77°F 

Melting Point  502 - 638 °C AA; Typical range based on typical 
composition for wrought products 1/4 
inch thickness or greater. Eutectic 
melting is not eliminated by 
homogenization. 

Solidus  502 °C AA; Typical 

Liquidus  638 °C AA; Typical 

Processing Properties Metric Comments 

Annealing 
Temperature  

413 °C  

Solution Temperature  493 °C  

Component Elements 
Properties 

Metric Comments 

Aluminium, Al  90.7 - 94.7 % As remainder 

Chromium, Cr  <= 0.10 %  

Copper, Cu  3.80 - 4.90 %  

Iron, Fe  <= 0.50 %  

Magnesium, Mg  1.20 - 1.80 %  

Manganese, Mn  0.30 - 0.90 %  

Other, each  <= 0.050 %  

Other, total  <= 0.15 %  

Silicon, Si  <= 0.50 %  

Titanium, Ti  <= 0.15 %  

http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=22.9
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=23.2
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=23.8
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=24.7
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=24.7
http://www.matweb.com/tools/unitconverter.aspx?fromID=65&fromValue=0.875
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=121
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=502
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=638
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=502
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=638
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=413
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=493
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Zinc, Zn  <= 0.25 %  

 

Table 10.8: Aluminium Alloy 2024 T6  

Physical Properties Metric Comments 

Density  2.78 g/cc AA; Typical 

Mechanical Properties Metric Comments 

Hardness, Brinell  125 500 kg load/10 mm ball 

Hardness, Knoop  157 Estimated from Brinell 

Hardness, Rockwell A  48 Estimated from Brinell 

Hardness, Rockwell B  78 Estimated from Brinell 

Hardness, Vickers  142 Estimated from Brinell 

Tensile Strength, 
Ultimate  

 

 

>= 415 MPa Wire, rod, and bar (rolled or cold 
finished); T62 

>= 425 MPa Wire, rod, and bar (rolled or cold 
finished) 

>= 427 MPa  

34.0 MPa 

@Temperature 371 °C 
 

52.0 MPa 

@Temperature 316 °C 
 

76.0 MPa 

@Temperature 260 °C 
 

179 MPa 

@Temperature 204 °C 
 

310 MPa 

@Temperature 149 °C 
 

448 MPa 

@Temperature 100 °C 
 

476 MPa 

@Temperature 24.0 °C 
 

483 MPa 

@Temperature -28.0 °C 
 

496 MPa 

@Temperature -80.0 °C 
 

579 MPa 

@Temperature -196 °C 
 

http://www.matweb.com/tools/unitconverter.aspx?fromID=43&fromValue=2.78
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=415
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=425
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=427
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=34.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=52.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=76.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=179
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=310
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=448
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=476
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=483
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=496
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=579
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=743&sigid=1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=743&sigid=14
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>= 435 MPa 

@Thickness 12.7 - 76.2 mm 
Sheet and plate; T62 

>= 440 MPa 

@Thickness 0.254 - 12.7 mm 
Sheet and plate; T62 

Tensile Strength, Yield  

 

 

>= 315 MPa Wire, rod, and bar (rolled or cold 
finished); T62 

>= 345 MPa  

>= 345 MPa Wire, rod, and bar (rolled or cold 
finished) 

>= 345 MPa 

@Thickness 0.254 - 12.7 mm 
Sheet and plate; T62 

>= 345 MPa 

@Thickness 12.7 - 76.2 mm 
Sheet and plate; T62 

28.0 MPa 

@Strain 0.200 %, 
Temperature 371 °C 

 

41.0 MPa 

@Strain 0.200 %, 
Temperature 316 °C 

 

62.0 MPa 

@Strain 0.200 %, 
Temperature 260 °C 

 

131 MPa 

@Strain 0.200 %, 
Temperature 204 °C 

 

248 MPa 

@Strain 0.200 %, 
Temperature 149 °C 

 

372 MPa 

@Strain 0.200 %, 
Temperature 100 °C 

 

393 MPa 

@Strain 0.200 %, 
Temperature 24.0 °C 

 

400 MPa 

@Strain 0.200 %, 
Temperature -28.0 °C 

 

407 MPa 

@Strain 0.200 %, 
Temperature -80.0 °C 

 

469 MPa 

@Strain 0.200 %, 
Temperature -196 °C 

 

Elongation at Break  5.00 %  

http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=435
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=440
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=315
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=345
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=345
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=345
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=345
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=28.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=41.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=62.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=131
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=248
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=372
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=393
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=400
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=407
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=469
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=745&sigid=14
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=745&sigid=31
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>= 5.00 % Wire, rod, and bar (rolled or cold 
finished) 

>= 5.00 % Wire, rod, and bar (rolled or cold 
finished); T62 

10.0 % 

@Temperature -80.0 °C 
 

10.0 % 

@Temperature -28.0 °C 
 

10.0 % 

@Temperature 24.0 °C 
 

10.0 % 

@Temperature 100 °C 
 

11.0 % 

@Temperature -196 °C 
 

17.0 % 

@Temperature 149 °C 
 

27.0 % 

@Temperature 204 °C 
 

55.0 % 

@Temperature 260 °C 
 

75.0 % 

@Temperature 316 °C 
 

100 % 

@Temperature 371 °C 
 

>= 5.00 % 

@Thickness 0.254 - 12.7 mm 
Sheet and plate; T62 

>= 5.00 % 

@Thickness 12.7 - 76.2 mm 
Sheet and plate; T62 

Modulus of Elasticity  72.4 GPa Estimated from other heat treatments. 

poison’s Ratio  0.330 Estimated from other heat treatments. 

Fatigue Strength  124 MPa 

@# of Cycles 5.00e+8  
Completely reversed; R. R. Moore 
Machine and specimen. 

Machinability  70 % 0-100 Scale (A=90; B=70; C=50; D=30; 
E=10) 

Shear Modulus  27.0 GPa Estimated from similar Al alloys. 

Shear Strength  283 MPa  

Electrical Properties Metric Comments 

Electrical Resistivity  0.00000449 ohm-cm 

@Temperature 20.0 °C 
AA; Typical 

http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=72.4
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=124
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=27.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=283
http://www.matweb.com/tools/unitconverter.aspx?fromID=115&fromValue=0.00000449
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=263&sigid=1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=263&sigid=14
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Thermal Properties Metric Comments 

CTE, linear  21.1 µm/m-°C 

@Temperature -50.0 - 20.0 °C 
 

22.9 µm/m-°C 

@Temperature 20.0 - 100 °C 
 

23.2 µm/m-°C 

@Temperature 20.0 - 100 °C 
AA; Typical; average over range 

23.8 µm/m-°C 

@Temperature 20.0 - 200 °C 
 

24.7 µm/m-°C 

@Temperature 20.0 - 300 °C 
 

24.7 µm/m-°C 

@Temperature 20.0 - 300 °C 
average 

Specific Heat Capacity  0.875 J/g-°C  

Thermal Conductivity  151 W/m-K AA; Typical at 77°F 

Melting Point  502 - 638 °C AA; Typical range based on typical 
composition for wrought products 1/4 
inch thickness or greater. Eutectic 
melting is not eliminated by 
homogenization. 

Solidus  502 °C AA; Typical 

Liquidus  638 °C AA; Typical 

Processing Properties Metric Comments 

Annealing 
Temperature  

413 °C  

Solution Temperature  493 °C  

Aging Temperature  191 °C 8 to 16 hr at temperature 

Component Elements 
Properties 

Metric Comments 

Aluminium, Al  90.7 - 94.7 % As remainder 

Chromium, Cr  <= 0.10 %  

Copper, Cu  3.80 - 4.90 %  

Iron, Fe  <= 0.50 %  

Magnesium, Mg  1.20 - 1.80 %  

Manganese, Mn  0.30 - 0.90 %  

Other, each  <= 0.050 %  

http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=21.1
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=22.9
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=23.2
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=23.8
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=24.7
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=24.7
http://www.matweb.com/tools/unitconverter.aspx?fromID=65&fromValue=0.875
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=151
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=502
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=638
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=502
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=638
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=413
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=493
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=191
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=ecf8530875cb4ded9675b827f77bfac5&propid=182&sigid=1
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Other, total  <= 0.15 %  

Silicon, Si  <= 0.50 %  

Titanium, Ti  <= 0.15 %  

Zinc, Zn  <= 0.25 %  

 

Table 10.9: Overview of hot-work tool steel  

Physical Properties Metric Comments 

Density  6.45 - 8.19 g/cc Average value: 7.76 g/cc Grade 
Count:55 

Particle Size  6.70 - 12.0 µm Average value: 9.27 µm Grade 
Count:4 

Chemical Properties Metric Comments 

Critical Temperature  732 - 924 °C Average value: 817 °C Grade Count:9 

Mechanical Properties Metric Comments 

Hardness, Brinell  160 - 594 Average value: 294 Grade Count:16 

Hardness, Knoop  431 - 660 Average value: 575 Grade Count:5 

Hardness, Rockwell C  26.0 - 66.0 Average value: 49.7 Grade Count:52 

Hardness, Vickers  325 - 632 Average value: 500 Grade Count:7 

Tensile Strength, 
Ultimate  

1010 - 2310 MPa Average value: 1650 MPa Grade 
Count:34 

Tensile Strength, Yield  800 - 1900 MPa Average value: 1400 MPa Grade 
Count:31 

Elongation at Break  8.00 - 15.5 % Average value: 11.2 % Grade 
Count:15 

Elongation at Yield  12.0 - 16.0 % Average value: 13.3 % Grade Count:4 

Reduction of Area  15.0 - 55.0 % Average value: 41.3 % Grade 
Count:20 

Modulus of Elasticity  203 - 228 GPa Average value: 210 GPa Grade 
Count:36 

Bulk Modulus  140 GPa Average value: 140 GPa Grade 
Count:4 

Charpy Impact  2.71 - 55.0 J Average value: 24.1 J Grade Count:14 

http://www.matweb.com/tools/unitconverter.aspx?fromID=43&fromValue=6.45
http://www.matweb.com/tools/unitconverter.aspx?fromID=43&fromValue=8.19
http://www.matweb.com/tools/unitconverter.aspx?fromID=150&fromValue=6.70
http://www.matweb.com/tools/unitconverter.aspx?fromID=150&fromValue=12.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=732
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=924
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=1010
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=2310
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=800
http://www.matweb.com/tools/unitconverter.aspx?fromID=108&fromValue=1900
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=203
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=228
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=140
http://www.matweb.com/tools/unitconverter.aspx?fromID=59&fromValue=2.71
http://www.matweb.com/tools/unitconverter.aspx?fromID=59&fromValue=55.0
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Machinability  45.0 - 95.0 % Average value: 69.9 % Grade 
Count:18 

Shear Modulus  80.0 - 81.0 GPa Average value: 80.5 GPa Grade 
Count:4 

Abrasion  3.76 - 186 Average value: 88.6 Grade Count:3 

Electrical Properties Metric Comments 

Electrical Resistivity  0.0000500 - 0.0000590 
ohm-cm 

Average value: 0.0000524 ohm-cm 
Grade Count:7 

Thermal Properties Metric Comments 

CTE, linear  7.00 - 14.3 µm/m-°C Average value: 12.3 µm/m-°C Grade 
Count:27 

Specific Heat Capacity  0.418 - 0.461 J/g-°C Average value: 0.457 J/g-°C Grade 
Count:13 

Thermal Conductivity  3.60 - 42.0 W/m-K Average value: 27.7 W/m-K Grade 
Count:29 

Transformation 
Temperature  

785 - 913 °C Average value: 850 °C Grade Count:7 

Processing Properties Metric Comments 

Processing 
Temperature  

540 - 1220 °C Average value: 918 °C Grade Count:9 

Annealing 
Temperature  

399 - 900 °C Average value: 774 °C Grade 
Count:12 

Component Elements 
Properties 

Metric Comments 

Carbon, C  0.300 - 2.10 % Average value: 0.459 % Grade 
Count:64 

Chromium, Cr  1.10 - 6.80 % Average value: 4.49 % Grade 
Count:64 

Iron, Fe  82.3 - 96.0 % Average value: 90.7 % Grade 
Count:50 

Manganese, Mn  0.250 - 1.50 % Average value: 0.476 % Grade 
Count:50 

Molybdenum, Mo  0.200 - 5.00 % Average value: 1.76 % Grade 
Count:61 

Nickel, Ni  1.00 - 1.70 % Average value: 1.53 % Grade Count:6 

Silicon, Si  0.200 - 1.50 % Average value: 0.785 % Grade 
Count:58 

http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=80.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=81.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=115&fromValue=0.0000500
http://www.matweb.com/tools/unitconverter.aspx?fromID=115&fromValue=0.0000590
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=7.00
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=14.3
http://www.matweb.com/tools/unitconverter.aspx?fromID=65&fromValue=0.418
http://www.matweb.com/tools/unitconverter.aspx?fromID=65&fromValue=0.461
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=3.60
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=42.0
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=785
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=913
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=540
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=1220
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=399
http://www.matweb.com/tools/unitconverter.aspx?fromID=2&fromValue=900
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Sulphur, S  0.00100 - 0.0100 % Average value: 0.00373 % Grade 
Count:15 

Tungsten, W  1.00 - 9.15 % Average value: 5.37 % Grade Count:7 

Vanadium, V  0.100 - 5.40 % Average value: 0.919 % Grade 
Count:62 

Table 10.10: H13 Hot work tool steel  

Physical Properties Metric Comments 

Density  7.75 g/cc  

Chemical properties Metric Comments 

Critical temperature 732-924 °C Average value 817°C 

Mechanical 
Properties 

Metric Comments 

Hardness, Rockwell 
C  

 

46 70°F; sample was oil quenched from 
1875°F (1024°C) and double tempered 
at 1100°F (593°C) 

29.0 

@Temperature 538 °C 
 

37.5 

@Temperature 427 °C 
 

39.5 

@Temperature 316 °C 
 

40 

@Temperature 260 °C 
 

41 

@Temperature 204 °C 
 

42.5 

@Temperature 149 °C 
 

43 

@Temperature 93.3 °C 
 

Modulus of Elasticity  

 

207 GPa  

159 GPa 

@Temperature 538 °C 
 

186 GPa 

@Temperature 204 °C 
 

190 GPa 

@Temperature 427 °C 
 

197 GPa 

@Temperature 316 °C 
 

http://www.matweb.com/tools/unitconverter.aspx?fromID=43&fromValue=7.75
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=207
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=159
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=186
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=190
http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=197
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=29eaea186d7b467ba5dbd1e7c22a703e&propid=364&sigid=1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=29eaea186d7b467ba5dbd1e7c22a703e&propid=518&sigid=1
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200 GPa 

@Temperature 93.3 °C 
 

Charpy Impact  20.3 J V-Notch; sample was oil quenched from 
1875°F (1024°C) and double tempered 
at 1100°F (593°C) 

Machinability  65.0 - 70.0 % of a 1% carbon steel 

Thermal Properties Metric Comments 

CTE, linear  10.4 µm/m-°C 

@Temperature 26.7 - 93.3 °C 
at 47 to 48 HRC 

11.3 µm/m-°C 

@Temperature 26.7 - 204 °C 
at 47 to 48 HRC 

12.4 µm/m-°C 

@Temperature 26.7 - 427 °C 
 

13.1 µm/m-°C 

@Temperature 26.7 - 649 °C 
at 47 to 48 HRC 

13.5 µm/m-°C 

@Temperature 26.7 - 816 °C 
at 47 to 48 HRC 

Thermal Conductivity 

 

17.6 W/m-K 

@Temperature 27.0 °C 
 

23.4 W/m-K 

@Temperature 204 °C 
 

26.8 W/m-K 

@Temperature 649 °C 
 

Component 
Elements Properties 

Metric Comments 

Carbon, C  0.40 %  

Chromium, Cr  5.25 %  

Iron, Fe  90.6 % As Balance 

Manganese, Mn  0.40 %  

Molybdenum, Mo  1.35 %  

Silicon, Si  1.0 %  

Sulphur, S  0.0010 %  

Vanadium, V  1.0 %  

 

 

 

http://www.matweb.com/tools/unitconverter.aspx?fromID=45&fromValue=200
http://www.matweb.com/tools/unitconverter.aspx?fromID=59&fromValue=20.3
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=10.4
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=11.3
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=12.4
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=13.1
http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=13.5
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=17.6
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=23.4
http://www.matweb.com/tools/unitconverter.aspx?fromID=136&fromValue=26.8
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=29eaea186d7b467ba5dbd1e7c22a703e&propid=182&sigid=1
http://www.matweb.com/search/GraphConditionalData.aspx?matguid=29eaea186d7b467ba5dbd1e7c22a703e&propid=751&sigid=1


154 
 

 

Reference 47 and 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10.11: Conversion of U.S units to standard Unit’s  

Figure 10.10: Ultimate tensile strength of AL2024 changing with  
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Reference 47 and 72 

 

 

 

 

 

 

 

 

 

Figure 10.12: Modulus of Elasticity changing with temperature for Aluminium 2024  
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Figure 10.11: Young’s modulus of Al2024 changing with temperature  
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Reference73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10.12: Emissivity of material with different finishes [TableofEmissivity.pdf 20DEC] 

 

Figure 10.13: Variation with temperature for aluminium material properties relative to their 

value of 300K  

Figure 10.14: Table representation of typical values for material properties  
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Reference 75 

Table 10.13: Thermal expansion coefficient increasing with temperature for H13 tool steel  
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Reference 74 

Table 10.14: Emissivity for Aluminium alloy of various surface specifications  
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Reference 73, 74 and 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10.16: Values of thermal properties of some materials  

 

Table 10.15: Theoretical emissivity values for various materials  
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Table 10.17: Yield stress at various conditions  
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10.3 Appendix 3: ANSYS APDL commands 

The following commands are outlined in more detail and are laid out in reference to the ANSYS 

help file [54]. 
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Thermal boundary condition commands set for the convection coefficients taken from the 

ANSYS help file [54] 
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10.4 Appendix 4: CNC information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.15: CNC specification  
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Figure 10.16: CNC technical data specification  
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10.5 Appendix 5: Tool and Pin Geometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.17: Pin geometry  

Figure 10.18: Tool geometry  
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10.6 Appendix 6: FEA model processed data 

Table 10.18: Average heat flux for FEA models 

  Average 
heat 
flux 

13505.61 54022.46 22466.54 135056.1 

Model    q1 Q4 q2 Q2 

8 Ambient 25 hq1 hQ4 hq2 hQ2 

Time Temperature Delta T 30 120 30 300 

1.0028 26.833 1.833 54.99 219.96 56.213223 549.9 

1.025 48.24 23.24 697.2 2788.8 714.4584 6972 

1.04 62.91 37.91 1137.3 4549.2 1167.5655 11373 

1.0501 72.472 47.472 1424.16 5696.64 1463.8732 14241.6 

1.0606 82.546 57.546 1726.38 6905.52 1776.932 17263.8 

1.0706 92.565 67.565 2026.95 8107.8 2089.2348 20269.5 

1.0802 102.77 77.77 2333.1 9332.4 2408.3689 23331 

1.0902 112.64 87.64 2629.2 10516.8 2718.0741 26292 

1.1012 123.92 98.92 2967.6 11870.4 3073.3551 29676 

1.1202 142.9 117.9 3537 14148 3674.5928 35370 

1.1225 145.28 120.28 3608.4 14433.6 3750.3058 36084 

1.1307 153.63 128.63 3858.9 15435.6 4016.53 38589 

1.1408 164.04 139.04 4171.2 16684.8 4349.769 41712 

1.1501 173.28 148.28 4448.4 17793.6 4646.851 44484 

1.1603 184.01 159.01 4770.3 19081.2 4993.441 47703 

1.1691 193.28 168.28 5048.4 20193.6 5294.3186 50484 

1.1811 205.48 180.48 5414.4 21657.6 5692.4371 54144 

1.1908 215.34 190.34 5710.2 22840.8 6016.054 57102 

1.2011 226.64 201.64 6049.2 24196.8 6389.073 60492 

1.211 236.53 211.53 6345.9 25383.6 6717.5026 63459 

1.2208 246.67 221.67 6650.1 26600.4 7056.2094 66501 

1.2302 258.19 233.19 6995.7 27982.8 7443.5402 69957 

1.2415 271.25 246.25 7387.5 29550 7886.048 73875 

1.2502 280.46 255.46 7663.8 30655.2 8200.3717 76638 

1.2524 282.96 257.96 7738.8 30955.2 8286.0261 77388 

1.3014 340.41 315.41 9462.3 37849.2 10296.917 94623 

1.4007 460.71 435.71 13071.3 52285.2 14830.974 130713 

1.4034 464.11 439.11 13173.3 52693.2 14966.731 131733 

1.4048 464.73 439.73 13191.9 52767.6 14991.537 131919 

1.4062 467.01 442.01 13260.3 53041.2 15082.896 132603 

1.4083 469.3 444.3 13329 53316 15174.869 133290 

1.4104 472.32 447.32 13419.6 53678.4 15296.493 134196 

1.4114 473.66 448.66 13459.8 53839.2 15350.58 134598 

1.4125 474.79 449.79 13493.7 53974.8 15396.249 134937 
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1.4132 475.47 450.47 13514.1 54056.4 15423.756 135141 

1.414 475.25 450.25 13507.5 54030 15414.855 135075 

1.4148 477.23 452.23 13566.9 54267.6 15495.043 135669 

1.4164 477.71 452.71 13581.3 54325.2 15514.508 135813 

1.4195 481.29 456.29 13688.7 54754.8 15659.988 136887 

1.4226 486.64 461.64 13849.2 55396.8 15878.415 138492 

1.4273 492.14 467.14 14014.2 56056.8 16104.255 140142 

1.432 497.91 472.91 14187.3 56749.2 16342.608 141873 

1.4367 503.58 478.58 14357.4 57429.6 16578.273 143574 

1.4422 510.24 485.24 14557.2 58228.8 16856.941 145572 

1.4478 516.86 491.86 14755.8 59023.2 17135.955 147558 

1.4533 523.5 498.5 14955 59820 17417.867 149550 

1.4589 529.85 504.85 15145.5 60582 17689.426 151455 

1.4645 536.7 511.7 15351 61404 17984.551 153510 

1.47 543.14 518.14 15544.2 62176.8 18264.111 155442 

1.4756 549.7 524.7 15741 62964 18551.007 157410 

1.4811 556.29 531.29 15938.7 63754.8 18841.41 159387 

1.4867 562.34 537.34 16120.2 64480.8 19109.985 161202 

1.4922 568.89 543.89 16316.7 65266.8 19402.914 163167 

1.4978 575.27 550.27 16508.1 66032.4 19690.428 165081 

1.5033 582.14 557.14 16714.2 66856.8 20002.477 167142 

1.6033 687.93 662.93 19887.9 79551.6 25159.868 198879 

1.702 783.32 758.32 22749.6 90998.4 30470.018 227496 

1.802 900.51 875.51 26265.3 105061.2 38050.38 262653 

1.9009 1003.8 978.8 29364 117456 45898.029 293640 

2.0016 1096.8 1071.8 32154 128616 54072.922 321540 

2.253 1317.7 1292.7 38781 155124 78679.497 387810 

2.5002 1551.9 1526.9 45807 183228 114952.73 458070 

2.7511 1828.2 1803.2 54096 216384 175656.72 540960 

3 2127.8 2102.8 63084 252336 270291.24 630840 

  

Table 10.19: Average heat flux for FEA models 

  Average 
heat flux 

27257.98 109031.9 42207.2 272579.8 

Model    q1 Q4 q2 Q2 

10 Ambient 25 hq1 hQ4 hq2 hQ2 

Time Temperature Delta T 30 120 30 300 

0.2 25 0 0 0 0 0 

0.4 25 0 0 0 0 0 

0.9 25 0 0 0 0 0 

1 25 0 0 0 0 0 
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1.04 409.14 384.14 11524.2 46096.8 12826.53 115242 

1.08 599.29 574.29 17228.7 68914.8 20792.83 172287 

1.12 683.76 658.76 19762.8 79051.2 24943.01 197628 

1.16 765.64 740.64 22219.2 88876.8 29432.43 222192 

1.2001 851.6 826.6 24798 99192 34730.31 247980 

1.24 885.48 860.48 25814.4 103257.6 37004.82 258144 

1.28 917.05 892.05 26761.5 107046 39227.93 267615 

1.32 951.01 926.01 27780.3 111121.2 41737.48 277803 

1.3601 976.38 951.38 28541.4 114165.6 43696.28 285414 

1.4 995.84 970.84 29125.2 116500.8 45249.58 291252 

1.44 1012 987 29610 118440 46574.11 296100 

1.48 1029.2 1004.2 30126 120504 48019.37 301260 

1.5201 1043 1018 30540 122160 49206.04 305400 

1.5601 1055.2 1030.2 30906 123624 50275.67 309060 

1.6001 1074.8 1049.8 31494 125976 52035.4 314940 

1.6401 1093.8 1068.8 32064 128256 53791.12 320640 

1.68 1114.3 1089.3 32679 130716 55742.12 326790 

1.72 1130.8 1105.8 33174 132696 57356.33 331740 

1.76 1150.1 1125.1 33753 135012 59295.5 337530 

  Average 
heat flux 

27257.98 109031.9 42207.2 272579.8 

Model    q1 Q4 q2 Q2 

12 Ambient 25 hq1 hQ4 hq2 hQ2 

Time Temperature Delta T 30 120 30 300 

0.2 25 0 0 0 0 0 

0.4 25 0 0 0 0 0 

0.9 25 0 0 0 0 0 

1 25 0 0 0 0 0 

1.04 409.14 384.14 11524.2 46096.8 12826.53 115242 

1.08 599.29 574.29 17228.7 68914.8 20792.83 172287 

1.12 683.76 658.76 19762.8 79051.2 24943.01 197628 

1.16 765.64 740.64 22219.2 88876.8 29432.43 222192 

1.2001 851.6 826.6 24798 99192 34730.31 247980 

1.24 885.48 860.48 25814.4 103257.6 37004.82 258144 

1.28 917.05 892.05 26761.5 107046 39227.93 267615 

1.32 951.01 926.01 27780.3 111121.2 41737.48 277803 

1.3601 976.38 951.38 28541.4 114165.6 43696.28 285414 

1.4 995.84 970.84 29125.2 116500.8 45249.58 291252 

1.44 1012 987 29610 118440 46574.11 296100 

1.48 1029.2 1004.2 30126 120504 48019.37 301260 

1.5201 1043 1018 30540 122160 49206.04 305400 

1.5601 1055.2 1030.2 30906 123624 50275.67 309060 

1.6001 1074.8 1049.8 31494 125976 52035.4 314940 
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1.6401 1093.8 1068.8 32064 128256 53791.12 320640 

1.68 1114.3 1089.3 32679 130716 55742.12 326790 

1.72 1130.8 1105.8 33174 132696 57356.33 331740 

1.76 1150.1 1125.1 33753 135012 59295.5 337530 

 

Table 10.20: Heat flux transfer for FEA model 

  Average 
heat flux 

32710.43 130841.7 62222.88 163552.2 

Model    q1 Q4 q2 Q2 

14 Ambient 25 hq1 hQ4 hq2 hQ2 

Time Temperature Delta T 30 120 30 150 

0.2 25 0 0 0 0 0 

0.4 25 0 0 0 0 0 

0.9 25 0 0 0 0 0 

1 25 0 0 0 0 0 

1.1 525.54 500.54 15016.2 60064.8 17504.9 75081 

1.12 557.04 532.04 15961.2 63844.8 18874.6 79806 

1.14 581.08 556.08 16682.4 66729.6 19954.16 83412 

1.18 624.31 599.31 17979.3 71917.2 21976.11 89896.5 

1.22 670.29 645.29 19358.7 77434.8 24250.62 96793.5 

1.26 710.02 685.02 20550.6 82202.4 26328.92 102753 

1.28 733.79 708.79 21263.7 85054.8 27626.36 106318.5 

1.3 749.98 724.98 21749.4 86997.6 28534.49 108747 

1.32 777.07 752.07 22562.1 90248.4 30100.28 112810.5 

1.36 812.88 787.88 23636.4 94545.6 32263.58 118182 

1.38 839.31 814.31 24429.3 97717.2 33932.43 122146.5 

1.4 848.52 823.52 24705.6 98822.4 34529.02 123528 

1.42 858.98 833.98 25019.4 100077.6 35216.27 125097 

1.44 871.73 846.73 25401.9 101607.6 36068.19 127009.5 

1.46 888.37 863.37 25901.1 103604.4 37204.08 129505.5 

1.48 892.71 867.71 26031.3 104125.2 37504.9 130156.5 

1.52 912.43 887.43 26622.9 106491.6 38896.13 133114.5 

1.54 921.81 896.81 26904.3 107617.2 39572.15 134521.5 

1.56 929.81 904.81 27144.3 108577.2 40156.14 135721.5 

1.6 946.87 921.87 27656.1 110624.4 41424.76 138280.5 

1.66 969 944 28320 113280 43118.85 141600 

1.68 975.07 950.07 28502.1 114008.4 43593.32 142510.5 

1.7 980.71 955.71 28671.3 114685.2 44038.02 143356.5 

1.74 993.64 968.64 29059.2 116236.8 45071.72 145296 

1.76 998.2 973.2 29196 116784 45441.04 145980 

1.8 1010.8 985.8 29574 118296 46474.66 147870 
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1.82 1013.4 988.4 29652 118608 46690.37 148260 

1.9 1043.8 1018.8 30564 122256 49275.58 152820 

1.92 1051.1 1026.1 30783 123132 49914.03 153915 

1.94 1061.2 1036.2 31086 124344 50808.91 155430 

1.96 1068.3 1043.3 31299 125196 51446.1 156495 

1.98 1075.8 1050.8 31524 126096 52126.57 157620 

2 1087.3 1062.3 31869 127476 53184.87 159345 

2.04 1100 1075 32250 129000 54374.9 161250 

2.1 1128.5 1103.5 33105 132420 57128.93 165525 

2.14 1150 1125 33750 135000 59285.3 168750 

2.22 1186.4 1161.4 34842 139368 63096.97 174210 

2.26 1209 1184 35520 142080 65569.18 177600 

2.34 1249.3 1224.3 36729 146916 70187.67 183645 

2.38 1268 1243 37290 149160 72425.54 186450 

2.4 1281.6 1256.6 37698 150792 74092.04 188490 

2.42 1288.8 1263.8 37914 151656 74987.82 189570 

2.44 1299.5 1274.5 38235 152940 76336.55 191175 

2.46 1314 1289 38670 154680 78198.15 193350 

2.5 1331.7 1306.7 39201 156804 80524.38 196005 

2.54 1356.7 1331.7 39951 159804 83913.23 199755 

2.58 1376.9 1351.9 40557 162228 86742 202785 

2.62 1399.6 1374.6 41238 164952 90020.2 206190 

2.64 1411.3 1386.3 41589 166356 91751.8 207945 

2.66 1426.7 1401.7 42051 168204 94075.38 210255 

2.68 1438 1413 42390 169560 95812.92 211950 

2.72 1457.9 1432.9 42987 171948 98941.09 214935 

2.76 1482.1 1457.1 43713 174852 102865.1 218565 

2.8 1509.3 1484.3 44529 178116 107436.9 222645 

2.82 1518.4 1493.4 44802 179208 109005.4 224010 

2.84 1530.9 1505.9 45177 180708 111192.5 225885 

2.86 1547.3 1522.3 45669 182676 114119.7 228345 

2.8801 1559.8 1534.8 46044 184176 116395.6 230220 

2.9 1567.8 1542.8 46284 185136 117872.8 231420 

2.92 1580.1 1555.1 46653 186612 120175.6 233265 

2.94 1595.1 1570.1 47103 188412 123036.6 235515 

2.9601 1606 1581 47430 189720 125152.4 237150 

 

Table 10.21: Heat flux transfer for FEA model 

  Average 
heat 
flux 

25018.96 100075.9 45287.41 166793.1 

Model    q1 Q4 q2 Q2 
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17 Ambient 25 hq1 hQ4 hq2 hQ2 

Time Temperature Delta T 30 120 40 200 

0.2 25 0 0 0 0 0 

0.4 25 0 0 0 0 0 

0.9 25 0 0 0 0 0 

1 25 0 0 0 0 0 

1.02 290.79 265.79 7973.7 31894.8 11213.14 53158 

1.0401 410.33 385.33 11559.9 46239.6 16724.98 77066 

1.0601 468.46 443.46 13303.8 53215.2 19575.71 88692 

1.0801 498.64 473.64 14209.2 56836.8 21109.27 94728 

1.1001 525.64 500.64 15019.2 60076.8 22515.57 100128 

1.12 557.05 532.05 15961.5 63846 24195.54 106410 

1.1401 581.15 556.15 16684.5 66738 25518.85 111230 

1.16 604.74 579.74 17392.2 69568.8 26844.87 115948 

1.18 624.33 599.33 17979.9 71919.6 27970.37 119866 

1.2001 645.33 620.33 18609.9 74439.6 29202.6 124066 

1.2201 670.43 645.43 19362.9 77451.6 30712.05 129086 

1.24 688.08 663.08 19892.4 79569.6 31798.49 132616 

1.26 710.13 685.13 20553.9 82215.6 33186.13 137026 

1.28 734.01 709.01 21270.3 85081.2 34728.67 141802 

1.3 750.24 725.24 21757.2 87028.8 35801.64 145048 

1.32 777.26 752.26 22567.8 90271.2 37634.08 150452 

1.3401 792.42 767.42 23022.6 92090.4 38688.4 153484 

1.3601 813.29 788.29 23648.7 94594.8 40171.89 157658 

1.3801 839.56 814.56 24436.8 97747.2 42094.12 162912 

1.4 848.72 823.72 24711.6 98846.4 42779.26 164744 

1.42 859.27 834.27 25028.1 100112.4 43578.17 166854 

1.44 871.98 846.98 25409.4 101637.6 44554.86 169396 

1.4601 888.75 863.75 25912.5 103650 45867.84 172750 

1.4801 892.98 867.98 26039.4 104157.6 46203.48 173596 

1.5 902.87 877.87 26336.1 105344.4 46995.35 175574 

1.52 912.64 887.64 26629.2 106516.8 47787.56 177528 

1.54 922.01 897.01 26910.3 107641.2 48556.76 179402 

1.5601 929.93 904.93 27147.9 108591.6 49214.25 180986 

1.5801 941.61 916.61 27498.3 109993.2 50196.3 183322 

1.6 947.01 922.01 27660.3 110641.2 50655.41 184402 

1.6201 953.09 928.09 27842.7 111370.8 51176.22 185618 

1.6401 960.94 935.94 28078.2 112312.8 51854.8 187188 

1.66 969.19 944.19 28325.7 113302.8 52575.54 188838 

1.68 975.23 950.23 28506.9 114027.6 53108.18 190046 

1.7001 980.84 955.84 28675.2 114700.8 53606.72 191168 

1.72 987 962 28860 115440 54158.4 192400 
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1.74 993.8 968.8 29064 116256 54772.63 193760 

1.76 998.33 973.33 29199.9 116799.6 55184.9 194666 

1.7801 1004.5 979.5 29385 117540 55750.42 195900 

1.8 1011 986 29580 118320 56351.22 197200 

1.82 1013.6 988.6 29658 118632 56593 197720 

1.8401 1020.3 995.3 29859 119436 57219.9 199060 

1.8601 1027.6 1002.6 30078 120312 57909.35 200520 

1.88 1037.2 1012.2 30366 121464 58826.31 202440 

1.9001 1044.1 1019.1 30573 122292 59492.68 203820 

1.9201 1051.5 1026.5 30795 123180 60214.21 205300 

1.94 1061.5 1036.5 31095 124380 61200.69 207300 

1.96 1068.8 1043.8 31314 125256 61929.23 208760 

1.98 1076.2 1051.2 31536 126144 62675.08 210240 

2 1087.7 1062.7 31881 127524 63849.01 212540 

2.0201 1093.2 1068.2 32046 128184 64416.92 213640 

2.04 1100.5 1075.5 32265 129060 65177.21 215100 

3 1109.4 1084.4 32532 130128 66114.34 216880 
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10.7 Appendix 7: Average temperature plots  

Table 10.22: Temperature plots for average temperatures on work piece 

Weld trial number Average point 

locator 

Temperature plot 

3 

 

 

4 
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1a 

 

 

1b 

 

 

 

Table 10.23: Calculated values used for processed data 

 Qsticking Qsliding 

Heat transfer (W) 11080 411.23 

Total heat flux (W/m2) 5291.02 196.35 

Area shoulder 0.000113097  
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F (radiation view factor) 1  

Emissivity 0.11  

Stefan Boltzman 5.67E-08 W/m2K 

 

Table 10.24: 1250 RPM and 500mm/min processes data 

    Average 
convection 
coefficients 

24.008 9.234 3.694 

Atmospheric 
temperature 

25    Contributions 

 Average 
temperature 

  0.65 0.25 0.1 

Relative time Delta 
T 

T4-T0
4 q2 

radiation 
Sum of 
convections 

hq2 hQ2 hQ 

0 38.77 4.98E+09 31.08 135.68 88.19 33.92 13.57 

0.1 39.42 5.08E+09 31.70 133.43 86.73 33.36 13.34 

0.2 39.39 5.08E+09 31.68 133.51 86.78 33.38 13.35 

0.3 36.86 4.69E+09 29.27 142.76 92.79 35.69 14.28 

0.4 39.76 5.14E+09 32.03 132.28 85.98 33.07 13.23 

0.5 40.12 5.19E+09 32.38 131.08 85.20 32.77 13.11 

0.6 37.33 4.76E+09 29.72 140.94 91.61 35.24 14.09 

0.7 38.74 4.98E+09 31.05 135.79 88.26 33.95 13.58 

0.8 40.01 5.17E+09 32.28 131.43 85.43 32.86 13.14 

0.9 38.64 4.96E+09 30.96 136.11 88.47 34.03 13.61 

1 36.94 4.71E+09 29.35 142.43 92.58 35.61 14.24 

1.5 40.30 5.22E+09 32.55 130.49 84.82 32.62 13.05 

2 38.00 4.87E+09 30.35 138.42 89.98 34.61 13.84 

2.5 40.00 5.17E+09 32.26 131.47 85.45 32.87 13.15 
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3 39.15 5.04E+09 31.45 134.35 87.33 33.59 13.43 

3.5 41.54 5.41E+09 33.76 126.55 82.26 31.64 12.66 

4 42.70 5.60E+09 34.90 123.09 80.01 30.77 12.31 

4.5 41.04 5.33E+09 33.27 128.10 83.27 32.03 12.81 

5 45.18 5.99E+09 37.37 116.28 75.59 29.07 11.63 

5.5 42.10 5.50E+09 34.30 124.88 81.17 31.22 12.49 

6 46.57 6.22E+09 38.78 112.79 73.32 28.20 11.28 

6.5 50.34 6.85E+09 42.71 104.25 67.76 26.06 10.43 

7 58.61 8.30E+09 51.76 89.39 58.10 22.35 8.94 

7.5 71.38 1.07E+10 67.01 73.19 47.57 18.30 7.32 

8 74.69 1.14E+10 71.23 69.89 45.43 17.47 6.99 

8.5 95.23 1.60E+10 100.08 54.51 35.43 13.63 5.45 

9 129.85 2.57E+10 160.01 39.51 25.68 9.88 3.95 

9.5 153.91 3.39E+10 211.19 33.00 21.45 8.25 3.30 

10 163.67 3.76E+10 234.43 30.89 20.08 7.72 3.09 

11 191.33 4.95E+10 308.75 26.04 16.93 6.51 2.60 

12 216.92 6.25E+10 389.68 22.60 14.69 5.65 2.26 

13 249.68 8.22E+10 512.49 19.14 12.44 4.78 1.91 

14 283.75 1.07E+11 665.81 16.30 10.60 4.08 1.63 

15 298.91 1.19E+11 743.33 15.21 9.89 3.80 1.52 

16 338.15 1.56E+11 973.15 12.77 8.30 3.19 1.28 

17 377.49 2.00E+11 1250.40 10.70 6.96 2.68 1.07 

18 415.13 2.51E+11 1565.13 8.98 5.83 2.24 0.90 

19 440.38 2.90E+11 1806.12 7.91 5.14 1.98 0.79 

20 456.68 3.17E+11 1975.43 7.26 4.72 1.82 0.73 

25 503.15 4.04E+11 2521.99 5.50 3.58 1.38 0.55 

30 517.85 4.35E+11 2715.97 4.97 3.23 1.24 0.50 

34 522.45 4.46E+11 2778.88 4.81 3.13 1.20 0.48 

34.8 524.82 4.51E+11 2811.74 4.72 3.07 1.18 0.47 
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Table 10.25: 1600 RPM and 400mm/min processes data 

   25    72.50 27.886 11.154 

   Average temperature      

Relative 
time 

Ar1.Max. Ar1.Average Delta T T4-T0
4 q2 

radiation 
Sum of 
convections 

hq2 hQ2 hQ 

0 72.4 34.1 9.1 1.01E+09 6.3 745.3 484.4 186.3 74.5 

0.1 74.5 34.4 9.4 1.04E+09 6.5 723.2 470.1 180.8 72.3 

0.2 73.1 34.5 9.5 1.06E+09 6.6 712.4 463.0 178.1 71.2 

0.3 74.9 34.9 9.9 1.10E+09 6.9 685.7 445.7 171.4 68.6 

0.4 75.9 34.9 9.9 1.10E+09 6.9 682.3 443.5 170.6 68.2 

0.5 76.6 35.4 10.4 1.16E+09 7.3 648.8 421.7 162.2 64.9 

0.6 75.9 34.7 9.7 1.08E+09 6.7 699.8 454.9 175.0 70.0 

0.8 75.5 34.0 9.0 1.00E+09 6.3 748.5 486.5 187.1 74.8 

0.9 76.6 33.9 8.9 9.84E+08 6.1 762.0 495.3 190.5 76.2 

1 74.2 34.6 9.6 1.07E+09 6.6 706.2 459.0 176.6 70.6 

1.5 74.9 35.2 10.2 1.13E+09 7.1 665.5 432.6 166.4 66.6 

2 79.9 36.3 11.3 1.26E+09 7.9 600.5 390.3 150.1 60.0 

2.5 74.9 35.9 10.9 1.22E+09 7.6 623.0 404.9 155.7 62.3 

3 79.9 37.5 12.5 1.41E+09 8.8 539.8 350.9 135.0 54.0 

3.5 75.2 39.2 14.2 1.61E+09 10.0 477.7 310.5 119.4 47.8 

4 74.5 38.7 13.7 1.55E+09 9.7 494.0 321.1 123.5 49.4 

4.5 78.3 42.3 17.3 2.00E+09 12.5 390.2 253.7 97.6 39.0 

5 81.3 44.6 19.6 2.29E+09 14.3 344.4 223.9 86.1 34.4 

5.5 83.2 47.2 22.2 2.63E+09 16.4 304.0 197.6 76.0 30.4 

6 106.5 55.7 30.7 3.79E+09 23.6 220.0 143.0 55.0 22.0 

6.5 125.4 60.8 35.8 4.54E+09 28.3 188.3 122.4 47.1 18.8 

7 138.3 71.7 46.7 6.24E+09 38.9 144.3 93.8 36.1 14.4 

7.5 182.2 87.3 62.3 8.97E+09 56.0 107.8 70.1 27.0 10.8 
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8 163.2 84.8 59.8 8.51E+09 53.1 112.4 73.0 28.1 11.2 

8.5 225.5 108.3 83.3 1.33E+10 82.7 80.3 52.2 20.1 8.0 

9 235.9 117.5 92.5 1.54E+10 96.0 72.2 46.9 18.0 7.2 

9.5 275.0 129.2 104.2 1.83E+10 114.2 63.9 41.5 16.0 6.4 

10 367.0 171.2 146.2 3.11E+10 193.8 45.0 29.3 11.3 4.5 

11 398.8 212.4 187.4 4.77E+10 297.4 34.6 22.5 8.6 3.5 

12 406.9 244.5 219.5 6.39E+10 398.5 29.0 18.9 7.3 2.9 

13 440.9 257.9 232.9 7.16E+10 446.6 27.2 17.7 6.8 2.7 

14 465.2 280.2 255.2 8.58E+10 535.3 24.4 15.9 6.1 2.4 

15 456.7 302.2 277.2 1.02E+11 633.9 22.1 14.4 5.5 2.2 

16 498.6 337.8 312.8 1.31E+11 819.8 19.0 12.4 4.8 1.9 

17 627.9 401.3 376.3 1.99E+11 1241.5 14.7 9.6 3.7 1.5 

18 660.6 457.2 432.2 2.77E+11 1725.7 11.7 7.6 2.9 1.2 

19 660.6 489.7 464.7 3.31E+11 2062.8 10.1 6.6 2.5 1.0 

20 660.6 528.6 503.6 4.05E+11 2527.7 8.4 5.5 2.1 0.8 

24 660.6 577.8 552.8 5.16E+11 3220.5 6.4 4.2 1.6 0.6 

25 660.6 584.7 559.7 5.34E+11 3328.1 6.2 4.0 1.5 0.6 

30 660.6 593.8 568.8 5.57E+11 3474.1 5.8 3.8 1.4 0.6 

34.7 660.64 597.38 572.38 5.66E+11 3532.65 5.66 3.68 1.42 0.57 

 

Table 10.26: 1250 RPM and 400mm/min processes data 

 234 234 25    14.85176 5.712214 2.284886 

   Average temperature      

Relative 
time 

Ar1.Max. Ar1.Average Delta T T4-T0
4 q2 

radiation 
Sum of 
convections 

hq2 hQ2 hQ 

0.0 58.8 155.7 33.8 4.24E+09 26.5 155.7 101.2 38.9 15.56587 

0.1 60.5 173.1 35.5 4.49E+09 28.0 148.3 96.4 37.1 14.82744 
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0.2 62.7 183.7 37.7 4.82E+09 30.0 139.7 90.8 34.9 13.96863 

0.3 63.5 192.0 38.5 4.94E+09 30.8 136.8 88.9 34.2 13.67588 

0.4 64.2 182.8 39.2 5.05E+09 31.5 134.1 87.1 33.5 13.40708 

0.5 63.9 178.6 38.9 5.01E+09 31.2 135.1 87.8 33.8 13.50982 

0.6 67.0 171.8 42.0 5.48E+09 34.2 125.3 81.4 31.3 12.5254 

0.7 69.0 195.3 44.0 5.80E+09 36.2 119.5 77.7 29.9 11.94916 

0.8 70.0 186.8 45.0 5.97E+09 37.2 116.6 75.8 29.2 11.6636 

0.9 72.3 192.4 47.3 6.33E+09 39.5 111.1 72.2 27.8 11.11328 

1.4 80.4 226.1 55.4 7.71E+09 48.1 94.7 61.6 23.7 9.471914 

1.9 94.9 234.3 69.9 1.05E+10 65.2 74.7 48.6 18.7 7.473036 

2.4 111.9 289.4 86.9 1.41E+10 87.8 59.9 38.9 15.0 5.987887 

2.9 132.6 332.7 107.6 1.92E+10 119.7 48.1 31.2 12.0 4.807262 

3.4 148.0 350.5 123.0 2.35E+10 146.8 41.8 27.2 10.5 4.183919 

3.9 159.7 358.5 134.7 2.72E+10 169.6 38.0 24.7 9.5 3.802808 

4.4 171.1 371.5 146.1 3.10E+10 193.5 34.9 22.7 8.7 3.490124 

4.9 186.5 403.6 161.5 3.67E+10 229.1 31.3 20.4 7.8 3.134742 

5.4 196.7 413.1 171.7 4.08E+10 254.6 29.3 19.1 7.3 2.933912 

5.9 208.3 417.3 183.3 4.58E+10 285.8 27.3 17.7 6.8 2.730709 

6.4 231.9 464.0 206.9 5.72E+10 356.6 23.8 15.5 6.0 2.384735 

6.9 234.6 431.3 209.6 5.86E+10 365.3 23.5 15.3 5.9 2.349881 

7.4 262.9 501.2 237.9 7.47E+10 465.9 20.3 13.2 5.1 2.02785 

7.9 284.5 520.1 259.5 8.88E+10 554.0 18.3 11.9 4.6 1.825296 

8.4 274.2 476.4 249.2 8.19E+10 510.5 19.2 12.5 4.8 1.918325 

8.9 328.0 601.1 303.0 1.23E+11 765.2 14.9 9.7 3.7 1.493728 

9.4 325.9 585.3 300.9 1.21E+11 754.1 15.1 9.8 3.8 1.507653 

9.9 347.4 594.3 322.4 1.40E+11 875.4 13.7 8.9 3.4 1.369772 

10.9 358.0 565.0 333.0 1.51E+11 940.5 13.1 8.5 3.3 1.306438 

11.9 400.8 604.4 375.8 1.98E+11 1237.2 10.8 7.0 2.7 1.078819 

12.9 486.6 660.6 461.6 3.25E+11 2029.3 7.1 4.6 1.8 0.706532 
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13.9 529.5 660.6 504.5 4.07E+11 2539.4 5.5 3.5 1.4 0.545424 

14.9 542.4 660.6 517.4 4.35E+11 2710.3 5.0 3.2 1.2 0.498751 

15.9 547.7 660.6 522.7 4.46E+11 2782.5 4.8 3.1 1.2 0.479909 

16.9 509.8 660.6 484.8 3.68E+11 2294.8 6.2 4.0 1.5 0.618004 

17.9 555.4 660.6 530.4 4.63E+11 2889.4 4.5 2.9 1.1 0.452839 

18.9 563.5 660.6 538.5 4.82E+11 3007.2 4.2 2.8 1.1 0.424069 

19.9 548.8 660.6 523.8 4.49E+11 2797.3 4.8 3.1 1.2 0.476094 

23.9 573.4 660.6 548.4 5.06E+11 3154.5 3.9 2.5 1.0 0.389572 

24.9 583.3 660.6 558.3 5.30E+11 3306.3 3.6 2.3 0.9 0.355508 

 

Table 10.27: 1600 RPM and 400mm/min processes data 

   25    15.69965 6.038328 2.415331 

   Average temperature     

Relative 
time 

Ar1.Max. Ar1.Average Delta T T4-T0
4 q2 

radiation 
Sum of 
convections 

hq2 hQ2 hQ 

11 110.4757 65.1139 40.1139 5.19E+09 32.3729 168.025 109.2162 42.00625 16.8025 

11.1 109.3475 62.84063 37.84063 4.84E+09 30.19984 178.1765 115.8147 44.54411 17.81765 

11.2 121.4244 65.53498 40.53498 5.26E+09 32.78026 166.2695 108.0752 41.56737 16.62695 

11.3 136.8601 71.40181 46.40181 6.19E+09 38.61598 145.1214 94.3289 36.28034 14.51214 

11.4 134.8627 69.55487 44.55487 5.89E+09 36.74634 151.1791 98.26639 37.79477 15.11791 

11.5 136.1131 71.41502 46.41502 6.19E+09 38.62947 145.0798 94.30186 36.26994 14.50798 

11.6 158.0221 74.97602 49.97602 6.79E+09 42.3205 134.6684 87.53444 33.66709 13.46684 

11.7 158.0221 77.26545 52.26545 7.18E+09 44.75413 128.7228 83.66983 32.1807 12.87228 

11.8 153.4224 78.38091 53.38091 7.37E+09 45.95726 126.0105 81.9068 31.50261 12.60105 

11.9 172.0042 84.56928 59.56928 8.47E+09 52.84305 112.8042 73.32275 28.20106 11.28042 

12 181.7805 91.61823 66.61823 9.8E+09 61.13396 100.7438 65.48349 25.18596 10.07438 

12.5 193.2529 82.66311 57.66311 8.13E+09 50.68356 116.5706 75.77092 29.14266 11.65706 
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13 248.257 102.0649 77.06492 1.19E+10 74.33708 86.91598 56.49539 21.729 8.691598 

13.5 373.5997 130.3175 105.3175 1.86E+10 115.9911 63.2043 41.08279 15.80107 6.32043 

14 366.5801 169.878 144.878 3.06E+10 190.9856 45.42803 29.52822 11.35701 4.542803 

14.5 394.7305 199.7999 174.7999 4.21E+10 262.7736 37.24108 24.2067 9.310271 3.724108 

15 411.1035 205.715 180.715 4.47E+10 278.6805 35.93409 23.35716 8.983521 3.593409 

15.5 417.8037 216.5644 191.5644 4.96E+10 309.4279 33.73844 21.92998 8.43461 3.373844 

16 434.9037 239.6404 214.6404 6.12E+10 381.9711 29.77324 19.3526 7.443309 2.977324 

16.5 452.7363 233.7993 208.7993 5.81E+10 362.6548 30.69865 19.95412 7.674662 3.069865 

17 498.0389 253.6553 228.6553 6.91E+10 431.0855 27.73355 18.02681 6.933388 2.773355 

17.5 475.335 264.7754 239.7754 7.58E+10 472.9475 26.27276 17.0773 6.568191 2.627276 

18 506.0691 278.4906 253.4906 8.47E+10 528.2796 24.63299 16.01144 6.158247 2.463299 

18.5 484.9437 280.1079 255.1079 8.58E+10 535.0829 24.45015 15.8926 6.112537 2.445015 

19 507.6013 322.594 297.594 1.18E+11 736.3386 20.28324 13.18411 5.07081 2.028324 

19.5 488.1126 318.9557 293.9557 1.15E+11 717.3221 20.59898 13.38934 5.149745 2.059898 

20 510.4512 306.6121 281.6121 1.05E+11 655.3677 21.72187 14.11922 5.430468 2.172187 

21 512.0737 327.9176 302.9176 1.23E+11 764.7984 19.83283 12.89134 4.958207 1.983283 

22 525.992 371.1584 346.1584 1.64E+11 1025.573 16.60204 10.79133 4.150511 1.660204 

23 619.9727 449.1229 424.1229 2.64E+11 1648.103 12.08236 7.853536 3.020591 1.208236 

24 660.6422 553.4455 528.4455 4.59E+11 2862.423 7.399224 4.809496 1.849806 0.739922 

25 660.6422 501.1757 476.1757 3.52E+11 2192.894 9.617492 6.25137 2.404373 0.961749 

30 660.6422 522.4693 497.4693 3.93E+11 2449.892 8.689214 5.647989 2.172304 0.868921 

35 660.6422 646.3103 621.3103 7.07E+11 4408.382 3.805068 2.473294 0.951267 0.380507 

36 660.6422 640.8669 615.8669 6.9E+11 4303.755 4.008585 2.605581 1.002146 0.400859 

37 660.6422 630.4821 605.4821 6.59E+11 4109.269 4.398545 2.859054 1.099636 0.439855 

37.6 660.6422 625.5092 600.5092 6.44E+11 4018.48 4.586158 2.981003 1.146539 0.458616 
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10.8 Appendix 8: Conferences and workshops 

During the course of my two year Masters the following workshops and conferences were 

attended by means of a selection process whereby I was chosen to present the current work 

and explore different avenues of resources available. The following events are listed in 

chronological order; 

 HPC (High performance computing) 

o This was a 6 day course to advance ones knowledge in high performance 

computing. It involved a greater understanding of the actual language in which 

programs are written in and manipulating these and integrating certain 

commands in order to increase the process time of the program.  

o It expanded and broadened one’s mind with the interactions of other students 

across South Africa. Although the course involved in depth knowledge of 

programming, it was useful to gain an understanding of a particular avenue in 

increasing process time should one have the time to rewrite the codes in which 

the programme used was written by software developers. 

 IASSA 2012 (International Aerospace Symposium of South Africa) 

o C.C. Topper, C. Polese, F. Pietra,  Optimisation of the Thermal Model for the 

Friction Stir Welding Process, IASSA 2012 International Aerospace 

Symposium of South Africa, 17-18 September, Centurion, South Africa, 

2012. Candice C. Topper: 3rd  Best Student Presentation Prize. ISBN-978-0-

620-54586-0. 

o This conference involved American delegates from the US army who attended 

and partook in the conference discussing Aeronautical related topics and 

issues.  

o There were many interesting subjects discussed in the aeronautical field as 

well as an interaction of local companies where present as well. This created 

an environment where one could interact and find out what is happening in the 

South African industry. 
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o My presented work won a third prize award amongst all the delegates that 

presented throughout the two days. This is featured in the AeSSA newsletter 

of October 2012 and can be seen in Appendix 8: Conferences and workshops. 

 AeroMat (24th Advacnced Aerospace Materials and Processes) 

o C.C. Topper, C. Polese, F. Pietra, Multi-Objective Optimisation of Thermo-

Mechanical Modelling of Friction Stir Welding. Aeromat 2013 Conference and 

Exposition, April 2-5, 2013, Bellevue, Washington, USA. 

o This conference was held internationally in the area of Seattle, Washington, 

USA. It involved many candidates and companies from America as well as 

other international countries. Included with this opportunity was the travel grant 

granted by the University in order to assist with travel costs involved in 

attending the conference in the USA. 

o Being chosen to present amongst other individuals from international countries, 

one was able to show what the University of the Witwatersrand had to offer on 

an international scale and that we have a lot of potential to expand to a higher 

calibre of internationally recognised degree and University. 

o Conversing with various academics including those from I-STIR, which is a 

company that produces the machines to perform FSW and members from TWI 

(The Welding Institute), who were the first to develop the FSW process, it was 

an opportunity to expand one’s knowledge of the subject and to develop a 

greater understanding of the possibilities for the FSW process. 

The abstracts submitted and letters of acceptance can be found in Appendix 6 for more 

information. 
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The following workshops and conferences were attended whereby the details of each is given 

below in more detail with reference to abstract and references letters submitted together with 

acceptance letters and emails and any other output from thereof. 

Workshop HPC 

Letter of application with acceptance email  

 

 

 

 

 

 

 

 

 

 

 Figure 10.20: Application to attend HPC workshop, part 1 

Figure 10.19: Extract for prize winners from AeSSA newsletter of October 2012 
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Figure 10.21: Application to attend HPC workshop, part 2 



196 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.22: Acceptance letter from HPC 
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Conference IASSA 

The following extracts are taken from the IASSA 2012 book of abstracts. 
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Figure 10.24: Featured title in IASSA book of abstracts 
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Figure 10.25: Abstract as found in IASSA book of Abstracts 
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Figure 10.26: Prize awarded for presentation at IASSA 2012 
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Conference AeroMat 

Abstract submitted to the AeroMat committee and as seen on the website once it was 

accepted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.27: Extract of Abstract submitted from AeroMat website 
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Letter of acceptance to attend the conference in the USA, together with the travel grant that 

was given to assist with costs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.28: Travel grant in Student account 

Figure 10.29: Acceptance letter for travel grant 
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Figure 10.30: Acceptance letter to attend AeroMat conference 
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Post-GraduateTravel Grant: Final Report 

 

Conference: AeroMat 2013 Conference & Exposition 

Oral Presentation: Multi-Objective Optimisation of Thermo-

Mechanical Modelling of Friction Stir Welding 

Candidate: Candice  C Topper (0701434Y) 

Supervisor: 

Date: 

Claudia Polese 

20/05/2013 

 

 

AeroMat Conference 

The following project was presented at the AeroMat conference held in Seattle, WA, USA. 

Organised by the ASM international and in partner with ATI and various sponsors such as 

Boeing, the conference is involved in presenting new innovative technologies relating to 

aeronautical materials. 

ASM is an engineering and scientific society and are involved in everything relating to 

materials. Members are able to share their ideas through conferences such as the AeroMat 

Conference and Expositions which is targeted at aerospace materials. ASM is partnered with 

many organisations, from academic Universities and government to Industries, not only within 

their country but international ones as well. They also belong to societies as well as they are 

members to of American Society of Association Executives (ASAE) and Council of 

Engineering and Scientific Society Executives (CESSE) to name a few. Their industry partner 

ATI (Allegheny Technologies Incorporated) is part of the development and manufacturing of 

the advanced aerospace materials and also the technically complex cast and forged 

components being used today. 

With over ten various topics discussed at the conference, the Welding & Joining session was 

the particular area of validity for the presented project on FSW. Also part of the Welding & 

Joining session include Linear Friction Welding, Laser Welding and Electron Beam Welding, 

all of which were presented on what is currently developing in each topic either in industry or 

research being conducted in Universities. 
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Other members included in this particular session were TWI (The Welding Institute) which are 

the developers of the FSW process. Other big companies include Boeing, who are undertaking 

research in FSW and I-STIR technology, who manufacture the machines to perform the welds. 

Universities that were involved, include; University of Washington, USA, Witwatersrand 

University, SA, University of Manitoba, Canada.  

Sessions of conference 

The session of the conference that this presentation was part of, involved the Welding and 

Joining sessions, where the project was presented in Welding and Joining III. This particular 

topic was divided into three sessions and the various projects and innovations spoken about 

are listed below; 

Welding and Joining I 

 Recent Developments in Friction Stir Welding 

 Characterisation of Friction Stir Welding in Aluminium Alloy 7055 using Microhardness 

and Differential Scanning 

 Charpy Impact Testing of Friction Stir Welded Titanium 

 Comparison of Friction Stir Welded and Stationary Shoulder Friction Stir Welded 

Dissimiliar AA2024/AA7050 Butt Joints with Comparable Energy 

Welding and Joining II 

 Wide-Gap Braze Repair of Single Crystal Aerospace Superalloys 

 Electron Beam Probing to Assure Process and Product 

 Effect of Welding Parameters on Residual Stress Distribution in A6056-T4 Friction Stir 

Welds 

o This was presented by the University of the Witwatersrand 

Welding and Joining III 

 New Development in Aluminium Welding Wire-Alloy 4943 

 Linear Friction Welding for Low Cost Manufacturing 

 Multi-Objective Optimisation of Thermo-Mechanical Modelling of Friction Stir Welding 

 Investigation of Vapour Plume and Molten Pool in Pulsed and Continuous Keyhole 

Welding Based on Three-Dimensional Dynamic Model. 

o This presentation was very interesting and the person presenting (W. Tan, Y 

Shin, Purdue University, W. Lafayette, IN) displayed remarkable intellect in 

presenting project on its difficult technicality. 
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Based on the above presentation presented under this particular topic, shows an advanced 

progression of the work and the league at which this project was presented. 

 

Content of presented work 

The following research is primarily focused on the development of a reliable thermo-

mechanical model of the Friction Stir Welding (FSW) for aerospace applications. 

The main objective is to realistically simulate the FSW process characteristics using a synergic 

approach of advanced Finite Element (FE) modelling together with high-resolution thermal 

imaging. Since FSW occurs at a solid state, the heat input mechanism, based on a complex 

frictional contact between the rotating tool and the workpiece, is strongly affected by several 

temperature-dependent material properties. The new release of ANsys 14 FE software has 

innovative Parametric Design Language (APDL) command features specifically designed for 

frictional heat generation, plastic heat generation and temperature controlled bonding 

contacts, perfectly suited for a FSW process simulation that can efficiently be implemented 

into a multi-objective optimization platform, i.e. modeFRONTIER. 

Experimentally, thermocouples are insufficient in obtaining complete thermal representations 

of the tool and workpiece as they can be used only as control points along the weld. Instead 

a high-resolution, high-sensitivity infrared (IR) camera and an IR real-time digital storage and 

analysis software can provide precise temperature information at all visible points, obtaining 

a complete external thermal assessment of the process.  

Applying a Taguchi Design of Experiments method, FSW trials were performed on a standard 

aluminium alloy for airframe structures, using a Triflat design tool, and modifying the primary 

parameters for heat generation within the operating window. Welds were thermally monitored 

using a FLIR T640 IR camera to create a significant database to be used to optimize the 

developed ANsys/modeFRONTIER FSW parametric model.  

An accurate FSW thermo-mechanical simulation will help to achieve a deeper understanding 

of the different phases of the FSW process and an enhanced control of the key parameters of 

this technology, substantially reducing the testing phase required to frame a robust sweet-

spot. 

A brief schematic of the content of the presentation is shown below, describing the certain 

topics discussed on the Masters project. 
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The project presented covered the details of FSW and its advantages associated with it. 

Previous work was discussed on other models already developed based on the FSW process. 

Various results from other models were discussed more thoroughly as to how it applies to the 

current model being developed and what precautions and considerations need to be made. 

The developing model was discussed in detail which moved onto the experimental testing 

being undertaken adjacent to it. After which it was summarised as to what has been achieved 

so far and where the project stands to what is still required.  

The presented work was appreciated by those who attended the session and displayed the 

high standard that it was being presented at alongside other professionals and academics. 

Remarks 

The presentation went well, and there were questions asked that showed interest in the idea 

of what was being presented. Approached by a few attendees and academics from the 

conference in order to discuss the project further, displayed a valuable networking opportunity 

that allows one to be able to expand ones project with many others having attempted or 

completed similar outcomes to ones’ project and enhancing the calibre and expertise of the 

project itself.  

Outcomes 

Background 
and 

applications

Previous 
research

Current work-
Model

Current work-
Experimental

Progression of 
work

Figure 10.31: Overview of presentation 
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 For Welding and Joining III, the presentations were very interesting and displayed a 

great amount of advanced technology and innovation. To be presenting alongside 

such high esteemed academics and professionals was a wonderful opportunity not 

only to advocate the University but for ones’ own self confidence. 

 Presentation of project was a success, where a few contacts were made and are being 

followed up so one is able to enhance the knowledge in the particular field of interest. 

 Presenting at an international conference exposed the University outside of the bounds 

of the country and enables others to see the high standard and excellence we are 

capable of competing with. 

 Approached by an individual to speak about my model is to be followed up as they 

have done similar research but it will be investigated as to what they were considering 

important and which is applicable to the current project being undertaken.  

 During the exhibition intervals, made contact with an individual who works for the I-

STIR technologies company. He had a lot of interesting remarks on the process and 

the samples on display were interesting to look at, considering their machines are 

capable of friction stir welding approximately 30mm of aluminium alloy.  

 Also approached by one of the TWI members who also presented, and offered to help 

if I had any questions and to get in contact with one of the sources I have started 

researching when beginning my project. 

 Conversing with academics from other Universities was interesting to hear what they 

have been working on in the field of aeronautical materials and what other processes 

and manufacturing techniques are available.  

 The overall experience was an opportunity not to be missed. It expanded ones’ own 

mind in terms of conversing with other engineers in fields and who are expertise in 

those particular areas of topics, not only in the field which I presented in but in other 

topics that were interesting as well.  

 


