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Abstract 

THE EFFECT OF TOOL PROFILES ON HEAT GENERATION AND 

DISTRIBUTION DURING FRICTION STIR WELDING OF 

ALUMINIUM ALLOY 

BASIM M. A. AL-BHADLE 

University of Leicester, 2020 

Friction stir welding (FSW) is a solid-state joining process that uses a non-consumable tool 

to join metallic components. Heat is generated by friction between the rotating tool and the 

workpiece. In this study the effect of process parameters and tool geometry on heat 

generation during FSW is investigated through analytical and numerical modelling together 

experimental validation. Equations of tapered and straight tool profiles for triangular, square, 

pentagonal, hexagonal and octagonal geometries profiles have been derived first. The derived 

equations were then implemented in a finite element software package to model heat 

generation and thermal profile during FSW. Experimental validation was carried out using 

design of experimental (DOE) method for welding 6061-T6 aluminium alloy. The calculated 

thermal profiles agree with experimental data. It is found that the amount of heat generation 

increases with increasing number of flats, and taper ratio, and the highest temperature occurs 

in a straight octagonal tool profile which has 8 flats.  The peak temperature increases around 

19% by increase the number of probe flats from 3 to 8, and its taper ratio changes from 0.4 

to 1. The tensile strength in experimental welded joints was tested to evaluate the effect of 

tool profile on mechanical properties. The transverse tensile strength increases approximately 

33% by changing the tool profile from straight octagonal (SOct) to straight square (SSQ) due 

to producing defect free joints with symmetric hardness profiles. The tensile strength of SSQ 

joint is 79% of base metal strength were obtained using rotational speed of 1000 rpm and a 

welding speed of 200 mm/min.   
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 : Introduction 

1.1 Background  

Friction Stir Welding (FSW) was invented at TWI Ltd in the UK in 1991 and it was initially 

applied to join aluminium alloys [1, 2]. Comparing with other joining techniques FSW has 

many advantages, such as joining base metal without using filler metal and shielding gas, 

and the process is energy efficient,  environment-friendly, low cost and high welding 

efficiency [3]. FSW has now been widely used in aerospace, automotive, electronics and 

shipbuilding [4].  

During FSW, heat is generated from two sources, i.e. the heat friction and the deformation 

heat. The frictional heat is generated as a result of the frictional action at the interface between 

the FSW tool and base metal, and the deformational heat is generated from the deformation 

interactions between softening material layers when they rotate at different rates [5]. The 

frictional heat represents the primary heat source because it produces approximately 95% of 

the total heat generation during FSW [6].  

Heat generated during FSW is not enough to melt the based metal, but it is enough to soften 

material at the edge of base metal, and the welding zones are then formed by flowing this 

softening material from front to back of tool under stirring action [7]. So, the heat generation 

during FSW is the major factor on the quality of the final performance of welding joints. 

FSW thermal cycle can be practically measured, but this procedure has many challenges; one 

of them is that the thermocouples cannot be placed in the nugget zone because of high plastic 

deformation caused by stirring force from the rotating FSW tool. In addition, experimental 

measurements cannot give the full thermal profile of welding zone.  

The heat generation relies on the profile of FSW tool, and the tool profile, welding parameters 

and material thermal properties are related [5]. So, it is important to study the relationship 

among these factors to evaluate the heat generation during FSW.  
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1.2 Aim 

The aim of the proposed research is to improve the understanding of the effect of change 

FSW tool profiles from taper to straight on the amount of heat generated and distributed in 

FSW of aluminium alloy. 

1.3 Assumptions made in this study   

In the present work, the tool profile and welding parameters are listed below: 

❖ The friction stir welding tools have following features: 

➢ The shoulder end surface is a flat.  

➢ The shoulder to probe diameter ratio is two.  

➢ The tool profiles are the polygonal tapered or straight. The polygon probe flats 

number (PFN) is changed from 3 to 8 while taper ratio ( 𝑇𝑝) is changed from 0.4       

to 1. 

➢ The tool dimensions are: 

▪ Shoulder diameter is 12 mm. 

▪ Probe diameter is 6 mm.  

▪ Probe length is 6 mm.  

❖ The range of welding parameters are: 

➢ Rotational speed (N) between 500 to 1400 rpm.  

➢ Welding speed (S) between 150 to 350 mm/min.   

1.4 Thesis structure  

This thesis is divided into the following chapters:  

❖ Chapter One: Presents an overview of the study. It consists of a brief introduction, a 

statement of the aim of this work, and the structure of the thesis. 
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❖ Chapter Two: Comprises the theoretical background of the principles of the FSW with 

a review of the relevant literature on tool profile, process parameters, FSW defects, heat 

generation, gaps in literature and objectives. 

❖ Chapter Three: Presents the analytical sequence to derive heat generation equations 

for taper and straight tools by dividing FSW tool into a shoulder-base metal interface, 

vertical probe surface-base metal interface and probe tip-base metal interface. 

❖ Chapter Four: Presents the sequence of numerical implementation of FSW by using 

COMSOL 5.2 software under two model assumptions: 

➢ Model 1 assumptions:  Density, thermal conductivity, thermal capacity and friction 

coefficient are assumed as constant while shear contact stress under sticking 

condition is a function of temperature according to yield stress as a function of 

temperature. 

➢  Model 2 assumptions:  Density, thermal conductivity, thermal capacity, friction 

coefficient and shear contact stress under sticking condition are assumed as a function 

of temperature. 

❖ Chapter Five: Comprises the procedures to carry out the welding trials by machining 

slots in 6061-T6 plates to place the thermocouples, as well as design and manufacturing 

FSW tools and heat treatment sequence to improving mechanical properties for FSW 

tools. Presents the preparing steps conducted to manufacture the tensile, microstructure, 

microstructure and microhardness test samples.  

❖ Chapter Six: Presents the discussion and analysis DOE results for AF by explanation the 

effect of welding parameters and tool profiles.  

❖  Chapter Seven: Presents the thermal profile during FSW by displaying model 1 and 

model 2 results and discussing the results of DOE for PT. 

❖ Chapter Eight: Presents mechanical performance by discussion and analysis DOE 

results for 𝜎T to explain the effect of welding parameters and tool profiles. 
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❖ Chapter Nine: Presents the validation results of the DOE predicted equations for AF, 

PT and 𝜎T. 

❖ Chapter Ten: Presents the effect of tool profile on microhardness, macrostructure, 

microstructure, weld zone tensile strength and heat distribution. 

❖ Chapter Eleven: This is the last chapter which draws the conclusions from the work 

done in this thesis and presents future work.  
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 : Literature review on friction stir welding 

2.1 Friction Stir Welding (FSW) 

In this part of literature review, the principle, tool, microstructures and thermal cycle in FSW 

will be reviewed.   

2.1.1 The principle of FSW  

The principle of FSW process is shown in Figure 2-1. The axial force (forging force) is a 

normal force applied by FSW tool on plates which are rigidly clamped on the backing strip 

plate to prevent lateral moving (Figure 2-1(a)).  

At the beginning, FSW tool rotates with a constant rotation rate which causes a friction force 

between tip probe and upper work piece surface (Figure 2-1(b)) and increases temperature 

between them. As a consequence of increasing temperature and axial force the FSW tool will 

plunge inside the softened material until the shoulder contacts the work piece surface.  

At this moment, the temperature increases rapidly (Figure 2-1(c)) and when the temperature 

increases to sufficient value the FSW tool will move along a welding line with a constant 

speed (Figure 2-1 (d)). 

FSW heat energy is generated by frictional and deformational heating. The frictional heating 

is primary source because it produces more than 95% from heat generation (the red line in 

Figure 2-2 represents the interface action of this source), the deformational heating is the 

secondary source because it produce approximately 4.4% from heat generation [5].   
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Figure 2-1. The principle of FSW process a) Plates are rigidly clamped to prevent lateral 

moving, b) Friction interaction between tip probe and upper work piece surface, c) The 

temperature increases rapidly when the shoulder contacts the work piece surface and         

d) FSW tool feeds at contact welding speed along welding line [6].   
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Figure 2-2. The sources of the total heat generation [7]. 

During welding, FSW tool will form welding zones by flowing thermally softened material 

from front to back of this tool. FSW tool slides and rotates on base metal with non-symmetric 

influence on base metal because FSW tool rotates in the same direction of the tool moving at 

advancing side while it rotates inverse that at the rear side [8]. 

2.1.2 FSW tool  

FSW tools are designed to generate frictional heat at the interface with a workpiece, apply 

the downward forging force necessary for welding consolidation and constrain heated metal 

under the bottom shoulder surface [9]. These tools are still under development to cover the 

growth demand using FSW for joining several materials in various industries [10]. So, many 

adjustments are applied on tool design by adding several features. FSW tool has two effective 

parts i.e. shoulder and probe. 

The functions of the tool shoulder generate the heat at the interface with work piece and 

capture the soft layer in welding zone. The heat input increases with increasing shoulder 

diameter because shoulder diameter significant effect to the amount of frictional heat as 

shown in Figure 2-3. 
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Figure 2-3. The effect of shoulder diameter to the peak temperature [11]. 

The shoulder has three features as shown in Figure 2-4. The shoulder outer surface has two 

common designs, cylindrical [12-14] and conical [15-18]; This feature does not have  

significant effect on welding quality because the shoulder plunge depth is so small to make 

change on welding quality (i.e. 1–5% of the base metal thickness) [1, 19].  

However, shoulder end surface and end surface feature have a significant impact on 

mechanical properties of welding joints. There are three types of shoulder end surface 

convex, concave and flat [20-23], These features reduce the formation of material flash by 

capturing the softening  material under shoulder surface during welding time [24], improving 

the surface conditions [25]. 

While there are several designs for the end surface feature used to improve the welding 

quality (some of them shows in Figure 2-4 and Figure 2-5) by regulation axial force, 

improving flow pattern around the friction stir welding tool and providing sufficient volume 

to capture softening layers under the shoulder. 
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In addition, shoulder end surface and end surface feature can also increase forging force and 

hydrostatic pressures, which may promote material mixing and produce sound joints [26, 27].  

The stationary shoulder was recently used to join different materials [28-33], especially with 

low conductivity coefficient materials to solve poor weld quality which generates from a 

significant temperature gradient through the thickness [34, 35]. The heat is generated by the 

probe when it rotates at high rotational speed.  

 

Figure 2-4. Shoulder shapes and features, (A) Shoulder outer surface, (B) Shoulder end 

surface and (C) End surface [9]. 

The probe features are probe end surface (probe tip) and probe outer surface (probe surface) 

as shown in Figure 2-6. The shape of probe tip depends on the probe design; so, the 

cylindrical probes have flat or domed tip shape [36, 37]. The change of probe tip design from 

flat to domed is increased tool life by reducing contact area at first contact between tool and 

work piece [38-40]. The tip shape for taper probes depend on the design of probe surface and 

taper angle.  

The probe surface has many functions during FSW such as formation mixing zones and 

deformational heat and frictional heat. So, the probe surfaces develop by adding several 

features such as threads [41-43], flats [44-47] or flutes [48, 49] to improve the performance 

of these tools. The change of probe surface design increases the heat generation because of 
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increasing contact area [50]. Increasing flute radius affects the material flow pattern in 

stirring zone.  

 

Figure 2-5. View of tools: (a) Front view for all tools; (b) Bottom view of plane shoulder 

tool (PST); (c) Bottom view of concentric circles shoulder tool (CCST); (d) Bottom view of 

ridges shoulder tool (RST); (e) Bottom view of knurling shoulder tool (KST); (f) Bottom 

view of scroll shoulder tool (SST) [51]. 

More complex features included to weld thicker plates to increase material flow and stirring 

and decrease process loads. For thicker plate, probe features were selected according to a 

number of materials, component thicknesses and joint types, as shown in Figure 2-7. The 

Design of these tools is shown in Figure 2-8 and Figure 2-9. 

There are many benefits from using complex features: using very high welding speeds, 

producing Welding joint with good surface quality, reducing the probe volume and 

increasing swept rate.
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Figure 2-6. Probes features, (A) Probe tip and (B) Probe surface [9].
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Figure 2-7. Probe types developed at TWI for various material thicknesses and joint types [52].
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Figure 2-8. Basic variants for the WhorlTM type probes [52]. 

Zhang, Cao [9] summarised data for different material as shown in Figure 2-10, they found 

the shoulder diameter is 2.1 time from work piece thickness while it is 3 times from probe 

diameter. These ratios are recommended to produce sound welding joint.  

 

Figure 2-9. Typical MX-TrifluteTM probe [52]. 
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Figure 2-10. (a) Tool diameters versus work piece thickness and (b) Relation between tool 

diameters [9]. 
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The FSW material are selected according to weld quality and tool wear. Tool material 

properties may influence on welding quality by affecting on the total heat generation and 

dissipation. The welding zone microstructure may also be changed when it interacts with 

eroded tool material. Tool wear occurs when there is the severe heating of the tool during 

welding cycle or the yield strength of tool material reduces at high temperatures. Table 2-1 

list the tool materials, tool geometries and welding variables used to weld some of the 

common aluminium alloys [53]. 

Table 2-1. Tool materials, geometries and welding variables used for FSW of several 

aluminium alloys [53].  
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2.1.3  Microstructures in FSW   

High plastic deformation rate and wide range of temperatures in stirred zone during FSW 

contribute to build  welding zones microstructure because of recrystallization, precipitate 

dissolution and coarsening within and around  stirred zone [54, 55]. This lead to formation 

three regions, stirred (nugget) zone, thermo-mechanically affected zone (TMAZ), and heat-

affected zone (HAZ), in addition there is unaffected material or parent metal  [56] as shown 

in Figure 2-11. 

 

Figure 2-11. Microstructural zone classification in a friction stir weld in Al 2024 alloy (A: 

Parent material, unaffected by process; B: HAZ, thermally affected but with no visible 

plastic deformation; C: TMAZ, affected by heat and plastic deformation) [57]. 

2.1.4 FSW defects 

There are many types of defects in FSW joints as shown in Figure 2-12 .These defects are 

identified as either flow or geometric related. The lack of penetration defect happens when 

the probe penetration depth is improper. The flow-related defects happen when welding 

parameters are selected out of the acceptable processing window because they cause an 

increase or decrease heat input. With increasing heat input, flash is formed excessively as a 

result of material flow. While low heat input leads to insufficient flowing material to cause 

surface lack of fill, wormhole, or lack of consolidation defects on the advancing side [58-

61].   
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Figure 2-12. Characteristic defect types in friction stir welds [62]. 
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2.1.5 Thermal cycle of FSW  

FSW cycle as shown in Figure 2-13 is divided into five steps plunging, first dwelling, 

welding, second dwelling, and extraction [63]. These steps cause thermal sequences during 

FSW process as shown in Figure 2-14. Thermal cycle  can be divided into six periods, first 

plunge (period I) is a period before shoulder contacts with  work piece; second plunge (period 

II) is a period after shoulder contacts with work piece; first dwell period (period III);  weld 

period (period IV); second dwell period (period V); and  cooling period (period VI) [64]. 

 

Figure 2-13. Schematic view of FSW steps; plunging, first dwelling, welding, second 

dwelling, and extraction [13]. 

The probe heat generation fraction [64] increases remarkably with increasing probe diameter 

and decrease noticeably with increasing  shoulder diameter as shown in Figure 2-15. The 

previous studies were pointed that the probe heat generation fraction increases  from 10 to 

40 % [65] with variations of tool profile, Figure 2-15 shows the change of heat generation 

ratios with variation shoulder and probe radius [66].  
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Figure 2-14. Predicted dynamic maximum temperature, total heat generation, and probe 

heat at FSW steps; plunge (period I); second plunge (period II); first dwell period (period 

III); weld period (period IV); second dwell period (period V); and  cooling period (period 

VI) [64]. 

 

Figure 2-15. Heat fraction generated by the shoulder and probe [66]. 
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2.2 FSW of aluminium alloys  

Aluminium alloys are widely used in industries because these alloys have a high strength to 

weight ratio and stiffness to weight ratio. Modern parts used in industries are joined by 

welding because these parts have low weight and cost compared with casting parts. For 

example, the use of welding in airframe structures can save up to 30% of the cost and up to 

10% of weight for these structures [1].  

However, the joining of aluminium alloys by conventional fusion welding is difficult because 

it requires a specific technique to remove surface oxidation. 2xxx and 7xxx aluminium series 

are generally classified as non-weldable because of formation brittle phases and defects in 

fusion zone [67]. Welding aluminium alloys with other material is so difficult due to the 

differences in thermal and chemical properties between them. 

FSW can be the best solution for all above issues because it is solid state welding process 

and can use to join most aluminium alloys without needing specific techniques to remove 

surface oxide.  

2.3 The heat generation at FSW 

2.3.1 Heat generation in FSW  

Heat during FSW is generated by deformational interaction around FSW tool and frictional 

interaction at the interface between tool and base metal. Both heat sources contribute to 

increase heat input during FSW and form thermal profile within and around the stirred zone. 

So, contact condition describes the relation between FSW tool and work piece material.  

There are two contact conditions. The first condition is sliding when the contact shear stress 

(the shear stress between the tool surface and work piece surface) is less than matrix shear 

stress (the shear stress between the soften layers). The second one is sticking condition when 

the constant shear stress is greater than matrix shear stress. Many researchers studied the 

effect of contact condition on total heat generation during FSW. Bastier, Maitournam [5] 

claimed that plastic deformation contributes 4.4 % from the total heat generation. 
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 So, the most investigations are assumed that the total heat generation is produced by 

frictional interaction.  

2.3.2 The effect of welding parameters on heat generation  

Many researchers tried to find a logical relation between heat input and welding parameters. 

Liu et al [68] studied the effect of welding parameters on the tensile strength of 2017-T351 

alloy. This study pointed that fracture positions at an interface between weld nugget and 

TMAZ on advancing side moved toward weld centre when the ratio of welding speed to 

rotation rate increases. The mechanical properties for AZ31 magnesium alloy which welded 

by FSW were studied to show the effect of rotation rate to moving speed (ω/υ) ratio on joint 

quality. The results of this study appeared that increasing weld stirring zone and decreasing 

partial root penetration with increasing  (ω/υ) ratio [69]. 

Kim, Fujii [70] investigated the effects of FSW moving tool speed and rotation rate on 

aluminium alloy 383 (ADC12) microstructure by calculating Si particle distribution in 

nugget zone. It was reported that Si particles size decrease with increasing welding speed 

while rotation speed does not have any effect. Ren et al [71] studied the effect of welding 

speed and tool rotation on tensile strength and fracture modes for 6061-T651 alloy. Their 

results pointed that tensile properties and fracture surface varied with welding speed.  

2.3.3 The effect of FSW tool design on heat generation  

Tool design affects on heat generation ratio for each part of this tool. So, there are many 

numerical and practical studies which investigated the relation between heat generation rate 

and friction stir welding tool profile. The most investigations focused on shoulder features 

(shoulder radius and shoulder surface) because they generate about (60-80) % from heat input 

at welding zone.  

Arora, De [72] offered a numerical heat transfer technique which is used torque to find 

optimal shoulder diameter.  Elangovan and Balasubramanian [73] found from their practical 

study the optimum shoulder diameter which produced the highest strength for AA6061 joints.  

Hirasawa, Badarinarayan [14] studied the effect of shoulder surface design on quality of 

friction spot welding joints. They found that high strength spot welds were produced by using 
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concave shoulders. The modelling study found that shoulder surface angle influenced on 

axial force value [74]. 

In addition, some investigations were focused on the relation of shoulder diameter with probe 

diameter and plate thickness to produce sound welding joints. This relation has a sound 

impact on total heat generation and mixing soften material to form welding zone.  Join similar 

materials require shoulder diameter as three times base metal thickness, this point is verified 

by many researchers such as Prado, Murr [75] and Chen, Da Silva [76], while for dissimilar 

materials this diameter must be 3.5 times plate thickness because heat input should be higher 

for suitable material mixing to form sound welding joints [77]. Tang, Guo [78] studied the 

role of a shoulder on heat generation during FSW by using two kinds of tools (with and 

without probe). Their results showed that shoulder dominated on heat generation during 

FSW. 

Others researchers studied the effect of variation probe profile on thermal values (the total 

heat generation and welding temperature). Schmidt, Hattel [79] pointed that probe generated 

14% from the total heat generated and 17% in other investigation [80].While, Colegrove, 

Painter [81] and Shi, Dickerson [82] their findings pointed that probe generated 20 and 25 % 

respectively from total heat generation. In recent investigation Zhang, Xiao [65] revealed that  

probe heat generation fraction  varied  from 13 to 37% with shoulder diameter and probe 

diameter  variation. Their finding recorded that increase probe diameter from 6 to 10 mm 

caused rapidly increasing at probe heat generation fraction, while increase shoulder diameter 

from 16 to 24 mm caused obviously decreasing at probe heat generation fraction.  

Recently, many researchers consider the impact of probe shape on welding quality and total 

heat generation. Suresha, Rajaprakash [83] studied the effect of probe profile changing from 

square straight to conical on tensile strength at welding zones; they showed that conical tool 

improves the mechanical properties. Elangovan and Balasubramanian [84] investigated the 

influence of probe profile on tensile strength for AA2219 aluminium joints which carried out 

by choosing five different FSW tools. Their results pointed that square probe tool profile 

recorded superior tensile properties for welding joint. 
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 Ramanjaneyulu, Reddy [85] reported that total heat generation and peak temperature are an 

increase with increasing number of flats on probe surface (i.e., square to hexagonal probe 

profile). They pointed that peak temperature increases with decreasing axial force as a result 

of probe profiles changing which mean rising in total heat input due to highly plastic 

deformation rate. 

The recent investigations are focused on considering the effect of probe shapes and its 

dimensions on welding quality because the researchers realised the probe contribution in the 

total heat generation and the flow profile. 

2.3.4 Modelling and simulation of FSW thermal cycle  

Although the FSW thermal profile can be measured practically, this procedure has 

problematic at FW zone due to high plastic deformation which is delivered by the rotating 

probe in this region. In addition, experimental measurements provide incomplete temperature 

information. So, there are many investigations which are worked to improve a thermal cycle 

simulation during FSW by modelling to obtain the optimum results. 

3D Finite element is one of the most important methods used to model thermal history of 

softening layers at welding zone. Ulysse [86] modelled FSW by using 3D finite element 

(Figure 2-16) to study the effect of welding speed and rotational velocity on FSW 

temperatures, The results pointed that FSW temperatures increase with reducing welding 

speed and increasing rotational speed as shown in Figure 2-17 and Figure 2-18.   

 

Figure 2-16. Finite element mesh of the welding model [86]. 
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Figure 2-17. Stir-welding temperatures as a function of welding speed [86]. 

 

Figure 2-18. Stir-welding temperatures as a function of rotational velocity [86]. 

Chao, Qi [87] formulated equations (Figure 2-19) to simulate the standard boundary for the 

FSW tool (equation (2.1)) and workpiece (equation (2.2)) to reduce the gap between 

experimentally and numerically temperature results for frictional heat generation. 
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 𝑄3 =  𝑄4 + 𝑞1 (2.1) 

 

Where 𝑄3 is the heat flux to the tool from the friction between the tool and the workpiece, 

𝑞1 is the heat lost from the surface of the tool to the environment through convection and 

𝑄4 is the heat transferred to the machine head in which the tool is mounted. 

 𝑄1 =  𝑄2 + 𝑞2 + 𝑄 (2.2) 

Where 𝑄1 is the heat flux coming from the friction between the tool and the workpiece, 𝑄2 

is the heat conducted from the bottom surface of the workpiece to the backing plate on the 

machine, 𝑞2 is the heat lost from the surface of the workpiece to the environment through 

convection, and 𝑄 is the increase of the heat content in the workpiece. 

 

Figure 2-19. Heat transfer in tool and workpiece in friction stir welding (One-half of the 

tool model is shown due to symmetry) [87]. 

 Schmidt, Hattel [79] defined a contact state variable δ, which represent the ratio of the 

velocity matrix surface to the tool velocity at any contact point (equation (2.3)).  
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 δ =  
𝑣𝑚𝑎𝑡𝑟𝑖𝑥

𝑣𝑡𝑜𝑜𝑙
= 1 −

𝛾˙

𝑣𝑡𝑜𝑜𝑙
 (2.3) 

 Where 𝛾˙ is the slip rate and 𝑣𝑡𝑜𝑜𝑙 is the position dependent tool velocity of ωr. The 

relationship between the different contact conditions are listed Table 2-2. 

Table 2-2. Definition of contact condition, velocity/shear relationship and state variable 

(dimensionless slip rate). 

 

The sticking condition was assumed by researchers when the shearing occurs in a layer very 

close to the interface, while the sliding condition was assumed when the shear takes place at 

the contact interface [79]. According to these contact conditions, the shear contact stresses 

 (τ contact) are introduced: 

1. The sticking shear stress (𝜏𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔) is described the 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 for a sticking condition 

by von Mises equation under pure shear condition. 

 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜏𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =
𝜎𝑦

√3
 (2.4) 

Where 𝜎𝑦 is the material yield stress.  

2. The friction shear stress (𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛) is described the 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 for a sliding condition by 

Coulomb’s friction law. 

 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇. 𝑃 (2.5) 

Where μ is the friction coefficient and p is the contact pressures. 
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Graz-Seggau [88] reported that the welding speed is much lower than the peripheral velocity 

(the linear velocity of the rotating cylinder), so the rotational speed dominates to estimate the 

FSW heat input.  

Đurđanović, Mijajlović [63] modelled the heat generation during FSW. The model assumed 

that the heat energy was generated by pure sliding, pure sticking and combination of sliding 

and sticking conditions. Basic heat generation equation of infinitesimal surface in contact 

with the weld joints is equal to:  

 𝑑𝑄 = 𝜔. 𝑑𝑀 (2.6) 

Where: 𝜔 tool angular rotation speed, rad-1, dM – torque of the welding tool. 

The 𝑑𝑀 is substituted as the perimeter force (𝑑𝐹) and radial distance (𝑟); 𝑑𝐹 is substituted 

as a shear stress 𝜏 and infinitesimal area of observed surface (𝑑𝐴), so the heat generation 

equation is:  

 𝑑𝑄 = 𝜔. 𝑑𝑀 = 𝜔. 𝑟. 𝑑𝐹 = 𝜔. 𝑟. 𝜏. 𝑑𝐴 (2.7) 

 

𝜏 = 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡  is calculated according to contact condition  𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 or 𝜏𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔. 

Song and Kovacevic [89] presented moving coordinate system (MCS) (equation (2.8)) to 

simplify modelling of heat transfer from FSW tool to base metal because the heat source 

moving does not need to model. 

 

𝑑(𝜌 𝑐 𝑇)

𝑑𝑡
=

𝑑

𝑑𝑥
(𝑘𝑥

𝑑𝑇

𝑑𝑥
) +

𝑑

𝑑𝑦
(𝑘𝑦

𝑑𝑇

𝑑𝑦
) +

𝑑

𝑑𝑧
(𝑘𝑧

𝑑𝑇

𝑑𝑍
) + 𝑣𝑤

𝑑(𝜌 𝑐 𝑇)

𝑑𝑥
 (2.8) 

 

Where T is the temperature, c is the heat capacity, 𝜌 is the density, k is the heat conductivity, 

and vw is the tool moving speed. 

AA2524 joints by FSW was  modelled to predict the effect of welding speeds and tool 

rotational speeds on torque, power requirement and the size of the TMAZ [90], their findings 

pointed that the size of the TMAZ increases with increasing the rotational speed as shown in 

Figure 2-20 because of  higher power and higher peak temperatures. 
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Figure 2-20. Relative comparison of the numerically computed TMAZ with the 

corresponding experimentally determined geometry. The welding velocity is  2.11 mm s-1 

and the rotation speed was varied: (a) 150 rpm (b) 480 rpm and (c) 800 rpm [90].  

Most of the previous investigations studied the effect of probe profiles on joint quality as a 

result of change total heat generation. Schmidt and Hattel [91] used models to describe the 

heat source. These models simulated the role of a probe and the effect of contact condition 

on heat generation during FSW periods.  

 

Figure 2-21. Schematic view of configuration of 6 cases: left column = sliding condition, 

right column = sticking condition. First row: no probe heat generation (HG); second row: 

with probe H.G; third row: probe volume removed, H.G. in shear layer [91].  
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Song and Kovacevic [92] used moving heat source to model probe heat generation to explain 

heat transfer during tool plunges into plates and tool extracts from the work piece. Their 

results pointed that the peak temperature at the tool shoulder interface could be very close to 

the base metal melting point if the input heat flux is high enough as shown in Figure 2-22. 

 

Figure 2-22. Calculated isothermals versus microstructure morphology [92]. 

Buffa, Hua [22] designed FSW tool (Figure 2-23) by FEM model to study the effect of the 

change pin angle (10°, 20°, 30° and 40°) on thermal cycle during FSW process. They found 

that heat-affected zone and thermal mechanical zone are large in welding zones as a result of 

increasing taper probe angle as shown in Figure 2-24.  

 

Figure 2-23. Tool design showing geometric parameters [22]. 
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Figure 2-24. Temperature profile in a x–z section as a function of pin angle α (Vf = 100 

mm/min) (a) α = 40°, (b) α = 20° and (b) α = 0°. 

Biswas and Mandal [93] presented 3D finite element model to determine the influence of 

tool profile variation on heat distribution at weld nugget.  Their results showed that the peak 

temperatures were all closer to or more than 80% of the melting point of AA1100. The tool 

design with a concave shoulder and conical pin is superior for FSW of AA1100 (Figure 2-25). 

 

Figure 2-25. Numerical and experimental temperature distribution for welding with conical 

tool pin [93]. 
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There are many studies focus on the effect of taper probe profile on total heat generation at 

FSW process. Taper cylindrical probe profile was modelled to predict total heat generation  

during FSW of Al alloy [94]. The FSW tool was divided into three interferes (Figure 2-26) 

to estimate the total heat generation (equation (2.9)) . 

 

Figure 2-26. Different heat generation regions [94]. 

 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄1 + 𝑄2 + 𝑄3 (2.9) 

Where 𝑄1 is heat generated under tool shoulder, 𝑄2  at the tool pin side, and 𝑄3 at the tool 

pin tip. 

The taper angler α was used to characterise the taper pin surface. The general equation 

(equation (2.10)) for heat generation was used to derive heat generation from each interface. 

  

 𝑑𝑄 = 𝜔. 𝑑𝑀 = 𝜔. 𝑟. 𝑑𝐹 = 𝜔. 𝑟. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . 𝑑𝐴 (2.10) 

The contact interface between tool and the base metal given by position and orientation 

relative to the FSW tool axis is shown in Figure 2-27. 
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Figure 2-27. Surface orientations and infinitesimal segment area for taper conical profile 

[94].  

There was a good agreement between modelling and experiential results available in 

literature. The peak temperature decreases with increasing taper angle as shown in           

Figure 2-28. 

 

Figure 2-28. Effect of taper angle on peak temperature (a) AA 6061-T6, (b) AA 6061-T651 

and (c) AA 6082-T6 [94].  
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The study of Tikader, Biswas [95] compared between the effect of straight and taper 

cylindrical probe on FSW heat generation and mechanical properties for AA1100 aluminium 

alloy. The researchers claimed that straight cylindrical probe profile tool generates high 

temperature than tapered probe profile tool. 

2.4 Summary  

FSW takes place in the solid phase below the melting point of the materials to be joined. The 

heat is generated by friction and deformation. Frictional heat is considered the main heat 

source during FSW because it constitutes more than 95% from the total heat generation.  

The heat generation relies on the FSW tool profile, welding parameters and material thermal 

properties. Although, FSW tool profile has the major effect on the heat generation. The 

relationship among these factors is important to calculate the heat generation during FSW.  

Numerical modelling of heat generation is the best way to study the effect of FSW tool on 

FSW thermal cycle because practical studies faces two challenges; the first challenge is that 

the thermocouples cannot be placed in the nugget zone because of high plastic deformation 

caused by stirring force from the rotating FSW tool. The second one, experimental 

measurements cannot give the full thermal profile of welding zone. 

There are many developments on numerical modelling by previous studies. Basic heat 

generation equation was used to derive heat generation equations for FSW tool to build 

thermal modelling of FSW. The τ contact was selected according to the contact condition 

between the FSW tool and the workpiece τ frictional for sliding condition and τ sticking for sticking 

condition.  

The sticking condition was assumed by researchers when the shearing occurs in a layer very 

close to the interface, while the sliding condition was assumed when the shear takes place at 

the contact interface. The MCS can be used to simplify modelling of heat transfer from FSW 

tool to base metal because the complex moving for the flow material around the tool does 

not need to model. 
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The shoulder dominates on the total heat generation during FSW because it constitutes (60-

80) % from the total heat generation. The change of probe design has effect on the total heat 

generation, flow patterns and defect formation.  

2.5 Gaps in literature 

Little research has been done to study the effect of the change taper polygonal tool profiles 

on heat generation and distributed during FSW. As a result, no clear analytical methods have 

been laid out to predict the effect of change FSW tool profiles from straight to taper on the 

total heat generation. The effect of the change tools profiles on mechanical properties should 

be studied by finding the relationship between the tools profiles and peak temperature to 

produce a sound and defect-free weld. 

2.6 Objectives  

The objective of the proposed research is to improve the understanding of the effect of change 

FSW tool profiles from taper to straight on the amount of heat generated and distributed in 

welding joints. The specific objectives are listed below:  

1. Derive equations to compete the heat generation at surfaces of shoulder, probe 

side and probe tip. 

2. Preform finite element analysis using COMSOL to compute the heat transfer 

in FSW. 

3. Perform experimental studies including the experimental trials for straight and 

taper tool profiles were selected according to DOE matrix. 

4. Predict the axial force (AF) as a function of welding parameters (N and S) and 

tool profiles (PFN and 𝑇𝑝) by DOE. 

5. Measure thermal profiles experimentally by thermocouples placed at 5mm 

from welding line during experimental trials to validate the modelling results. 

predictions. 

6. Predict the peak temperatures (PT) (calculated by model 2) as a function of 

welding parameters (N and S) and tool profiles (PFN and 𝑇𝑝) by DOE. 
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7. Predict the tensile strength (𝜎T) as a function of welding parameters (N and S) 

and tool profiles (PFN and 𝑇𝑝) by DOE. 

8. Validate the DOE model predictions for AF, PT and 𝜎T. 

9. Predict the optimise tool design and welding parameters to produce the 

highest tensile strength joint.  
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 : Analytical modelling of FSW 

In this chapter, equations are derived to calculate the heat input and contribution at surfaces 

(shoulder, probe side and probe tip) for different tapered tool profiles (triangular (TR), square 

(SQ), pentagonal (Pen) and hexagonal (Hex)) and straight tool profiles (triangular (STR), 

square (SSQ), pentagonal (SPen), hexagonal (SHex) and octagonal straight tools (SOct)). 

3.1 Heat generation equations for FSW tools  

The heat during FSW generates at contact interfaces which have a complex profile according 

to tool shape. In analytical tool interface modelling, FSW tool is divided into a shoulder-base 

metal interface, vertical probe surface-base metal interface and probe tip-base metal 

interface. For example, simplified tool design for triangular taper tool (TR) shown in      

Figure 3-1 , where 𝑄1 is heat generated under tool shoulder, 𝑄2  at tool Trapezoidal probe 

side, and 𝑄3 at tool probe tip. Total heat generated, 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄1 + 𝑄2 + 𝑄3. 

 

Figure 3-1. TR tool profile. 
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Heat generated in each contact surface will be computed by using mechanical power equation 

(3-1)  because mechanical energy which provides by FSW machine will convert to heat 

energy [63]. 

 𝑑𝑄 = 𝜔. 𝑑𝑀 = 𝜔. 𝑥. 𝑑𝐹 = 𝜔. 𝑥. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . 𝑑𝐴 (3-1) [63] 

Where M is a torque of the welding tool, F is a force, ω is angular velocity (𝜔 = 2. 𝜋. 𝑁), A 

is contact area, x is shear force arm and τ contact is a contact shear stress [63].  

Note. Contact area (dA) and shear force arm (x) should be calculated for each surface to 

calculate the total heat generation.      

Contact shear stress value is assumed according to the contact condition. In this work, it is 

shear friction stress at shoulder surface because the contact condition at shoulder is assumed 

a sliding, Coulomb’s friction law is used to estimate the contact shear stress for a sliding 

condition 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇. 𝑃, While sticking condition is assumed at the probe and 

probe tip surfaces, in this case, the contact shear stress 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜏𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =
𝜎𝑦

√3
 . According 

to these assumptions the heat energy is generated by frictional heating at the interface 

between the FSW tool and work piece.   

The element of the contact area at each interface is dA. This element is expressed by its 

location and direction relative to tool rotation axis. The shape of element for contact area 

(dA) be selected depending on tool profile.   

3.1.1 Heat generation equations for taper tools 

Equations are derived to calculate the heat input and contribution at surfaces (shoulder, probe 

surface and probe tip) for different tapered tool profiles (triangular (TR), square (SQ), 

pentagonal (Pen) and hexagonal (Hex)).   
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3.1.1.1 Heat generation equations for triangular taper tool (TR) 

The elements contact area (dA) for each interface is expressed by its location and direction 

relative to tool rotation axis as shown in Figure 3-2. The surface area of probe can be 

estimated by using isosceles trapezoid elements (Figure 3-2 (b)), while circle and rectangular 

elements are used to calculate areas for shoulder, probe base and probe tip (Figure 3-2 (a) 

and (c)). 

 

Figure 3-2. Schematic drawing of surface orientations and infinitesimal segment areas for 

triangular taper tool (TR). (a) Shoulder surface area, (b) Probe surface area and (c) Probe 

base and tip cross-section area. 

3.1.1.1.1 Heat generation from shoulder surface (𝑸𝟏) 

It is calculated by subtracting the heat generated for probe base area (𝑄𝑏) from the heat 

generated for shoulder (Qshoulder).   

Shoulder surface heat generation (Qshoulder) can be expressed by substitution  𝑑𝐴 = 2𝜋. 𝑟. 𝑑𝑟 

(Figure 3-3) and   𝑥 = 𝑟 at equation (3-1). 
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Figure 3-3. Schematic drawing for shoulder segment area. 

𝑄𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 = ∫ 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . 𝑟. (2𝜋. 𝑟. 𝑑𝑟)
𝑟=𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

𝑟=0

 

Finally, shoulder surface heat generation (Qshoulder) is: 

 𝑄𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 =
2

3
.𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. 𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3  (3-2) 

Where 𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 is a shoulder radius.   

To calculate probe base area heat generation (Qb), two values should be calculated: 

1. Contact element area (dA) 

Probe base area can be calculated by dividing this area into three triangles as a shown in 

Figure 3-4(a) and using a rectangular integral element (dA) (Figure 3-4 (b)). 
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Figure 3-4. Schematic drawing for probe base. (a) The triangular probe base cross section. 

(b) Schematic drawing for Position and dimensions of segment. 

The area for one element (dAone) can be calculated by: 

 𝑑𝐴𝑜𝑛𝑒= ɑi .∆h (3-3) 

From Figure 3-4 (b): 

 
ℎ𝑖

𝑎𝑖
=

𝐻𝐴𝑟𝑒𝑎

𝑎𝑏
 (3-4) 

For triangular probe, 𝑎𝑏 = 𝑅𝑃𝑟𝑜𝑏𝑒 . √3, 𝐻𝐴𝑟𝑒𝑎 =
𝑅𝑃𝑟𝑜𝑏𝑒

2
 and ℎ𝑖 = 𝑟  by substitution these 

values at equation (3-4): 

 𝑎𝑖 =  2√3. 𝑟  (3-5) 

 By substituting equation (3-5) into equation (3-3), the area for one element (dAone) is: 

𝑑𝐴𝑜𝑛𝑒= 2√3. 𝑟. ∆𝑟 

Aone can be calculated by limit equation for dAone. 
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 𝐴𝑜𝑛𝑒 = lim
𝑛→∞

∑ 𝑑𝐴𝑜𝑛𝑒

𝑛

𝑖=1

= lim
𝑛→∞

∑ 2√3. 𝑟. ∆𝑟

𝑛

𝑖=1

= ∫ 2√3. 𝑟. 𝑑𝑟
𝑟=𝑅𝐶𝑏

𝑟=0

 (3-6) 

Where 𝑅𝐶𝑏  is radius of a circumscribed circle at probe base cross section area.  

The area of one element (dAone) should be as a function of Rprobe, therefore the integration 

limit should be changed from RCb to Rprobe.  

For triangular probe: 

𝑅𝐶𝑏 =
𝑅𝑃𝑟𝑜𝑏𝑒

2
  

So, 

  𝑑𝑅𝐶𝑏 =
𝑑𝑟𝑃𝑟𝑜𝑏𝑒

2
 (3-7) 

 By using equation (3-7), equation (3-6) can be rewritten as:  

 𝐴𝑜𝑛𝑒 = ∫ 2√3.
𝑟

2
.
𝑑𝑟

2
 

𝑟=𝑅𝑃𝑟𝑜𝑏𝑒

𝑟=0

=  
√3

2
∫ 𝑟. 𝑑𝑟

𝑟=𝑅𝑃𝑟𝑜𝑏𝑒

𝑟=0

 (3-8) 

Total probe base cross section area (𝐴𝑇𝑜𝑡𝑎𝑙) can be calculated as:  

ATotal = PN. 𝐴𝑜𝑛𝑒.  

Where PN is probe base cross section parts number (Figure 3-4), for triangular probe PN=3. 

So, ATotal is: 

 𝐴𝑇𝑜𝑡𝑎𝑙 =
3√3

2
∫ 𝑟. 𝑑𝑟

𝑟=𝑅𝑃𝑟𝑜𝑏𝑒

𝑟=0

 (3-9) 

2. Shear force arm (x) for probe base area.  
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At probe base cross section, shear force arm equals to circumscribed radius (RCb)             

(Figure 3-6) but it should be calculated as a ratio from probe radius (Rprobe) to make probe 

base heat generation (Qb) as a function of probe radius (Rprobe).  

For triangular probe: 

𝑅𝐶𝑏 =
𝑅𝑃𝑟𝑜𝑏𝑒

2
 

So,  x =
𝑟

2
  (3-10) 

Substituting equation (3-9) and equation (3-10) into equation (3-1) the heat generation from 

probe base (Qb) is:   

𝑄b = ∫ 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡.
𝑟

2
.
3√3

2
𝑟. 𝑑𝑟

𝑟=𝑅𝑃𝑟𝑜𝑏𝑒

𝑟=0

 

 𝑄b =  
√3

4
. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . 𝑅𝑝𝑟𝑜𝑏𝑒 

3  (3-11) 

Therefore, 𝑄1 is calculated from 𝑄𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 − 𝑄𝑏, i.e. Equations (3-2) and (3-11). 

 𝑄1 =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − 0.2067. 𝑅𝑝𝑟𝑜𝑏𝑒 
3 ) (3-12) 

3.1.1.1.2 Heat generation from probe surface (𝑸𝟐) 

To calculate probe surface heat generation (𝑄2) from equation (3-1), two values should be 

calculated:  
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1. Probe surface area element (dA)  

Polygonal probe lateral surface area relies on a probe flats number. So, probe surface area 

element (𝑑𝐴𝑡𝑜𝑡𝑎𝑙 ) calculates from multiplying integral element for one flat (𝑑𝐴𝑜𝑛𝑒 ) by a 

polygon probe flats number (PFN), for triangular probe PFN=3 as shown in equation:  

 𝑑𝐴𝑡𝑜𝑡𝑎𝑙 = 3. 𝑑𝐴𝑜𝑛𝑒  (3-13) 

The integral element for one flat (𝑑𝐴𝑜𝑛𝑒 ) can be expressed as (Figure 3-5): 

 

Figure 3-5. Schematic drawing of isosceles trapezoidal elements to probe surface. 

 𝑑𝐴𝑜𝑛𝑒 =
1

2
 . (𝑏1 + 𝑏2). 𝑑ℎ (3-14) 

The equation (3-14) can be simplified to: 
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 𝑑𝐴𝑜𝑛𝑒 =
1

2
 . n. (b1 + b2). 𝑑ℎ =

1

2
 . (𝑛. 𝑏1 + 𝑛. 𝑏2). 𝑑ℎ (3-15) 

Where n is the number of elements in one flat. 

From Figure 3-5 the values of 𝑛. 𝑏1 and 𝑛. 𝑏2 are equaled to the lower and upper flat sides 𝑎𝑡 

and 𝑎𝑏 respectively. The length of these sides depends on probe profile. For triangular probe, 

they can be calculated as: 

𝑎𝑡 = √3. 𝑅𝑡𝑖𝑝 & 𝑎𝑏 = √3. 𝑅𝑃𝑟𝑜𝑏𝑒 

Where Rtip and Rprobe are the values of tip and probe radius respectively. 

So, the equation (3-15) can be simplified to: 

 𝑑𝐴𝑜𝑛𝑒 =
√3

2
 (𝑅𝑡𝑖𝑝 + 𝑅𝑃𝑟𝑜𝑏𝑒). 𝑑ℎ (3-16) 

The ratio between Rprobe and Rtip represents the  𝑇𝑝 value which equals 0.7, so the equation 

(3-16) can be rewritten as: 

 𝑑𝐴𝑜𝑛𝑒 =
√3

2
 (0.7𝑅𝑃𝑟𝑜𝑏𝑒 + 𝑅𝑃𝑟𝑜𝑏𝑒). 𝑑ℎ = (1.4722). 𝑅𝑃𝑟𝑜𝑏𝑒. 𝑑ℎ (3-17) 

Finally, the probe surface element area (𝑑𝐴𝑡𝑜𝑡𝑎𝑙 ) is: 

 𝑑𝐴𝑡𝑜𝑡𝑎𝑙 = 3. 𝑑𝐴𝑜𝑛𝑒 = 4.4167 ∫ ∫ 𝑑𝑟. 𝑑ℎ
ℎ=𝐻𝑝𝑟𝑜𝑏𝑒

ℎ=0

𝑟=𝑅𝑝𝑟𝑜𝑏𝑒

𝑟=0

 (3-18) 

Where 𝐻𝑝𝑟𝑜𝑏𝑒 is the probe height.  

The value of probe geometry factor (PF) is 4.4167. 

2. The shear force arm (𝑥) for probe surface area. 
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The shear force arm (𝑥) is the normal distance between the centre of element and probe centre 

line. It can be calculated from: 

𝑥 = 𝐹𝑇 . 𝑟 

Where 𝐹𝑇 is taper radius factor, it is the ratio between the average of circumscribed radius 

for the polygonal tapered probe (𝐴𝑅) and probe base radius (𝑅𝑃𝑟𝑜𝑏𝑒). For triangular probe, 

the taper radius factor (𝐹𝑇) is: 

𝐹𝑇 =
𝐴𝑅

𝑅𝑃𝑟𝑜𝑏𝑒
 

Where 𝐴𝑅  can be calculated by: 

𝐴𝑅 =
𝑅𝐶𝑏 + 𝑅𝐶𝑡

2
 

Where RCb and RCt are the circumscribed radius at probe base and probe tip respectively     

(Figure 3-6). 

 

Figure 3-6. The circumscribed radius at probe base and probe tip. 

For triangular probe, the values of RCb and RCt are 1.05 and 1.5 mm, so the value of FT is 

0.425. 
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Therefore Q2 is calculated by substituting probe surface area element (dA) and the shear force 

arm (x) at equation (3-1): 

𝑄2 = 𝜔. (0.425). 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. (4.4167). ∫ ∫ 𝑟. 𝑑𝑟. 𝑑ℎ
ℎ=𝐻𝑝𝑟𝑜𝑏𝑒

ℎ=0

𝑟=𝑅𝑝𝑟𝑜𝑏𝑒

𝑟=0

 

Finally, probe surface heat generation (𝑄2) is: 

 Q2 =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. (0.4481). 𝑅𝑝𝑟𝑜𝑏𝑒

2 . 𝐻𝑝𝑟𝑜𝑏𝑒 (3-19) 

3.1.1.1.3 Heat generation from probe tip surface (𝑸𝟑) 

TR has the same profile at probe base and probe tip. The procedure for the deriving heat 

generation equations of probe base surface (𝑄b) is used to derive heat generation equations 

in probe tip (Q3) by replacing 𝑅𝑃𝑟𝑜𝑏𝑒  with 𝑅𝑡𝑖𝑝. 

Therefore, the heat generation from probe tip surface (𝑄3) is: 

 𝑄3 =  
√3

4
. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. 𝑅𝑡𝑖𝑝 

3 =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. (0.2067). 𝑅𝑡𝑖𝑝 

3  (3-20) 

From equations (3-12),(3-19) and (3-20), 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄1 + 𝑄2 + 𝑄3 

𝑄Total =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − (0.2067). 𝑅𝑝𝑟𝑜𝑏𝑒 
3 + (0.4481). 𝑅𝑝𝑟𝑜𝑏𝑒

2 . 𝐻𝑝𝑟𝑜𝑏𝑒 + (0.2067). 𝑅𝑡𝑖𝑝 
3 ) 

The total heat generation equations (𝑄Total ) can be presented in a general form: 

𝑄Total =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − (𝐹1). 𝑅𝑝𝑟𝑜𝑏𝑒 
3 + (𝐹2). 𝑅𝑝𝑟𝑜𝑏𝑒

2 . 𝐻𝑝𝑟𝑜𝑏𝑒 + (𝐹3). 𝑅𝑡𝑖𝑝 
3 ) 

Where F1, F2 and F3 are the heat generation equation factors. 
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3.1.1.2 Heat generation equations for square, pentagonal, hexagonal taper tools 

The procedure for the deriving heat generation equations of TR tool is used to derive heat 

generation equations in square (SQ), pentagonal (Pen), hexagonal (Hex) and Octagonal taper 

tools (Oct). The final factors for heat generation equations are listed in Table 3-1. 

Table 3-1. The heat generation equation factors for different taper tool profiles. 

Tool profile F1 F2 F3 

TR 0.207 0.448 0.207 

SQ 0.450 0.690 0.450 

Pen 0.612 0.820 0.612 

Hex 0.716 0.896 0.716 

Oct 0.832 0.976 0.832 

 

These equations were applied in COMSOL as a heat sources in the interfaces between the 

FSW tool and the workpiece to analyse the heat transfer in FSW.  

3.1.2 Heat generation equations for straight tools 

Equations are derived to calculate the heat input and contribution at surfaces (shoulder, probe 

surface and probe tip) for different straight tool profiles (triangular (STR), square (SSQ), 

pentagonal (SPen), hexagonal (SHex) and octagonal straight tools (SOct)). 

3.1.2.1 Heat generation equations for straight triangular tool (STR) 

The elements contact area (dA) for each interface is expressed by its location and direction 

relative to tool rotation axis as shown in Figure 3-2. The surface area of probe can be 

estimated by using isosceles trapezoid elements (Figure 3-2 (b)), while circle and rectangular 

elements are used to calculate areas for shoulder, probe base and probe tip (Figure 3-2 (a) 

and (c)). 
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3.1.2.1.1 Heat generation from shoulder surface (𝑸𝟏) 

 STR has the same profile at probe base of TR. So, the procedure for the deriving heat 

generation equations of shoulder surface (𝑄1) for TR is used to derive heat generation 

equations from shoulder surface (Q1) for STR. 

 𝑄1 =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − 0.2067. 𝑅𝑝𝑟𝑜𝑏𝑒 
3 ) (3-21) 

3.1.2.1.2 Heat generation from probe surface (𝑸𝟐) 

To derive heat generation equation from probe surface (𝑄2), the same produce for the 

deriving heat generation equation of 𝑄2 for TR is used to derive heat generation equation in 

probe surface (Q2) by substituting: 

1. b1 = b2  

2. 𝑎𝑡 = 𝑎𝑏 = √3. 𝑅𝑃𝑟𝑜𝑏𝑒 

3. 𝑥 =
𝑅𝑐

𝑅𝑃𝑟𝑜𝑏𝑒
 . 𝑟 

Finally, probe surface heat generation (𝑄2) is: 

 𝑄2 =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . (0.620 ). 𝑅𝑝𝑟𝑜𝑏𝑒

2 . 𝐻𝑝𝑟𝑜𝑏𝑒 (3-22) 

3.1.2.1.3 Heat generation from probe tip surface (𝑸𝟑) 

STR has the same cross section at probe base and probe tip, so the heat generation from probe 

tip surface (𝑄3) is equal to the heat generation from probe base (Qb). 

Therefore the heat generation from probe tip surface (𝑄3) is: 
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 𝑄3 =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡(0.2067. 𝑅𝑝𝑟𝑜𝑏𝑒 

3 ) (3-23) 

From equations (3-21),(3-22) and (3-23), 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄1 + 𝑄2 + 𝑄3 

𝑄Total =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡. (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 + (0.620 ). 𝑅𝑝𝑟𝑜𝑏𝑒
2 . 𝐻𝑝𝑟𝑜𝑏𝑒) 

The total heat generation equations (𝑄Total ) can be presented in a general form: 

𝑄Total =
2

3
. 𝜋. 𝜔. 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟

3 − (𝐹1). 𝑅𝑝𝑟𝑜𝑏𝑒 
3 + (𝐹2). 𝑅𝑝𝑟𝑜𝑏𝑒

2 . 𝐻𝑝𝑟𝑜𝑏𝑒 + (𝐹3). 𝑅𝑡𝑖𝑝 
3 ) 

Where F1, F2 and F3 are the heat generation equation factors. 

3.1.2.2 Heat generation equations for square, pentagonal, hexagonal straight tools 

The procedure for the deriving heat generation equations of STR tool is used to derive heat 

generation equations for square (SSQ), pentagonal (SPen), hexagonal (SHex) and octagonal 

straight tools (SOct).  The final factors for heat generation equations are listed in Table 3-2. 

Table 3-2. The heat generation equation factors for different straight tool profiles. 

Tool profile F1 F2 F3 

STR 0.207 0.620 0.207 

SSQ 0.450 0.955 0.450 

SPen 0.612 1.135 0.612 

SHex 0.716 1.240 0.716 

SOct 0.832 1.350 0.832 

 

These equations were applied in COMSOL as a heat sources in the interfaces between the 

FSW tool and the workpiece to analyse the heat transfer in FSW.  

 

 



50 

 

 : Numerical modelling of heat generation during FSW 

4.1 Introduction  

The current project, computational heat transfer in solids (HTS) embedded in COMSOL is 

used to simulate heat generation and heat distribution in FSW by using both straight and taper 

tool profiles (TR, SQ, Pen, Hex and Oct) with different values of welding parameters. HTS 

modelling is built by finite element method (FEM) using a MCS which fixed on tool axis. 

The main aim of utilising MCS is to model FSW tool which moves along welding line 

because this movement requires a complex model to simulate this tool as a moving heat 

source [89]. Heat transfer control equation for base metal in a MCS with a positive the             

x-direction moving tool can be written as: 

 𝑑(𝜌 𝑐𝑝 𝑇)

𝑑𝑡
=

𝑑

𝑑𝑥
(𝑘𝑥

𝑑𝑇

𝑑𝑥
) +

𝑑

𝑑𝑦
(𝑘𝑦

𝑑𝑇

𝑑𝑦
) +

𝑑

𝑑𝑧
(𝑘𝑧

𝑑𝑇

𝑑𝑍
) + 𝑆

𝑑(𝜌 𝑐𝑝 𝑇)

𝑑𝑥
 

(4.1) [89] 

Where T is the temperature, 𝑐𝑝 is the heat capacity, 𝜌 is the density, k is the heat conductivity, 

and 𝑆 is the welding speed mm/min. The last term of the equation reparents the moving of 

FWS tool by MCS in a positive x-direction for the base metal.  

Using HTS requires dividing geometry into small elements to simplify simulation for this 

geometry. These small elements are known as meshes or cells use to solve equations of heat 

energy and heat transfer during welding cycle. 

This chapter presents the methodology of developing a thermal model to predict thermal 

cycle; a 3D transient thermal model is simulated by using COMSOL to predict a temperature 

distribution during FSW of aluminium alloy 6061-T6. The main steps of the FSW thermal 

model in COMSOL are described in Appendix 3. 
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4.2 Physical models 

Physical model has been built for the welding joint and FSW tool as defined below. 

4.2.1 Welding joint  

Welding joint geometry is symmetric around welding line. So, it is enough to model one 

aluminium plate. Dimensions of this plate are 320 mm length, 102 mm width, and 6.35 mm 

thickness with two infinite domains in the x-direction. Figure 4-1 shows this model geometry: 

 

Figure 4-1. FSW Model geometry. 

4.2.2 FSW tool  

FSW tool has two active parts, shoulder and probe. The shoulder has one active surface. 

While, Probe has two active surfaces, probe surface and probe tip surface. These surfaces 

contribution in a total heat generation will represent at modelling as: 

Heat flux boundary condition at tool shoulder-base metal interface is: 
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 𝑘
𝛿𝑇

𝛿𝑛
⃒ᴦ = 𝑄1 (4.2) 

Heat flux boundary condition at tool probe surface-base metal interface is: 

 𝑘
𝛿𝑇

𝛿𝑛
⃒ᴦ = 𝑄2 (4.3) 

Heat flux boundary condition at tool probe tip-base metal interface is: 

 𝑘
𝛿𝑇

𝛿𝑛
⃒ᴦ = 𝑄3 (4.4) 

Where k is heat conductivity, T is temperature, and n is normal direction vector of boundary 

ᴦ. 

4.3 Heat generation equation  

Heat during welding process generates as a result of mechanical interaction between FSW 

tool and the work piece. This energy transfers to the base metal and causes an increase base 

metal temperature, but this temperature is not enough to melt base metal. So, HTS will be 

used to model heat transfer during FSW by governing equation, this equation is [96]:   

 𝜌. 𝐶𝑃. 𝑆. 𝛻𝑇 = 𝛻. (𝑘. 𝛻𝑇) + 𝑄 (4.5) 

Where  𝜌 is density, 𝐶𝑃 is specific heat, 𝑆 is velocity vector, 𝑘 is thermal conductivity, 𝑇 is 

temperature, and 𝑄𝑡𝑜𝑡𝑎𝑙 is internal heat generation rate 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄1 + 𝑄2 + 𝑄3 

There is no specific condition in heat transfer even the model temperature increases to the 

base metal melting point (855 K). 

4.4 Modelling assumptions 

In the first stage of modelling, density, thermal conductivity, thermal capacity and friction 

coefficient are assumed as constant. In the second stage of modelling, density, thermal 

conductivity and thermal capacity will be calculated as a function of temperature.  
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Friction coefficient is a constant because it is difficult to measure it at elevated temperature 

[63]. These assumptions are listed in Table 4-1. 

Table 4-1. Welding papameters and materials properties used in  Models 1 and 2. 

  Model 1 Model 2 

Friction coefficient (µ) µ = 0.3 µ = 0.3 

Shear 

contact 

(τcontact ) 

Shoulder Ʈ sliding = µ*(Fn/Ashoulder ) (1) Ʈ sliding = µ*(Fn/Ashoulder ) (1) 

Probe and tip 

surfaces 
𝜏𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =

𝜎𝑦(𝑇)
(2)

√3
 𝜏𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =

𝜎𝑦(𝑇)
(2)

√3
 

Material 

properties 

Density (𝜌) (kg/m3) 2700 𝜌(𝑇) 
(3) 

Thermal 

conductivity (K) 

(W/(m*K)) 

167 𝐾(𝑇)
(4) 

Heat Capacity (Cp) 

(J/(kg*K)) 
896 𝐶𝑝(𝑇)

(5) 

(1) Shear contact stress under sliding condition (Ʈ sliding) in model 1and 2 is constant during 

FSW cycle. 

(2) Shear contact stress under sticking condition (Ʈ sticking) in model 1 and 2 is a function of 

temperature according to yield stress as a function of temperature (𝜎𝑦 (T)) as shown in 

Figure 4-2. 

(3)Density in model 2 is a function of temperature (𝜌(𝑇)) calculated using JMatPro as shown 

in Figure 4-3.  

(4) Thermal conductivity in model 2 is a function of temperature (𝐾(𝑇)) calculated using 

JMatPro as shown in Figure 4-4   

(5) Heat Capacity in model 2 is a function of temperature (𝐶𝑃(𝑇)) calculated using JMatPro 

as shown in Figure 4-5. 

JMatPro software is used to predict material properties for alloys as a function of their 

composition and heat treatment.   
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Figure 4-2. Temperature-dependent 0.2% offset yield strength for AA 6061-T6 [97]. 

 

Figure 4-3. Density as a function of temperature. 
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Figure 4-4. Thermal conductivity as a function of temperature. 

 

Figure 4-5. Heat capacity as a function of temperature. 
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4.5 Boundary conditions and initial condition 

1. Convection and radiation boundary conditions  

The heat loss from upper plate’s surface due convection and radiation, it can be expressed 

as: 

 
𝑘

𝛿𝑇

𝛿𝑛
⃒ᴦ = 휀𝑆𝐵(𝑇𝑖

4 − 𝑇4) + ℎ𝑢𝑝(𝑇 − 𝑇𝑖) (4.6) 

Convection boundary condition for lower-base metal surface contacts with backup plate can 

be expressed as: 

 
𝑘

𝛿𝑇

𝛿𝑛
⃒ᴦ = ℎ𝑑𝑜𝑤𝑛(𝑇 − 𝑇𝑖) (4.7) 

Where k is heat conductivity, T is temperature, n is a normal direction vector of boundary ᴦ, 

𝑆𝐵 is The Stefan-Boltzmann constant (5.67𝐸 − 5   𝑊 𝑚2.⁄ 𝑘4). ℎ𝑢𝑝 and ℎ𝑑𝑜𝑤𝑛 are 

convection coefficients for lower and upper-base metal surfaces and 𝑇𝑖 is Initial temperature. 

In present project, ℎ𝑢𝑝 and ℎ𝑑𝑜𝑤𝑛 have different values because there is a contact between 

lower surface and backup plate. In the present study, it is considered as 12.25 and 

6.25 𝑊 𝑚2.⁄ 𝐾, respectively. The emissivity (ε) was assumed 0.3. 

2. Initial condition 

The initial condition for the calculation is: 

 𝑇(𝑥, 𝑦, 𝑧, 0) =  𝑇𝑖 (4.8) 

 Where T is temperature, 𝑇𝑖 is Initial temperature. The 𝑇𝑖 was assumed 300 K. 
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 Methodology experimental work  

5.1 Introduction 

FSW experimental trials were carried out according to DOE matrix to validate the numerical 

modelling results and study the effect of welding parameters and tool design on mechanical 

properties.   

5.2 DOE parameters and their levels  

Five FSW tool profiles have been selected to create DOE matrix as a shown in Table 5-1, 

tools dimensions are: shoulder diameter (12mm), probe diameter (6mm) and probe length 

(6mm).   

Welding parameters coded into five levels (Table 5-1). The code of the upper limit welding 

parameters is 2 and -2 for the lower limit. The intermediate codes are calculated from the 

following equation: 

Where Xi is the required code value for a variable X; X is any value of the variable from Xmin 

to Xmax; Xmin is the lower limit of the variable; Xmax is the upper limit of the variable. 

The upper (+1) and lower (-1) values of the factor ranges are the DOE input levels for welding 

parameters , while the upper limit (2), lower limit (-2) and centre point (0) levels of welding 

parameters are calculated by equation (5.1). 

The axial force was not included in the DOE input levels for welding parameters because its 

value is determined automatically by FWS machine.    

 
Xi=2[2X− (Xmax+Xmin)]/ (Xmax−Xmin) (5.1) 



58 

 

Table 5-1. Levels of welding parameters and tool profiles for DOE matrix. 

 

Variables 

Levels 

-2 -1 0 1 2 

N (rpm) 500 725 950 1175 1400 

 S (mm/min) 150 200 250 200 350 

𝑷𝑭𝑵  TR SQ Pen Hex Oct 

𝑻𝒑 0.4 0.6 0.7 0.8 1 

5.2.1 Experimental design matrix 

DOE uses the RSM in DESIGN EXPERT 10.0.3 software packages to find the mathematical 

relationship between process variables and the response. CCD is an experimental design 

which uses in RSM to build a second order model for the response variable without needing 

to use a complete three level factorial experiment. The developed experimental design matrix 

in the DOE empirical model was investigated the effect of welding parameters and tool 

profiles on the peak temperature and tensile strength. The selected experimental design 

matrix shows in Table 5-2.  

A four-factor five-level central composite rotatable matrix design consists 30 sets of 

experimental points (16 factorial points, 8 axial points, and 6 centre points). So, nine FSW 

tools were manufactured.  
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Table 5-2. FSW process variables for DOE matrix. 

Run 

no. 

FSW process variables 

Rotational speed 

N (r/min) 

Welding speed 

S (mm/min) 

PFN  Taper ratio  

Factorial points 

1 -1(725) -1(200) -1(SQ) -1(0.6) 

2 1(1175) -1(200) -1(SQ) -1(0.6) 

3 -1(725) 1(300) -1(SQ) -1(0.6) 

4 1(1175) 1(300) -1(SQ) -1(0.6) 

5 -1(725) -1(200) 1(Hex) -1(0.6) 

6 1(1175) -1(200) 1(Hex) -1(0.6) 

7 -1(725) 1(300) 1(Hex) -1(0.6) 

8 1(1175) 1(300) 1(Hex) -1(0.6) 

9 -1(725) -1(200) -1(SQ) 1(0.8) 

10 1(1175) -1(200) -1(SQ) 1(0.8) 

11 -1(725) 1(300) -1(SQ) 1(0.8) 

12 1(1175) 1(300) -1(SQ) 1(0.8) 

13 -1(725) -1(200) 1(Hex) 1(0.8) 

14 1(1175) -1(200) 1(Hex) 1(0.8) 

15 -1(725) 1(300) 1(Hex) 1(0.8) 

16 1(1175) 1(300) 1(Hex) 1(0.8) 

Axial points 

17 -2(500) 0(250) 0(Pen) 0(0.7) 

18 2(1400) 0(250) 0(Pen) 0(0.7) 

19 0(950) -2(150) 0(Pen) 0(0.7) 

20 0(950) 2(350) 0(Pen) 0(0.7) 

21 0(950) 0(250) -2(TR) 0(0.7) 

22 0(950) 0(250) 2(OCT) 0(0.7) 

23 0(950) 0(250) 0(Pen) -2(0.4) 

24 0(950) 0(250) 0(Pen) 2(1) 

Centre points 

25 0(950) 0(250) 0(Pen) 0(0.7) 

26 0(950) 0(250) 0(Pen) 0(0.7) 

27 0(950) 0(250) 0(Pen) 0(0.7) 

28 0(950) 0(250) 0(Pen) 0(0.7) 

29 0(950) 0(250) 0(Pen) 0(0.7) 

30 0(950) 0(250) 0(Pen) 0(0.7) 
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5.3  Materials selection 

5.3.1 Plate material 

 AA6061-T6 aluminium alloy was selected for DOE experiential trials. The chemical 

composition and mechanical properties for this alloy are shown in Table 5-3 and Table 5-4 

respectively.  

Table 5-3. Chemical composition (wt%) of AA6061-T6 aluminium alloy. 

 Si Fe Cu Mn Mg Cr Zn Ti Al 

Specification (weight %)  

[97] 

0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.04-

0.35 

0.25 0.15 Bal. 

Actual (weight %) 0.63 0.31 0.2 0.06 1 0.06 0.1 0.08 Bal. 

 

Table 5-4. Mechanical properties of AA6061-T6 aluminium alloy. 

 Tensile strength 

N/mm2 

Yield strength 

N/mm2 

Elongation 

% 

Specification [97] 310 275 12 

Actual  320 294 13.8 

5.3.2 Tools Material  

H13 tool steel was used to manufacture FSW tools by using computer numerical control 

machine (CNC) at the University of Leicester workshops and then heat treated to obtain 

hardness more than 42 HRC. 
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5.4 FSW joints fabrication 

Square grove butt joints from AA6061-T6 aluminium alloy rolled plate (320mm 102mm x 

6.35mm) were welded at the TWI Ltd. The dimensions of welding joint shown in Figure 5-1 

were selected according to the AWS (D17.3/D17.3:2016) specification for friction stir 

welding of aluminium alloys for aerospace applications [98]. 

 

 

Figure 5-1. Square groove welding joint [98]. 
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5.5 Tools manufacturing 

5.5.1 DOE tools 

 Friction stir welding tools manufactured from annealed H13 tool steel by using CNC 

machine, and then hardening to improve the mechanical properties. The required numbers of 

each part listed at Table 5-5. Figures ((5-2)-(5-11)) show the dimensions for each part.  

 

Table 5-5. The required parts. 

  

 

 

 

parts Numbers of each part 

PFN Tp 

TR 0.7 2 

SQ 0.6 4 

SQ 0.8 4 

Pen 0.4 1 

Pen 0.7 4 

Pen 1 1 

Hex 0.6 4 

Hex 0.8 4 

Oct 0.7 1 

Holder 6 
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Figure 5-2. Triangular tool 0.7 taper ratio. 

 

 

Figure 5-3. Square tool 0.6 taper ratio. 
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Figure 5-4. Square tool 0.8 taper ratio. 

 

Figure 5-5. Pentagonal tool 0.4 taper ratio. 
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Figure 5-6. Pentagonal tool 0.7 taper ratio. 

 

 

Figure 5-7. Straight pentagonal tool. 
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Figure 5-8. Hexagonal tool 0.6 taper ratio. 

 

Figure 5-9. Hexagonal tool 0.8 taper ratio. 
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Figure 5-10. Octagonal tool 0.7 taper ratio. 

 

Figure 5-11. Tool holder. 
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5.5.2 DOE validation tools  

According to DOE model result, extra straight tools (square tool (SSQ), Hexagonal (SHex), 

and Octagonal (SOct)) manufactured to validate the adequacy of the DOE model.           

Figures ((5-12)-(5-14)) show the dimensions for each part while Figure 5-15 shows the 

assembly of parts to produce the various Tools.  

  

 

 

Figure 5-12. Straight square tool. 
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Figure 5-13. Straight hexagonal tool. 

 

 

Figure 5-14. Straight octagonal tool. 
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. 

 

Figure 5-15. The assembly tool and its parts. 

5.5.3 FSW tools heat treatment 

FSW tools manufactured from H13 steel in the annealed condition. Three heat treatments 

were done to improve the tools mechanical properties. Stress relieving is important to reduce 

internal stress which generates during manufacturing steps. Hardening process is used to 

increase the hardness value while tempering is carried out to improve the toughness value by 

reducing the internal stress which generates during hardening process.   

5.5.3.1 Stress Relieving 

The stress relieving was done after manufacturing the tools to reduce the possibility of 

distortion. So, all parts heated to 700°C, and then soaked at this temperature (soaking time 

calculates according to the dimension of each part (two hours per 25mm of ruling section)) 

and then cooled in the furnace [99]. 
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5.5.3.2 Hardening 

FSW tools were preheated to 780°C, soaked around thirty minutes and the steel were heated 

to the hardening temperature 1030°C followed by holding for thirty minutes. The tools  were 

then oil quenched [99]. 

5.5.3.3 Tempering 

All parts were heated to 500°C, soaked around two hours and then cooled in air. Second 

tempering was done to obtain Vickers hardness of 42 [99]. 

5.6 Experiential work  

The experimental work including measured the thermal profile to validate the COMSOL 

modelling results and studied the effect of welding parameters and tool design on the peak 

temperature and mechanical properties. 

5.6.1 Temperature measurement  

The thermal profile was measured by thermocouples during FSW for DOE joints to validate 

COMSOL model results. 

To measure the temperature profile at specific points 5mm from welding line, six K-type 

thermocouples 1 mm diameter were embedded on the advancing and retreating side in the 

mid thickness of the plates (Figure 5-16). The experimental set up for temperature 

measurement is shown in Figure 5-17. 
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Figure 5-16. Thermocouple locations. 

 

Figure 5-17. Experimental set up for temperature measurements. 
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5.7 Welding quality  

5.7.1 X-ray radiography 

Two dimensions image was taken to each welding joint by using computed tomography (CT) 

to check any possible defects in the welding joints.  

5.7.2 Macroscopic and Microscopic Evaluation 

Macroscopic and microscopic samples were cut from the welding joints as a shown in    

Figure 5-18. Macroscopic samples were examined on the cross-sectional face.  

 

Figure 5-18. Location of the weld test specimens [98]. 

Samples were cut using the automatic cutting machine with 0.015 mm fed rate and using 

cooling liquid to prevent heat effect which generate during cutting and then the samples were 

prepared for macro and microstructure test by grinding and polishing. The microstructure 

samples were etched by using  Keller’s [100] while NaOH H2O [101] used for macroscopic 

examination. 
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5.7.3 Microhardness test 

Microhardness test was undertaken using a Buehler 1600-6100 microhardness tester.      

Figure 5-19 shows the measuring positions. 100 gf was applied for 10 seconds. 

Vickers hardness is calculated by following formula: 

 

HV = 1.85410^3  F/d^2 

 

Where F = loading force, 100 gf, d = mean value of the two diagonals of the indentation 

(µm) 

 

 

Figure 5-19. Positions of microhardness test indentations. 

  

5.7.4 Tensile test 

Transverse welding samples were used to measure the tensile strength for DOE joints and 

DOE validation joints while welding metal samples were used to measure the tensile strength 

for DOE validation joints.  
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5.7.5 Transverse and welding zone tensile test 

Three transverse welding samples (Figure 5-20) and three welding zone samples              

(Figure 5-21) specimens were manufactured according to the American Society for Testing 

of Materials standards [102]. The testing was carried out according to the same standard at a 

rate 5 mm/min. 

 

Figure 5-20. Dimensions of transverse welding tensile specimen [102]. 

  

Figure 5-21. Dimensions of a welding zone tensile specimen [102].  
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 : Effect of welding parameters and tool profile on axial 

force  

6.1 Introduction 

Axial force (𝐴𝐹) is the essential parameter to calculate heat generation for shoulder interface. 

Although, it is automatically applied by FWS machine, its value changes according to 

welding parameters (𝑁 and  𝑆 ) and tool profile (𝑃𝐹𝑁 and 𝑇𝑝). The axial force value can be 

predicted as a function to tool profile and welding parameters.  

6.2 Axial force DOE matrix  

The average of axial force during weld period (which calculated from the output machine 

data for each trial (DOE run)) was considered as an axial force for FSW cycle. Design matrix 

for AF is shown in Table 6-1. It is a four-factor five-level central composite rotatable design 

consisting 30 sets of coded conditions composed of a full factorial 24 = 16, plus 6 center 

points and 8 star points. 

6.2.1 Data driven model for axial force  

Axial force is a function of rotational speed, welding speed, tool profile and taper ratio. It 

can be expressed as: 

Where 𝐴𝐹 is axial force (kN); 𝑁 is rotational speed (rpm); 𝑆 is welding speed, (mm/min);         

𝑃𝐹𝑁 is the polygon probe flats number; 𝑇𝑝 is taper ratio.  

 𝐴𝐹 = (𝑁, 𝑆, 𝑃𝐹𝑁, 𝑇𝑝) (6.1) 
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Table 6-1. Design matrix for experimental value and predicted value of axial force. 

Run 

no. 

FSW process variables 𝑨𝑭 (kN) 

𝑵  

(rpm) 

𝑺 

(mm/min) 

𝑷𝑭𝑵  𝑻𝒑 Experimental 

value  

Predicted 

value  

Factorial points 

1 -1(725) -1(200) -1(SQ) -1(0.6) 7 6.98 

2 1(1175) -1(200) -1(SQ) -1(0.6) 5.2 5.14 

3 -1(725) 1(300) -1(SQ) -1(0.6) 7.34 7.32 

4 1(1175) 1(300) -1(SQ) -1(0.6) 5.45 5.47 

5 -1(725) -1(200) 1(Hex) -1(0.6) 7.37 7.38 

6 1(1175) -1(200) 1(Hex) -1(0.6) 5.56 5.56 

7 -1(725) 1(300) 1(Hex) -1(0.6) 7.63 7.64 

8 1(1175) 1(300) 1(Hex) -1(0.6) 5.85 5.81 

9 -1(725) -1(200) -1(SQ) 1(0.8) 7.1 7.13 

10 1(1175) -1(200) -1(SQ) 1(0.8) 5.4 5.39 

11 -1(725) 1(300) -1(SQ) 1(0.8) 7.58 7.58 

12 1(1175) 1(300) -1(SQ) 1(0.8) 5.85 5.83 

13 -1(725) -1(200) 1(Hex) 1(0.8) 7.65 7.63 

14 1(1175) -1(200) 1(Hex) 1(0.8) 5.9 5.91 

15 -1(725) 1(300) 1(Hex) 1(0.8) 7.95 8.01 

16 1(1175) 1(300) 1(Hex) 1(0.8) 6.25 6.28 

Axial points 

17 -2(500) 0(250) 0(Pen) 0(0.7) 8.95 8.91 

18 2(1400) 0(250) 0(Pen) 0(0.7) 5.32 5.34 

19 0(950) -2(150) 0(Pen) 0(0.7) 6.03 6.04 

20 0(950) 2(350) 0(Pen) 0(0.7) 6.78 6.74 

21 0(950) 0(250) -2(TR) 0(0.7) 5.97 6 

22 0(950) 0(250) 2(OCT) 0(0.7) 6.9 6.85 

23 0(950) 0(250) 0(Pen) -2(0.4) 6 6.03 

24 0(950) 0(250) 0(Pen) 2(1) 6.7 6.64 

Centre points 

25 0(950) 0(250) 0(Pen) 0(0.7) 6.22 6.24 

26 0(950) 0(250) 0(Pen) 0(0.7) 6.26 6.24 

27 0(950) 0(250) 0(Pen) 0(0.7) 6.27 6.24 

28 0(950) 0(250) 0(Pen) 0(0.7) 6.22 6.24 

29 0(950) 0(250) 0(Pen) 0(0.7) 6.26 6.24 

30 0(950) 0(250) 0(Pen) 0(0.7) 6.24 6.24 
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For the four factors, the selected polynomial could be expressed as: 

 Where b0 is the free term of the regression equation; the coefficients b1, b2, b3 and b4 are 

linear terms; the coefficients b11, b22, b33 and b44 are quadratic terms; the coefficients, b12, b13, 

b14, b23, b24, and b34, are interaction terms. 

DESIGN EXPERT 10.0.3 software packages were used to calculate the values of these 

coefficients for different responses and the results are presented in Table 6-2. The final 

mathematical equation is: 

Table 6-2. Calculated regression coefficients of axial force mathematical model. 

Factor Calculated coefficient 

 +13.94 

N -0.01 

S -3.81E-3 

PFN +0.29 

Tp -0.09 

N*S -2.22E-7 

N*PFN +2.22E-5 

N*Tp +1.11E-4 

S*PFN -4E-4 

S*Tp +5.5E-4 

PFN*Tp +0.025 

N2 +4.35E-6 

S2 +1.51E-5 

PFN2 +0.05 

Tp2 +0.02 

𝐴𝐹 = 𝑏0 + 𝑏1 ∗ 𝑁 + 𝑏2 ∗ 𝑆 + 𝑏3 ∗ 𝑃𝐹𝑁 + 𝑏4 ∗ 𝑇𝑝 + 𝑏11 ∗ 𝑁2 + 𝑏22 ∗ 𝑆2 + 𝑏33

∗ 𝑃𝐹𝑁2 + 𝑏44 ∗ 𝑇𝑝2 + 𝑏12 ∗ 𝑁 ∗ 𝑆 + 𝑏13 ∗ 𝑁 ∗ 𝑃𝐹𝑁 + 𝑏14 ∗ 𝑁

∗ 𝑇𝑝 + 𝑏23 ∗ 𝑆 ∗ 𝑃𝐹𝑁 + 𝑏24 ∗ 𝑆 ∗ 𝑇𝑝 + 𝑏34 ∗ 𝑃𝐹𝑁 ∗ 𝑇𝑝 

(6.2) 

𝐴𝐹 = 13.94 − 0.01 ∗ 𝑁 − 3.819E − 3 ∗ 𝑆 + 0.29 ∗ 𝑃𝐹𝑁 − 0.09 ∗ 𝑇𝑝 − 2.22E − 7

∗ 𝑁 ∗ 𝑆 + 2.22E − 5 ∗ 𝑁 ∗ 𝑃𝐹𝑁 + 1.11E − 4 ∗ 𝑁 ∗ 𝑇𝑝 − 4E − 4 ∗ 𝑆

∗ 𝑃𝐹𝑁 + 5.5E − 4 ∗ 𝑆 ∗ 𝑇𝑝 + 0.025 ∗ 𝑃𝐹𝑁 ∗ 𝑇𝑝 + 4.35E − 6 ∗ 𝑁2

+ 1.51E − 5 ∗ 𝑆2 + 0.05 ∗ 𝑃𝐹𝑁2 + 0.02 ∗ 𝑇𝑝2 

(6.3) 
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6.2.2 Adequacy of DOE model for AF 

The adequacy of the model developed was then tested by using the analysis of variance 

technique (ANOVA). The results of the ANOVA are given in Table 6-3. The Model F-value 

of 956.87 implies the model is significant. There is only a 0.01% chance that an F-value 

could occur due to noise. The P-value less than 0.05 indicate that model terms are significant. 

In this case, linear, quadratic and some of interaction terms (N*Tp, S*Tp and PFN*Tp) are 

significant model terms. Values greater than 0.1 indicate the model terms are not significant, 

so interaction terms for N*S and N*PFN are not significant. The lack of fit F-value of 4.95 

implies that the lack of fit is significant. There is 4.57% chance that a lack of fit F-value.  

The determined values of the developed model are presented in Table 6-4. The R2 value is 

always between 0 and 1, and its value indicates the accuracy of the model. For a good model, 

R2 value should be close to 1. In this model, the calculated R2 is 0.9989. This implies that 

99.89% of experimental data confirms the compatibility with the data predicted by the 

developed model. The value of the adjusted R2 of 0.9978 is also high to adherent for a high 

significance of the model. The predicted R2 of 0.994 is in reasonable agreement with the 

adjusted R2 of 0.9978. Adequate precision measures the signal-to-noise ratio. A ratio greater 

than 4 is desirable. In this study, the ratio is 128.923, which indicates an adequate signal. 

This model can be used to navigate the design space. The normal probability plot for the axial 

force shown in Figure 6-1 reveals that the residuals are scattered close to straight line, which 

means the errors are distributed normally. A typical scatter diagram of the model is presented 

in Figure 6-2. The observed values and predicted values of the responses are falling on the 

45° line, indicating an almost perfect fit of the developed empirical models.  
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Table 6-3. Axial force ANOVA tests results.  

     
p-value 

 

Source Sum of squares Degree of 

freedom 

Mean square F value Prob > F Result 

Model 22.89 14 1.63 956.87 < 0.0001 significant 

N 19.12 1 19.12 11190.64 < 0.0001 
 

S 0.74 1 0.74 434.35 < 0.0001 
 

PFN 1.08 1 1.08 634.39 < 0.0001 
 

Tp 0.56 1 0.56 330.30 < 0.0001 
 

N*S 1.000E-004 1 1.000E-004 0.059 0.8121 
 

N*PFN 4.000E-004 1 4.000E-004 0.23 0.6355 
 

N*Tp 1.000E-002 1 1.000E-002 5.85 0.0287 
 

S*PFN 6.400E-003 1 6.400E-003 3.75 0.0720 
 

S*Tp 0.012 1 0.012 7.08 0.0178 
 

PFN*Tp 1.000E-002 1 1.000E-002 5.85 0.0287 
 

N2 1.33 1 1.33 778.57 < 0.0001 
 

S2 0.039 1 0.039 22.83 0.0002 
 

PFN2 0.056 1 0.056 32.81 < 0.0001 
 

Tp2 0.016 1 0.016 9.22 0.0083 
 

Residual 0.026 15 1.63  
  

Lack of Fit 0.023 10 1.708E-003 4.95 0.0457 
 

significant 

Pure Error 2.350E-003 5 2.328E-003 
   

Cor Total 22.91 29 4.700E-004 
   

Table 6-4. Coefficient of determination values for axial force model. 

R-Squared Adj R-Squared Pred R-Squared Adeq Precision 

0.9989 0.9978 0.994 128.923 
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Figure 6-1. Axial force normal probability plot. 

 

Figure 6-2. Scatter diagram of axial force (KN).   
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6.2.3 Effect of welding parameters and tool profile on axial force 

The effects of process parameters and welding tool profiles on axial force were predicted by 

the data driven model presented in Figures ((6.3)−(6.6)), showing the general trends between 

cause and effect. From Figure 6-3 and Figure 6-4, it can be seen that the AF decreases when 

the S decreases and N increases as a result of increasing heat input. The AF increases about 

66.84% when the N reduces from 1400 to 500 rpm while it decreases around 10.42% by 

reducing S from 350 to 150 mm/min.  

 

Figure 6-3. Contour plots for the effect of rotational speed and welding speed on axial 

force. 
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Figure 6-4. Response surface graphs for the effect of rotational speed and welding speed on 

axial force. 

 

From Figure 6-5 and Figure 6-6, it is evident that axial force increases by increasing number 

of flats on probe lateral surface and increasing taper ratio, as a result of decreasing shoulder 

surface area and increasing lateral probe surface area with increasing flats number from 3 to 

8. 

The AF increases up to 14.16% by change friction stir welding tool from TR to Oct while it 

increases up to 10.16% by increasing the taper ratio from 0.4 to 1. Change tool profile lead 

to increasing the total heat generation by increasing frictional heat as a result of increasing 

AF.   
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Figure 6-5. Contour plots for the effect of tool profile (PFN and Tp) on axial force. 

 

 

Figure 6-6. Response surface graphs for the effect of tool profile (PFN and Tp) on axial 

force. 
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6.3 Conclusion 

The DOE model developed seemed to be a right technique for the prediction of the AF as a 

function of DOE variables (welding parameters and tool profiles). A significant fitness of 

this model with the experimental AF data within the range of the DOE variables. The effects 

of these variables on AF are: 

1- The AF increases around 77.26% by changing welding parameters (N and S) about 

86.5% comes by reducing the N value from 1400 to 500 rpm and 13.5% by increasing 

S from 150 to 350 mm/min. 

2- The AF increases around 24.33% by changing tool profile (PFN,Tp) about  58.22% 

comes by change the PFN from 3 to 8  and 41.78% by increasing Tp from 0.4 to 1.  

The DOE predicted equation can be used to calculate the AF within the range of welding 

parameters and tool profiles to predict the peak temperature by COMSOL model. The 

COMSOL results will be analysed to evaluate the effect of change tool profile on the peak 

temperature and heat distribution by increasing the AF.   
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 : Effect of tool profiles on thermal profile   

Modelling results are simulation of friction stir welding for 6061-T6 aluminium alloy by 

using different taper tool profiles TR, SQ, Pen, Hex and Oct with Tp is 0.7. The tool 

dimensions (𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟  6 mm, 𝑅𝑃𝑟𝑜𝑏𝑒  3mm and 𝐻𝑝𝑟𝑜𝑏𝑒6mm). Two simulations for each tool 

were carried out under model 1&2 assumptions which are listed in Table 4-1. Rotational 

speed and welding speed are constant (N= 1000 rpm, S=200 mm/min). The  axial force for 

each tool was calculated according to N, S and tool design (PFN and Tp) by using equation 

(6.3), welding parameters for each tool are listed in Table 7-1. 

Table 7-1. Values of welding parameters for different taper tool profiles. 

Tool 

profile  

PFN Tp N 

(rpm) 

S 

(mm/min) 

AF 

(kN) 

TR 3 0.7 1000 200 5.63 

SQ 4 
0.7 1000 200 

5.73 

Pen 5 
0.7 1000 200 

5.92 

Hex 6 
0.7 1000 200 

6.20 

Oct 8 
0.7 1000 200 

6.57 
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Figure 7-1. Isotherms temperature distribution (K) for different probe profiles: A-TR, B- SQ, C- Pen, D- Hex and E- Oct  

(model 1). 
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Figure 7-2. Isotherms temperature distribution (K) for different probe profiles: A-TR, B- SQ, C- Pen, D- Hex and E- Oct  

(model 2). 
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Figure 7-1 shows isotherms temperature distribution under model 1 assumptions. It can be 

seen that the peak temperature increases by increasing number of flats on probe lateral 

surface (TR (675K), and SQ (697K) Pen (719K), Hex (740K) and Oct (768K)) that because 

increasing the number of flats increase the heat generation fraction for probe surface and 

probe tip which increase the total heat generation, although the fraction of the shoulder heat 

generation is decreased. 

From Figure 7-3, an increase of probe interface areas (PIAS) (probe lateral and probe tip 

interface) with increasing PFN led to increase the frictional heating contribution of sticking 

condition in the total heat generation. Decreasing shoulder interface area (SIA) causes 

reducing the frictional heating contribution of sliding condition. SIA reduces 13.59% by 

increasing PFN from 3 to 8, while PIAS increase up to 25.30%.  

 

Figure 7-3. Change interfaces area by increasing flats number.  

Figure 7-2 shows isotherms temperature distribution with model 2 assumptions. It can be 

seen that the peak temperature increases with number of flats TR (636K), and SQ (658K), 

PEN (679K), HEX (697K) and Oct (721K). The peak temperature for TR is 74.39% form 

melting point of base metal, this ratio increases to 84.33% by using Oct. Oct tool has the 
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highest peak temperature because of increasing the deformational heating.  Decreasing  

effective stir dimension (the difference between inside and outside polygon radius for probe 

cross section) lead to increase the deformational heating by increasing stirring interaction 

and reducing the thickness of rotating layer [85]. 

 

Figure 7-4. Comparison between modelling results for present work. 

In contrast, model 2 results showed the lowest peak temperatures compared with model 1 

results as shown in Figure 7-4. Model 2 was considered effect the change in physical material 

properties (density, thermal conductivity and heat capacity) with temperature on the thermal 

profile during welding cycle. Increasing thermal conductivity and heat capacity at elevated 

temperature lead to a decrease in peak temperature while decreasing in density causes 

increasing the peak temperature.   

The variation of peak temperature by change probe profile from triangular to octagonal has 

slightly reducing form 13.78% in Model 1 to 13.36% in Model 2. Peak temperature reduction 

rate between model 1 and model 2 is an approximately stable at 6% with increasing number 

of flats on probe surface from 3 to 8. 
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7.1 Modelling results validation 

Modelling results (Model 2) for present work are compared with experimental data measured 

by calculating temperature at specific point 5mm from welding line (L5) at mid thickness of 

plate as shown in Figure 7-5. This specific point is selected because average experimental 

temperature (AET) was measured by six K-type thermocouples which were embedded on the 

plate at the mid thickness of the plates on 5mm from welding line. 

Four runs from the complete central composite design matrix were compared L5 with AET 

the welding parameters and FSW tools for selected runs reported in Table 7-2. 

Figure 7-6 shows experimental temperature data for Run 1 measured by six thermocouples. 

Run 5, 9 and 13 are presented in Appendix 1. There is a slightly variation among the thermal 

profiles which recorded by different thermocouples.  

T- and P- calculated values for maximum temperatures recorded by thermocouples list in 

Table 7-3 for selected runs.  

The P value is less than 0.01%, This difference is considered to be extremely statistically 

significant. So, AET can be adopted in comparison with L5. 

Table 7-2. FSW process variables for selected runs. 

Run No. 

FSW process variables 

N (r/min) S (mm/min) PFN Tp 

1 -1(725) -1(200) -1(SQ) -1(0.6) 

5 -1(725) -1(200) 1(Hex) -1(0.6) 

9 -1(725) -1(200) -1(SQ) 1(0.8) 

13 -1(725) -1(200) 1(Hex) 1(0.8) 
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Figure 7-5. A schematic diagram illustrating the L5 position. 

 

Figure 7-6. Experimental temperature data for Run 1. 

Table 7-3. Maximum temperatures and P&T values for selected runs. 

Run 

No. 

Maximum Temperature according to 

thermocouple number (°C) 

AET 

(°C) 

T-value P-value 

1 2 3 4 5 6 

1 253.21 256.6 258.52 250.67 259.05 248.83 254.5 147.1266 <0.0001 

5 276 272.04 277.93 274.44 278.15 274.27 275.5 286.2636 <0.0001 

9 261.95 262.69 268.44 267.38 265.02 268.14 265.6 230.5601 <0.0001 

13 288.21 292.97 292.84 286.93 292.04 288.8 290.3 270.3792 <0.0001 
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Figure 7-7. Comparison the average experimental temperatures (AET) with calculated temperature (L5) for (A) Run1, (B) Run5,  

(C) Run9 and (D) Run13. 



94 

 

Figure 7-7 depicts the thermal profiles of L5 and AET for each selected run. For all runs, 

good agreement can be observed between AET and L5 during the heat build-up, peak 

temperature and the first part of heat dispersion. However, the is a significant difference in a 

cooling rate between L5 and AET that is because the convection coefficient does not 

calculate as a function of temperature in modelling [103]. T- and P- calculated values for L5 

and AET are listed in Table 7-4. The P value is 0.0041, this difference is considered to be 

statistically significant. Therefor modelling results (Model 2) can be adopted to predict peak 

temperature for DOE matrix.      

Table 7-4. The variation between maximum temperatures for L5 and AET. 

Run 

No. 

Maximum Temperature according to 

thermocouple number 

T-value P-value 

AET L5 

1 254.5 253.9 847.33 0.0008 

5 275.5 275.5 0 0 

9 265.6 262.2 155.2353 0.0041 

13 290.3 288.9 413.71 0.0015 

7.2 Peak temperature DOE 

COMSOL model is used to calculate peak temperature for each trial (DOE run) of friction 

stir welding (Appendix 2) to predict mathematical equation for the effect of welding 

parameter and tool profile on peak temperature. Design matrix for the peak temperature is 

shown in Table 7-5.  It is a four-factor five-level central composite rotatable design consisting 

30 sets of coded conditions composed of a full factorial 24 = 16, plus 6 centre points and 8 

star points.  
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Table 7-5. Design matrix for modelling and predicted values of peak temperature. 

Run 

no. 

FSW process variables Peak temperature (K) 

𝑵  

(rpm) 

𝑺 

(mm/min) 

𝑷𝑭𝑵  𝑻𝒑 Modelling 

value  

Predicted 

value  

Factorial points 

1 -1(725) -1(200) -1(SQ) -1(0.6) 614 613.875 

2 1(1175) -1(200) -1(SQ) -1(0.6) 676 674.1666 

3 -1(725) 1(300) -1(SQ) -1(0.6) 597 594.3334 

4 1(1175) 1(300) -1(SQ) -1(0.6) 649 650.375 

5 -1(725) -1(200) 1(Hex) -1(0.6) 644 643.1666 

6 1(1175) -1(200) 1(Hex) -1(0.6) 713 715.2082 

7 -1(725) 1(300) 1(Hex) -1(0.6) 621 619.375 

8 1(1175) 1(300) 1(Hex) -1(0.6) 686 687.1666 

9 -1(725) -1(200) -1(SQ) 1(0.8) 626 625.8334 

10 1(1175) -1(200) -1(SQ) 1(0.8) 697 699.875 

11 -1(725) 1(300) -1(SQ) 1(0.8) 611 610.0418 

12 1(1175) 1(300) -1(SQ) 1(0.8) 678 679.8334 

13 -1(725) -1(200) 1(Hex) 1(0.8) 662 661.875 

14 1(1175) -1(200) 1(Hex) 1(0.8) 744 747.6666 

15 -1(725) 1(300) 1(Hex) 1(0.8) 639 641.8334 

16 1(1175) 1(300) 1(Hex) 1(0.8) 717 723.375 

Axial points 

17 -2(500) 0(250) 0(Pen) 0(0.7) 585 587.9584 

18 2(1400) 0(250) 0(Pen) 0(0.7) 738 729.7916 

19 0(950) -2(150) 0(Pen) 0(0.7) 695 693.2916 

20 0(950) 2(350) 0(Pen) 0(0.7) 650 649.4584 

21 0(950) 0(250) -2(TR) 0(0.7) 618 618.9584 

22 0(950) 0(250) 2(OCT) 0(0.7) 695 691.7916 

23 0(950) 0(250) 0(Pen) -2(0.4) 635 637.2916 

24 0(950) 0(250) 0(Pen) 2(1) 693 685.4584 

Centre points 

25 0(950) 0(250) 0(Pen) 0(0.7) 658 659.5 

26 0(950) 0(250) 0(Pen) 0(0.7) 660 659.5 

27 0(950) 0(250) 0(Pen) 0(0.7) 658 659.5 

28 0(950) 0(250) 0(Pen) 0(0.7) 658 659.5 

29 0(950) 0(250) 0(Pen) 0(0.7) 660 659.5 

30 0(950) 0(250) 0(Pen) 0(0.7) 660 659.5 
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7.2.1 Data driven model for peak temperature 

Peak temperature as a function of rotational speed, welding speed, tool profile and taper ratio 

can be expressed as: 

Where PT is peak temperature (K); 𝑁 is rotational speed (rpm); 𝑆 is welding speed, 

(mm/min);  𝑃𝐹𝑁 is the polygon probe flats number; 𝑇𝑝 is taper ratio. 

For the four factors, the selected polynomial could be expressed as: 

Where b0 is the free term of the regression equation; the coefficients b1, b2, b3 and b4 are 

linear terms; the coefficients b11, b22, b33 and b44 are quadratic terms; the coefficients, b12, b13, 

b14, b23, b24 and b34, are interaction terms. 

DESIGN EXPERT 10.0.3 software packages were used to calculate the values of these 

coefficients for different responses and the results are presented  in Table 7-6.The final 

mathematical equation is: 

 

  

 𝑃𝑇 = (𝑁, 𝑆, 𝑃𝐹𝑁, 𝑇𝑝) (7.1) 

𝑃𝑇 = 𝑏0 + 𝑏1 ∗ 𝑁 + 𝑏2 ∗ 𝑆 + 𝑏3 ∗ 𝑃𝐹𝑁 + 𝑏4 ∗ 𝑇𝑝 + 𝑏11 ∗ 𝑁2 + 𝑏22 ∗ 𝑆2 + 𝑏33

∗ 𝑃𝐹𝑁2 + 𝑏44 ∗ 𝑇𝑝2 + 𝑏12 ∗ 𝑁 ∗ 𝑆 + 𝑏13 ∗ 𝑁 ∗ 𝑃𝐹𝑁 + 𝑏14 ∗ 𝑁

∗ 𝑇𝑝 + 𝑏23 ∗ 𝑆 ∗ 𝑃𝐹𝑁 + 𝑏24 ∗ 𝑆 ∗ 𝑇𝑝 + 𝑏34 ∗ 𝑃𝐹𝑁 ∗ 𝑇𝑝 

(7.2) 

𝑃𝑇 = +613.58 +  0.19 ∗ 𝑁 − 0.72 ∗ 𝑆 + 11.12 ∗ 𝑃𝐹𝑁  − 7.16 ∗ −9.44𝐸

− 5 ∗ 𝑁 ∗ 𝑆 + 0.01 ∗ 𝑁 ∗ 𝑃𝐹𝑁 + 0.02 ∗ 𝑁 ∗ 𝑇𝑝 − 0.02 ∗ 𝑆

∗ 𝑃𝐹𝑁 + 0.02 ∗ 𝑆 ∗ 𝑇𝑝 + 1.69 ∗ 𝑃𝐹𝑁 ∗ 𝑇𝑝 − 3.09𝐸 − 6 ∗ 𝑁^2 

+ 1.19𝐸 − 3 ∗ 𝑆^2 − 1.03 ∗ 𝑃𝐹𝑁^2 + 0.47 ∗ 𝑇𝑝^2 

(7.3) 
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Table 7-6. Calculated regression coefficients of peak temperature mathematical model. 

Factor Calculated coefficient 

 +613.58 

N +0.19 

S -0.72 

PFN +11.12 

Tp -7.16 

N*S -9.44E-5 

N*PFN +0.01 

N*Tp +0.02 

S*PFN -0.02 

S*Tp +0.02 

PFN*Tp +1.69 

N2 -3.09E-6 

S2 +1.19E-3 

PFN2 -1.03 

Tp2 +0.47 

7.2.2 Adequacy of DOE model for the peak temperature 

The adequacy of the model developed was then tested by using the analysis of variance 

technique (ANOVA). The results of the ANOVA are given in Table 7-7. The model F-value 

of 342.24 implies the model is significant. There is only a 0.01% chance that an F-value 

could occur due to noise. The P value less than 0.05 indicates that model terms are significant. 

In this case, linear, some of interaction terms (N*PFN, N*Tp and PFN*Tp) and quadratic 

term for S are significant model terms.  

Values greater than 0.1 indicate the model terms are not significant, so interaction terms for 

N*S, S*PFN, S*Tp quadratic terms N and Tp are not significant. The lack of fit F-value of 

8.94 implies that the lack of fit is significant. There is 1.3% chance that a lack of fit F-value 

could as a result of high agreement between the actual and predicted values.  

The determined values of the developed model are presented in Table 7-8. The R2 value is 

always between 0 and 1, and its value indicates the accuracy of the model. For a good model, 

R2 value should be close to 1. In this model, the calculated R2 is 0.9969. This implies that 

99.69% of COMSOL modelling results confirms the compatibility with the data predicted by 
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the developed model. The value of the adjusted R2 of 0.994 is also high to adherent for a high 

significance of the model. The predicted R2 of 0.9827 is in reasonable agreement with the 

adjusted R2 of 0.9969.  

Adequate precision measures the signal-to-noise ratio. A ratio greater than 4 is desirable. In 

this study, the ratio is 73.516, which indicates an adequate signal. This model can be used to 

navigate the design space. The normal probability plot for the peak temperature shown in 

Figure 7-8 reveals that the residuals are scattered close to straight line, which means the errors 

are distributed normally. A typical scatter diagram of the model is presented in Figure 7-9. 

The observed values and predicted values of the responses are falling on the 45° line, 

indicating an almost perfect fit of the developed empirical models. 

 

Figure 7-8. Peak temperature normal probability plot. 
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Table 7-7. Peak temperature ANOVA test results. 

     
p-value 

 

Source Sum of squares Degree of 

freedom 

Mean square F value Prob > F Result 

Model 45224.72 14 3230.34 342.24 < 0.0001 significant 

N 30175.04 1 30175.04 3196.88 < 0.0001 
 

S 2882.04 1 2882.04 305.34 < 0.0001 
 

PFN 7957.04 1 7957.04 843.01 < 0.0001 
 

Tp 3480.04 1 3480.04 368.69 < 0.0001 
 

N*S 18.06 1 18.06 1.91 0.1868 
 

N*PFN 138.06 1 138.06 14.63 0.0017 
 

N*Tp 189.06 1 189.06 20.03 0.0004 
 

S*PFN 18.06 1 18.06 1.91 0.1868 
 

S*Tp 14.06 1 14.06 1.49 0.2411 
 

PFN*Tp 45.56 1 45.56 4.83 0.0441 
 

N2 0.67 1 0.67 0.071 0.7936 
 

S2 241.74 1 241.74 25.61 0.0001 
 

PFN2 29.17 1 29.17 3.09 0.0991 
 

Tp2 6.03 1 6.03 0.64 0.4367 
 

Residual 141.58 15 9.44  
  

Lack of Fit 134.08 10 13.41 8.94 0.0130 
 

significant 

Pure Error 7.50 5 1.5 
   

Cor Total 45366.30 29  
   

 

Table 7-8. Coefficient of determination values for peak temperature. 

R-Squared Adj R-Squared Pred R-Squared Adeq Precision 

0.9969 0.994 0.9827 73.516 
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Figure 7-9. Scatter diagram of peak temperature (K). 

7.2.3 Effect of welding parameters and tool profile on peak temperature  

The effects of process parameters and welding tool profiles on the peak temperature were 

predicted by data driven model for the peak temperature presented in Figures ((7.10)−(7.13)), 

showing the general trends between cause and effect.  

From Figure 7-10 and Figure 7-11, it can be seen that the peak temperature decreases when 

welding speed increases and rotational speed decreases as a result of decreasing heat input. 

The PT increases about 24.12% when the N increases from 500 to 1400 rpm while it 

decreases around 6.45% by increasing S from 150 to 350 mm/min.  
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Figure 7-10. Contour plots for the effect of rotational speed and welding speed on peak 

temperature. 

 

Figure 7-11.  Response surface graphs for the effect of rotational speed and welding speed 

on peak temperature. 
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From Figure 7-12 and Figure 7-13, it is evident that peak temperature increases by change  

tool profile (PFN and Tp) as a result of increasing contribution of probe in the total heat 

generation. Peak temperature increases up to 19.2% by changing tool design,11.63% comes 

from increasing PFN from 3 to 8 increases while change the taper ratio from 0.4 to 1 increases 

7.57%.  

According to this variation in peak temperature, the heat input can be controlled by change 

tool profile without change welding parameters to improve mechanical properties of welding 

joint.     

 

Figure 7-12. Contour plots for the effect of tool profile (PFN and Tp) on peak temperature. 
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Figure 7-13. Response surface graph for the effect of tool profile (PFN and Tp) on peak 

temperature. 

7.3 Conclusion 

 Equations for heat generation  

Equations of heat generation during FSW for taper and straight polygonal tool profiles have 

been derived. The major finding from the present work can be summarized as follow: 

➢ The amount of heat generation from shoulder surface decrease with increasing of flats 

on the probe surface as a result of increase probe base area. 

➢ The contribution of probe surface at total heat generation increases with increasing 

of flats on the probe surface as a result of increase the flow rate of the soft material 

around the probe and contact area. 

➢ The contribution of probe tip at total heat generation increases with increasing of flats 

on the probe surface as a result of increase contact area.  
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 Modelling results    

An analytical model for heat generation in FSW of aluminium alloy type AA 6061-T6 using 

different taper and straight polygonal tool profiles are developed. The major finding from the 

present work can be summarized as follow: 

➢ The amount of heat generated as well as peak temperature is relatively high in non-

circular taper probe profiles, they increase by increasing the number of edges to reach 

maximum values in the Oct tool profile. 

➢ The effective stir dimension is decreased by increasing number of flats on surface 

probe profile.  

➢ An increase in the number of effective stir dimension with increasing the number of 

flats on probe surface lead to increasing the total heat generation.  

 DOE results  

DOE model uses to predict the effect of welding parameters (N and S) and tool profile (PFN 

and Tp). The major finding from the present work can be summarized as follow: 

➢ The PT increases around 30.57% by changing welding parameters (N and S), about 

78.91% comes by increasing the N value from 500 to 1400 rpm and 21.09% by 

decreasing S from 350 to 150 mm/min. 

➢ The PT increases around 19.21% by changing tool profile (PFN and Tp), about 

60.57% comes by increasing the PFN from 3 to 8 and 39.43% by increasing Tp from 

0.4 to 1.  
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 : Mechanical performance  

8.1 Tensile strength DOE 

Three transverse tensile specimens for each trial (DOE run) of friction stir welding were 

tested to predict mathematical equation for the effect of welding parameter and tool profile 

on tensile strength. The tensile test results for each trial was checked by calculating the mean 

transverse tensile strength results (MTTR), standard deviation (SD), the standard error of the 

mean (SEM), T-value and level of significance (P-value), all results are listed in                   

Table 8-1.The differences for the results are considered to be extremely statistically 

significant that because the maximum P-value is 0.0005 which is less than 0.05.  Although, 

there is statistically significant variation in SD because of the effect of defect size on all DOE 

runs which causes differences in tensile results for each DOE run. The tensile test results 

were considered to study the adequacy of DOE model to predict optimum conditions.     

Design matrix for the tensile strength is shown in Table 8-2.  It is a four-factor five-level 

central composite rotatable design consisting 30 sets of coded conditions composed of a full 

factorial 24 = 16, plus 6 centre points and 8 star points. 

8.1.1 Data driven model for tensile strength 

Tensile strength as a function of rotational speed, welding speed, tool profile and taper ratio 

can be expressed as: 

Where 𝜎𝑇 is the tensile strength (MPa); 𝑁 is rotational speed (rpm); 𝑆 is welding speed, 

(mm/min);  𝑃𝐹𝑁 is the polygon probe flats number; 𝑇𝑝 is taper ratio.  

 𝜎𝑇 = (𝑁, 𝑆, 𝑃𝐹𝑁, 𝑇𝑝) 
(8.1) 
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Table 8-1. MTTR, paired SD& SEM difference, T-value and level of significance. 

Run 

No. 

Tensile test results 

(MPa) 

MTTR 

(MPa) 

Paired difference Paired T-

value 

Level of 

significance 

1 2 3 SD SEM P-Value 

1 192.2 186.5 181.4 186.7 5.403 3.119 59.8533 0.0003 

2 201.5 196.4 191.6 196.5 4.951 2.858 68.7466 0.0002 

3 166.3 161.7 157.4 161.8 4.451 2.57 62.9647 0.0003 

4 176.5 171.2 166.8 171.5 4.857 2.804 61.1591 0.0003 

5 171.7 176.7 182.3 176.9 5.303 3.062 57.7804 0.0003 

6 182.1 188.1 195 188.4 6.455 3.727 50.551 0.0004 

7 148.7 152.3 156.5 152.5 3.904 2.254 67.6609 0.0002 

8 167.2 162.7 157.9 162.6 4.651 2.685 60.5554 0.0003 

9 196.1 191.9 186.2 191.4 4.969 2.869 66.7178 0.0002 

10 199.4 205 214.2 206.2 7.473 4.314 47.7944 0.0004 

11 169.4 164.9 158.9 164.4 5.268 3.041 54.0544 0.0003 

12 174.8 178.8 181.6 178.4 3.418 1.973 90.4137 0.0001 

13 184.6 180.1 177.4 180.7 3.637 2.1 86.0476 0.0001 

14 187.4 191.2 197.1 191.9 4.888 2.822 68.0029 0.0002 

15 158.3 155.4 153.4 155.7 2.464 1.422 109.4599 0.0001 

16 160.8 164.9 168.1 164.6 3.659 2.113 77.9112 0.0002 

17 139.3 133.9 129.1 134.1 5.103 2.946 45.5165 0.0005 

18 158.2 154.1 151.5 154.6 3.378 1.95 79.2734 0.0002 

19 196.8 200.2 205.7 200.9 4.491 2.593 77.4796 0.0002 

20 143.5 146.9 150.6 147 3.551 2.05 71.7002 0.0002 

21 198.3 202.8 205.2 202.1 3.503 2.022 99.932 0.0001 

22 184.9 180.7 174.7 180.1 5.126 2.96 60.8502 0.0003 

23 196.6 192.6 187.1 192.1 4.77 2.754 69.7585 0.0002 

24 199.7 203.1 207.7 203.5 4.015 2.318 87.7895 0.0001 

25 201.1 200.8 198.7 200.2 1.308 0.755 265.1714 0.0001 

26 198.4 199 201.1 199.5 1.418 0.819 243.728 0.0001 

27 202.5 200.8 197.6 200.3 2.488 1.436 139.4429 0.0001 

28 197.9 199.1 202.1 199.7 2.163 1.249 159.888 0.0001 

29 204.1 200.7 195.5 200.1 4.331 2.501 80.0187 0.0002 

30 196.9 199.2 203.3 199.8 3.242 1.872 106.7468 0.0001 
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Table 8-2. Design matrix for experimental and predicted values of tensile strength. 

Run 

no. 

FSW process variables Tensile strength 

(MPa) 

𝑵  

(rpm) 

𝑺 

(mm/min) 

𝑷𝑭𝑵  𝑻𝒑 MMTR Predicted 

value  

Factorial points 

1 -1(725) -1(200) -1(SQ) -1(0.6) 186.7 185.77 

2 1(1175) -1(200) -1(SQ) -1(0.6) 196.5 197.112 

3 -1(725) 1(300) -1(SQ) -1(0.6) 161.8 160.67 

4 1(1175) 1(300) -1(SQ) -1(0.6) 171.5 170.89 

5 -1(725) -1(200) 1(Hex) -1(0.6) 176.9 177.62 

6 1(1175) -1(200) 1(Hex) -1(0.6) 188.4 187.31 

7 -1(725) 1(300) 1(Hex) -1(0.6) 152.5 153.09 

8 1(1175) 1(300) 1(Hex) -1(0.6) 162.6 161.63 

9 -1(725) -1(200) -1(SQ) 1(0.8) 191.4 192.03 

10 1(1175) -1(200) -1(SQ) 1(0.8) 206.2 205.32 

11 -1(725) 1(300) -1(SQ) 1(0.8) 164.4 165.21 

12 1(1175) 1(300) -1(SQ) 1(0.8) 178.4 177.35 

13 -1(725) -1(200) 1(Hex) 1(0.8) 180.7 181.02 

14 1(1175) -1(200) 1(Hex) 1(0.8) 191.9 192.67 

15 -1(725) 1(300) 1(Hex) 1(0.8) 155.7 154.75 

16 1(1175) 1(300) 1(Hex) 1(0.8) 164.6 165.24 

Axial points 

17 -2(500) 0(250) 0(Pen) 0(0.7) 134.1 133.74 

18 2(1400) 0(250) 0(Pen) 0(0.7) 154.6 155.57 

19 0(950) -2(150) 0(Pen) 0(0.7) 200.9 200.51 

20 0(950) 2(350) 0(Pen) 0(0.7) 147 148.01 

21 0(950) 0(250) -2(TR) 0(0.7) 202.1 200.04 

22 0(950) 0(250) 2(OCT) 0(0.7) 180.1 179.77 

23 0(950) 0(250) 0(Pen) -2(0.4) 192.1 193.17 

24 0(950) 0(250) 0(Pen) 2(1) 203.5 203.04 

Centre points 

25 0(950) 0(250) 0(Pen) 0(0.7) 200.2 199.93 

26 0(950) 0(250) 0(Pen) 0(0.7) 199.5 199.93 

27 0(950) 0(250) 0(Pen) 0(0.7) 200.3 199.93 

28 0(950) 0(250) 0(Pen) 0(0.7) 199.7 199.93 

29 0(950) 0(250) 0(Pen) 0(0.7) 200.1 199.93 

30 0(950) 0(250) 0(Pen) 0(0.7) 199.8 199.93 
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For the four factors, the selected polynomial could be expressed as: 

Where b0 is the free term of the regression equation; the coefficients b1, b2, b3 and b4 are 

linear terms; the coefficients b11, b22, b33 and b44 are quadratic terms; the coefficients, b12, b13, 

b14, b23, b24, and b34, are interaction terms. 

DESIGN EXPERT 10.0.3 software packages were used to calculate the values of those 

coefficients for different responses and the results are presented in Table 8-3. The final 

mathematical equation is: 

Table 8-3. Calculated regression coefficients of tensile strength mathematical model. 

Factor Calculated coefficient 

 -170.37 

N +0.55 

S +1.04 

PFN -4.01 

Tp +2.60 

N*S -2.56E-5 

N*PFN -1.83E-3 

N*Tp +2.17E-3 

S*PFN +2.75E-3 

S*Tp -8.75E-3 

PFN*Tp -0.71 

N2 -2.73E-4 

S2 -2.57E-3 

PFN2 -2.51 

Tp2 -0.46 

𝜎𝑇 = 𝑏0 + 𝑏1 ∗ 𝑁 + 𝑏2 ∗ 𝑆 + 𝑏3 ∗ 𝑃𝐹𝑁 + 𝑏4 ∗ 𝑇𝑝 + 𝑏11 ∗ 𝑁2 + 𝑏22 ∗ 𝑆2 + 𝑏33

∗ 𝑃𝐹𝑁2 + 𝑏44 ∗ 𝑇𝑝2 + 𝑏12 ∗ 𝑁 ∗ 𝑆 + 𝑏13 ∗ 𝑁 ∗ 𝑃𝐹𝑁 + 𝑏14 ∗ 𝑁

∗ 𝑇𝑝 + 𝑏23 ∗ 𝑆 ∗ 𝑃𝐹𝑁 + 𝑏24 ∗ 𝑆 ∗ 𝑇𝑝 + 𝑏34 ∗ 𝑃𝐹𝑁 ∗ 𝑇𝑝 

(8.2) 

𝜎𝑇 = −170.37 + 0.55 ∗ 𝑁 + 1.04 ∗ 𝑆 − 4.01 ∗ 𝑃𝐹𝑁  + 2.60 ∗ 𝑇𝑝 − 2.56𝐸

− 5 ∗ 𝑁 ∗ 𝑆 − 1.83𝐸 − 3 ∗ 𝑁 ∗ 𝑃𝐹𝑁 + 2.17𝐸 − 3 ∗ 𝑁 ∗ 𝑇𝑝

+ 2.75𝐸 − 3 ∗ 𝑆 ∗ 𝑃𝐹𝑁 − 8.75𝐸 − 3 ∗ 𝑆 ∗ 𝑇𝑝 − 0.71 ∗ 𝑃𝐹𝑁 ∗ 𝑇𝑝 

− 2.73𝐸 − 4 ∗ 𝑁2 − 2.57𝐸 − 3 ∗ 𝑆2 − 2.51 ∗ 𝑃𝐹𝑁2 − 0.46

∗ 𝑇𝑝^2 

(8.3) 
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8.1.2 Adequacy of DOE model for tensile strength 

The adequacy of the model developed was then tested by using the analysis of variance 

technique (ANOVA). The results of the ANOVA are given in Table 8-4. The Model F-value 

of 781.09 implies the model is significant. There is only a 0.01% chance that an F-value 

could occur due to noise. The P-value less than 0.05 indicates that model terms are 

significant. 

 In this case, linear, quadratic and one of interaction terms (PFN*Tp) are significant model 

terms. Values greater than 0.1 indicate the model terms are not significant, so interaction 

terms for N*S, N*PFN, S*PFN and S*Tp are not significant. The lack of fit F-value of 15.55 

implies that the lack of fit is insignificant. There is 0.37% chance that a lack of fit F-value 

could as a result of noise.  

The determined values of the developed model are presented in Table 8-5. The R2 value is 

always between 0 and 1, and its value indicates the accuracy of the model. For a good model, 

R2 value should be close to 1. In this model, the calculated R2 is 0.9986. This implies that 

99.86% of experimental results confirm the compatibility with the data predicted by the 

developed model.  

The value of the adjusted R2 of 0.9974 is also high to adherent for a high significance of the 

model. The predicted R2 of 0.9923 is in reasonable agreement with the adjusted R2 of 0.9974 

because the difference is less than 0.2. Adequate precision measures the signal-to-noise ratio. 

A ratio greater than 4 is desirable. In this study, the ratio is 98.524, which indicates an 

adequate signal. This model can be used to navigate the design space.  

The normal probability plot for the tensile strength shown in Figure 8-1 reveals that the 

residuals are scattered close to straight line, which means the errors are distributed normally. 

A typical scatter diagram of the model is presented in Figure 8-2. The observed values and 

predicted values of the responses are falling on the 45° line, indicating an almost perfect fit 

of the developed empirical models.  
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Table 8-4. Tensile strength ANOVA test results. 

     
p-value 

 

Source Sum of squares Degree of 

freedom 

Mean square F value Prob > F Result 

Model 11545.24 14 824.66 781.09 < 0.0001 significant 

N 715.04 1 715.04 677.27 < 0.0001 
 

S 4134.38 1 4134.38 3915.95 < 0.0001 
 

PFN 616.11 1 616.11 583.56 < 0.0001 
 

Tp 146.03 1 146.03 138.31 < 0.0001 
 

N*S 1.32 1 1.32 1.25 0.2807 
 

N*PFN 2.72 1 2.72 2.58 0.1292 
 

N*Tp 3.80 1 3.80 3.60 0.0771 
 

S*PFN 0.30 1 0.30 0.29 0.6003 
 

S*Tp 3.06 1 3.06 2.90 0.1092 
 

PFN*Tp 8.12 1 8.12 7.69 0.0142 
 

N2 5237.70 1 5237.70 4960.99 < 0.0001 
 

S2 1130.07 1 1130.07 1070.36 < 0.0001 
 

PFN2 172.29 1 172.29 163.18 < 0.0001 
 

Tp2 5.71 1 5.71 5.41 0.0345 
 

Residual 15.84 15 1.06  
  

Lack of Fit 15.34 10 1.53 15.55 0.0037 
 

significant 

Pure Error 0.49 5 0.099 
   

Cor Total 11561.08 29  
   

Table 8-5. Coefficient of determination values for tensile strength. 

R-Squared Adj R-Squared Pred R-Squared Adeq Precision 

0.9986 0.9974 0.9923 98.524 
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Figure 8-1. Tensile strength normal probability plot. 

 

Figure 8-2. Scatter diagram of tensile strength (MPa). 
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8.1.3 Effect of welding parameters and tool profile on tensile strength  

The effects of welding parameters and tool profiles on the tensile strength were predicted by 

data driven model for the tensile strength presented in Figures ((8.3)−(8.6)), showing the 

general trends between cause and effect.  

From Figure 8-3 and Figure 8-4, it can be seen that the tensile strength increases when 

welding and rotational speed increase up to optimum welding conditions (N=1000 rpm, 

S=200 mm/min) because they generate sufficient heat energy and perfect flow profile  

And then the tensile strength decreases because excess heat input causes by increasing 

rotational speed and nonhomogeneous flow profile. The tensile strength increases up to 

49.89% with changing rotational speed while it increases 28.37% with changing welding 

speed.  

 

Figure 8-3. Contour plots for the effect of rotational speed and welding speed on tensile 

strength. 
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Figure 8-4. Response surface graphs for the effect of rotational speed and welding speed on 

tensile strength. 

From Figure 8-5 and Figure 8-6, it is evident that tensile strength slightly increases about 

1.21% by increasing number of flats from 3 to 4 on probe lateral surface and then decrease 

about 11.22 % by increasing number of flats from 4 to 8. The increase taper ratio from 0.4 to 

1 causes 4.86% increasing in tensile strength. Total increasing of tensile strength is around 

16.08% by changing tool profile at welding parameters (N=950 rpm, S=250 mm/min).  

From equation (8.3), with optimum welding parameters ( N=1000 rpm, S=200 mm/min), the 

maximum tensile strength is an approximately 215.65 MPa by using straight square tool 

profile (SSQ) while the minimum tensile strength is about 187.97 MPa by using straight 

octagonal tool profile (SOct). Total increasing of tensile strength is an approximately 22.15% 

by changing tool profile at optimum welding parameters.  
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Figure 8-5. Contour plots for the effect of tool profile (PFN and Tp) on tensile strength. 

 

Figure 8-6. Response surface graphs for the effect of tool profile (PFN and Tp) on tensile 

strength. 
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8.2 Conclusion 

DOE results for the effect of welding parameters and tool profiles on the transverse tensile strength 

have been analysed. The major finding from the present work can be summarized as follows: 

1. It is evident that as welding speed increases from 150 mm/min to 200 mm/min, the 

tensile strength of the FSW welded aluminium alloy 6061-T6 increases and then 

decreases. At the highest welding speed (350 mm/min), lower tensile strength is 

observed due to increasing the flow rate of the soft material which leads to excess 

flash metal formation and large defect size. 

2. It is obvious that rotational speed increases from 500 rpm to 1000 rpm, the transverse 

tensile strength of the FSW joint increases and then decreases. At the lowest welding 

rotational speed (500 rpm) and highest welding speed (1400 rpm), lower tensile 

strength is observed due to the insufficient frictional heat and increasing frictional 

heat generation respectively. 

3. The tensile strength is increased by reducing PFN from 8 to 4 and then decreases. The 

lower tensile strength is observed when PFN is 8. Increasing PFN causes increasing 

the total heat generation and the flow rate of the soft material around the probe. 

4. The tensile strength is slightly increased with increasing the taper ratio from 0.4 to 1 

due to increasing the total heat generation.    
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 : Validation of DOE results  

9.1 Introduction  

To validate the DOE results for axial force, peak temperature and tensile strength, extra work 

pieces welded by FSW with optimization levels of welding parameters and tool profile 

(straight square tool (SSQ), S = 200 mm/min, N= 1000 rpm). Straight tools (Hexagonal 

(SHex) and Octagonal (SOct)) were tested at the same welding parameters to validate DOE 

results. Friction stir welding simulation was carried out by using model 2 assumptions.    

9.2 Validation axial force DOE results  

The difference between the experimental and predicted (calculated value by equation (6.3)) 

axial force was checked by calculating SD, SEM, T-value and level of significance (P-value), 

all results are listed in Table 9-1. The differences for the results are considered to be very 

statistically significant that because the maximum P-value is 0.01 which is less than 0.05. So, 

the axial force DOE equation can be adopted to predict axial force at the design space. 

Table 9-1. Paired SD, SEM difference, T-value and level of significance of the axial force.  

Tool 

profile 

Axial force (KN) Paired 

difference 

Paired 

T-value 

Level of 

significance 

Experimental  Predicted SD SEM P-Value 

SSQ 6.06 6.04 0.0141 0.0100 605 0.0011 

SHex 6.82 6.61 0.1485 0.1050 63.9524 0.01 

SOct 7.19 7.03 0.1131 0.0800 88.8750 0.0072 

 

9.3 Validation peak temperature DOE results 

The difference between the modelling (COMSOL results in Figure 9-1) and predicted 

(calculated value by equation(7.3)) peak temperature was checked by calculating standard 

SD, SEM, T-value and level of significance (P-value), all results are listed in Table 9-2. These 

differences are considered to be very statistically significant that because the maximum         
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P-value is 0.0063, this value is less than 0.05. So, the peak temperature DOE equation can 

be adopted to predict the peak temperature at the design space. 

 Table 9-2. Paired SD, SEM difference, T-value and level of significance of the peak 

temperature.  

 

 

Figure 9-1. Isotherms temperature distribution for different probe profiles: A-SSQ,           

B- SHex, and C- SOct (model 2).  

Tool 

profile  

Peak temperature (K) Paired difference  Paired 

T-value  

Level of 

significance 

Modelling Predicted SD SEM P-Value 

SSQ 688 685 2.12 1.50 457.6667 0.0014 

SHex 734 730 2.83 2.00 366.0000 0.0017 

SOct 764 749 10.61 7.50 100.8667 0.0063 
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The peak temperature for SSQ is 80.46% from base metal melting point, this ratio increases 

to 89.35% by using SOct. 

9.4 Validation tensile strength DOE results 

The transverse tensile strength results for validation DOE trials show in Figure 9-2. The 

difference in the transverse tensile test results of each trial was checked by calculating the 

mean of transverse tensile strength results (MTTS), SD, SEM, T-value and level of 

significance (P-value), all results are listed in Table 9-3. These differences are considered to 

be extremely statistically significant that because the maximum P-value is 0.0001 which is 

less than 0.05. 

 

Figure 9-2. Transverse tensile strength for welding joints by SSQ, SHex and SOct tools. 

From Figure 9-2, it can be seen the maximum value of  MTTS is 252.68 MPa for joint welded 

by using optimum welding parameters (N=1000 rpm, S=200 mm/min) and tool profile (SSQ) 

according to predicted equation (8.3) and then decrease about 24.60% by increasing number 

of flats from 4 to 8.  
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Table 9-3. Mean, paired difference (SD and SEM), T-value and level of significance of the 

tensile test results.  

Tool 

profile 

Tensile test results 

(MPa) 

MTTS 

(MPa) 

Paired 

difference  

Paired 

T-

value  

Level of 

significance 

1 2 3 SD SEM P-Value 

SOct 189.15 190.68 191.76 190.53 1.31 0.76 251.64 <0.0001 

SHex 197.43 192.96 200.3 196.90 3.70 2.13 92.20 0.0001 

SSQ 252.28 253.42 252.34 252.68 0.64 0.37 682.17 <0.0001 

 

Figure 9-3. Comparison between the MTTS of the joints welded by different tools with the 

tensile strength of base metal. 

From Figure 9-3, it can be seen that the MTTS increases 59.54% to 61.53% from the base 

metal tensile  strength by decreasing the number of flats from 8 to 6, while it increases to 

79% by decreasing the number of flats from 6 to 4. The MTTS increases 32.62% by changing 

tool profile from SOct to SSQ. 
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Figure 9-4. Tensile fracture appearances of FSW welds. 

The macroscopic fracture appearance of the transverse tensile FSW welds specimens show 

in Figure 9-4.  A typical shear fracture mode is invariably on the advancing side (AS) for 

SOct and SHex tool due to defect location in weld zone close to AS while the fracture location 

for SSQ tool is on the retreating side because this joint is free defect. 

The difference between MTTS and predicted (calculated value by equation(8.3)) tensile 

strength was checked by calculating standard deviation SD, the standard error of the mean 

SEM, T-value and level of significance (P-value), all results are listed in Table 9-4. Although 

the difference of the SSQ is considered to be statistically significant, this difference is 

relatively large in comparison with the differences for other tools (SHex and SOct). The 

variation in P-Value is relatively large because the SSQ joint is free of defect while all other 

runs have defect.  

Other differences are considered to be very statistically significant that because the maximum 

P-value is 0.0081, this value is less than 0.05. So, the tensile strength DOE model can be 

adopted to predict the tensile strength at the design space.  
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Table 9-4. Paired difference (SD and SEM), T-value and level of significance of the 

transverse tensile strength.  

 

9.5 Conclusion 

The 𝐴𝐹, 𝑃𝑇 and 𝜎𝑇 DOE models results were validated. The major finding from this chapter 

can be summarized as follow: 

❖ The differences between the experimental and predicted (calculated values by equation 

(6.3)) axial force are considered to be very statistically significant. So, the 𝐴𝐹 DOE 

equation can be adopted to predict the axial force. 

❖ The differences between the modelling and predicted results (calculated values by 

equation (9.1)) of peak temperature are considered to be very statistically significant. So, 

the 𝑃𝑇 DOE equation can be adopted to predict the peak temperature at the design space. 

❖ Although the difference between experiential and predicted tensile strength results for 

the SSQ is relatively large. The DOE equation for 𝝈𝑻 was predicted correct the optimum 

welding parameters and welding tool. 

❖ The optimum welding joint results are:  

➢ The 𝑃𝑇 for SSQ is 80.46% form base metal melting point. This percentage is closer 

to 80% in comparison with SHex and SOct tools.  Therefore, SSQ is preferable to 

join 6061-T6. 

➢ The MTTS increases to 32.62% by change tool profile from straight octagonal (SOct) 

to straight square (SSQ) 

➢  The MTTS increases to 79% by decreasing the number of flats from 6 to 4. 

Tool 

profile 

Peak temperature 

(K) 

Paired difference  Paired T-value  Level of 

significance 

MTTS Predicted SD SEM P-Value 

SSQ 252.68 215.95 25.9720 18.3650 12.7588 0.0498 

SHex 196.90 201.97 3.5850 2.5350 78.6726 0.0081 

SOct 190.53 188.43 1.4849 1.0500 180.4571 0.0035 
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 : Effect of tool profile on heat distribution, microstructure 

and mechanical properties  

10.1 Introduction  

This chapter present the effect of tool profile on microhardness, macrostructure, 

microstructure, weld zone tensile strength and heat distribution. 

10.2 Microhardness results  

Figure 10-1 shows microhardness map for DOE validation trials (SOct, SHex and SSQ), it 

can be seen that the hardness range in the welding centre line of all validation runs is from 

87 HV near the shoulder interface to 64 HV near the probe tip interface; in contrast to a mid-

thickness of work piece hardness range which is from 67 to 108 HV.  

The SSQ joint is free defect joint because it has homogenous hardness distribution at the 

stirring probe zone. This joint has narrow HAZ and TMAZ in advancing side (AS) comparing 

with retreating side (RS) that explain the tensile shear fracture in RS. 

SHex and SOct joints have nonhomogeneous hardness distribution in the stirring probe zone 

because of increasing heat input and string action. High string action leads to form defect 

close to root joint in AS that explain the tensile shear fracture at the edge of welding zone 

(WZ). 
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Figure 10-1. Corresponding 2D microhardness map for different tool profiles: (A) SOct, 

(B) SHex and (C) SSQ. 
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10.3 Macrostructure and CT scan    

Macrostructure and CT scan test were carried out to show defect types in practical DOE trial.  

According to welding parameters and tool profile for DOE trials, there are three possible 

defect types: insufficient heat input defect, excess heat input defect and abnormal stirring 

defect. One case from each defect type presents in this section.   

Figure 10-2 shows macrostructure and CT scan images for Run2 in DOE matrix. It can be 

seen that inner defect was formed as a tunnel defect because of an excess heat input which 

generated with higher rotation speed and lower welding speed. 

 Figure 10-3 shows macrostructure and CT scan images for Run3 in DOE matrix. It can be 

seen that inner defect was formed as a wormhole defect because of an insufficient heat input 

with lower rotation speed and higher welding speed.  

Figure 10-4 shows macrostructure and CT scan images for Run18 in DOE matrix. It can be 

seen that inner defect was formed as a tunnel defect due to the high stir action as a result of 

higher rotation and welding speed. 

 

Figure 10-2. 2D images of Run2 (A) Microstructure and (B) CT scan. 
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Figure 10-3. 2D images of Run3 (A) Microstructure and (B) CT scan. 

 

Figure 10-4. 2D images of Run18 (A) Microstructure and (B) CT scan. 

For validations trial, Figure 10-5 displays macrostructure and CT scan images for optimum 

friction stir welding condition (N=1000 rpm, S=200 mm/min and SSQ). It can be seen that 

this welding joint is a free defect with good surface conditions and homogenous welding 

zone.   

 Figure 10-6 displays macrostructure and CT scan images for SHex joint which welded by 

optimum welding parameters. It can be seen the tunnel defect that because increasing the 

heat input and stir action. This joint has good surface conditions but there is abnormal stirring 

in welding zone.   
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Figure 10-7 displays macrostructure and CT scan images for SOct joint which welded with 

optimum welding parameters. It can be seen the inner defect because of the high stir action 

with increasing number of flats to 8. This higher level of stir action causes nonhomogeneous 

welding zone and observing waves action on the shoulder interface.       

 

 

 Figure 10-5. 2D images of SSQ joint (A) Microstructure and (B) CT scan. 

 

Figure 10-6. 2D images of SHex joint (A) Microstructure and (B) CT scan. 



127 

 

 

Figure 10-7. 2D images of SOct joint (A) Microstructure and (B) CT scan. 

10.4 Microstructure for optimum condition trial  

The effect of SSQ tool on the material flow profile, grain size and its orientation detects in 

Figure 10-8 by using optical microscope.   

Figure 10-8 (A) shows the microstructure at the RS region from the effect of shoulder to the 

base metal. Higher stir action, high heat input and high cooling rate cause finer grains size 

and narrow HAZ width.  

Figure 10-8 (B) shows the microstructure for the effect of change stir action from shoulder 

to probe at RS region. High stir action, reducing the heat input slightly comparison with 

region (A) and lower cooling rate produce fine grains size and wider HAZ.  

Figure 10-8 (C) shows the microstructure at the RS region from the effect of probe tip to the 

base metal. The vortexes between different layers were observed as a result of stir action by 

tool tip. The HAZ was a very narrow.  

Figure 10-8 (D) shows the microstructure for the effect of shoulder interface on stir zone 

centre. A higher heating rate in this region causes a larger grain size. 

 Figure 10-8 (E) shows the microstructure of WZ region closed to tool tip. A homogenous 

material flow leads to produce finer grain size. 
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Figure 10-8 (G) shows the microstructure at the AS region from the effect of shoulder to the 

base metal. Higher stir action, high heat input and higher cooling rate cause finer grains and 

very narrow HAZ width.  

Figure 10-8 (H) shows the microstructure for the effect of change stir action from shoulder 

to probe at AS region. A higher sir action in the TMAZ and lower heating rate cause smaller 

HAZ comparing with the same region in RS 

Figure 10-8 (F) shows the microstructure at the AS region from the effect of probe tip to the 

base metal. A wide range of grains size in the probe tip material flow region was observed 

because there are many rotation layers which were formed by stirring action. 
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Figure 10-8. Microstructure of SSQ joints. 
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10.5 Weld zone tension testing 

Tensile test for Welding zone was carried out to evaluate the effect of welding defect on the 

tensile strength for DOE validating trials (SSQ, SHex and SOct). The welding zone tensile 

strength results for validation DOE trials show in Figure 10-9. The difference in the tensile 

test results of each trial was checked by calculating mean welding zone tensile strength 

results (MWZTS), SD, the standard error of the mean SEM, T-value and level of significance 

(P-value), all results are listed in Table 10-1. These differences are considered to be 

extremely statistically significant as a result of maximum P-value is 0.0003 which is less than 

0.05. 

Table 10-1. MWZTS, paired difference (SD and SEM), T-value and level of significance.  

Tool 

profile 

Tensile test results (MPa) MWZTS 

(MPa) 

Paired 

difference 

Paired T-

value 

Level of 

significance 

1 2 3 SD SEM P-Value 

SOct 268.46 270.01 269.39 269.29 0.78 0.45 597.86 <0.0001 

SHex 279.69 289.79 274.31 281.26 7.86 4.54 61.99 0.0003 

SSQ 295.21 293.81 294.39 294.47 0.70 0.41 725.0815 <0.0001 

 

Figure 10-9 shows the welding zone tensile strength for samples welded by different straight 

tool profiles. It can be seen that the tensile strength increases 4.45% by decreasing the number 

of flats on pin surface from 8 to 6, while it increases 4.69% by decreasing the number of flats 

from 6 to 4. So, the defects in SOct and SHex joints have the major effect of variation in 

MTTS results. 
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Figure 10-9. Welding zone tensile strength for welding joints by SSQ, SHex and SOct 

tools. 

Figure 10-10 compares the MWZTS of the joints for different straight tool profiles with the 

tensile strength of the base metal (6060-T6). It can be seen that the tensile strength increases 

84.15% to 87.89% from the base metal tensile strength by decreasing the number of flats 

from 8 to 6, while it increases to 92.02% by decreasing the number of flats from 6 to 4. Figure 

10-11 shows the variation between MTTS and MWZTS for DOE validation runs. It can be 

seen that the variation between the MTTS and MWZTS slightly increases from 41.33% to 

42.84% by decreasing number of flats on probe lateral surface from 8 to 6. In contrast, SSQ 

showed the lowest variation (16.53%) compared with other tools because the SSQ tool 

generates sufficient heat input and homogenous material flow to produce a sound and defect-

free weld.  
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Figure 10-10. Comparison between MWZTS of the joints welded by different tools with 

the tensile strength of base metal. 

 

Figure 10-11. Comparison among the MTTS and MWZTS. 
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10.6 The effect of tool profile on temperature distribution      

Thermal contours on the 6 mm, 3mm and 0mm planes of the welding joint thickness around 

the STR, SSQ, SPen, SHex and SOct tools are shown in Figures ((10-12)– (10-16)), 

respectively. The black circle and the black polygonal lines in figures illustrate the outline of 

the tool. Two important findings can be observed in these figures. 

 Firstly, there is a difference in density of the isothermal contours between tool leading edge 

and tool trailing edge.  For the 6mm plane, thermal contours are compressed closing to the 

rear probe edge and expanded at the front edge because of the higher effect for shoulder heat 

generation.  

This effect reduces through the joint thickness, at the tip interface of the tool (the 0mm plane), 

the contours are expanded closing to the rear probe edge and compressed at the front edge.  

Secondly, the contours at shoulder interface are not concentric with the tool outline. The peak 

temperature of the thermal profile is located at the tool rear between the trailing probe edge 

and the trailing shoulder edge. 
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(A) 

 

(B) 

 

(C) 

 

Figure 10-12. Temperature contours for STR joint at different planes in the work piece 

thickness: (A) 6mm, (B) 3mm and (C) 0 mm.  

Welding direction  Direction of rotation  
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(A) 

 

(B) 

 

(C) 

 

Figure 10-13. Temperature contours for SSQ joint at different planes in the work piece 

thickness: (A) 6mm, (B) 3mm and (C) 0 mm.  

Welding direction  Direction of rotation  
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(A) 

 

(B) 

 

(C) 

 

Figure 10-14. Temperature contours for SPen joint at different planes in the work piece 

thickness: (A) 6mm, (B) 3mm and (C) 0 mm.   

Welding direction  Direction of rotation  
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(A) 

 

(B) 

 

(C) 

 

Figure 10-15. Temperature contours for SHex joint at different planes in the work piece 

thickness: (A) 6mm, (B) 3mm and (C) 0 mm.  

Welding direction  Direction of rotation  
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(A) 

 

(B) 

 

(C) 

 

Figure 10-16. Temperature contours for SOct joint at different planes in the work piece 

thickness: (A) 6mm, (B) 3mm and (C) 0 mm. 

Welding direction  Direction of rotation  
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10.7  Conclusion 

This chapter studies the effect of tool geometry on the quality of 6061-T6 aluminium joint. 

Important conclusions from this chapter are: 

 

 SSQ tool profile produced defect free joint because the heat input increases the peak 

temperature to 80.46% base metal melting point and SSQ tool profile has homogenous 

material flow leads to reducing formation flash material.   

 For SSQ joint, finer grain size in the prob stir zone compare with shoulder stir zone due 

to increasing heating rate close to shoulder interface which causes grain growth. The 

stirring action causes refine the grain size in probe stir zone.     

 SSQ tool produces symmetry in hardness profiles across the welding joint. The welding 

zone has homogenous hardness distribution in shoulder and probe stirring zones. This 

joint has narrow HAZ and TMAZ in AS comparing with RS. 

 The joint welded by using SSQ tool with optimum welding parameters showed higher 

tensile strength in WZ.  

 The peak temperature in the WZ is located at the rear shoulder interface between 

trailing probe edge and trailing shoulder edge. 
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 : Conclusion and future work 

11.1 Conclusion  

The geometry of the FSW tool was studied in this work during the FSW of 6061-T6 

aluminum alloys. The heat generation equations for taper and straight tools were derived and 

implemented in COMSOL to investigate the effect of change tool profile on heat generation 

and distribution. Based on the obtained results, the following conclusions can be outlined.  

The welding parameters (N and S) significantly affect on AF. The increase of AF by change tool 

profile (PFN and Tp) should be considered to prevent the excess heat input. i.e. increasing the AF by 

increasing PFN and Tp requires adjusting the welding parameters to obtain the appropriate welding 

temperature to produce a sound and defect-free weld.  

The total heat generation increases with increasing the polygon probe flats number from 3 to 8 and 

the taper ratio from 0.4 to 1 due to increasing the heat generation equation factors for probe side and 

probe tip (F2 and F3). Despite, the shoulder heat generation conurbation is decreased by increasing 

the subtracted heat generated of probe base area (F1). 

The trend and behaviour of modelling temperature is very close to the experimentally temperature. 

This implies that heat generation equations, as well as the heat transfer model are adequate to predict 

heat generation and distribution during FSW of aluminium alloy. 

The peak temperature increases around 19% by increasing the number of probe flats from 3 to 8, and 

the taper ratio changes from 0.4 to 1. So, the peak temperature can be correlated with respective FSW 

tool profile. This relationship can be used to select the FSW tool to produce the superior mechanical 

properties for aluminium joint.   

The transverse tensile strength increases approximately 33% by changing the tool profile from 

straight octagonal (SOct) to straight square (SSQ) due to producing defect free joints with symmetric 

hardness profiles. The tensile strength of SSQ joint is 79% of base metal tensile strength were 

obtained using rotational speed of 1000 rpm, welding speed of 200 mm/min. 

The optimum conditions (N =1000 rpm, S = 200 mm/min and SSQ) were predicted according to DOE 

equation of tensile strength to obtain maximum tensile strength because these optimum conditions 

produce the sufficient peak temperature (80.46% from base metal melting point).  
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11.2 Future work 

1. Further work is needed to study the effect of change FSW tool profiles on heat 

generation and distribution for aluminium alloy by change the shoulder diameter. 

2. More analysis is required to deeply understand the effect of change FSW tool profiles 

from taper to straight on heat distribution of aluminium alloy. 

3. The microstructures associated with the hardness profile in FSW of aluminium alloy 

need to study by transmission electron microscopy (TEM) and orientation imaging 

microscopy (OIM). 
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APPENDICES   

Appendix 1: Experimental temperature data 

 

Experimental temperature data for Run5. 
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Experimental temperature data for Run9. 

 

Experimental temperature data for Run13.  
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Appendix 2: Isotherms temperature distribution (K) for DOE Runs 

 

1) Isotherms temperature distribution (K) for Run1 from peak temperature DOE. 

 

2) Isotherms temperature distribution (K) for Run2 from peak temperature DOE. 
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3) Isotherms temperature distribution (K) for Run3 from peak temperature DOE. 

 

4) Isotherms temperature distribution (K) for Run4 from peak temperature DOE. 
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5) Isotherms temperature distribution (K) for Run5 from peak temperature DOE. 

 

6) Isotherms temperature distribution (K) for Run6 from peak temperature DOE. 
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7) Isotherms temperature distribution (K) for Run7 from peak temperature DOE. 

 

8) Isotherms temperature distribution (K) for Run8 from peak temperature DOE. 
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9) Isotherms temperature distribution (K) for Run9 from peak temperature DOE. 

 

10) Isotherms temperature distribution (K) for Run10 from peak temperature DOE. 



158 

 

 

11) Isotherms temperature distribution (K) for Run11 from peak temperature DOE. 

 

12) Isotherms temperature distribution (K) for Run12 from peak temperature DOE. 
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13) Isotherms temperature distribution (K) for Run13 from peak temperature DOE. 

 

14) Isotherms temperature distribution (K) for Run14 from peak temperature DOE. 
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15) Isotherms temperature distribution (K) for Run15 from peak temperature DOE. 

 

16) Isotherms temperature distribution (K) for Run16 from peak temperature DOE. 



 

161 

 

 

17) Isotherms temperature distribution (K) for Run17 from peak temperature DOE. 

 

18) Isotherms temperature distribution (K) for Run18 from peak temperature DOE. 
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19) Isotherms temperature distribution (K) for Run19 from peak temperature DOE. 

 

20) Isotherms temperature distribution (K) for Run20 from peak temperature DOE. 
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21) Isotherms temperature distribution (K) for Run21 from peak temperature DOE. 

 

22) Isotherms temperature distribution (K) for Run22 from peak temperature DOE. 
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23) Isotherms temperature distribution (K) for Run23 from peak temperature DOE. 

 

24) Isotherms temperature distribution (K) for Run24 from peak temperature DOE. 
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25) Isotherms temperature distribution (K) for Run25&28 from peak temperature DOE. 

 

26) Isotherms temperature distribution (K) for Run26, 29 and 30 from peak temperature 

DOE. 
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27) Isotherms temperature distribution (K) for Run27 from peak temperature DOE.  



 

167 

 

Appendix 3: The main steps in COMSOL model 

Computational heat transfer in solids (HTS) embedded in COMSOL is used to analyses the 

heat transfer in this welding process. The main steps should be included to finalise FSW 

model according to a prescribed specification that follows. 

1. Parameters  

The parameters, their units and descriptions are listed in table 1.  

Table 1. The parameters, their units. 

 

2. The FSW tool interfaces contribution in a total heat generation will represent at 

modelling as variables, the definitions of these variables are: 

➢ Heat flux at tool shoulder-base metal interface (Figure 2) is included as heat 

generation from shoulder surface (𝑄1) as shown in Figure 3.  

➢ Heat flux at tool probe surface-base metal interface (Figure 4) is included as heat 

generation from probe surface (𝑄2) as shown in Figure 5.  

➢ Heat flux at tool probe tip-base metal interface (Figure 6) is included as heat 

generation from probe tip surface (𝑄3) as shown in Figure 7.  
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Figure 2. The tool shoulder-base metal interface. 

 

Figure 3. The definition of heat generation from shoulder surface (𝑄1). 
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Figure 4. The tool probe surface-base metal interface. 

 

Figure 5. The definition of heat generation from probe surface (𝑄2). 
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Figure 6. The tool probe tip-base metal interface. 

 

Figure 7. The definition of heat generation from probe tip surface (𝑄3). 

3. Convection and radiation boundary conditions  

➢ The heat loss from the upper plate’s surface due convection and radiation, it can be 

implemented in COMSOL model as shown in Figures 8, 9 and 10.  

➢ The heat loss form lower plate’s surface due convection, it can be implemented in 

COMSOL model as shown in Figures 11 and 12.  
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Figure 8. Setting to add radiation boundary condition. 

 

Figure 9. The upper plate’s surface. 
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Figure 10. Setting to add upper convection boundary condition. 

 

Figure 11. The lower plate’s surface.  



 

173 

 

 

Figure 12. Setting to add lower convection boundary condition. 

4. Finite element mesh. 

The physics-controlled was selected as the sequence type with extremely fine element size 

for the mesh as shown in Figures 13 and 14.  
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Figure 13. Setting the mesh. 

 

 

Figure 14. Geometrical mesh of the model. 

 


