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Abstract

The Friction Stir Weldingrocessis a rotating tool, that consists of a spegialesigned shoulder and pithat

is plunged into the joining line of the requiredaterial and traverses along this linEne frictionisinduced by

the rotating tool causes the workpiece material to rise to an operating temperature of 70% to 90% of the
workpiece material's melting temperataandresulting in no phase change, nor any defects associated with
phase change, occurs in the workpiece. The increased temperature ohatberial causes thashear yield
strength to drastically decrease thus allogithe two pieces to plasticise, egsdtir around the tool and sub
sequently join As the tool traverses along the workpiece, the softened material cools in the wake of the
rotating tool and recrystallises, forming a ne grained microstructure.

Attempts © develop an innovative tool to correlate the resulting of thermal models with process parameters
are scarce. In this work, 6098t and 608226 Aluminum alloy sheets are friction stir welding at different
rotational and translational speedduring the expemental aspect and material 20283 for the analytical
calculations The effects of process parameters on the resulting thermal and mechanical properties are
investigated. Theesults show that the use of coolant during the friction stir weld decrease ¢eaeration
substantially, this can also affect the force of the wdtdis also observed that the shear strenght of the
processed sheet depends strongly on the rotational and translational speeds as weld as the thermal aspect and
varies widely within th processed regiqgrthis was shown in this study by evaluating the thermal aspects of
different weld types namely the Standard tool, Bobbin tool and the innovative toatddition. The proposed
approad involves determination of the use of the frictiatir welding in different thermal conditions and
championing the use of an innovative tool.

Date:02/02/2017



Table of Contents

Declaration i
Acknowledgements iii
Abstract v
Table of Figures Inga@s Charts and Graphs Xii
List of tables XXil
List Of Symbols xXiii
1. Introduction 1
1.1.The Thermal Process Models of Friction Stir Welding 1
1.2.Problem Statement 1
1.3. Satement Purpose 2
1.4. Definition of Concept 2
2. Literature Survey 4
2.1.Process 6
2.2.Thermal Models 8
2.3. HeatSource Models 9
2.3.Examples of Different Heat Sources 12
2.4. Analytical Models 13
2.5. Experimental Welding Conditions 16
2.6.Contact Conditions 17
2.7.General Heat Generation 20
2.8.Contact Shear Stress 23
2.9.Heat Generation Ratios 25



2.10. Estimation of Contact Conditions

2.11. Numerical Models

2.12. Example of Different Heat Transfer Coefficients

2.13. Experimental Aspect
2.14. Process Parameters
2.151. Welding Parameters
2.15.2. Experimental Parameters
2.15.3. Test Types

2.15.3.1. Standard Test

2.15.3.2. Hot Water Applied Test

2.15.3.3. The Liquid Nitrogen Applied Test

3. The Design of Tools

3.1.Tool Shoulders

3.2.Shailder Features
3.2.1.Concave Shoulder
3.2.2.Scroll Shoulder
3.2.3.Convex Shoulder

3.3.Pin Designs
3.3.1.RoundBottom Cylindrical Pin
3.3.2.FlatBottom Cylindrical Pin
3.3.3.Truncated Cone Pin

3.3.4. Addition of Machined Flats on Pins
3.3.5.Whorl Pin

3.3.6.MX Triflute Pin

Vi

26

28

29

31

31

32

33

33

33

34

34

35

35

35

35

36

36

37

38

38

40

41

42

42



3.3.7.Trivex Pin

3.3.8.Threadless Pin

3.3.9.Retractable Pins

4. Theoritical Methodology

5. Standard Friction Stir Welding: Design and Experimentation
5.1. Analytical Estimation of Heat Generation

5.1.1. Heat Generation from the Probe

5.1.2. Shear Stress for Sticking Condition

5.1.3. Shear Stress for Sliding Condition

5.2. Heat Generation Ratios

5.3. Heat Generation: Summary of Calculations

5.3.1.Heat Generation from the Shoulder

5.3.2.Heat Generation from the Probe Side Surface and the Probe Tip
5.3.3.Total Heat Generatin

5.4, Standard tool: SOLIDWORKS Design

5.5.Standard Tool: Mode Frontier Simulation

5.5.1.Boundaries: Standard Tool Design

5.5.2.History Charts, Multi History and ParalletQualinate Charts: Standard Tool Design

6. The Bobbin Tool Friction Stir Welding: Design and Experimentation
6.1. Heat Generation: Bobbin Tool

6.1.1. Heat Generation from the Top Shoulder

6.1.2. Heat Generation from the Probe Side Surface

6.1.3. Heat Generation from the Bottom Shoulder

6.1.4. Total Heat Generated

vii

43

44

44

45

46

46

47

47

48

48

61

61

61

62

65

69

75

79

86

95

95

96

96

96



6.2. Mode Frontier Simulation: Bobbin Tool Design

6.2.1. Boundaries: Bobbin Tool Design

6.2.2. History Charts and Parallet@dinate Charts: Bobbin Tool Design
7. Innovative Friction Stir Weldin@esign And Experimentation

7.1. Heat Generation: Innovative Tool

7.1.1. Heat Generation from the Tool Shoulder

7.1.2. Heat Generation from the Probe Side

7.1.3. Heat Generation from the Probe Tip

7.1.4. Heat Generation from a Modified Copper Bush Side Surface
7.1.5. Heat Generation : Modified Copper Bush Tip

7.1.6. Total Heat Generation for the Innovative Tool

7.2. SolidWorks: Innovative Tool Design

7.3.Mode Fronter simmulation: Innovative tool Design
7.3.1.Boundaries : Innovative tool

7.3.2.Multi History Charts and Parallel ©adinate Charts: Innovative Tool Design
8. Heat Loss Conditions

8.1.Standard Tool Heat Loss Conditions

8.1.1. Heat Dissipation

8.1.2. Heat Loss within the Tool

8.1.3. Heat Loss by the T8prface of the Workpiece

8.1.4. Heat Loss by the Bottom Surface of the Workpiece

8.2. Mode Frontier Simulation: Standard Tool Heat Loss Conditions
8.2.1. Boundaries : Standard Tool Heat Loss Conditions

8.2.2. Multi History Charts f@tandard Tool Heat Loss Conditions

viii

101

106

110

115

125

125

126

126

126

126

129

131

136

139

144

158

158

158

158

158

158

163

166

174



8.3.Bobbin Tool Heat Loss Conditions

8.3.1.Mode Frontier Simulation: Bobbin Tool Heat Loss Conditions
8.3.2.Boundaries : Bobbin Tool Heat Loss Conditions

8.4.Multi History Charts for Bobbin Tool Heat Loss Conditions

8.5. Innovative Tool Heat Lo§onditions

8.5.1.Mode Frontier Simulation : Innovative tool Heat Loss Conditions
8.5.2.Boundaries : Innovative Tool Heat Loss Conditions

8.5.3.Multi History Charts : Innovative Tool Heat Loss Conditions

9. The Modification of Tools

9.1. Comparison of Heat Loss and Heat Generation

9.2. Mode Frontier for the Comparison of Heat Generation and Heat Loss

9.2.1. Multi History Charts for the Comparison of Heat Generation and Heat Loss
9.2.2. Multi History Chart: Innovative tool vs The Application of Water and the Application of Air
9.3. The Application of Boiling Water to the Innovative Tool

9.3.1.Mode Frontier Simulation :The Application of Boiling Water to the Innovative Tool
9.3.2.Boundaries: The Application of Boiling Water to the Innovative Tool

9.4. Application of a Hot Liquid and/or Liquid Nitrogen to an Innovative Tool

10. Chemical Reactions in Welding

10.1. Effect of Nitrogen, Oxygen, and Hydrogen

10.2. The Increased Size of the Copper Bar

10.3. Boundaries : The Increased Size of the Copper Bush

11.Preparation and Plans for Experimentation

11.1 Design

11.2 Conclusion

182

184

187

193

200

202

204

212

222

222

222

222

233

236

240

242

254

260

260

260

263

267

269

270



11.2.1. Analytical Conclusion

11.2.2. Analytical Heat Loss

11.2.3. Simulation Conclusion

11.2.4. Simulated Heat Loss

12. Experimentation Aspect of Friction Stir Welding

12.1 Machinery

12.2. Friction Stir Welding: Experiment

12.2.1. Performed Weld Results: Standard Tool Experimentation
12.2.2. Performed Weld Results: Innovative Tool

12.2.3. Innovative Tool Experimentation: Coolant Applied Tests
12.3 Force Data Acquisition

12.3.1. Standard Tool: ForBata

12.3.2 Innovative Tool: Force Data

12.4. Temperature Data

12.4.1. Standard Tool Temperature Data

12.4.2. Innovative Tool Temperature Data

12.5. Comparison Of Temperature: Standard Tool Vs Innovative Tool

12.6. Coolanfpplied Comparisons
12.7. Force Data
12.7.1. Standard Tool Force Data

12.7.2. Innovative tool Force Data

12.7.3. Comparison of Force Data: Standard tool Vs Innovative Tool

12.8. Discussion of ExperimenB#nchmark

12.8.1.The Standard Tool Friction Stir Welding

270

270

271

271

272

272

281

281

283

289

291

201

292

295

295

296

297

298

299

299

299

300

301

301



12.8.2. The Innovative Tool Friction Stir Welding

12.8.3. Standard Tool Vs Innovative Tool: Analytical Results Vs Experimentation

12.9. Experimental Conclusion
13. Final Conclusion
14. Reommendation and Future Work

References

Xi

302

302

303

303

304

305



Table of Figures Images Charts and Graphs

FIG 2.1: Friction Stir Welding Setu 8
FIG 2.2 Surface element used for calculation of total heat input 10
FIG 2.3 Heatource models 14
FIG 2.4 GOrdinates and Temperature using 2D Rosenthal Solutions 15
FIG 2.5 Work piece geometry and welding parameters 16
FIG 2.6 Schematic drawing of surface orientation and infinitesimal segment areas 19
FIG 2.7 Heat generation pige force and torque during a plunge period 26
FIG 2.8 The effect of the work piece backing plates 3D model 30
Image 2.1: a standard tool weld 33
Image 2.2 A depiction of a friction stir weld in water 34
FIG 3.1 Different shoulder features usedrtgorove material flow and shoulder 35
efficiency

Image 3.1 A scrolled shoulder tool and truncated cone pin 36
Image 3.2 The convex shoulder curved/ tapered geometries 37
Image 3.3 A concan shoulder with a round bottom pin 38
Image 3.4 The flat bottorpin 39

FIG 3.1: Geometry comparing surface velocities at calibration point febdtadm and 39
round-bottom pins

Image 3.5: Truncated cone pin and convex shoulder 41
Image 3.6: A stepped spiral pin 41
Image 3.7: Schematics of the Whorl pin variatio 42
Image 3.8: Schematic of MX Triflute pin 43
Image 3.9: Photos of Trivex and MX Trivex pins 43
Image 3.10: Example of a threadless pin tool 44
FIG 3.2 The depiction of the retractable pin tool 44
FIG.4.1: Schematic of the weld set up aedinition of orientations 45
FIG.4.2: Side view of the FSW tool showing the conical shoulder cap and threadec 45
probe

FIG.5.1: Heat generation contributions in analytical estimates 47
Drw. 5.1: The 12 mm tool 51
Drw. 5.2: 5mm Removable Pin wiuguidistant Flats 51

Graph. 5.1: Rotational speed per minute vs. heat generation from the shoulder 63
Graph. 5.2: Rotational speed per minute vs. heat generation from the probe side 64
surface

Graph. 5.3: Rotational speed per minute vs. heat generdtmm the probe tip 64
Graph. 5.4: Rotational speed per minute vs. total heat generation 65
Graph. 5.5: Q1, Q2, Q3, QTOTAL vs. Rotational speed 65
Drw. 5.3: Friction Stir Welding Workbench design 66
Drw.5. 4: Friction Stir Welding Workbench desigws 67
Drw. 5.5: Friction Stir Welding Tool 68
Image 5.1: Mode Frontier 4.3.1 b20113011 69
Image 5.2: Input Data, Output Data and boundary variables definitions 71

Xii



Image 5.3: Workflow Plan created on Mode Frontier

Image 5.4: Mode Frontier Input and Output Data connected to Microsoft Excel
Workbook

Image 5.5:Interactive Selection used between Mode Fronlgreme04.prand
Microsoft Excel Workbook

Image 5.6: Al2024°3 material contact shear stress boundari8sandard Tool)
Image 5.7: Rotational speed boundaries (Standard Tool)

Image 5.8: Probe Radius boundaries (Standard Tool)

Image 5.9: Shoulder radius boundaries (Standard Tool)

Image 5.10: Tool shoulder angle boundaries (Standard Tool)

Image 5.11: Probe height boundaries (Standard Tool)

Image 5.12: Al20243 material Yield stress boundaries (Standard Tool)
Image 5.13 5.15: Run simulation

Chart 5.1: MultHistory Chart: Qshoulder vs. Shoulder radius, Rs

Chart 5.2:Parallel Coordinates: Qshoulder vs. Shoulder radius, Rs

Chart 5.3: MultHistory Chart: Qprobe, side vs. Tool shoulder cone angle
Chart 5.4: Parallel Coordinates: Qprobe side vs. Tool shoulder cone angle
Chart 5.5: MultiHistory Chart: Qproheside vs. tool shoulder radius

Chart 5.6: MultHistory Chart: Qshoulder vs. Tool rotational speed

Chart 5.7: History Chart: Qshoulder vs. tool shoulder radius

FIG. 6.1 Schematic of a bobbin tool consisting of a top shoulder, pin, and bottom

shoulder attached to the pin.
Image 6.1: The FSW bobbin tool

Graph.6.1: Rotational speed per minute vs. heat generation from top shoulder (Bo

Tool)

Graph.6.2: Rotational speed per minute vs. heat generation from the probe side st
Graph. 6.3: Rotational speed per minute vs. heat generation from bottom shoulder

Graph. 6.4: Rotational speed per minute vs. total heat generation

Graph.6.5: Q1, Q2, Q3, QTOTAL vs. Rotational speed

Drw. 6.1: Friction Stir Welding Workbench design & 3D views (Bobbin Tool)
Image 6.2: Input Data, Output Data and boundary variables definitions
Image 6.3: Workflow Plan created on Mode Frontier (Bobbin Tool)

Image 6.4: Mode Frontier Inpaind Output Data connected to Microsoft Excel
Workbook (Bobbin Tool)

Image 6.5: Interactive Selection used between Mode FroB@BBINTOOL.@md
Microsoft Excel

Image 6.6: Al20223 material yield stress boundaries (Bobbin Tool)

Image 6.7: Rotational speed boundaries (Bobbin Tool)

Image 6.8: Probe Radius boundaries (Bobbin Tool)

Image 6.9: Shoulder radius boundaries (Bobbin Tool)

Image 6.10: Tool shoulder angle boundaries (Bobbin Tool)

Image 6.11: Probe heighbundaries (Bobbin Tool)

Image 6.12: Al20243 material contact shear stress boundaries (Bobbin Tool)

Xiii

72
73

74

76
76
77
77
78
78
79
80-81
82
82
83
83
84
84
85

87
97

98
98
99
99
100
102
103
104

105

106
106
107
107
108
108
109



Image 6.13; 6.15: Run simulation 109111

Chart 6.1: MultiHistory Chart: QTOPshoulder vs. Shoulder radius, Rs 111
Chart 6.2: Parallel Codrdhtes: Qshoulder vs. Shoulder radius, Rs 112
Chart 6.3: MultiHistory Chart: Qprobe, side vs. Tool Probe radius on Bobbin Tool 112
Chart 6.4: Parallel Coordinates: Qprobe side vs. Tool shoulder cone angle 113
Chart 6.5: MultiHistory ChartQBOTTOMshoulder vs. tool shoulder radius 113
Chart 6.6: MultiHistory Chart: QBOTTOMshoulder vs. Tool rotational speed 114
Image. 7.1: Optimization of innovative Friction Stir on material ARZXR4 115
Image 7.2: Copper Sliding Backing bar servesanductor due to excessive heat 116

during a Friction Stir Welding process

Graph. 7.1: Rotational speed per minute vs. heat generation from the innovative tc 125
shoulder

Graph. 7.2 Rotational speed per minute vs. heat generation from the innovtative 127
probe side surface

Graph 7.3: Rotational speed per minute vs. heat generation from copper bush side 127
Graph. 7.4 Rotational speed per minute vs. heat generation from copper bush tip 128
Graph. 7.5 Rotational speed per minute vs. heat genendtiom the innovative tool 128
probe tip

Graph. 7.6 Rotational speed per minute vs. total heat generation from innovative tc 129

Graph. 7.7 Qs, Qpt, Qps, Qcopiier Qcopperside, QT vs. Rotational speed 130
Drw. 7.1: Modified Copper Bush 131
Drw.7.2: Modified Sliding Backing Copper Bar (Innovative Tool) 131
Drw 7.3. Friction Stir Welding Workbench 3D design (Innovative Tool) 132
Drw.7.4: Friction Stir Welding Workbench design views (Innovative Tool) 133
Drw 7.5:Friction stir welding workbendesign 134
Image 7.3: Input Data, Output Data and boundary variables definitions 135
Image 7.4: Workflow Plan created on Mode Frontier (Innovative Tool) 136
Image 7.5: Mode Frontier Input and Output Data connected to Microsoft Excel 136
Workbook

Image7.6: Interactive Selection used between Mode Frontier denemeQ4copper.prj 137
Image 7.7: Copper material contact shear stress boundaries (Innovative Tool) 137
Image 7.8: Rotational speed boundaries (Innovative Tool) 138
Image 7.9: Probe Radius boundgri{innovative Tool) 139
Image 7.10: Shoulder radius boundaries (Innovative Tool) 139
Image 7.11: Tool shoulder angle boundaries (Innovative Tool) 140
Image 7.12: Probe height boundaries (Innovative Tool) 140
Image 7.13: Copper material yield shear stress boundaries (Innovative Tool) 141
Image 7.14: G8I12024T3 material contact shear stress boundaries (Innovative Tool 141
Image 7.15: Copper yield shear stress boundaries (innovative Tool) 141
Image 7.1&; 7.15: Run simulation 142-143
Chart 7.1: MultiHistory Chart: Innovative tool Qshoulder vs Shoulder Radius 144
Chart 7.2: Parallel Coordinates: Qshoulder vs. Shoulder radius, Rs 145

Chart 7.3: MultiHistory Chart: innovative tool Qprobe side vs Tool $theucone angle 146

Xiv



Chart 7.4: Parallel Coordinates: Innovative tool Qprobe side vs. Tool shoulder con 147

angle

Chart 7.5: MultiHistory Chart: innovative tool Qprobe tip vs Tool tip 148
Chart 7.6: MultiHistory: innovative tool shoulder vs Rotatiofsgeed 149
Chart 7.7: Parallel Coordinates: Innovative tool Qshoulder vs. Rotational Speed 150
Chart 7.8: MultiHistory Chart: innovative tool probe side vs Rotational Speed 151
Chart 7.9: Parallel Coordinates: Innovative tool Qprobe side vs. Rotapeatl 152
Chart 7.10: MultHistory Chart: innovative tool probe tip vs Rotational Speed 153
Chart 7.11: Parallel Coordinates: Innovative tool Qprobe tip vs. Rotational Speed 154
Chart 7.12 MultiHistory Chart: innovative tool QT total heat generatien 155
RotationalSpeed

Chart 7.13: Parallel Coordinates: Innovative tool QT total heat generation vs. Rota 157
Speed

Image 8.1: Employing a backing spar to model the contact condition between worl 158
piece and backing plate

FIG: 8.1 Heat flow (3) pathways that is acknowledged 159
Drw 8.1: Thermal Aspect for the Standard Tool Design. 161
Image 8.2: Input Data, Output Data and boundary variables definitions (Heat Loss 163
Conditions)

Image 8.3: Workflow Plan created on Mode Frontier (Heat Loss Conditions) 163
Image 8.4: Mode Frontier Input and Output Data connected to Microsoft Excel 164
Workbook (Heat Loss Conditions)

Image8.5: Interactive Selection used between Mode Fromienection mode.prj 164

Image 8.6: The heat transfer coefficient of the upside surface 12.25 W/m”"2*K 166
boundaries
Image 8.7: The heat transfer coefficient of the downside surface 6.25 W/m”~2*K 167
boundaries

Image 8.8: Temperature boundaries 167
Image8.9: The melting temperature boundaries 168
Image 8.10: The Stefan2 £ G T YI yy O2yadlyid o6 0 0 2dzy 168
Image 8.11: x crossectional area 4nm boundaries 169
Image 8.12: y crossectional area 4nm boundaries 169
Image 8.13: The thermal conductiviipundaries 170
Image 8.14: The length boundaries 170
Image 8.15: The surface emissivity boundaries 171
Image 8.16: a crossectional area 506hm boundaries 171
Image 8.17: b crossectional area 115m boundaries 172
Image 8.18&; 8.19: Run simulation 172

Chart 8.1: MultiHistory Chart: reference temperature and heat conduction to the he 174
conduction objective

Chart 8.2: MultiHistory Chart: reference temperature and heat loss by conduction ¢ 175
the upper surface

XV



Chart 8.3: MultiHistoryChart: reference temperature and the heat loss by conductic 176
on the down surface to gdownobj (heat loss on the down surface objective)

Chart 8.4: MultiHistory Chart: the temperature and the heat loss by conduction on 177
down surface to the qupobgive (heat loss on the down surface objective)

Chart 8.5: MultiHistory Chart: temperature and the heat loss by conduction on the 178
upper surface to the qupobjective (heat loss on the upper surface objective)

Chart 8.6: MultiHistory Chart: representation of the temperature and heat conductic 179
to the heat conduction

Chart 8.7: MultiHistory Chart: a, the heat loss by conduction on the upper surface 1 180
the qupobjective

Chart 8.8: MultiHistory Chartb, the heat loss by conduction on the down surface to 181
the downobjective

FIG 8.2: AMGM material definition (Bobbin Tool) 182
FIG 8.3: AMGM boundary conditions (Bobbin Tool) 183
Drw 8.2: Thermal Aspects for the Bobbin Tool Design 183

Image 8.20: Input Data, Output Data and boundary variables definitions (Bobbin T 185
Heat Loss Conditions)

Image 8.21: Workflow Plan created by Mode Frontier (Bobbin Tool Heat Loss 185
Conditions)

Image 8.23: Interactive Selection used between Mbdentier 186
bobbintoolconvectionmode.pr]

Image 8.22: Mode Frontier Input and Output Data connected to Microsoft Excel 186
Workbook (Bobbin Tool Heat Loss Condtions)

Image 8.24: x crossectional area 4mm boundaries 187
Image 8.25: y crossectionalarea 5mm boundaries 187
Image 8.26: a crossectional area 500mm boundaries 188
Image 8.27: b crossectional area 115mm boundaries 188
Image 8.28: The heat transfer coefficient of the upside surface boundaries 189
Image 8.29: The reference temperatuseundaries 189
Image 8.30: The melting temperature boundaries 190
Image8.31: The Stefan2 f G 1 YIF yy O2yaidlyd o6 0 02dzy 190
Image 8.32: The thermal conductivity boundaries 191
Image 8.33: The length boundaries 191
Image 8.34: The surface emissibtyundaries 192
Image 8.3%; 8.36: Run simulation 193

Chart 8.9: NormaQuantile Plot: the aplate, the heat loss by conduction on the uppe 194
surface to the qupobjective

Chart 8.10: NormaQuantile Plot: x, the heat loss by conduction on the uppeface 195
to the qupobjective

Chart 8.11: MultHistory Chart: temperature and heat conduction to the heat 196
conduction objective

XVi



Chart 8.12: MultHistory Chart: temperature and the heat loss by conduction on the 197
upper surface to the qupobjectiieat loss on the upper surface objective)

Chart 8.13: MultHistory Chart: reference temperature and heat conduction to the 198
heat conduction objective

Chart 8.14: MultHistory Chart: reference temperature and heat loss by conductior 199
the upper surface

Drw 8.3: Thermal Aspect for the Innovative Tool Design 200
Image 8.36: Input Data, Output Data and boundary variables definitions (Innovativ 202
Tool Heat Loss Conditions)

Image 8.37: Workflow Plan created on Mode Frontier Project as shown in innovati 203
tool convection mode.prj,

Image 8.38: Mode Frontier Input and Output Dates connected to Microsoft Excel 203
Workbook (Innovative tool Heat Loss Conditions)

8.39: Interactive Selection used between Mode Frontier convection mode.prj 204
Image 8.40: x crossectional area 4mm boundaries (Innovative Tool Heat Loss 204
Conditions)
Image 8.41: y crossectional area 5mm boundaries (Innovative Tool Heat Loss 205
Condtions)
Image 8.42: Heat transfer coefficient, upside boundaries (Innovative Tool Heat Lo¢ 205
Conditions)

Image 8.43: Reference temperature boundaries (innovative Tool Heat Loss Condit 206
Image 8.44: Workpiece melting temperature boundaliiesovative Tool Heat Loss 206

Conditions)
Image 8.45: The SteféBoltzmann constant boundaries (Innovative Tool Heat Loss 207
Conditions)
Image 8.46: a crossectional area 500mm boundaries (Innovative Tool Heat Loss 207
Conditions)

Image 8.47: b ciessectional area 115mm boundaries (Innovative Tool Heat Loss 208
Conditions)
Image 8.48: Thermal conductivity boundaries (Innovative Tool Heat Loss Conditiol 208

Image 8.49: The length boundaries (Innovative Tool Heat Loss Conditions) 209
Image 8.50Surface emissivity boundaries (Innovative Tool Heat Loss Conditions) 209
Image 8.51: Kcopper boundaries (Innovative Tool Heat Loss Conditions) 210
Image 8.52: hdown boundaries (Innovative Tool Heat Loss Conditions) 210
Image 8.53; 8.54: Rursimulation 211

Chart 8.15: MultHistory Chart: The Aplate (Aluminium Plate), the heat loss by 212
conduction on the upper surface to the qupobjective

Chart 8.16: MultHistory Chart: temperature and heat conduction to the heat 213
conduction objective

Chart 8.17: MultHistory Chart: temperature and the heat loss by conduction on the 214
upper surface to the qupobjective (heat loss on the upper surface objective)

Chart 8.18: MultiHistory Chart: temperature and heat conduction to the heat 215
conductionobjective

XVii



Chart 8.19: MultiHistory Chart: temperature and heat loss by conduction on the up| 216
surface

Chart 8.20: Normal Quantile Plot: x, length and gcopper to qcopperObj 217
Chart 8.21: MultHistory Chart: temperature and gcopper to theopperObj 218
Chart 8.22: MultiHistory Chart: temperature and gcopper to the gcopperObj 219

Chart 8.23: MultHistory Chart on Designs Space as created from the Aplate and 220
gcopper to qcopperObj

Chart 8.24: Normal Quantile Plot: a, length and tupcopperObj 221
Image 9.1: Input Data, Output Data and boundary variables definitions (Heat 223
Generation Vs Heat Loss)

Image 9.2: Input Data, Output Data and boundary variables definitions (Heat 224

Generation Vs Heat Loss)
Image 9.3: Workflow Plan created by Mode Frontier Project ((Heat Generation Vs 225
Loss)

Image 9.4: Mode Frontier Input and Output Data connected to Microsoft Excel 225
Workbook

Image 9.5: Interactive Selection used between Mode Frocbenparism.prjand 226
Microsoft Excel Workbook:omparison.xlsm

Image 9.69.8: Run simulation 226227

Chart 9.1: Standard tool Total Heat Generation Vs Bobbin Tool Total Heat Genera 228
Chart 9.2: Bobbin tool total heat generation Vs Innovative Tool tegat generation 229
Chart 9.3: Standard tool total heat generation Vs Innovative Tool total heat genera 230

Chart 9.4: Bobbin tool conduction Vs Standard Tool Conduction 231
Chart 9.5: Bobbin tool conduction Vs Innovative Tool Conduction 232
Image9.6: Microsoft Excel workbook showing the input and output data of the 233
compareson of conditions

Chart 9.6: Applied air Vs Normal Conditions of an innovative tool 234
Chart 9.7: Applied air Vs Applied Water on an innovative tool 235
Chart 9.8 Applied water Vs the Normal Conditions of an innovative tool 236
Chart 9. Multi history chart: innovative tool and standard tools heat generation 237

FIG 9.1: Schematic of mutual dependencies between generated heat and dominai 238
influencing parameters aneepresenting Partial algorithm for generated heat

estimation

Image 9.10: Workflow Plan created by Mode Frontier Project (The Application of B 241
Water to the Innovative Tool)

Image 9.11: Mode Frontier Input and Output Datas connectadityosoft Excel 241
Workbook linking it to various cells

Image 9.13: Contact Shear Stress boundaries (The Application of Boiling Water T« 242
Innovative Tool)

Image 9.14: The yield strength of boiling water on the copper bush boundaries 243
Image9.15: The yield strength applied by the boiling water boundaries 243
Image 9.16: The rotational speed boundaries (The Application of Boiling Water To 244
Innovative Tool)

XVili



Image 9.17: The Shoulder radius boundaries (The Application of Boiling Wdatke To 244
Innovative Tool)

Image 9.18: The probe radius boundaries (The Application of Boiling Water To Th 245
Innovative Tool)

Image 9.19: Tool shoulder angle boundaries (The Application of Boiling Water To * 245
Innovative Tool)

Image 9.20: Probkeight boundaries (The Application of Boiling Water To The 246
Innovative Tool)

Image 9.21: The probe height of the copper bush boundaries (The Application of E 246
Water To The Innovative Tool)

Image 9.22: Input Data, Output Data and boundaryaldes definitions boundaries 247
(The Application of Boiling Water To The Innovative Tool).

Chart 9.10: History chart: heat generation for the innovative tool both with boiling 248
water applied (QTWITobj) and the innovative tools normal weld (QTITobj)

Plot 9.1: A bubble plot: The heat generation: QTIT vs QTWIT vs CSNORMAL 249
Chart 9.11: History chart: Heat generation of both the standard tool and the innove 250
tool

Plot 9.2: A bubble plot: The heat generation: QTIT vs QTWIT vs CSNORMAL 251
Plot9.3: A bubble plot: The heat generation between the innovative tool and the 252
innovative tool with added hot liquid

Chart 9.12: Multi history chart: The standard tool and the innovative tool with boilii 253
water applied

Drw.9.1: 108 boiling water is applied to the friction stir weld work bench to reduce 255
heat generated from the weld tool

Drw.9.2:Ice coldwater is applied to the friction stir weld work bench to reduce heat 255
generated from the weld tool

Graph 9.1: The ContaBhear Stress Vs the temperature of the weld 257
Plot 9.4: A bubble Graph: Heat generation of the innovative tool Vs the heat 258
generation of the innovative tool with boiling water at 180

Plot 9.5: A bubble Graph: Innovative tool Vs the innovatiwt wdhen a Hot Liquid or 259
Liguid Nitrogen at1963

Plot 9.6: The heat generation comparison: The innovative tool vs the innovative to 260
with cold liquid

Graph 10.1: The heat loss by increasing the outer area of the sliding copper bar 263
Graphl10.2: The heat loss by increasing the radius of the inner area of the sliding 263

backing bar

Graph 10.3: The heat loss by increasing the thickness of the sliding backing bar 264
Image 10.1: Radius of the sliding backing bar boundaries 264
Image 10.2The Inner radius of the sliding backing bar boundaries 265
Image 10.3: The Thickness of the sliding backing bar boundaries 265
Chart 10.1: Multi history chart showing rl vs ra&ydoss 266
Plot 10.1: Bubble plefThe Heat loss of both rl and r2 267
Drw 11.1: Work bench design 270

XiX



Drw 11.2: friction stir welding plates with thermal couple holes

Image 12.1: MAHO CNC milling machine used to perform FSW

Image 12.2: MAHO CNC milling machine control Panel

Image 12.3: Finger gauge usedstd alignment and direction of the too
Image 12.4: Tool Offet used to set the straightness of the tool.

Image 12.5: The friction stir welding Innovative tool with pin

Image 12.6: Feeler gauge used to set space between the tool and thepieoek
material

Image 12.7: Kistler multicomponent force link set used to measure forces
Image 12.8: The Kistler multichannel charge amplifier

Drw 12.1 Render of standard backing plate to operate with the FSW tool
Image 12.9: Placemenf the sensors beneath the backing plate

Image 12.10: FLIR T640 infrared thermal imaging camera

Image 12.11: FLIR thermal camera setup

Image 12.12: Infrared thermal capture of weld process using the FLIR T640 therm

OF YSNI} az2®e®{NRE aC[Lw

Image 12.13: Water being cooled down

Image 12.14: A coolant applied wejdice cold water at 0.8

Image 12.15: The weld for standard tool ice water applied test

Graph 12.1: Temperature vs Time for the standard tool ice water apjelsd
Imagel12.16: The weld for the standard tool in normal conditions

Graph 12.2: Temperature vs Time for standard tool normal conditions
Graph 12.3: Temperature vs Time for the standard tool hot water applied
Image 12.17: Hot water appligdst showing very minor degeneration on the work
piece (a) otherwise a successful weld (b).

Image 12.18: @figures depicting the first run performed

Image 12.19: Subfigures showing the fifth run

Image 12.20Subfigures of theexond run

Image 12.21:@figures of runs 3 and 4

Image 12.22Subfiguresof run 9and 10

Image 12.23:rRils 11(a), 12 (b), 13 (c), 14 (d) and 15 (e)

Image 12.24: Copper bushes showing extreme signs of melting

Image 12.25: The coolant appliggbt using ice cold water

Image 12.26: Hot Water applied weld

Graph 124: Force Graph for the Standard tool weld in normal conditions
Graph 125: Force graph for the standard tool weld ice cold water applied weld
Graph 126: Force graplor the standard tool hot water applied test

Graph 12.7Innovative tool Normal conditions force graph

Graphl12.8 Innovative tool Iced water applied weld force graph for run 18
Graph 12.9nnovative Tool Hot Water applied weld force graph for run 21

270
272
273
274
274
275
275

276
277
277
278
279
279
280

280
281

281
282
282

282

283
284
284
285
286
287
288
288
289
290
291
292
293
293

Graph 1210: Temperature Vs time: standard tool comparison of Normal conditions 295

Coolants

XX



Graph 12.11 Temperature Vs time: Innovative tool comparison of Normal conditior 296
and Coolants
Graph 12.12: Temperature Vs time: Innovative tool comparison of Normal conditic 297
and Coolants
Graph 12.13Ice cold water applied test comparison standard tool vs Innovative toc 299

Graph:12.14Hot water applied test comparison si@ard tool vs Innovative tool 299
Graphl2.15 Force data for the Standard tool comparison of a normal weld and coc 300
applied test

Graphl2.16 Force data for the Innovative tool comparison of a normal weld and 300
coolant applied test

Graphl2.17Force comparison for Standard tool and Innovative tool in normal 301
conditions

Graph12.18 Force comparison for Standard tool and Innovative tool ice water app 301
Graphl12.19 Force comparison for Standard tool and Innovative tool hot water egp 302

XXi



List of tables

Table 2.1. Stresstrain data for 2024 T3 [27]

Table 2.2. Definition of contact condition, velocity/shear relationship and state variable
Table 3.1: Calculated surface velocities of lowestqaiation

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

Table 5.2 : Tool Angular Rotational Speed and Rotational Speed for the Standard Tool
Table 5.1: Heat Generation from the Shoulder with reference to angular rotation.
Table 5.2: Heat Generation for the Probe Tip and Probe Surface.

Table 5.3: Total Heat Generation (Standard Tool)

Table 5.4 Summary of friction stirring tatitnensions for a given workpiece material
Table 6.1: Analytical Estimation of heat generation for the Bobbin Tool

Table 6.2: Tool Angular Speed and Rotational Speed for the Bobbin Tool

Table 6.3: Heat Generation Calculations for the $bpulder (Bobbin Tool)

Table 6.5: Heat Generation Calculation for the Tool Shoulder

Table 6.6: Total Heat Generation for the Bobbin Tool.

Table7.1: Analytical Estimation of Heat Generation for the Innovative Tool.

Table7.2: Tool Angular & and Rotational Speed for the Innovative Tool.

Table 7.3: Heat Generation Calculation for the Innovative Tool Shoulder
Table 7.4: The Heat Generation for the Probe side Surface, the Probe Tip, the Copper B
Side Surface and the Copper Bush Tip.

Table 7.5: The Total Heat Generation for the Innovative Tool.

Table 8.1 : A reference guideline [20]

Table 9.1:References the tensile properties of alloy 2023

Table 9.2: Strength properties determined based on monotonous tensile tests
Table 10.1: Effect of Nitrogen, Oxygen, and Hydrogen on Weld Soundness
Table 10.2: The heat loss by increashgouter area of the sliding copper bar
Table 10.3: The heat loss by increasing the radius of the inner area of the sliding backini
Table 10.4: The heat loss by increasing the thickness of the sliding backing bar
Table 11.1: Table okperiments

Table 12.1: Parameters for the standard tool weld

Table 12.2: Parameters used during the innovative tool runs.

Tablel2.3 Table of maximum and average force values for the standard tool
Tablel2.4 Table of maximum analverage force values for the innovative tool

XXii

17
18
40
49
49
52
54
55
75
87
87
89
92
93
116
116
118

123
124
167
234
238
260
261
261
261
268
281
285
292
294



List Of Symbols

V)

~
g

v

C

S < < o

C

heat generation from shouldewV
heat generation from probe sid&y
heat generation from probe piny
total heat generation\V

tool shoulder radius, m

tool probe radius, m

tool probe height, m

heat generationW

torque, Nm

area,a

angle, deg

dimension along rotation axisn

tool shoulder cone anglemn

yield shear stres®a

yield stressPa

heat generation ratio from shoulder
heat generation ratio from probe side
heat generation ratio from probe tip
friction shearstress,Pa

contact shear stres®a

contact pressure Pa

contact pressure Pa

friction coefficient

XXili



tool angular rotation speed) A A
contact state variable

posotion along tool radiusm

tool speed of i, mi

matrix speed at interface i, mi

slip rate interface,mi

XXiv



1. Introduction

1.1. The Thermal Process Models of Friction Stir Welding

Friction Str Welding (FW), patented by The Welding Ingtitute [1] in 1991, is a new technique for material
joining and procesdng. Friction Str Welding is a sdid-state welding technology that has been a very
comprehensive method for joining non-ferrous materials such as aluminium alloys and copper. It is a sdid-state
process, occurring below the sdidustemperature of the metals being joined. FSN produces welds that are
high in quality, strength, and alsoinexpensve to make. The other main advantage is that it produces no fumes
during process and is energy efficient. FSN does not need any filler material as required in conventional
welding rocessand isrelatively easy to perform. However, the work piece shotd be rigidly clamped and welding
speedsare low in order to avoid defects like porosity. For aluminium alloys such as the 20005000,6000,7000,
and 8000series, the alloys can be easily welded by friction stir welding. Duing FSN, the work piece is placed
on a badckup plate and is clamped rigidly to eliminate any degrees of freedom. A cylindrical tool with a pin
normally one-third the diameter of the shouder at the base of the shouder rotates with a high speed in the
range of 300to 1000rpm. It is slowly plunged into the work piece until there is contad between the shouder
suface and the work piece which consequently creates heat. Theheat is consequently produced duetofriction
and the plastic deformation of the material. Thetool then moves along the designated path on the work piece
with a specified travel rate. Thepin of the rotating tool hence provides the UtA Gh&ion in the material of the
work piece Thisresut in a Heat Affected Zone (HAZ2 with a better grain refinement required for a goodweld
joining. Oneof the main processparametersin FSN isthe heat flux. Theheat flux shodd be high enough to keep
the maximum temperature in the work piece around 80%to 90%of the meltingtemperature of the work piece
material [2], so that welding defeds are avoided. Theamount of the heat conducted into the work piece
usuwally generates a good weld in terms of the microstructure of the Heat Affected Zone (HA2), the residual
stress,and the distortion of the work piece Alsothe amount of the heat conducted bad into the tool dictates
the life of the tool. A low amount of heat trandfer could lead to breakage of the pin due to its hard material.
Thesefadors emphasize the importance of the heat transfer asped of friction stir welding.

1.2. Problem Statement
The problem in incorporating FSW into manufacturing is that developmental process and testing is expensive fror
the view point of time, materials, and manpower. Much of the process knowledge is through running experiments
for various changes in process pareters and the looking at the resulting metallurgical aspects to analyse the
results. This consequently slows down the development of applications for this process. A faster and more co:
effective way to examine new aspects regarding friction stir weldsnrequired to reduce actual experimental
testing. Finite element modelling is an option which can help determine process parameters that require further
experimental testing for validation and analysis. The pesid microstructure depends largely on wathe
material is heated, cooled and deformed. Hence a prior knowledge of the temperature evolution within the work
piece would help in design of process parameters for a welding application. Research in the field of FSW lap joir
has been limited possipldue to proprietary publishing restriction within industry. Hence it would be very
beneficial for future development of FSW to understand the process behind FSW of lap joints by the means c
Finite Element Analysis (FEA). Two process parameters ofsntereFSW lap welds are tool travel rates and
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rotational tool velocities. A lot of emphasis has been laid on FEA analysis in previous published papers [3, 4, 5,
and 7] hence FEA analysis of these process parameters would broaden the sappkoation of FSW lap welds.

1.3. Statement Purpose
The nain objectives of this study te develop and validate thredimensional thermal models of friction stir
welding for butt and lap joints for specific experimental cases and investigate the effect of varying severe
process parameters on weld temperature history. In order ¢dtdr understand the process an initial detailed
study into butt welds was performed. The developed models would be validated against the published
experimental results. The best validated model was used to further perform parametric studies to preditilth
history and temperature distribution necessary for high quality welds. The parametric study was designed tc
investigate the following:

w 9FFSOGa 2F O NA2dzA 16, ABOSHIR, dxX70FTHUFL, ARd 3 I202F20Kwotk fiecé f ¢
temperature evolution.

w 9FFSOG 2F BFNRIFGA2Yy 2F (22t GNI @St NIGS&a IyR RA]

w 9FFSOG 2F GFINRFGA2Y 2F NRGLIF GAT3 dibyfon wokditce @BBperat@e i &
evolution.

Such process parameter studies covering parametric conditions not found in the literature would provide insights
for further testing and analysis needed for development of process specifications for FSW butt and lap welds. Th
significance of the researcts multifaceted. The drawbacks abating the adoption of the FSW process for
manufacturing commercial aircrafts will be mitigated. This work will also boost the confidence @fenmn
manufacturing industries in substituting fusion processes with FSW. Rbselbjectives have beeiormulated

with this intention.

1.4. Definition of Concept
The basic study methodology to be developed a computational thermal model for butt and lap welds based or
published experimental data. The correlated model will be extrapoladgoerform further parametric studies
involving process conditions not seen in the research literature. The unique focus of the study to be
investigated thermal modelling of FSW lap welding which has been less researched than butt welding. Mod
Frontier is a multbbjective optimization and design environment, written to couple CAD/computer aided
engineering (CAE) tools, finite element structural analysis and computational fluid dynamics (CFD) software. It
developed by 'ESTECO SpA' and previadeenvironment for product engineers and designers. Mode Frontier is
a GUI driven software written in Java that wraps around the CAE tool, performing the optimization by modifying
the value assigned to the input variables, and analysing the outputsegiscin be defined as objectives and/or
constraints of the design problem. The logic of the optimization loop can be set up in a graphical way, building u
a "workflow" structure by means of interconnected nodes. Serial and parallel connections and cwlditio
switches are available. Mode Frontier builds automatic chains and steers many different external applicatior
programs using scripting (DOS script, UNIX shell, Python programming language, Visual Basic, JavaScript,
Mode Frontier includes design okgeriments (DOE), optimization algorithms and robust design tools, that can
be combined and blended to build up the most efficient strategy to solve complex-diggdiplinary problems.
Different strategies are available, including random generator sedhign& ClF OG2NALFf 529 Q.
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Iterative Techniques, as like agdptimal or Cross Validation. Monte Carlo and Latin hypercube are available for
robustness analysis .When you start the Mode Frontier system, the GUI switches automatically to thewVorkfl
desktop. A mesh independence study will be also performed to identify the effect of mesh density on the
temperature evolution through the work piece. The overall temperature evolution through the work piece
during welding process will be observdtough the generated temperature contour plots and temperature
time history plots.



2. Literature Survey

Friction Stir Welding (FSW) has become a technology of widespread interest because of its numerous
advantages, most important of which is @bility to weld otherwise uswieldable alloys. Friction Stir Welding

is a solid state joining technique that was invented at The Welding Institute (TWI) in the United Kingdom by
Wayne Thomas and colleagues. The first patent submitted by TWI (US Patért0a317 in 1991). Although
originally perceived as a technology for joining conventionallywigidable materials, mostly alloys of
aluminium, it is currently being investigated for a number of other materials including ferrous alloys like
stainless stels.

The research presented in this thesis aims at applying optimization methods to FSW process models. In the
literature limited work has been presented on this topic and most work has focused on modelling different
aspect of the process, ranging from #&riacal models describing the temperature field to 3D numerical
thermo-mechanical models and residual stress models. The present work focuses on optimization of thermal
models of varying complexity and the next section is devoted to different thermal model

One of the reasons why academic and research interests are being focused on the use of FSW for these
materials is its capability of producing high quality sstiate joints. Due to the absence of melting, the
temperatures involved are considerably lomtéan those encountered in fusion welding techniques and the
consequent residual thermal stresses are expected to be much lower as well.

However, the motion constraints imposed by the rigid clamping of the weld pieces can lead to significant rise
in residial stresses. Residual stresses in welded metals play an important role in understanding the response
of a Friction Stir Welded structure subjected to general loading as well as its fatigue crack growth resistance
[8]. It is well known that compressive idaal stresses tend to retard the growth of fatigue crack while tensile
residual stresses have a detrimental accelerating effect. Sutton et al. have reported experimental residual
stresses for AA20243 friction stir butt welds.

The use neutron diffractiotechnique for strain measurements and from there computed the residual stresses
dzaAAy3a +y Aa20NRLIAOI K2Y23SyS2dza F2N¥ 2F 1221S5Qa f
the largest tensile residual stresses and reported a maximum vald®@®MPa with the highest stresses
occurring near the crown side of the specimen over the entire FSW region. The highest transverse stress was
approximately 75MPa with the largest stresses occurring at #fiitkness. The through thickness stress
componentg & F2dzy R (2 0SS O2YLINBaaAdS ANPaibdatsdngddtheRool 2 y S
side about 12mm from weld centreline, with a rapid transition to tensile stresses outside the shoulder
diameter. [9] Also reported the residual stresses observeffiction stir welded AA24-T351 sheets using
neutron diffraction measurements

Residual stresses are calculated from the measured residual strains wittDB=F0 | YR A I ndonp
longitudinal stress has been reported to be aboutNdBa on the retrating side and about 55MPa on the
advancing side. Inside the weld zone, the maximum d#1B@ has been reported to be close to the centreline.
Additional measurements of 1f8m below the top surface and 1.5mm from the bottom surface showed no
variation oftransverse and normal stresses through the thickness of the sheet while the maximum longitudinal
stress was reportedly onl20MPa at the bottom surface.

Residual stress component in a normal direction was seemingly high. These observations are dignificant
divergent [8] most likely because of the cooling that was used during welding [10], similar techniques report
residual stresses for friction stir welded SS 304 L specimens. The residual longitudinal stresses is to be close to
the base metal yield stretig with negligible variation in the through thickness direction.
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However, reports of significant variation (up to 18Pa) of the transverse stresses in the throdgltkness
direction that changed from tensile at the crovgide to compressive at the roside of the weld. The variation

is likely due to the faster cooling experienced by the root of the weld relative to the crown because of the
intimate contact between the root side and the backing plate. They also noted that the minimum strength
region occus in the HAZ and suggested that the yield strength of the relatively weak HAZ might limit the
residual stress levels.

The 300pm welds showed finer grain structure as compared with the 88 welds. Both welds had higher
strengths than the base metalub300rpm weld had the higher value of the two. 0.2% offset yield strengths
for base, 300pm weld and 500rpm welds were reported to be 295, 430 and 3BPa, respectively. The
tensile strengths were 667, 735 and 6Via, respectively. The residual stress in the tensile specimens was
relieved when the specimens were cut from the welded plate.

LG 61l a&a F2dzyR KFd f2y3AddzRAYyFE aaNBaa o6 &&0 @I NRS
similar in both wals and close to the base metal yield strength. The region of high tensile, residual and
longitudinal stress was found to be wider in the 3pth weld (20mm on either sidef centreline) than in the

300 rpm weld (15mm on either side) due to the higher tgraratures. [11] reported residual stress
measurements on AA7108T79 alloy and observed that the texture and residual strains produced by thermo
mechanical FSW are not closely coupled as-urtiform plastic deformation could lead to high stress
gradients.

The longitudinal maps indicated a through thickness tensile strain field which was not spread perpendicularly
to the surface but was tapered with z (depth direction) and outside this region was a steep change of the strain
field that levelled out in compreson. Transverse orientation peak position patterns showed a smaller but
more distinct variation between the face and the root of the weld, [12] implemented an equilidvased
weighted least square algorithm to reconstruct the residual stress tensarsrfieasured residual stress data.
Although it was used stregeee boundary conditions at the edges, the computations indicated the tensile and
longitudinal stresses dipped to the compressive side beyond the HAZ. This also came up with fluctuating
normal (throughthickness) stress profiles within the HAZ.

In the present study, an attempt has been made to predict the thermal residual stresses developed in metal
alloys upon Friction Stir Welding by employing sequentially coupled finite element analysesgueatially

coupled analysis, thermal analysis is performed first to generate temperature histories for the welding process
which is then utilized as thermal input to the mechanical analysis for the prediction of stresses and strains that
are generated owng to the temperature changes within the catrained metal plates. Aluminium alloys
AA2024, AA6061 and stainless steel 304 L, one of the most widely used of stainless steels, has been used as
the materials of choice. Experimental temperature and stresasurements are also presented in order to
validate the numerically predicted results. A commercially available finite element package, ABAQUS, was
used for the computations.



Advantages and Disadvantages

1 Little perpetration is need on the workpietefore welding.

1 There is no melting of the material, such that there is no need for inert gasses to prevent the molten
material from reacting with the air. This reduces the complexity of the welding setup and reduces
environmental impact.

Levels are lowmresidual stress rather than on fusion welding.

The Friction Stir Welding process can be automated.

Magnetic forces do not affect the welding process.

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

There is low distortion

Joint strengths can be easily achieved.

= =4 =4 4 -8 A

As much as the Friction Stir Welding process is efficient and has remarkable advantages it dose has a few
downfalls, the disadvantages are listed as follows:

1 Once the weld is completed a hole or keyhole is lefiibé.

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

1 A backing plate of high quality is required.

1 The need for efficient clamping equipment and a suitable backing plate due to the large forces
involveddownward forces up to 50 kN and traversing forces up to 12 kN are shown). This limits the
mobility of the process and makes it challenging to do welding on very large parts.

2.1. Process

The Friction Stir WeldinFSW)process is presented as they form the basis for the optimization problems
considered in this work. FSW is a solid state welding process invented in 1991 by The Welding [a$titute,
saying that the process is solid state means that there is no, orlweited and localised, melting of the
material as opposed to conventional methods like arc welding where a central aspect is the melting of the
material. The process is affected by many parameters, such as the material properties of the work piece e.g.,
the thermal conductivity and heat capacity, the environment, for example the temperature of the
surroundings, the tool design and other factors. Once the welding setup, such as work piece dimensions and
material, has been set, the main process parametersg¢a@hosen, in order to obtain a successful weld, are
GKS G22ft RSaA3Iy IyYyR GKS GNryatldAaz2ylrf aLISSR dz¢gg |
GAGK GKS dzasS 2F 2LIWGAYATFGA2Yy GSOKYAI dzS éde®miz bidtie LIG A Y|
FSW process and mathematical modelling of FSW are presented fig3hasic concept of FSW is remarkably
simple. A norconsumable rotating tool with a specially designed pin and shoulder is inserted into the abutting
edges of sheets or ples to be joined and traversed along the line of joint. The tool serves two primary
functions:

(a) heating of workpiece

(b) movement of material to produce the joint.



The heating is accomplished by friction between the tool and the workpiece andcptiefbrmation of
workpiece. The localized heating softens the material around the pin and combination of tool rotation and
translation leads to movement of material from the front of the pin to the back of the pin. As a result of this
process ajointispR RdzZOSR Ay Waz2f AR adraSQed . SOFdzAS 2F O NA
movement around the pin can be quite complex.

The process is sketched in FIG. 2.1 which shows the welding setup, including the tool, the work piece and the
backingplate, and some terms commonly used in connection to FSW. The tool consists of a cylinder, that is in
contact with the top surface of the work pieces, and a probe (sometimes called the pin) of smaller diameter
that is forced, by an axial load, into the reel between the plates to be welded. The contact area between

the cylinder and the work pieces is denoted the shoulder and this contact zone is responsible for a large part
of the total heat generation. The probe contributes less to the total heat gdingrdout has the effect of

stirring the material from the two plates to create the weld. Many different tool designs exist, with the
simplest one being a cylindrical probe attached to a flat shoulder. More complex tools may have conical
shoulders and threded or triangular probe designgl2] where different tool shapes are compared using
experiments and computational fluid dynamics models.

The welding procesmay be divided into four phases:

9 First the plunge action where the rotating, but otherwise station tool is forced into the weld line
in the work piece.

1 When the shoulder of the tool contacts the work piece surface the tool is kept stationary for a short
time known as the dwell period where the work piece gradually heats up and the material sdimgun
the tool is softened.

9 After this, the tool is traversed along the weld line (welding period) to join the two parts before the
transverse movement is stopped and the tool is extracted from the material, leaving behind an exit
hole, i.e. a hole correspaling to the tool probe [14].

1 During the welding period the process may become stationary in the sense that the temperature field
and material flow, as seen from the tool, do not change.

CRLIAOCHE @GFftdzSa F2N) GKS 6St RAYXYYXIHS S K R grR THERvEplninA 2 y
velocity of a point on the tool shoulder edge is determined by the rotational speed, the shoulder radius
Rshoulder and the translational welding velocity. For typical tool dimensions with Rshoulder in the order of 10
mm the rotational effect on the local velocity is much greater than the translational velocity effect. The work

in this thesis is focused on the welding part of the process. During this phase the work piece material is heated
due to the rotation of the tool ad then stirred by the probe such that material from the two plates merges

and creates the weld.

FSW is well suited for welding aluminium and the majority of work presented in the literature focuses on
welding of different aluminium alloys. Yet, also mattsilike steel and copper, or even dissimilar materials,
may be welded with FSW. Industrial use of FSW is found in the marine, aerospace, railroad, and automotive
industries where joining of aluminium parts are used, [15] for a list of fields of apphicatio
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FIG.2.1Top: Friction Stir Welding setup consistingtbé work piece, the tool and the backing plate. Bottom left:
Cross section of the plate with the tool. The figure shows a tool with a flat shoulder and a conical probe, but man:
other tool designs exist. Bottom right: Terms denotiugitions relative tdhe tool.

2.2. Thermal Models

Thermal aspects play an important role in the modelling and understanding of FSW. While the real process is
thermo-mechanical in the sense that the thermal and mechanical aspects of the process are coupled, a purely
thermal modeimay still give important knowledge about FSW and can be used as the first part of, for example,
an uncoupled residual stress model or a microstructure model.

Thermal models differ greatly in complexity, from analytical Rosenthal models, Rosébiiél),to 3D
numerical modelsbut all are based on the heat conduction equation with suitable blamy and initial
conditions.In egs. 2.1 and 2.2lenotes the material density’Q Tl  hothe heat capacity GFQ QUi Ythe
temperature 0 hQthe (possibly an isotropic) conductivity ¢ & O I the volume heat input ¢ & o

and 6 the welding velocity vectora i 8The solution procedure and its complexity depends very much on
the assumptions made regarding welding setup, geometry, bagndonditions and the type of heat source.
Also a distinction between constant or temperature dependent material parameters is important, the latter,
e.g., removing the possibility of using analytical Rosenthal solutions.



" & n@Y nf (2.1)

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

@ 1Ay [ " sy (2.2)

2.3.HeatSource Models

An important factor when solving the heat conduction equation for a FSW processjsdhme, or an equivalent
surface flux, that determines the heat input. It is a common approach to model the heat input as a surface flux
rather than a veume source and a number of different heat source models are presented below. A distinction
can be made between heat generated by Coulomb friction and heat generated by the plastic deformation of
material during welding. In Schmidt et al. (2004); Schmiut &attel (2004, 2005ak e contact condition
between the tool and the work piece is used to develop expressions for the heat generation. Given the contac
pressure’ h 0 & 6 hbetween the two parts is given byé

Tt (2.3)

Where* is the friction coefficient, It should be noted thiatand” may be noruniform across the toalorkpiece
interface. If the yieldlsear stress of the workpiece material is larger than the contact shear stress the two surfaces
will slide against each other. This is caBédingcondition. If, on the other hand, the contact shear stress is larger
than the yield shear stress of the neaial it will stick to the tool and rotate with it and th&tickingcondition
exists.

Also a combination of the two are possible, if the yield shear stress is smaller than the contact shear stress fc
small shear rates but not for larger shear ratesthat situation the material will rotate with the tool but at a
slower rate. The contact varialjleis defined as

1 —_— (2.4)

Based on the contact condition the localadtgeneration per area can be written as,

ni 017 p 1t (2.5)

Where, fof p, the total heat generation is due to plastic deformations in the workpiece material aind for

T the heat generation is due only to frictional heat with the friction shear stfess ‘"] is the
rotational speed andi 1 ofw isthe radial distance from the axis of rotation. For direct use of eq. (1.5) one
should have knowledge about the (nomiform) distribution of as well as the shear yield streds  ©& Q

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

is prescribed and subsequently used to develop expressions for the local heat input as function of @osition.
may for example be eghated from experiments.



A decoupled 3D thermmechanical model is presentd@] in which the thermal problem is solved before
calculating the residual stresses and the distortion of the welded plate. The heat input is generated by the slidint
between the tool and the shoulder. In order to account for the heat generation from the probe, the probe
diameterQ 11, thus effectively moving the heat generation from the probe tip to the shoulder. The radially
dependent heat input per ared i ho ¥a ¢ his given by the expression

I — (2.6)

Where Qtotal is the total heat inphto hi is the outer radius of the shoulder and the inner radius of the
shoulder, i.e. in this case 1 . Eq. (2.6) is deved and shown in a slightly different form in, among others,
Schmidt et al. (2004). For simplicity only heat generation from a flat shoulder with no probe is considered here
The heat generation from a small segment of the shoulder at the distance th@ixis of rotation, see FIG. 2.2

dA
dr

dé

FIG. 2.2:Surface element of siZe 0 1 'Q—iGsed for calculation of total heat input.

Qbi  0i tQb t Q—Qi 2.7)

Where is theotational speed and is the contact shear stress between the tool and the work piece material. The
surface segmen® ogives a torque contribution af T 'QNext, the total heat input can be found by integration
over the shoulder area

0 1T T Qi Q—
S I (2.8)
In the case of sliding, the contact shear stress is given by Coulombg law, * NAssuming that the

total downward force) on the tool results in a uniform pressure distributignand that the coefficient dfiction
‘ is also uniform, the contact shear stregjs

10



L I ‘ (2.9)

For a given point the heat input per area is

“i 1t (2.10)

Isolatingtin eq. (2.8) and iresting in eq. (2.10) gives eq. (2.6). Thus the heat generation per area depends linearly
on the radial distance to the tool centre, and the total heat input  that may be assumed or estimated from
experiments, e.g., through torque measuremems. example is given in Dickerson et al. (2003), where it is used
that O 1Y and”Y is the measured torque. Alternatively, the pressure p and the friction
coefficient’ may be assumed or somehow estimated suut tsubstitution oft  * rfjnto eq. (2.8) gives

) (2.11)

Fori 1t This may be rewritten as in Frigaard et al. (2001) to
n -“naua (2.12)

Wherel  — is the number of revolutions per second, In Khandkar and Khan (2001) a 3D transient model of ar

overlap FSW process is investigated. The heat generation is due to the slitlimgiéhe tool shoulder/probe

and the work piece material as well as the plastic deformation of the material near the probe. The total heat
generation from the probe is set t0% of the heat generation from the shoulder. The heat generation is a function
of the downward force on the tool, the friction coefficient, rotational speed and is linearly dependent on the
distance from the tool centre. Also included in the model is a convective term to take the material transport
around the probe into account. Irhigndkar et al. (2003) the heat generation per area, g, is modelled as

AL 10t (2.13)

Wheret is determined from experimental measurements of the torque during welding. A uniform valtie of

p 1 0 ds used for the alloy Al606I651 and therefore no assumptions on the value @fre made. This heat
generation was used in a 3D model and appéiethe three contact zones between the tool and the workpiece,

i.e. at the shoulder, the side of the probe and the tip of the probe. As stated above, the FSW process is coupled
the sense that the heat generation is determined by the mechanical behathatirin turn depends on the
temperature field, thus requiring a thermrmmechanical model. The idea behind thecailed thermal pseudo
mechanical (TPM) model, Schmidt and Hattel (2008), is that the friction shear stress is equal to the yield she:
stress.This is the case if sticking is present; i.e. Tt The heat generation in eq. (2.5) is in that case

n o1t (2.14)
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This result is obtained by integration of the volume heat generation due to the plastic deformation of the material
in a shear layer between the tool and stationary matrix material. The material in contact with the tool has the
velocityl 1 which together with an assumption of constant strain rate in the shear layer means that the integral
of the local plastic heat generationfs | 1 1 . This is the first part of eq. (2.5).

Further, if sticking is present, ile. 1, thent T and eq. (2.5) reduces to eq. (2.14). Generdilly,

is a decreasing function of the temperature going to zero whén Y where the material changes from

solid to liquid phase. This means that when the temperature reathe solidus temperature for the material the
heat generation vanishes, thereby limiting the obtainable maximum temperature. The model thus includes some
of the mechanical effects of FSW without solving explicitly for them.

An analysis of different wayd modelling the heat source and its geometry is given in Schmidt and Hattel (2004,
2005) where six cases are considered. The cases are:

(a) All the heat is generated by the shoulder with no contribution from the probe,
(b) Heat generation from the sfulder and a volumetric contribution from the probe and
(c) Heat generation from the shoulder and from the probe surface, with the probe material left out. All three

models are solved assuming sliding and sticking, respectively, giving a total ofesentlifflases. In case the
sticking condition is assumed the heat is applied as a volume source in a narrow shear layer of thickness 0:5

One of the conclusions is that the temperature field under the shoulder is greatly affected by the modellirg choic
whereas the far field temperature fields are almost identical. Thus a detailed heat source model may be neede
for studying effects close to the tool while a simpler model may be adequate for studying effects far from the tool.

2.3. Examples of DifferenHeat Sources

In this example three different heat source models are tested using a 2D Eulerian model
The heat source models that are used:

1 TPM model, eq. (2.14),
1 A radially dependent model, eq. (2.6) with, 1
1 A model with uniform heat input aoss the tool surface.

No rotational effects are included in the example, meaning that the welding velocity vector is giventby ).

FIG. 2.3 shows the corresponding temperature fields. The total heat input was obtained from the TPM model b
integration of eq. (2.14) and this is then applied as the prescribed total heat input in the radially dependent heat
source, eg. (2.6), and in the constant heat source model. The TPM model yields a temperature field that is clos
to constant under the tool and maximum temperature well below the other two models and just below the
solidus temperature set toY g T in this example. The other two models predict much higher
maximum temperatures and much less uniform temperatures under the todd akear from the temperature

plots at the source. The near constant temperature in the TPM model is due to the temperature dependent yield
stress used. This effectively turns off the heat source at temperatures close to the solidus temperature, and ir
that way limits the maximum temperature. The other two models predict almost similar temperature fields and
it is noted that the maximum temperature for the radially dependent heat source is located further away from
the centre of the source compared to tle®nstant heat source, where the maximum temperature is obtained
only slightly behind the tool centre.

12



The local heat input close to the centre is small for the radially dependent heat source and therefore the maximun
temperature is obtained further baclklso note that the temperature fields are symmetric as no rotational effects
are included, meaning that the material flows through the heat sourcelfgito the welding direction.

2.4. AnalyticalModels

The Rosenthal solutions, Rosenthal (1946), are analytical equations giving the temperature field caused by ¢
area, a line or a point heat source of strength g in one, two and three dimensions, respectively. From a FS\
modelling point of view only the 2Dnd 3D solutions are of interest as they can be used to describe the

temperature field around the tool. The solutions are obtained under a number of assumptions. The process i

assumed to be steady state meaning that 1T, the material propertiesi®’ and ware independent of the

temperature and the heat source moves at a constant velatityFor the 2D solution the heat flow is assumed
to be in an infinitely large plane containing the welding direction and the heat s¢BtGe2.3)s given bya line
perpendicular to the plane, i.@ has the unit of Win. This leads to the equation:

vy ié\ BDO ., 0 01
C

o
¢t Q

P @
(2.15)

where"Y is the initial temperaturep is the modified Bessel function of the second kind andtkeorder,,

and ware the coordinates of the point of interest relative to the heat source, see FIG. 2.4. It is noted that for
i O mthe temperature”YO Tttand therefore the model does obviously not predict a maximum temperature
below the melting tempeature as is the case in a real FSW psscdhe 2D Rosenthal solution.

13



0.3}

| 800
O.QSJ
02} 700 o409
0.106}
1600 0.104!
0.102}
sop % O
0.098}
400 0.096+
0.091!
300 0.092/
0.19
800
0.3
0‘25‘ 700
0.2 0.108+ 800
0.106!
0.15 1600 790
0.104;
0.1 : - 1780
0.05 500 > o01b ] L5
0.008!
i 400 e
0.096!
-0.05
0.004 750
0] i i . 300 0.092} ] - t N P
0 0.1 0.2 0.3 0.4 0.5 0.19 0.195 02 0.205 0.21

X

FIG. 2.3Three different heat source models. The colorbars indicate the temperature [K]. From the top: The TPM
model (eq. (1.14)Y Y o), the radially dependenheat source (eq. (2.6)Y Y @ o) and the
constant heat source'Y Y Y @).The figures to the left show global temperature fields while the right plots
show the temperatures at the source. The total heat input is the same in all three exafNpliee the difference

in maximum temperature’Y in the TPM model was set th T8
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FIG. 2.4Left: Coordinates in the 2D Rosenthal solution, eq. (2.15). The welding direction is in the positive
direction. Dotted lines are used to indicate that the domain is infinitely large. Right: Temperature field obtained
from the 2D Rosenthal solution. Note that the temperature approaches infinity at the heat source.

This can be modified to take surfabeat loss due to convection into account. Similarly, the solution for the 3D
case, in which the heat source is modelled as a point, g has the unit W, in an infinitely large domain is given by

n A@b 6 Y
Y 'Y -[T"é Q’E):(z Ty
W
= CTQ
Y , w a (2.16)

Again, asY © 1t the temperature”YO U

The two solutions shown here may be extended to take finite width (the 2D case) or finite thickness of the domair
into account throughthe use of the method of imagesThis method results in the expressions for the
temperatures being given by infinite sesi in which sources at ever increasing distances are added to the
solution

The Rosenthal solutions described above have been widely used, especially in the early modelling of FSW. In 1
3D Rosenthal solution is used to develop a circular heat sousmmiagling the shoulder of the tool by placing
sources in a ring around the tool centre and integrating to obtain the full temperature field. The heat is assumed
to be generated by Coulomb friction between the tool and the work piecé, i.e1t
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In Fonda and Lambrakos (20@Jte 3D Rosenthal solution taking finite thickness into account was used in an
inverse modelling technique to model the temperature field in ESBY.distributing a number of point sources

in the heat affected zone around tieol and scaling the contribution from each one according to the local relative
speed an arbitrary temperature field was obtained. Based on experimental welds and hardness measurement
the maximum temperature during welding, in a point, was estimated asetluo scale the strength the heat
sources in the modehRlthough the ability of the Rosenthal solutions to model the complex heat source and work
piece geometry is limited, they have the advantage of being computationally very fast compared to numerica
methods. In the present thesis, the 2D Rosenthal solution is used as a coarse model to assist the optimization
a more expensive finite element model using space muanifold mapping techniques.

2.5. ExperimentalWelding Conditions

Theexperimentreported in this work was performedat the DLRfacility (GermanAerospaceResearchisingan
adaptedCNGmillingmachine. Theweldingset-up consistof two 3.0mm thickaluminumpanels 60mmwideand
150mmlong. Theplatesarejoinedthroughal05mm longweld path,starting15mm fromone edge and finishing
30mm fromthe other edge (See FIG. 2.5hematerialusedin the experimentalweldisaheattreatable2024T3
alloy, whosethermo-mechanicapropertiesare known in the rangefrom 28¢ to 371¢ [14].

Theobserved maximumtemperatureduringthe experimentisn n nastthe centerline. Therefore the yield Stress
at400¢ Isestimatedas21MPaat 0 %plasticstrainand25MPaat 100%plasticstrain(seetable21). Thewelding
tool hasaninterchangeablehreadedprobeof 6 mm diameter, thread spacing o0.8mm andprobe length of3.5

mm. Theshoulderhas aconeangleof 10 givinganeffective probeheightof 2.5mm, leavinga0.5mmroot layer
betweenthe probetip andthe backof the plate.

AL 2024 T3

Advancing side

Thickness 3 mm

IEin nole Plunge position
120 mm ST LT i ne., X \ S A

/T

Weld speed
2 mmy/s

400 RPM

Retreating side

)

105 mm 15 mm

150 mm

FIG. 2.5Work piecegeometryandweldingparameters.
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Temperature (°C) Y5 at 0% Plastic Strain (MPa) | ¥5/Plastic Strain (MPa/-)
24 345 483/0.17

100 331 455/0.16

149 310 379/0.11

204 138 186/0.23

260 62 76/0.55

316 41 52/0.55

371 28 34/1.00

400 21 25/1.00

Table 2.1 Stressstrain data for 2024 T3 [27]

Weldswere performed at a rotational speedof 400rpm (41.8rads£’1), a welding speedof 120mm minb1

(2 mms‘?l), atilt angle2 ¥ v an effegfiv® plungedepth of0.2mm. Duringthe weldingprocessdata
acquisitionenablesmonitoringof the mechanicaloadonthe milling head,includingthe torque onthe
rotating axisandthe plungeforce.

2.6. ContactConditions

When modellingthe FSWprocess,the contact condition is the most critical part of the numericalmodel [15,
16, and 17].In this case,the Coulomb

Lawof friction isappliedto describethe shearforcesbetweenthe tool surfaceandthe matrix.
Ingeneral the law estimatesthe contactshearstressas

t Coroe (2.17)

Wheret is the friction codficient,” and, are the contactpressures,Analyzingthe contactconditionof two
infinitesimalsurfacesegmentsin contact,Coulomi®law predictsthe mutualmotion betweenthe two segments
whether they stick or slide. Thetop surface segmentoriginatesfrom the tool and moveswith avelocityof] i,
where] isthe rotationalspeedandi is the distancefrom the surface segmentto the rotation axis.

The lower surface segmentoriginatesfrom the matrix, and the velocity is part of the solution. Let us assume
that the matrix is stationaly, and contactis about to be initiated. Applyinga normal displacemento the tool,
producesa mutual bulk responsefrom the matrix andtool, whichaltersthe contactpressurefrom zeroto astate
dependentpressure. Acompkx, dynamicstate buildsup, whichis simplifiedby assuminghe tool responseto be
rigid, ascomparedto the softeraluminummatrix. Theresponsefrom the matrix is describedby the behavior of
the matrix surfacevelocityandthe reactionshearstressof the interior just below the contactsurface. Theormal
interpretationof Coulomi®law isbasedonrigidcontactpairs,without respectto the internal stress,however, this
is not sufficiently representaive for this model.
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Thus,a more F3\-specificinterpretation of the law is described.For this, the three following contact statesare
defined.

Sticking Condition The matrix surfacewill stickto the moving tool surface segment, if the friction shearstress
exceedghe yield shearstressof the underlyingmatrix. In this case the matrixsegmentwill acceleratealongthe
tool surface(finallyrecevingthe tool velocity),until an equilibriumstate is establishedoetweenthe contactshear
stressand the internal matrix shearstress. At this point, the stationary full stickingcondition is fulfilled. In
conventional Couloml&friction law terms, the staticfriction coeficientrelatesthe reactve stressedetween the
surfaces.

Sliding Condition If the contact shear stressis smallerthan the internal matrix yield shearstressthe matrix

segmentvolume shearsslightlyto a stationaryelasticdeformation,wherethe shearstressequalstne WR & y |

contactshearstress. Thisstate is referred to asthe slidingcondition.

Partial Sliding/Sticking Thelast possiblestate betweenthe stickingand slidingconditionis a mixed state of the

two. In this case,the matrix segment acceleratesto a velocity lessthan the tool surface velocity, where it

stabilizes Theequilibriumestablishesvhenthe W R & y IcovitacDsfear stressequalsthe internal yield shear
stress due to a quaststationary plasticdeformation rate. Thisis referred to as the partial sliding/sticking
condition. In this model,thereisno differencebetweenthe dynamicandthe staticfriction coefficients.

It is convenient to define a contact state variable, 1, which relates the velocity of the contact points at the

matrix surfacerelative to the tool point in contact. Thisparameteris a dimensionlessliprate definedas

To— P — (2.18)

roo 0 (2.19)

Y A (

Where is the slip rate and  is the position dependent tool velocitylofi8Table summarizes the relationship
between the different contact conditions, As seemcts as a state parameter for the interfacial contact condition.

[18,19,20] Models weke establishedo predictheatgenerationand materialflow usingthe contactconditionas
boundaryconditionin their models,andthe resultsarethen comparedto experimentalobsewrations. Still, it has
not yet beenrevealedwhichcontactconditionisthe mostapplicablefor FSV.

Condition Matrix velocity Tool velocity Shear stress State variable
Sticking Vmatrix = Vool Vigpr = W Trriction = Tyield d=1
sticking/sliding Vinatrie = Vrool Vigol = WT Teriction = Tyisld 0<§=<1
Sliding Vinarriz = U Vool = WT Tfriction = Tyield §d=1

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

In the first estimation, a stickingterface (| p isassumed and in the second estimatign ( 1t interface
described by a Coulomb friction condition is assumed. In the case of the sticking condition, the shearing is
assumed to occur in a layer very close to the interface and in thagldindition the shear is assumed to take
place at the contact interface. These two types of estimation are distinguished by the assumptions under
which the shear stres$ is introduced. The third estimation is used in the case where théigbar
sliding/sticking condition is assumed. During the FSW process, heat is generated at or close to the contact
surfaces, which have complex geometries according to the tool geometry (FIG. 2.6), but for the analytical
estimation, a simplified tool desigmith a conical or horizontal shoulder surface, a vertical cylindrical probe
side surface and a horizontal (flajobe tip surface is assumed.

¢tKS O2yAO0lFf &akKz2dzZ RSNJ adzNFI OS Aa OKFNIOGSNRTI SR o8
The simplified tool design is presented in figure 4, whierés the heat generated under the tool should8r,
at the tool probe side and . At the tool probe tip, hence the total heat generatiod, 0 0

. To derive the different quantities, the surface under examination is characterized by either being
conical, vertical or horizontal and the surface orientaaelative to the rotation axis are decisive for the

expressions.

(a) (b) (c)

FIG. 2.6 Schematic drawing cfurface orientations and infinitesimal segment areas (a) Horizontal (seen from
above). (b) Vertical. (c) Conicalltilted. Projection of conical segmentameahorizontal and vertical segments.

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

Q0 1 Q0 11 QO it Q'0Q 6 (2.20)
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2.7. General HeatGeneration

Thefollowing derivationsare analyticalestimationsof heatgeneratedat the contactinterfacebetweenarotating
FSWtool and a stationary weld piece matrix. The mechanicalpower due to the traverse movement is not
considered,asthis quantity is negligible comparedto the rotational power.

SurfaceOrientations

A given surface of the tool in contactwith the matrix ischaracterizedy its positionandorientation
relative to the rotation axisof the tool. If the tool rotation axisis vertical (alongthe z-axis),then a
flat shouldersurfacewould be horizontalor in the ‘ r-plane. A cylindricalsurfaceon the tool would
be vertical or in the * zplane. Thefollowingsubscriptdave beenusedto characterizeéhe orientation
ofthe surface:

LI I 2NAT 2y 4Lt OLISNLISYRAOdzZ NI G2 GKS NROGFGAZ2Y |
|= Vertical (parallel to the rotation axis, cylindrical surface).
\= Conical (tilted with respect to rotation axis, conical surface).

Horizontal. In order to calculate the hegeneration from a horizontal circular tool surface rotating
around the tool center axis, an infinitesimal segment on that surface is investigated. The infinitesimal
segment aredQd 1Q-QiA &4 SELRASR (2 I dzyAT2NY Oz2yil Ol
contributes with an infinitesimal force "0t wé ¢ ® & cand torque ofQ0 1 Q"0 &he heat
generation from this segmeris:

Q0 11 QO t Q—Qi (2.21)

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

Vertical.For a cylindrical surface on the tool, the heat generation from an infinitesimal surface segment with the
areaofQ® Q-Qds

QM 11 11t Q—Qa (2.22)

Where'Q dis the segment dimensionalongthe rotation axis,Conical,In the caseof a conicalsurfacesegment,a
similarapproachisadoptedasin the caseof the horizontalandvertical. Infact, the force/torque contribution from
the tilted segmentis split up into the contribution from a horizontaland a vertical ssgment,asthe tilted segment
areais projectedonto the mainplanesrelative to the tool rotation axis. Thetilted orientationischaracterizedy
the cone angleh, which is the angle between the horizontal (r* ) plane and the segment orientation in the
ia plane.

g0 Q0 QO (2.23)
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The projection of the tilted segment area is giverkby 0 @ £Q1,Inserting this into (2.23)ives
[9¢] i Q—Qa
Qa OATQI 1 Q8ATQI
QO 1 Q—Qi (2.24)

Qo t (93 ™» Ot i Q—pi OAT (2.25)

Aninterpretation of this is that the segmentareais enlarged by the fraction of tan " comparedto a horizontal
segment. Themodificationof the heatgeneratedat the tilted segmentis

QW 11 11t Q—d OAIl (2.26)

It is possible to characterize a rotation symmetrical FSW tool shoulder and probe surfaces by these three types
surface orientations. The limitation idescribing modern FSW tools featuring threads, flutes and facets is
recognized.

HeatGeneration from he Shoulder

The shoulder surface of a modern FSW tool is in most cases concave or conically shaped. The purpo
of this geometric feature is to act as an escape volume as the probe is submerged into the matrix
during the plunge operation, secondarily enhancing theusiobn and consolidation of the material
during the weld operation.

Previous analytical expressions for heat generation include a flat circular shoulder, in some case
omitting the contribution from the probe [15, 17]. This work extends the previousessgiwns so that
conical shoulder and cylindrical probe surfaces are included. An analytical model for the heat
generation, that includes noeaniform pressure distribution or strain rate dependent yield shear
stresses, material flow driven by threads ottdis, is not taken into account.

Integration of (2.26) over the shoulder area from  to 'Y gives the shoulder heat generation, .
0 1t i p OATQI Q—
-“1 Y Y p OAI (2.27)
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HeatGeneration fom the Probe

The probe is simplified to a cylindrical surface with a radivg¢ of and a probe heighD . The heat
generated from the probe consists of two contributiods; from the side surface andl from the tip surface.

LYGSaNI adAy3 Rvuy SAPSD® OHDPHHUI 2SN GKS LINRoOS

oo 1t Y QaQ-¢“f 1Y 0 (2.28)

And integrating the heat flux based on equation (1.21) over the prighsurface, assuming a flat tijives

oL 1t i Qi Q—*t 1Y (2.29)

The three contributions are combined to get the total heat generation estimate
V] O L0 U (2.30)

-4 1Y Y p OAT Y gy 0 (2.31)

In the case of a flay shoulder, thediggeneration expression simplifies to

0 —«t Y% gY O (2.32)

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

Equation2.14)isbasedonthe generalissumptiorof aconstantcontactshearstressasmentionedbefore, but the
mechanismsbehind the contact shear stressvary dependingon whether the slidingor stickingconditionis
present.

ShearStress Sticking Conditions

If the stickinginterfaceconditionis assumedthe matrix closestto the tool surfacesticksto it. Thelayerbetween
the stationarymaterialpointsandthe materialmovingwith the tool hasto accommodatehe velocity difference
by shearing.Using theupperlimit formulationto calculate theshearstress forthis deformationto take place, it
followsthat the stressis independentof the width of the deformationlayer.

Thisallowsthe deformationlayer, startingat the tool interfaceandextendingfurther into the weld matrix,to be
treated asa shearline/surface. The position of this shearline/surfaceis very close to the contact interface,

therefore thetool geometryis usedto describeit. Theyield shear stres$ is estimated to be—, where
" is the weld material stress

t t — (2.32)

n

It is known that that the yield stress is independenpoéssure, but highly temperature dependent. If the same
shear yield stress is applied all over the interface, the assumption of an isothermal interface follows. This gives
modified expression of (2.31), assuming the sticking condition

0 Y 2% p OAT Y gY O
(2.33)

ShearStress: SlidingConditions

Assuminga friction interface condition where the tool suifaceand weld material are slidingagainsteachother,
the frictional shearstress friction is introducedin the generalequation (2.31).The choicenf Coulomi&friction
law to describethe shearstressestimatesthe criticalfriction stressnecessaryor aslidingconditionas

t t ST, (2.34)

Wheret isthe friction codfficient,and” and, arethe contactpressures,Thusfor the slidingcondition,the total
heatgenerationis given by

0 -1y Y p OAT Y gy 0 (2.35)
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ShearStress Partial Sliding/Sticking Conditions

The analyticalsolution of the heat generationfor the partial sliding/stickingconditionis simplya combination
of the two solutions,respectvely, with a kind of weightingfunction. Note that this is only possiblebecauseof
the assumptionof a uniform distribution of the contactstate variable! over the entire contactsurface.

From the partial sliding/stickingcondition follows that the slip rate betweenthe surfacesis a fraction of . r,
lowering the heat generationfrom slidingfriction. Thisis counterbalancedy the additional plasticdissipation
due to material deformation. It is convenient to define the weightingfunction parameteras identical to the
contactconditionvariableor dimensionlessliprate 1 , whichis describedn this paper[18]. Thisenablesalinear
combinationof the expressiongor slidingandsticking

“1 7 o1 Tl Y Y p OAT Y oY O

aln»

(2.36)

GKSNB 1+ Aa (GKS Oz2ydal OG adilth Sis the mikeliabyiel® shéaRskresSay vekliggy”
temperature,{ is the friction coefficient; is the uniform pressure at the contact interfage,is the angular
rotation speed, is the cone angleY is the shoulder radiusy is the probe radius an® is the
probe height.

This final expression can estimate the heat generationtfor | p, coresponding o sliding whef T,
sticking whef p and partial sliding/sticking when p. In a special case where the sliding condition
and flat shoulder are assumed, equation (1.35) is expressed in terms of the plunge force as:

0 . ERO T o—— (2.37)

Usingherelationshipthat the pressureequalshe forcedividedbythe projectedarea fL7].
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2.9. HeatGeneration Ratios

Basedon the geometryof the tool and independent ofthe contactcondition, theratio of heat generation,i.e.
contributionsfrom the different sufacescomparedo the total heatgeneration,areasfollows:

. 0 Y Y p OAIl
Q = . = @ ¢
V] Y Y p OAI Y oY (@]
- 0 oY O
0 Y Y p OAT Y gy O T P
0 Y
Q = — T8t O
L Y Y p OAI Y oY (@)
(2.38)
Where the tool dimensions ar¥ wa any od aho T4 ah p Tt OThis

indicates that, for the specific tool geometry, the shoulder contributes the major fraction of the heat generation
and the probe tip heat generation is negligible compared to the total heat generation. Thidates with the
results found in [19], noting that the contribution from the probe due to the traverse motion which is not the case
in the present estimates.

If the sticking condition is assumed etlanalytical estimate2(33) can be used to deduce testimated shear
stress in the shearing layer when Q is known. This gives an average shear stress of 20.8 MPa, equivalentto ay
atiNBaa 27 Ko Hnody ' ocdm atl 3z F2NI v Sldzf G2 GKS
after 155 s of welding. The experiment shows a top surface temperature of maximum 408 | yTRhasai H n
yieldstressat376 / Ay (KS NJYy3aS FNRY Hy (G2 on atl wHn®e 6KS
on an experimentally measured torque.

Sliding condition. The analytical result for heat generation can be correlated with the plunge force (2.35), if the
sliding condition and thaty "Ofo are assumed. The plunge force is taken from experimental
observations and the estimateanalytical heat generatiois

. q, O

P X UaxK

(2.39)
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Based on the experimental plunge force F = KN7observedafter 15.5s of welding. Substituting known values

for the parameters, tool dimensions of wa ahy od 4ahRo T4 ah p mand
NRGFGAZ2Y aL&8iR , ahdsolving [2.39) ferduygives a valugiaf 0.3. The analytical estimate for
G§KS KSIG 3ASYySNIiGAz2zy Sljdzrta GKS SELSNRAYSyGEE NRGIE G
15.5s of welding, where the plunge force is 1kiWVand the torque is 41.8m.

Thus, the heat generatioastimated analytically in both cases of sliding and sticking can reproduce the heat
generation values obtained experimentally. Thus, there is still a further need for a criterion for determining the
contact condition. Since the sliding condition also jxexa proportional relationship for a changing plunge force,
the experimental values for the plunge force and torque are examined further, so that the contact condition can
be estimated.

2.10. Estimationof Contact Conditions

An interesting analysis is to vigrthe proportional relationship between the plunge force and the heat generation,
which is predicted by (2.39) when the sliding condition is assumed. For this, the relationship between the plunge
force and the torque is examined. This analysis is alsth tasguggest which contact condition is most likely to be
present during the experimenExperimental plunge force and torque. During the experiment, the reaction forces
in the three directions are monitored, and of special interest is the plunge foreepllinge force is often used in

the estimation of the heat generation, but only a limited number of publications with experimental results of the
plunge force are available [17]. Figure 2.7 shows the experimental plunge force and torque using thexaght y
and the corresponding analytical and experimental heategation using the left yaxis.

As the tool is plunged into the weld panel, the plunge force rises steady during the first part of the plunge actior
ObmodT G2 by a0 (2 od3INMbThid iRl sroktSrisdiie bedy deStordud andthe pliinge
force are caused by the tool probe penetrating the matrix. This is followed by a transient response in both the
plunge force and torque (rising to 60Nm), in which a result of the shousdgetting in contact with the matrix
interface.
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FIG. 2.7Heatgeneration (lefty-axis) plunge forceand torque(right y-axis)
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Plungeperiod13.7to b5s. Dwellperiodb5to 0s. Weldperiod0to 5258 @ 5dzZNAy 3 (G KS Rg St f
the plunge force drops from 21 to 12N where it settles. The torque gradually drops from 60 toN#&@. The
FylFrtedAaAOlrt NBadzZ G F2N) aft ARAYy3IX AdSd + ' nX LINBRAO
FIG: 2.Bhows the reaction force ahtorque, reading the values on the rightixes.
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close to 0 and uniform pressure distribution. The proportionality should be appichbing the dwell action
where the uniform pressure is most likely to be fulfilled, but this is not supported by thepraportional
NBflFGA2yaKAL 6Si6SSy (GKS LX dzy3d3S FT2NOS yR GKS 2N

After the dwell/weld transition at 0s, the plunge force risesfrom 13 to 17 kN at the beginning of the weld,
finishingat 18.5kN. Thetorque startsat 43 Nm, droppingto 41 Nmat the endof the weldingperiod. Thetraverse

motion of the tool in the weld periodis initiated by asmoothaccelerationup to the welding speeaf 2 mmm bl
in orderto minimizethe transienteffect. Thetraversemotion of the tool resultsin the risein the plungeforce, but
acorrespondingiseinthetorqueisnotobserved. (Themeasuredorceto overcomethe traverseresistancesless
than 0.5kN,andthe traversepower input isthereforelessthan 1 W.)

Thetorque seemsto stabilizeafter 5¢10s correspondingto a steady state, which is supportedbyadditional
thermalmeasurementshowingyvirtuallyidenticaltemperaturehistory profilesat locationstraversedat 15and 35
safter the start of the welding(not reportedin this work). Themodestchangein the plungeforcefrom 10to 52.5
scouldbe causedyamachineeffect. Thetool displacementvassetremotelyto afixedvalue. Duringwelding the
measuredmachinedeflectionincreasesslightly (not shown) and the measuredplungeforce (shown in FIG. 2.
increasesslightly, also. Theseeffects show that, during welding, a factor actedto displacethe tool upwards.
Thisresultsin an increaseddeflection of the machine,hence,givingahigherplungeforce. Agradualrisein the
backingplate andtool temperature(yieldingexpansion),could be the cause. Thus,the plungeforce cannotbe
usedto assessvhether or not steadystate conditionsapplyduringweldingin this case.

Thefollowing conclusionsare drawn

9 Afteraninitial transientperiod,the torque doesnot changeduringwelding. Thisreflectsasteadystatewelding
condition.

1 Thechangein the plunge force during steady state welding is most likely causedby the specificmachine
condition presentduring the welding process. Themodestchangein the plungeforce doesnot affect the
torgue. Thisindicatesthat a stickingconditionis present.

FIG: 2.%shows the heat generation as function of time, using the ledixis. Two power related quantities are
shown; the experimental rotational power/heat generation 1 and combined analytical heat generation
(using the experimentagllunge forcdn the analytical expressioripuringthe plungeanddwell periodfrom 613.7

to 0 sthe weldingpanel, backingplate and the tool are preheatedwith approximatelyl15 kJ(integration of the
rotational power). The maximumheat generationof 2.5E 7 occurswhen the shoulderfirst touchesthe weld
panelatt6.1 sanddropsto 1.8 kW at the end of the dwell period (0s). Theweldingperiodisinitiated byasmooth
acceleratiorof the tool to the weldingspeedof 2 mmi  , whichgivesarisein plungeforce,but asimilareffecton
the heatgenerationdoesnot take place,insteadthe heatgenerationstabilizesn the rangeof 1.7¢1.8 kW during
the 105mm of welding.

If the sliding is the dominant contact conditidhg friction coefficient shouldattain changingraluesfor positions
alongthe weld path, rangingfrom 0.27to 0.35. Thisis thought not to be likely for the sameweld in a steady
state condition. Asseeninfigure6, heatgenerationandthe torquearenearlyconstant(evenfor alternatingplunge
force) duringthe dwell andweld period, andthis is interpreted asan indicationof a stickingor closeto sticking
contact condition. Thisis supportedby an investigationof the material flow in the weldsusedin this welding
experiment[21,22].
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2.11. Numerical Models

In order to model the thermal aspects of FSW more accurately, numerical methods must be used, for instanc
finite element or finite difference methods. Numerical methods allow a more detailed geometric representation
of the welding setup in which advanced tool shapes as well as the interaction between tool, work piece and
backing plate can be modelled. Also temperature dependent material parameters, like the conductivity and yielc
stress, can be handled by numericadtimods in contrast to the analytical Rosenthal equations.

A large number of modelling choices must bada when developing a FSW modéile tpossibilities include
dimension (2D/3D), transient vs. steady state and Eulerian vs. Lagrangian models, i.erWigethaterial flows
through the mesh or whethethe material follows the meshDifferent aspects of the modelling are presented
along with some models from the literature. FSW is a-gstationary process as described earlier with the plunge,
dwell, welding, and extraction phases [23], and to model the full process adiependent model should be used,

i.e. by solving eqg. (1.1). However, in many cases it is reasonable to assume that the welding phase, when the tc
is moving at constant velocity and nodd close to the start and end points, is stationary, such that the
temperature field around the tool does not change during this phase.

In Schmidt et al. (2004) experimental measurements of torque and plunge force during a welding experiment are
shown, ad it is found that the values become almost constant during the welding phase which backs the
assumption of stationary. The present thesis focuses on thermal models of the stationary phase using a Euleric
framework. The heat equation to be solved is

oY TOoYY AAY m
"Y "Yon"Y

' [ on'Y
(2.40)

2 KSNBE m Aa (KS O ¥slabmnichlet BoanddrytwithRyiRev terhpératiiéand”Y is a Neumann
boundary where the heat flug is givennis an outward pointing unit vector normal to the boundary. For an
insulating boundary 1 and for boundaries in contact with e.g. air or the backing pfate "Q"Y Y with

“Y being the temperature of the neighbouring body or fluid.

This type of model has a number of advantages compared to transient Lagrangian models when only th
stationary response is of interest. First of all, it is fast, as just one solution is required and secondly, the heat sourc
is stationary relative to thenesh meaning that a very fine mesh can be used in the vicinity of the heat source
while using a coarser mesh further away.

This type of model is however normally not used for modelling more advanced effects, such as residual stresse
where transient Lagingian models are dominant in the literature, foraexple in Richards et al afdditum et al..

An effect that has a large impact on the global temperature fields is the heat loss from the work piece to the
backing plate governed by the equation

n QY Y (2.41)
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Where'Qs the heat transfer coefficient ari’ the temperature of the backing plate, the heat transfer coefficient

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

Exampleof values used aré2 x 1-"— in Schmidt and Hattel (2008} ¢ v -#— in Chao et al. (2003) and

"Q v = in Khandkar et al. (2006). In Soundararajan et al. (2005) an attempt is made to relate the heat

transfer coefficient to the contact pressibetween workpiece and backing plate by calculating the contact
pressure for an assume@value and then assigning a pressulependent’Q value based on the calculated

pressure distribution. They define four zones around the tool in whiddries fromQ o 11 1T 1T 1T =% below

the toolto™Q o 11 0 TT-A— in areas close to the workpiece edges in front of the tool.

Different models with and without backing plates are discussed and different heat transfer coefficients are applied
in the model and compared to experimental temperature measurements. Uniform valu&® qf 1t m #H

,Q v T and’Q p T TR areused.

Also a noruniform h that take the valuéQ p 1 1T TER=TT under the shoulderQ p T T+FH in areas

previously covered by the shoulder aifdl p 1T =+ in other areas is tested. It is found that the raniform
heat transfer coefficient wab large under the tool and predicted too low temperatufgd]

2.12. Exampleof Different Heat Transfer Coefficients

This example is intended to show the effect of the work pilkaeking pate heat transfer coefficient hA 3D
stationary model consisting ¢he work piece and a steel backing , with the heat source given by the

TPM model (FIG.2.8), eq. (1.14). Using the TPM model means that the heat input is not the same in the three
cases presented and, therefore, the effect of changing h is lessyeadih than whensing a fixed total heat

input. Figure 2.8 shows the work piece temperature field for three different h values. The heat transfer
coefficient has a clear influence on the temperature fields by removing heat from the work piece. This is mos
obvious on the left column of plots where it can be seen how the high temperature regions become more and
more localised around the tool as h is increased, where optimization techniques and experimental data are
used in order to find optimal values dthat minimize the difference between the calculatethd the
measured temperatures.

Although most models in the literature deal primarily with the work piece, and in some cases the backing
plate, some models also take the tool into account. As well aslbesés to the backing plate, heat is lost to

the tool and a welding efficiency can be defined as the ratio of heat that is conducted into the tool to the total
mechanical power[28]. In that paper values of around 10% were determined for two differeniding
situations.[24] a value of 134 is mentioned.
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FIG. 2.8The figure shows the effect of the work pielsacking plate heat transfer coefficient h for a 3D model of
the work piece and the backing plate. The left column shows the temperatureirfi¢gfee work piece while the

right column shows a cross section of the work piece at the tool. The top row shows resiflts forr—, the

middle row shows results fdR 1 1T-A— and the last row shows results f@ p 1 1T FF Notice the probe
hole and how the temperature decreases when moving away from the tool for increasing h values.
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2.13.  Experimental Aspect
A general friction stir welding set up consist of a workpiece, which is the material that is to be joined, a tool,
consisting of the tooshoulder and the tool pin or probe and lastly a backing plate that is made of a solid
reliable material to withstand heat that is generated by the tool.

But afriction stirweld cannot take place unless the correct calculations, simulations and considehatie
taken place.

Firstly, is the consideration of the tool shoulder as there are many different types of shoulders and each has
their own set of advantages. Certain friction stir welding tool shoulders can also contain features to increase
the amountof material deformation produced by the shoulder resulting increased workpiece mixing and
higher quality welds. These features can consist of scroll ridges or knurling, grooves and concentric circles
which can be machined into any tool profile (Concavew@r and Flat).

Along with the tool shoulder is pin which is also referred to as a probe, the use of the probe is to provide the
corrected heating, by the calculation of speed to joint workpieces.

2.14. Process Parameters
The success of the Friction Stir Weldimgcess depends on a number of parameters, these parameters being
both operational parameters due to the nature of the process as well as geometric. In addition to the four
primary process parameters some critical parameters to consider are as follows:

1 Tool Geometry This includes the diameter of the tools shoulder and pin, pin length, pin taper angel
as well as both pin and shoulder features.

1 Clamping SystemA rigid clamping system is required to ensure that no translation motion of the

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

Tool Rotational DirectionEither clockuge or anticlokwise.

Process Forcedn particular, the axial force.

Tilt Angle This is the angle between the tool axis and the normativpane.

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

significant effect on the weld quality.

1 Control Methodology Typically, either forced or displacement controlled.

=A =4 =4 =4

Two parameters are very impant for the experimental aspect of FSW: tool rotation ratepm) in clo&kwise

or countecclokwise direction and tool traverse speed (n, mm/min) along the line of joint. The rotation of tool
results in stirring and mixing of material around the rotgtipin and the translation of tool moves the stirred
material from the front to the back of the pin and finishes welding process. Higher tool rotation rates generate
higher temperature because of higher friction heating and result in more intense stirndgraxing of
material as will be discussed later. However, it should be noted that frictional coupling of tool surface with
workpiece is going to govern the heating. So, a monotonic increase in heating with increasing tool rotation
rate is not expected athe coefficient of friction at interface will change with increasing tool rotation rate. In
addition to the tool rotation rate and traverse speed, another important process parameter is the angle of
spindle or tool tilt with respect to the workpiece suréad suitable tilt of the spindle towards trailing direction
ensures that the shoulder of the tool holds the stirred material by threaded pin and move material efficiently
from the front to the back of the pin. Further, the insertion depth of pin intowarkpieces (also called target
depth) is important for producing sound welds with smooth tool shoulders. The insertion depth of pin is
associated with the pin height. When the insertion depth is too shallow, the shoulder of tool does not contact
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the origiral workpiece surface. Thus, rotating shoulder cannot move the stirred material efficiently from the
front to the back of the pin, resulting in generation of welds with inner channel or surface groove.

The heating is accomplished by friction between theltand the workpiece and plastic deformation of
workpiece. The localized heating softens the material around the pin and combination of tool rotation and
translation leads to movement of material from the front of the pin to the back of the pin. As a oéshls
LINPOS&aa | 22Ay0d A& LINPRAdZOSR Ay WwWaz2f AR aidlidaSqQe . SC
movement around the pin can be quite complex. During FSW process, the material undergoes intense plastic
deformation at elevated tempeature, resulting in generation of fine and equated recrystallized grains. The

fine microstructure in friction stir welds prodes good mechanical properties.

2.15.1. Welding?arameters

For FSW, two parameters are very important: tool rotation ratergm) in clo&wise or counter cloowise
direction and tool traverse speed (n, mm/min) along the line of joint. The rotation of tool results in stirring
and mixing of material around the rotating pin and the translation of tool moves the stirred material fiwm t
front to the back of the pin and finishes welding process. Higher tool rotation rates generate higher
temperature because of higher friction heating and result in more intense stirring and mixing of material as
will be discussed later. However, it shddde noted that frictional coupling of tool surface with workpiece is
going to govern the heating. So, a monotonic increase in heating with increasing tool rotation rate is not
expected as the coefficient of friction at interface will change with incrggisinl rotation rate. In addition to

the tool rotation rate and traverse speed, another important process parameter is the angle of spindle or tool
tilt with respect to the workpiece surface. A suitable tilt of the spindle towards trailing direction enguae

the shoulder of the tool holds the stirred material by threaded pin and move material efficiently from the front
to the back of the pin. Further, the insertion depth of pin into the workpieces (also called target depth) is
important for producing sond welds with smooth tool shoulders. The insertion depth of pin is associated with
the pin height. When the insertion depth is too shallow, the shoulder of tool does not contact the original
workpiece surface. Thus, rotating shoulder cannot move theestimaterial efficiently from the front to the

back of the pin, resulting in generation of welds with inner channel or surface groove. When the insertion
depth is too deep, the shoulder of tool plunges into the workpiece creating excessive flash. Irsthis ca
significantly concave weld is produced, leading to local thinning of the welded plates. It should be noted that
0KS NBOSYyl RS@OSt2LIYSyd 2F WaONRf{fSRQ (22f &aK2dz RS
preferred for curved jointsPreheating or cooling can also be important for some specific FSW processes. For
materials with high melting point such as steel and titanium or high conductivity such as copper, the heat
produced by friction and stirring may be not sufficient to softed atasticize the material around the rotating

tool. Thus, it is difficult to produce continuous defdéte weld. In these cases, preheating or additional
external heating source can help the material flow and increase the process window. On the other hand
materials with lower melting point such as aluminium, cooling can be used to reduce extensive growth of
recrystallized grains and dissolution of strengthening precipitates in and around the stirred zone.
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2.15.2 ExperimentalParameters

For the expemental aspect of this study the following parameters have been put into consideration as well
as parameters for the experiment has been derived from the selectioseshoMaterials Al20243 and
AlB056 are the said mentioned materials to be used for tiveld having rotational speeds of
800,1250,1600,200bm with a feed rate of 300,400 and 5@@m/min ina dwell time of 1615 seconds.

2.15.3 Test Types

2.15.31. StandardTest

The standard test is that of basic friction stir wetlde standard frictionstir weld is the most basic of the
friction stir welds, consisting of just simply a single shoulder and a single pin to conduct the weld where the
tool is held perpendicular to the workpiece. The standard tool has three primary functions.

A) To heat the workjece provided the adequacy of thermmechanical softening by means of frictional
contact with the workpiece.

B) Stirring of the material to produce a joirtigat transfer from the tool softens the material by means
of reducing the yield strength, so that witbol rotation and translation, it will lead to movement of
material from the leading edge to the trailing edge of the pin, as a result filling the cavity produced in
the tool's wake as the moves forward.

C) Containment of the hot metal beneath the tool shdat vertical ow occurs during FSW. It is the role
of the FSW tool, in particular the tool's shoulder to contain the material within what will later know
as the 'third body region'.

y 7
Dow?yyard force AWelding

Direction
Tool Rotati/on/

‘
//

Friction Stir /~
Welded Region
y

-

Retreating —»
Side

Image 2.1°A Standard tool Weld
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2.15.32. Hot WaterApplied Test

Theapplication of hot water to a friction stir weld is to serve the purpose of reducing heat generation by
applying boiling water that is of a 18C to lower the heat generation of 18€, Boiling is lower than the heat
that is emitted from the actual tooldnce the cooling properties.

A limited number of works have attempted and simulated the temperature history of a friction stir weld under
an external liquid cooling as presented in this present study in which the coolant is modelled as a water flux
behind the tool, resulting the cooling effect positive and a reduction of thermal flow adjacent to the tool.

-

Tool rotating dircction

Image2.2: A depiction of a Firction stir weld process with the application of water.

2.15.3.3.Theliquid Nitrogen Applied Tds

liquid nitrogenis demonstrated as an alternative and improved method for creating-diaéned welds in
dissimilar metals. Frictiestir welding with liquid nitrogen significantly suppresses the formation of intermetallic
compounds because of the lower peak temperatufarthermore, the temperature profiles plotted during this
AYy@SaGA3arGAz2y AYRAOFGS GKFG GKS 1 NBSad Fyz2dzyad 21
performed at the lowest temperature. It is shown that in kk@mperature FSW, the flowtress is higher, plastic
contribution increases, and so adiabatic heating, a result of high strain and highrstieideformation, drives

the recrystallization process beside frictional heat. The decreasing the starting temperature of workpiece from 3C
to -30xC with liquid nitrogen cooling resulted in a decrease in peak temperature from 330 tCl40a location

10 mm away from the weld centreline, thereby leading to a reduction in the grain size from 10 to 0.8 mm on the
YI G§SNPFt HnH ndodlinglthy WRorkRibide doiwk O f £ &
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3. The Design of Tools

3.1. Tool Shoulders

Tool shoulders are designed to produce heat (through friction and material deformation) to the surface and
subsurface regions of th@ork piece The tool shoulder produces a majority of ttleformational and frictional
heating in thin sheet, while the pin produces a majority of the heating in thimlk pieces Also, the shoulder
produces the downward forging action necessary for weld consolidation.

Shoulder
features

Probe

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

3.2. Shoulder Features
The FSW tool shoulders can also contain features to increase the amount of material deformation produced b
the shoulder, resulting in increased work piece mixind higherquality friction stir welds [38, 39]. These features
can consist of scrolls, ridges or knurling, grooves, and concentric cFt&e8 (L and can be machined onto any
tool shoulder profile (concave, flat, and convex). Currently, there are aoli®xamples of three types of
shoulder features: scoops [39], concentric circles, and scrolls [38, 402443, 44].

3.2.1. Concave Shoulder
The first shoulder degh was the concave shoulder[8ommonly referred to as the standattype shoulder, and
is currently the most common shoulder design in friction stirri@@ncave shoulders produce quality friction stir
welds, and the simple design is easily machined. The shoulder concavity is produced by a small angle between t
edge of the shoulder and themibetween 6 and 10°. During the tool plunge, material displaced by the pin is fed
into the cavity within the tool shoulder. This material serves as the start of a reservoir for the forging action of the
shoulder. Forward movement of the tool forces newtaral into the cavity of the shoulder, pushing the existing
material into the flow of the pin. Proper operation of this shoulder design requires tilting the tool 2 to 4° from the
normal of thework pieceaway from the direction of travel; this is necessém maintain the material reservoir
and to enable the trailing edge of the shoulder tool to produce a compressive forging force on the weld. A majority
of the friction stir welds produced with a concave shoulder are linear; nonlinear welds are onlyl@dsHie
machine design can maintain the tool tilt around corners (i.e. multiaxis FSW machine)
[24,25,26,27,28,29,30,31,32,33,34,35,36,37]
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3.2.2. Scroll Shoulder
Scrolls are the most commonly observed shoulder feature. The typical scrolled shoulder todiscoinaiglat
surface with a spiral channel cut from the edge of the shoulder towarddinére (Image3.1). The channels direct
deformed material from the edge of the shoulder to the pin, thus eliminating the need to tilt the tool. Removing
the tool tilt amplified the friction stirring machine design and allowed for the production of complicated nonlinear
weld patterns. Concave shoulder tools also have a tendency to lift away fromadhepiecesurface when the
tool travel speed is increased. Replacing ttoncave shoulder with a scrolled shoulder reduces the tool lift and
increases the welding speed. An additional advantage of the scrolled shoulder tool is elimination of the undercu
produced by the concave tool and a corresponding reduction in flash, Bdsause the tool is normal to theork
piece the normal forces are lower than concave shoulder tools, which must apply load in both the normal and
transverse directions to keep the shoulder in sufficient contact. In addition, the material within tmels is
continually sheared from the plate surface, thereby increasing the deformation and frictional heating at the
surface[39]. Scrolled shoulder tools are operated with only 0.1 to 0.25 mm (0.004 to 0.01 in.) of the tool in contact
with the work piee; any additionaivork piececontact will produce significant amounts of flash. If the tool is too
high (insufficient contact), the shoulder will ride on a cushion of material that will smear across the joint line and
make a determination of weld qualityifficult [39]. Thus, use of the scrolled shoulder requires more positional
care than the concave shoulder. The limitatiafiscrolledshoulder tools include the inability to weld two plates
with different thicknesses, an inability to accommodate Yark piecethickness variation in the length of the
weld, and welding of complex curvatures (especially tight curvatures). Scrolled shoulder tools can weld two plate
of different thicknesses, but some amount of material from the thicker plate is expelle@ ifotin of flash.

Image3.1: Photograph of a scrolled shoulder tool and a truncated cone pin containing three flats

3.2.3. Convex Shoulder
Friction stir tool shoulders can also have a convex pr#Bet5,46,47. Early attempts at TWI to use a tool with
a convex shoulder were unsuccessful, because the convex shape pushed material away from the pin. The or
reported success with a smooth convex tool was with a 5 mm (0.2 in.) diameter shoulder tool that fitiction s
welded 0.4 mm (0.015 in.) she@t5]. Convex shoulder tools for thicker material were only realized with the
addition of a scroll to the convex shap®-48]® [ A1 S GKS aONRffta 2y (GKS Tt
{ K2 dzf RS NEpter), the ser&llz én th®dohvex shoulders move material from the outside of the shoulder in
toward the pin. The advantage of the convex shape is that the outer edge of the tool need not be engaged witt
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the work piece so the shoulder can be engaged witte work pieceat any location along the convex surface.
Thus, a sound weld is produced when any part of the scroll is engaged withotikepiece moving material
toward the pin. This shoulder design allows for a larger flexibility in the contact areaéetihe shoulder and
work piece(amount of shoulder engagement can change without any loss of weld quality), improves the joint
mismatch tolerance, increases the ease of joining diffetbitknesswork pieces and improves the ability to
weld complex curatures. The profile of the convex shoulder can be either tapgdé49] or curved[38-48]
(Image 3.2

(b)

Image 3.2Depictions of the convex shoulder haveither (a) curved or (b) tapered geometries

3.3. Pin Designs
Friction stirring pins produce deformational and frictional heating to the joint surfaces. The pin is designed to
disrupt the faying, or contacting, surfaces of therk piece shear material in fronvf the tool, and move material
behind the tool. In addition, the depth of deformation and tool travel speed are governed by the pin design. The
focus of this section is to illustrate the different pin designs found in the open literature, includindémesfits
and drawbacks. In addition to the pins presented in this section, many other viable pin designs are containet
within patent or patent application documents that are not contained within the known literg@8¢ The reader
is encouraged to seardime patent literature for additional information about pins not contained within this
chapter.
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3.3.1. RoundBottom Cylindrical Pin
The pin cited in the original FSW patg@8] consists of a cylindrical thrdad pin with a round bottom (Image
3.3). This pi design was achieved during the TWI greppnsoed project number 565%and is commonly
referred to as the 5651 tool in the friction stir community. Threads are used to transport material from the
shoulder down to the bottom of the pin; for example, aadwise tool rotation requiredeft-handedthreads. A
round or domed end to thein tool reduces the tool wear upon plungiagd improves the quality of the weld
root directly underneath the bottom of the pin. Theest dome radius was specified as%%of he pin diameter.
It was claimed that as the donradius decreased (up to a flabttom tool), ahigher probability of pooquality
weld wasencountered, especially directly below the pin. The versatility of the cylindricalgsign is that the pin
lengthand diametercalNB I RAf & 65 | f (i $ieeBsH50]ikifomactiming a iadius at theibBtiodn of
the threadswill increase tool life by eliminating stress concentratiahghe root of the threads.

2 mm

Image 3.3Photograph of a concawhoulder with a roundbottom pin

3.3.2. FlatBottom CylindricalPin
Contrary to the statements made in the previous section about the negative aspects of thetftan cylindrical
pin (Image 34), the flatbottom pin design is currently the most commonly used pin degigh5152,
53,54,5556,57,58,59] Changing from a roundottom to a flatbottom pin is attributed to a geometrical
argument The surface velocity of a rotating cylinder increases fzero at the center of the cylinder to a
maximum value at the edge of the cylinder. The local surface velocity coupled with the friction coefficient between
the pin and the metal dictates the deformation during friction stirring. The lowest point ofl#tdoottom pin
tilted to a small angle to the normal axis is the edge of the pin, where the surface velocity is the HdB8st (
a). In contrast, the lowest point of a rourdzbttom pin is not far from the center of the pin exhibiting a slower
surfacevelocity E1G3.1 b). The surface velocities at the lowest points of-Battom and roundbottom pins are
compared in Table 3,lassuming a 3° tool tilt, 5 mm (0.2 in.) diameter pin, and a 3.8 mm (0.15 in.)-bmdizen
pin radius. A larger roundottom pin radius will reduce the velocity differential, while a smaller pin radius will
increase the velocity differential. For this example, thelfflattom pin has a surface velocity 27.9 times the round
bottom pin. The increased surface velocity at the bottofrthe pin would increase the throwing power of the
pin, or the ability of the pin to affect metal below the end of the pin. In addition, thebitdtom pin is easier to
machine, and the defects mentioned in the previous section can be eliminated wittcttool parameters and
sufficient forging load.
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Image 34: Photograph of a flabottom pin

(@) Calibration point (b) Calibration point

FIG. 3.1Geometry usedo compare surface velocities at calibration point for (a)-Hattom and (b) round
bottom pins. Source: Ref 86
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Surface velocities, cm + min—1

Tool rpm Flat-bottom pin Round-bottom pin

200 314 11
400 628 22
600 042 34

Table3.1: Calculated surface \@cities of lowest pin location

3.3.3. Truncated Cone Pin

Cylindrical pins were found to be sufficient fduminiumplate up to 12 mm (0.5 in.) thick, but researchers
wanted to friction stir weld thicker plates at faster travel speeds. A simple modification of a cyiruirids

a truncated cone [444-60] (Image 3.%. Truncated cone pins have lowteansverse loads (when compared

to a cylindrical pin), and the largest moment load on a truncated cone is at the base of the cone, where it i
the strongest. A variation of the truncated cone pin is the stepped spiralmpige3.6), a design developed

for hightemperature material§33,61,62,63,64,65]During the friction stir processing (FSP) eANbronze,

a threaded profile distorted, and threadless tools did not produce sufficient material flow to obtain 6 mm
(0.25 in.) deep deformation regions. Tuthe stepped spiral tool was designed with robfesitures that
survived the 1000 °C (1830 °F) temperatures. The stepped spiral has a square edge and never forms a rec
between a step and the following step. Also, the stepped spiral profile can badynato ceramic tools, where
threaded features are not possible. Thus, some PCBN tools contain a stepped spiral pin that increases tt
volume of material deformed by the p[A8, 64, 66.
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2mm

Image 3.5 Truncated cone pin ancbnvex shoulder friction stir welding tool

-~ 12mm

 ——

28.6 mm

=
Image 3.6 Photograph of a stepped spiral pin

3.3.4. Addition of Machined Flats on Pins

Thomas et al38] found that the addition oflat areas to a pichangesnaterial movement around a pin. The
effect of adding flat regions is to locally increase ttheformation of the plasticized material by actiag
GLI RRf Saé¢ | yR LINEfBvpDtheypBstidizédOraterial iGihghnd2m8 Picken§d1] used
25.4 mm (1 in.) thick083H131 to demonstratehat a reduction intransverse forces and tool torque was
directly proportional to the number of flats placed ontrmincated cone (up to four flats). RecentBettler et
al. [43] have examined the FSB¥ 4 mm (0.16 in.) thick 2028351 and 6056T4 Alalloys as a function of FSW
tool parametersfor three different pin designs: a nethreadedtruncated cone pin, a threadettuncated
cone pin, and a threaded truncatedne pin with flatsWelding trials quicklghowed that the northreaded
pin producedvoids, while the two threadegins (with andwithout flats) produced fully consolidated friction
stir welds. Adding the flats washown toincrease the weld nugget area and therk piecetemperature

measured at the platenid-thickness12.3 mm (0.5 in.) from the jointentrelinewhen compared to the pin
without flats.
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3.3.5. Whorl Pin

The next evolution in pidesign is the Whorl pin developed by Ti&8,69] TheWhorl pin reduces the
displacedvolume of a cylindrical pin of the same diameby 60 %. Reducing the displaced volume also
decreases the traverse loads, which enalfi@ster tool travel speeds. The key differenbetween the
truncated cone pin and the Whapin is the design of the helical ridge on the pin surface. In the cafe of
Whorl pin, the helical ridge is more than an external thread, but the helical ridge acts as an auger, producing
a clear downward movement. Variations of the Whorl pin include circular, oval, flattened;emtrant pin

cross sectiondrhage 3.7[69]. The significant advantage of the Whorl pin is the ratio of the volume swept by
the pin to the pin volume. Cylindrical pins have a ratio of 1.1 to 1, while the Whorl pin has a 1.8 to 1 ratio
(when welding 25 mm, or 1 in., thick plate).

Progressive
change in
pitch and angle

@) (b) (©) (d) (€)

Image 3.7 Schematics of the Whorl pin variations. (a) @tsped probe. (b) Paddkhaped probe. (c) Three
flat-sided probe. (d) Thresided re-entrant probe. (e) Changing spiral form and flared prgbe]

3.3.6. MX Triflute Pin

The MX Triflute pin (TWI) is a further refinement of the Whorl pivage 3.8[68,69] In addition to the helical
ridge, the MX Triflute pin contains three flutes doto the helical ridge. The flutes reduce the displaced
volume of a cylindrical pin by P8 and supply additional deformation at the weld line. Additionally, the MX
Triflute pin has a pin volume swept to pin volume ratio of 2.6 to 1 (when welding 25 rokytaite). Published
examples using Triflutgype pins include FSW 5 mm (0.2 in.) thick 525F@land up to 50 mm (2 in.) thick
copper. Cederqvigl 1] cited that changing to an MX Triflute increased the tool travel speed by 2.5 times over
the previoustool design. In addition to welding thiedection copper, the MX Triflute has shown promise for
thick-section aluminium alloys. Ma et 4F2] used the FSP of cast A356 Al to demonstrate that a modified
Triflute pin (cylindrical pin with three flutes) isome effective in breaking up silicon particles and healing
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Three flutes

Left-hand helix on

outer diameter lands -

Exampie of helix

Not to scale showing well-radiused
cormers

Image 3.8 Schematic of MX Triflute pifB9]

3.3.7. Trivex Pin

Twao-dimensional (2D) computational fluid dynamics simulations were used to examine material flow around
a series of pinlesigng72-73)]. The simulations usesghovalslip model on the 2D pin profiles to establish the
profile that produced the minimum traverse force. The optimé&D 2in profile was used to produce two
versions: the featureless Trivex pin (TWI) and the aleel MXTrivex pin (TWIi)lfhage 3.9. Friction stir
welding experiments of 6.35 mm (0.25 in.) thick 7073851 Al demonstrated that the Trivex altK-Trivex

pin produced arl8 to 25% reductiomf traversing forces and a 2@ reduction irforging (normal) drces in
comparison to an MXriflute pin of comparable dimensiofig3-74]. In addition, both theTrivex and Triflute
tools produced friction stir welds with comparable tensile strengths.

Image 3.9 Photos showing details of Trivex alkK Trivex pins. Scale isnmllimetres
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3.3.8. Threadles<in

Threadless pinare useful in specific FSW applications where thread features would not survive without
fracture or severe wear. Tools operating under aggressive environments (high temperaturelpabigisive
composite alloys) cannot retain threaded tool features without excessive pin wear; pins for these conditions
typically consist of simple designs with robust features. For example, early PCBN pins designed to friction si
weld stainless steelsonsisted of a truncated cone with three flats at the timgge 3.10. Also, Loftus et al.

used a featureless cylindrical pin to friction stir weld 1.2 mm (0.05 in.) thick beta 21S Ti. Tools used to frictiol
stir weld thin sheet commonly have fine pinghwiittle surface area for features. The addition of any threads
would severely weaken the pin, causing premature pin failuresTthin sheet, for example, Omm (0.015

in.) thick Mg AZ3]45] is commonly friction stir welded with threadless tools. Tddkess pins have also been
used to purposely produce defective weld9] and to study material floyj43].

Image 3.10 Example of a threadless pin tool. Polycrystalline cubic boron nitride pin tobltiriee flats at
pin tip.

3.3.9. Retractable Pins

The retractable pin tool (RPT) consisted of an actuated pin within a rotating shqétdé6] to allow pin
length adjustment during FSWIG 3.2). The normal operational mode for these tools was to retract the pin
at a prescribed rate as the tool trave forward. This allowed the closure of exit hole in circumferential
friction stir welds.Also, pin lengths could be adjusted to ensure full penetration weldsgoirk pieceswith
known thickness variations.

Pin Shoulder Pin movement

¥ ¥ -

S 2

Region of deformation

Direction of tool travel
FIG. 3.2Example of the retractable piool technology, where the pin is fully withdrawn into the shoulder (from
left to right), thereby eliminating the exit hole (as shown by the region of deformation)
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4. Theoritical Methodology

An analytical model for heat generation foigtion stir wdding, based on different assumptions of the
contact conditions between the rotating tool surface and the weld piece is established. The material flow and
heat generation are characterized by the contact conditions at the interface, and arébelbsas sliding,
sticking or partial sliding/sticking.

A schematic representation of theet-up is illustrated in FI(4.1, FIG. £ shows asimplified tool design In

this process, two tool surfaces are needed to perform the heatinganidgj processes in the friction

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

surface is where the work pieces are joined together and only a fraction of the total heat is generated. Seconc
the shoulder confines the underlying material so void formation and porosity behind the probe are
prevented. The conical tool shoulder helps establish a pressure under the shoulder, but also acts

an escape volume for theaterial displaced by the probe during the plunge actidG(4.1

Rotatlon

I
] Advancing
F’Iunge
Traverse &
-—
Sy S S S leading Irailing
S - Weld scar

| Retrecting

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

FUIRY

Wi
WY

pmmTrT T T T T T

FIG. 4.2Side view of the FSW tool showing the conical shoulder cap and threaded probe

45



5. Standard Friction Stir Welding: Design aBaperimentation

5.1. Analyticd Estimation of Heat Generation

Three different analytical estimations are made, all of which are based on a general assumption
uniform contact shear stress and furtherstinguished by assuming contact a specific contact condition. In
the first estimation, a sticking interface conditioph £ 1) is assumed and in the second estimation a pure
sliding ¢ = 0) interface described by a Coulomb friction condition is assumettel case of the sticking
condition, the shearing is assumed to occur in a layer very close to the interface and in the sliding conditior
the shear is assumed to take place at the contact interface. The third estimation is used in the case where th
partial sliding/sticking condition is assumed.

I I probe
-
|

Q1 Shoulder
cone angle
Q-

L

Q 3_ R"_)FOL‘E:.'

-
Rsh-:uulc.'er

FIG. 5.1Heat generation contribuibns in analyticagstimates 78]

During the FSW process, heat is generated at or ¢lmske contact surfaces, whidhave complex geometries
according to the toajeometry FIG. 5.}, but for the analytical estimation, a simplified tool design with a conical
shoulder surface, a vertical cylindrical probe side surface and a horizontal (flat) probe tip surface is assume
The conical shoulder surface c¢haracterized by the cone angle which in the case of a flat shoulder, is
zero. The simplified tool desigis presentedn figure6, where0 the heat isgenerated under the tool shoulder,

0 atthe tool probe side andd at the tool prabe tip, hence the total heat gemation,0 0 0 0
Following are the equations of the heat geated by all the parts of tool:

Heat generation from the shoulder:
The shoulder surface of a modern FSW tool is in most cases concave or conically shaped. The pury
of this geometric feature is to act as an escape volume as the probe is submerged into the matrix durin
the plunge operation, secoadly enhancing the extrusion and consolidation of the material during the
weld operation.

Z =|V|u<>l-.>

L m, m
rv OW.. 1 <«F» WpNp
-
L =|v|n<>l-. . +
rv _(DZ-,r . 4 - 4=

(5.1)
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5.1.1.HeatGeneration from he Probe
The probe is simplified to a cylindrical surface with a radis of and a probe heightO
The heat generated from the probe consiefswo contributions; 0 from the side surface and0  from

the tip surface.

Tambo
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(5.3

The three contributions are combined to get the totablhgeneration estimate}
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5.1.2.ShearStress or Sticking Condition

If the sticking interface condition is assumed, the matrix closest to the tool surface sticks to it. The layer
between the stationary material points and the material moving with the tool has to accommodate the

velocity difference by shearing. The yieléahstress  is estimated tdaem—_, where ,, is the weld

material yieldstress. This result is readily obtained by comparing von Mises yield criterion in uniaxia

tension and pure shear. The contact shear stlisghen

0 gum

e Wat vz

(-9
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The vyield stress is independent of pressure, but highly temperature dependent. If the same shear yie
stress is applied all over the interface, tagsumption of an isothermahterface follows This gives a modified
expression off.6), assuming the stickingpndition

A, s _gm =| - |
” N . m v onEg»
vl . ¢7f—— 0 ——— - <F» — .

(56)

5.1.3.ShearStress or Sliding Conditio

Assuming friction interface conditions where the tool surface and weld material are sliding agains
each other, the frictional shear stresstis introduced in thegeneral friction equation (507 ® [ 2 dzf 2
friction law describes the shear stress the critical friction stress necessary for a sliding condition as

Vritao W, . +Hz HA

(5.7
Where' is the friction coefficient, antl and , arethe contactpressures. Thus, for the
Slidingcondition, the total heat generation is given by
[ | [ | [ |
o o mH
Fve pmmm «=2HD 1rpoemar® <k - -1
(5.9

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

ke, |%|fv<+. frlos®ar 2 by 7 lrloe®ar B <is
! - (5.9
Lo yama ri?:+. - I7 1rpetas B <F» - - I
(5.10
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(5.11)

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

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

Tool probe height,h 4mm 0,004m

Tool shouldecone angle 6 0

Friction Coefficient M 0,6 Static Condition
Friction Coefficient M 0,4 Sliding Condition
Friction shear stress Hp

Contact shear stress _cont 345MPa

Yield stress “yield 283MPa

Table5.1: Analytical estimation of heat generatidor the Standard Tool

Tool Angular Speed Rotational Speed
. (rad/s) N (tpm)
. S 83.80 rad/s 800rpm
o 130.89 rad/s 1250rpm
S0 167.55 rad/s 1600rpm
. 209.44 rad/s 2000rpm

Tables.2: Tool Angular Rotational Speed and Rotati@ed for the Standard Tool

The tool shoulder that of which is 1@m. all of the shoulders are in millimetres. The scroll 2 spirals start at 180
degrees apart, the spiral is ckagise from the outer diameter to the inner diameter with a plunge of @, and

the shoulder radius being 0.04/10m (Drw.5.1) .The Bim removable pin with equidistant position i.e. at 120,240
and 360 degrees. Flats are out to a depth ofrrd perpendicular to the 10 degree taper pin with the tool probe
radius being 0.004n probe(Drw.5.9
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On substituting known values of the parameters, tool dimension, and all other values in derived equations, the
heat generation values are as follows:

i) Heat Generation from thet®ulder: from equation 51 the \alues are

a) For tool angular rotational spegds= 83.80 rad/s = 80fpm

5 G et drlosmas?

0 We
o C S P
. ¢ . T8t ¢ T8t T e
U] — ot v T —_— 0 WE
5 g & c c P
. Qo g T8y
V] — oT VL T L1
5 Y a c c P
0 =u @ CQw
b) For tool angular rotational speed = 130.89 rad/s = 125@m
5 S et Y ’ 0 GyE
0 01 c p W
. T8I ¢ T3t T Y e
) - Y otupoyFWw — — p O WE
S S
5 2 ortu ot ® e mny
o P S S
0 =y ® CQw
¢) For tool angular rotational speed = 167.55 rad/s = 160Gpm
. c + Y o &y
0 pl c P we
~ q T8 T P -
] - Y oTup O L — 0 WE
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d) For tool angular rotational speged = 209.44 rad/s = 200(pm

500G et Y 2 o iyt
o C q P
. ¢ T3t G T3t 1T Y -
0 — oTuLvg MT —— e 0 WE
o q
. T3t T8 Tt
0 S 0T LG T&T S v p T
o q
0 =141.64Qw
0 (E7) N pm) 1 (rad/s)
56.62 800 83.8
88.52 1250 130.89
113.31 1600 167.55
141.64 2000 209.44

Table 5.1Heat Generation from the Shouldetith reference to angular rotation.

i) Heat Generation from the probe side surface and the probe fippm equation 5.2 and.B the values are

a) For tool angular rotational speeds= 83.80 rad/s = 80fpm

5 at 2ap ode
C P C
. T8t 1 Y !
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b) For tool angular rotational speed = 130.89 rad/s = 125@m

5 a1t Zap ode
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c¢) For tool angular rotational spd] = 167.55 rad/s = 160(pm
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d) For tool angular rotational spegdj = 209.44 rad/s = 200(pm

5 a1 2ap ods
C P C
C “ OTULC T80T —wT[&iIT[Tp (‘)C()&Té
Ty
¢ “ OoT1TUuLg 8T TInyp T
0 ¢ @ UQw
. Q
L') S-I 13 T —
o q
- 11
0 - Y 071 UuC T8t T v
0 o XQo
0 (E7 N (rpm) 1 (rad/s)
3.87 800 83.8
6.05 1250 130.89
7.75 1600 167.55
9.64 2000 209.44
0 (ED 1 (rpm) 1 (rad/s)
11.63 800 83.8
18.16 1250 130.89
23.24 1600 167.55
29.05 2000 209.44
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iii) Total Heat Generatedfrom equation5.4 the values are

a) For tool angular rotational spegd s= 83.80 rad/s = 80fpm

0 o®X p@O L@C

0 = 72.62kW

b) For tool angular rotational speedi = 130.89 rad/s = 125(m

0 oYX pPBHO PP ¢

0 =110.55 kW

¢) For tool angular rotational spegdi = 167.55 rad/s = 160pm

0 XL C&T ppdyp

0 =144.3 kKW

d) For tool angular rotational spegdj = 209.44 rad/s = 200pm

L WX C@UV PTPT

0 =180.36 kW
0 (kW) N (rpm) 1 (rad/s)
72.12 800 83.8
110.55 1250 130.89
144.3 1600 167.55
180.36 2000 209.44

Table 5.3Total Heat Generation
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iv) For Sticking Condition Heat Generateflom equation 56 the values are

a) For tool angular rotational spegds= 83.80 rad/s = 80fpm

T C “ ” _| Y (‘:)(I)|é ,Q 'Q 'Q
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b) For tool angular rotational speedi = 130.89 rad/s = 125@m
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c) For tool angular rotational speedi = 167.55 rad/s = 160(m

o S X o ¢ 2
Vio q P S
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— — P OF L WHE — T
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0
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d) For tool angular rotational spegdj = 209.44 rad/s = 200(pm
- S « » : Y o Gk Q Qg
0 — — — — o —
Vo C P G G
G LYy ipg TETmY TS TT ) TS TT )
- —  C T&t p O WK S S
o Vo S S C
TBITTT
0
G LYY pC TEATMY TS TT Y TS TT Y
— — ¢ Ti&ot — — — —
o Vo C C S C
TBITT
0 = 301.22kW

57



v) ForSliding Condition Heat Generatedfom equation 57 the values are

a) For tool angular rotational speedsw83.80 rad/s = 80fpm
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b) For tool angular rotational speed w 130.89 rad/s = 125@m
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0 =191.01 kW
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c¢) For tool angular rotational speed w 167.55 rad/s = 160(pm

ol C “ "] —| ’Q bdjé 'Q 'Q
0 —  EE— — — o —
o q S P S
0
¢ Gt & U T8I P ¢ B T Y 6 ire B T Y on&rntp
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BT T T
0
c G1Tu & U T8I p C T8 1T - B T Y 0T[8IT[!.|J
o Pe S S P S S
T8t mt
1 =244.52 kW
e) For tool angular rotational speedjw 209.44 rad/s = 200(p»m
0 S v 1 M 2 0 WE 2 o 2 Q
o C S P S S
0
T8t T T8t Tt T8t T
S o 0T U ¢ M&0T ™Pps _UJ p O WE —Lp —Lp
o S q q
T8t T
0
¢ T8I P C T8t 1T B T Y T8 T Y
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o S S S S
T8t T
0 =305 kW
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Based on the heat generated from independenntact conditions, contributions from different surfaces
compared to the total heat generated are as follows
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Percentage of heat with regard the percentage of heat generated by probe tip regtard to total heat
generated46 % and for the rest are show in table, percentage of probe side with respect to totaPtsahd
shoulder =78 %

This indicates that, for the specific tool geometry, the tool shoulder contributes major fraction of heat
generation whereas the prebtip heat generation is negligible as compared to that of total heat generated.

5.3. Heat Generation Summary of Calculations

5.3.1.Heat Generation from the Shoulder
The heat generation from a tool shoulder is explained inagign (51). As indicated in equ#on (5.1): 0 is the
heat generation of the tool shoulder which is determined by the angular rotational speedhge contact shear
stress of the material [AI20223] (. . J41hg shoulder radius] y |- o = Mg probe radiusd _, . }as well as
the shoulders cone angle J.Equation (5L) is used in this study to determine heat generation from a tool shoulder
with four different rotational speeds, formulating to the following values: the speed of@®0resulted t056.62
E 7, 1250rpm generated88.52E 7, 1600rpm went up to113.31E 7and lastly 2000pm generated 141.64& 7.
Rotational speed per minute vs. Heat generation from the shoulder represents the analytical analysed increase
speed of the tool shoulder which increasthe heat generation on the supporting axis: Y: ROTATIONAL SPEEL
(rpm) and X: HEAT GENERATION FROM THE SHGUDDERlicating the TOOL ANGULAR ROTATIONAL SPEEI
(rpm) (Graph5.1)

5.3.2.Heat Generation from the Probe Side Surface and the Probe Tip
Heatgeneration from the Probe Side Surface and the Prhibds explained in equation (5.2) and equatior8)5
As indicated ifboth equations, starting with (2) |'f_,represents the heat generation from the side of the probe,
which is determined by the tdgorobe height{ _,.. ), fhe tool angular rotational speeq §, the contact shear
stress of the material (Al20283), the tool probe radius-l —>: ) £33) where |'f_xepresents heat generation
from the tip of the probethe contact sheartsess of the material [AI20243] {AC. . JEguation (5.2) and (8)
is used in this study to determine the heat generation from the probe side surface and the probe tip with four
different rotational speeds. This process formulated as follows808irpm the probe side generated 11.637
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and probe tip 37E 7. 1250rpm resulted to probe side surfacé8116E 7 and probe pin at 6.0k 7. At 1600

rpm the probe side surface went up to 23.247 and the probe pin t@.75E 7, and lastly the speed of 200pm
generated athe probe side surface at 29.857 and the probe pin at 9.6¢ 7.(Graph.5.2) Rotational speeds per
minute vs. from the probe side surface represent the precise speed of the probe side surface against the hee
generation on the supportingxis: Y: ROTATIONAL SPEiR) and X: HEAT GENERATION FROM THE PROBE SIL
SURFACIEE (7), N representing the TOOL ANGULAR ROTATIONAL SREEBraph. 3 Rotational speed per
minute vs. from the probe pin represents the accurate analysed increased spdeglprobe pin which increases

the heat generation on the supporting axis: Y: ROTATIONAL SPEEBNM X: HEAT GENERATION FROM THE
PROBE PIK (7), N indicating the TOOL ANGULAR ROTATIONAL SREED (

5.3.3.Total Heat Generation
After formulating these threequations (Q1Q2, Q3 a total will sunup the total heat generation (8) [the tool
shoulder, the probe side surface and the probe pin] as is indicated in the equation \}H’f@the heat generation
which is determined by the tool angular rotation spegd), contact shear stress of the material [AI2023]
(WC. . <& thg shoulders cone angle X, the tool probe radius=| —»: }@nd the tool probe heighty(_,. } JThe
totals are as follows: the speed of 800m generated72.12E 7. 1250 rpm generated110.55E 7. 1600rpm
resulted to #4.3E 7and 2000rpm generated B0.36E 7.

Graph.5.4 Rotational speed per minute vs. from the total heat generation represent the total analysed speed
against the heat generation on the supporting axiROTATIONAL SPERD) and X: TOTAL HEAT GENERATION
and N indicating the TOOL ANGULAR ROTATIONAL I®REED (

Three cases for thigarametric study are considered:
(1) The tool shoulder

(2) Theprobe side surface and

(3) Theprobe pin.

All 3 of these cases for Al2028 had a speed variation between 8G8n and 2000rpm. The tools rotational
speeds where chosen as such that the obtained work piece heat generation was accurate for a good weld.
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5.4. Standard tool SOLIDWORKS Design
SOLIDWORKS is solid modelling CAD (comaigted design) software that runs on Microsoft Windows and is
produced by Dassault Systemes SOLIDWORKS Corp., a subsidiary of Dassault Systemes, S. A. (Vélizy, Fi
SOLIDWORKS is currently used by over 2mdhgineers 3] and designers at more than 165,000 companies
worldwide. SOLIDWORKS is a Parasal&d solid modeller, and utilizes a parametric featbased approach to
create models and assemblies. Parameters refer to constraints whose values deténmshape or geometry of
the model or assembly. Parameters can be either numeric parameters, such as line lengths or circle diameters,
geometric parameters, such as tangent, parallel, concentric, horizontal or vertical, etc. Numeric parameters cal
be associated with each other through the use of relations, which allow them to capture design intent. Design
intent is how the creator of the part wants it to respond to changes and updates. For example, you would want
the hole at the top of a beverage caa stay at the top surface, regardless of the height or size of the can.
SOLIDWORKS allows the user to specify that the hole is a feature on the top surface, and will then honour the
design intent no matter what height they later assign to the daaatues refer to the building blocks of the part.
They are the shapes and operations that construct the part. Shaped features typically begin with a 2D or 3D
sketch of shapes such as bosses, holes, slots, etc. This shape is then extruded or cut temddenraterial
from the part. Operatiorbased features are not sketdlased, and include features such as fillets, chamfers,
shells, applying draft to the faces of a part, etc.

A friction stir welding work bench was design to show-@ dew for a standat tool (Drw5.3) A friction stir
welding work bench is design sthow viewsn both 2D and 3D presentations Drw5.4).For friction stir welding
tool, where Ds is the tool shoulder and Dp is the tool pin is iDad@sign (Dn.5).
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Drw. 5.3: Friction Stir Welding Workbench desjdoslu, M.Y (2014, Workbench Design, University of the
Withwatersrang

Aluminium plate length, A (As seen on &t®)
Aluminium plate width, D (As seen on d&\8)
Aluminium plate thickness, t (As seen on 8r8)
Workbench clamps distance, M (As seen on5i8)v
Workbench length, B (As seen on &t8)
Workbenchwidth, F(As seen on dria3)
Workbench thickness, C (As seen onsi8y

Workbench backing plate width, E (As seen onsdisjv
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Drw.5. 4: Friction StitWelding Workbench design vieywdJslu, M.Y. (2014), Friction Stir Welding Workbench
design views, University of the Withwatersrand]
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Drw. 5.5: Friction Stir Welding Todl Uslu, M.Y. (2014), Friction Stir Welding Tool, University of the
Withwatersrand]
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5.5. Standard Tool: Mode Frontier Simulation

Mode Frontier 4.3.1 b20113011 software was ug&dhis design project (Imageh.ModeFrontiers a mult
objective optimization and design environment, written to couple CAD/computer aided engineering (CAE)
tools, finite element structural analysis and computational fluid dynamics (CFD) software. It is developed by
'ESTECO SpA' and provides arnreninent for product engineers and designeévtodeFrontieris a GUI driven
software written in Java that wraps around the CAE tool, performing the optimization by modifying the value
assigned to the input variables, and analysing the outputs as they catefboeed as objectives and/or
constraints of the design problem. The logic of the optimization loop can be set up in a graphical way, buildin
up a "workflow" structure by means of interconnected nodes. Serial and parallel connections and conditional
switches are availabléVlodeFrontierbuilds automatic chains and steers many different external application
programs using scripting (DOS script, UNIX shell, Python programming language, Visual Basic, JavaScript,
ModeFrontierincludes design of experimen(®OE), optimization algorithms and robust design tools, that
can be combined and blended to build up the most efficient strategy to solve complexdisaiplinary
problems. Different strategies are available, including random generator sequences, IFdctori5 2 9 Q
Orthogonal and lterative Techniques, as like a®flimal or Cross Validation. Monte Carlo and Latin
hypercube are available for robustness analysis .When you staNltteFrontiersystem, the GUI switches
automatically to the Workflow desktoprou can make it active by clicking on the corresponding tab, or
selecting Project Work Flow from the main menu. In order to setup the optimization problem, you need to
define the entities involved, such as Input Variables, Output Variables, Design @gjeatid Design
Constraint, as well as the application script to calculate mathematical expressions: in other words, all the
entities defining the stream of data from the input to the output end of the system considered, which make
up the secalled data flowIn addition to this, you have to define the complete sequence of all the logic events
that let the ModeFrontiersolve the cone optimization problem, including application scripts as well as the
optimization strategy to be applied:

modeFRONTIER

£ General Info | =i Environment: | ;7 Active Licenses [1f, Integration Nodes [y Charts Pluglns

modeFRONTIER Version modeFRONTIER 4.3.1 b20110301
Host Name ADDOGO181

Host IP Address 10.0.0.104

Operating System Windows 7 6.1 amd64

Local Language en

Local Country A

Java (SDK/IRE) Version 1.6.0_19

Data Model 64

Java Home C:\Program Files\ES TECO\modeFRONTIER431\jre
User Name DF010008

Working Directory C:\Program Files\ES TECO\modeFRONTIER431
User Home D:\Users\DFO10908

Preferences Home D:\Users\DFO10908Y.modeFRONTIER\4\prefs
Java2D No Draw nul

Java2D D3D false
Java2D DD Offscreen  null
Java2D DD Scale nul
Java2D DD Lock nul
Class Path C:\Program Files\ES TECO\modeFROMTIER4 31\ classes\frontier\frontier.jar

C:\Program Files\ES TECO\modeFRONTIER431\jre\bin;.; C:\WINDOWS\Sun\Java\bin; C:\WINDOWS\system32; C:\WINDOWS; C:\Program Files (x86)\Common Files\Siemens\Sqlany;C:\Program Files
(x86)\Siemens\Step7\57bin;C:\Program Files\Common Files\Siemens\Automation\Simatic OAM\bin;C:\Program Files\Broadcom)\Broadcom
802.11;;C:\app\Administrator\product\11.1.0\client_13bin;C:\WINDOWS\system32; C:\WINDOWS; C:\WINDOWS\ System32\ Whem; C:\WIND OWS\System3 2\ WindowsPowerShellvi.0\;C:\Program Files
(x86)\D¥X05\bin;C:\Program Files (x86)\Enterprise Vault\EVClient\;C:\Program Files (x86)\PKWARE\pkzipc

Java Library Path

Image 5.1 Mode Frontier 4.3.1 b20113011 software was used for this design project
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Input Data, Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet file name
mehmet deneme .xlsris used in Mode Frontier for this Design Project: Sincédn emenponent defining the
Workflow is represented by a specific node which can be linked to other nodes, a proper node from the available
Node Library toolbar or, alternatively, chosen by using the Workflow Nodes paisgethown all the input data
output data and boundary variables in a Microsoft Excel workbook. The excel work books is used so that thi
equation for the rotational speed along with the heat generation is calculated where the results will be used in
ModeFrontierto assist in the design (Ima§.2).Once a Workflow Plan created by Mode Frontier Project as shown
in deneme04.prj also includes DOE (Design of Experiments) and DOE Sequence, as well as indicating Ing
Variables, Output Variables, Design Objectives + Gradients, Microsoft Excebdkoakial Logic End(Imag8).A
workflow plan is created using a DoE (Design of Experiments) and a DOE Sequence on a new Overlook. Once
is open workflow nodes can be added on. Variable nodes which are the input nodes and the output nodes ar
used. Workiow nodes such as the schedulers, the logic switch and logic end is used. An application node is use
for excel. A goal node which is the design objective+gradient node. Mode Frontier Input and Output Data is
connected to Microsoft Excel Workbook (Imafel) .Excel workbook properties are used for basic node
configuration where an Excel Workbook is selected (Inge@)e Once selected the input and out data is connected
from the chosen Excel workbook. An Interactive Selection used between Mode Frdetiene04.prjand
Microsoft Excel Workbooknehmet deneme .xlIsio determine Excel Workbook Properties for Mode Frontier
(Imageb.5) An interactive selection allows each input and output node to be configured in accordance to the Exce
workbook. Where each vatie is interactively selected to complete the work plan.
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Image5.2: Input Data,Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet
file name:mehmet deneme .xlIstis used in Mode Frontier for this Design Project
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Image5.3: Workflow Plan created oklode FrontierProjectas shown ideneme04.prjalso includes DOE (Design
of Experiments) and DOE Sequence, as well as indicating Input Variables, Output Variables , Design Objective
Gradients, Microsoft Excel Workbook and Logic End
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Image5.4: Mode Frontier Input and Output Datas connected to Microsoft Excel Workbook as shown above
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Image5.5: Interactive Selection used between Mode Frondeneme04.prand Microsoft ExcalVorkbook:
mehmet deneme .xlIsto determine Excel Workbook Properties for Mode Frontier
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5.5.1.Boundaries Standard Tool Design
A standard tool contact stress as an input variable for AlZD24where the value i845MPa and the variable
type is constant.(As recorded on the aerospace specification metals/ASNBse variables are chosen by
ModeFrontier (Imagé.6). Rotational speed is a variable value between 50 and 3000. 3000 been the maximum
speed used in thidesign &s demonstrated in théabexperiment Telco 17.04.201@mage5.7). An optimal ratio
of shoulder diameter to pin diameter is suggested to assist with a tool designvieow ratio (2.5:1 and 1.6:1)
is dependent on the aluminium alloy composition and only is appliegirton (0.24 in) thick plate. As the work
piece thickness increases, the thermal input from the shoulder decreases, the pin then must supply more therme
energyIn reference with table 54 (Image5.8 &5.9).the tool shoulder cone angle with the variable type being
variable with thelower bound is 0.0degrees angbper bound at 90.0 degreekieight probe(Image 50} is used
in accordance to the design of the shoulder tooleference with ColligarXu and Pickens, on the use of practise
metal where the demonstrationfoa reduction in transverse forcedhe tool toque is directly proportionated to
the numbers of flat place, a pin is the design of the helical ridge of the pin/probe height for both lower and upper
bounds)where the variable type being variable and the garproperties being upper bound 1.0 and the lower
bound being 20.0 (lage 5.1). Yield stresgariable isonstant and the valuB83VIPa. The range properties being
fixed (as recorded on the aerospace specification metals/ABMige 5.2).

Shoulder diameter Cylindrical pin diameter
mm in. mmn in. Shoulder-to-pin ratio Workpiece material and thickness, mm Ref
13 0.5 5 0.2 26:1 6061-T6 Al, 3 mm 9
20-30 0.8-1.2 8-12 0.3-0.5 25:1, 1.6:1 7050, 2195, 5083, 2024, 7075 Al, 6.35 mm 1
23 0.9 8.2 0.32 2.8:1 2024-T351 AL, 6.4 mm 20
20,16 08,06 6 0.24 313271 5083 and 6061 Al, 5.5 mm 21
12 0.5 4 0.16 3l 1050 Al and oxygen-free copper, 1.8 mm 23
254 1.0 187 0.31 322:1 T075-T7351 AL, 9.53 mm 24
23 0.9 84 0.33 271 2524-T351 Al, 6.4 mm 26
20 0.79 4 0.16 5: 6064 Al to carbon steel, 4.5 mm 54
23 0.9 8.2 032 281 2024-T351, 7 mm 72
10 04 i8 0.15 2.6:1 2095 Al, 1.63 mm 74
25 1.0 9 0.35 2.8:1 5251 Al 5 mm 101

Table 5.4Summary of friction stirring tool dimensions for a given workpiece material
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B, Input Variable Properties - 4.3.1 b20110301

= Input Variable Properties ]

Name cs .
#0.00002
[Constant -l
1345.0

= Range Properes

Loweer Bound 4.0 |Central Value 517.0 &

Upper Bound (10000 |Deka Value lag3.0

= Basa Properties

Base o

Step 0.0

Tolerance 0.0

Arrangement |[Ordered -

= MORDO Propertias

Distrbution [Nene x| Emoty Empty '

= Data Output Connector

[2] Excez:

[ OK ] [ Cancel ] Help ]

Image5.6 : Al2024T3 materialcontact shearstress345 MPa is chosen, where the variable type constant
hence the lower and upper bound is fixed

.. Input Variable Properties - 431 20110301 X
= Input Variable Propertias
Name N |
Description ROTATIONAL SPEED @'
Format 0.0000E0
Varable Type [Variable vl
[= Range Properties
Lower Bound 50.0 |Central Value 1525.0
Upper Bound 3000.0 Delta value 1475.0
= Base Properties
Base o
Step 0.0
Tolerance 0.0
Arrangement [Ordered =
E1 MORDO Properties
|| |Distrbution [one ] Empty [Empty
[z Data Output Connector
[2¢] Excet |
E 0K 1 [ Cancel ] [ Help ]

Imageb5.7: Rotational speed determined by lower and upper bound range properties, as shown in the input
variable node properties dialog.
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i, Input Variable Properties - 4.3.1 b20110301 — -
[= Input Varizble Properties
Hame Rp
Description PROBE RADIUS |
Farmat 0.0000ED
Varigble Type Variahle -
[= Range Properties
Lower Bound 4.0 Central Value 5.0
Upper Bound 6.0 Defta Value 1.0
= Base Properties
Base 0
Step 0.0
Tolerance 0.0
Arrangement |Ordered -
[= MORDO Properties
’ Distribution [None -] Empty [Empty |
[= Data Qutput Connector
[2¢] Excens | |
[ 0K | | Cancel ] | Help |

Image5.8: Probe Radius is determined by lower and upper bound range properties, as shown in the input

variable node properties dialog

i, Input Variable Properties - 4.3.1 b20110301 — — ——
[= Input Variable Properties
MNarme Rs
Description SHOULDER RADIUS &
Format 0.0000E0
Variable Type [Variable -
= Range Properties
Lowver Bound 10.0 Central Value 12.5
Upper Bound 15.0 Delta Value 2.5
T Base Properces
Base 0
Step 0.0
Tolerance 0.0
Arrangement |Ordered =
= MORDO Properties
' |Distribution [None -] Empty [Empty |
[= Data Output Connector
[2€] Excels |
£ 0K ] Cancel ] | Help |

Image5.9: Shoulder radius is determined by lower and upper bound range properties, as shown in the input

variable node properties dialog
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| i, Input Variable Properties - 4.3.1 b20110301

= Input Variable Properties
Mame a
IDescﬂ:rJon TOOL SHOULDER CONE ANGLE
Format 0.0000E0
\Variable Type Variable -
= Range Properties
Lower Bound 0.0 Central Value 45.0
:Upper Bound 190.0 Dela Value 45.0
=] Base Properties
Base ]
Step 0.0
:Talemnce 0.0
Arrangement Ordered —]
= MORDO Properties
|| [Distrbution [None =] Empty Empity |
= Data Output Connector
Exceld | |
1 o] | [ Cancel ] [ Help ]

Image5.10: Tool shoulder angle is determined by lower and upper bound range properties, as shown in the
input variabé node properties dialog

£ Input Variable Properties - 43.1 b20110301 - - ‘ . (e S
= Input Variable Properties
Name Hprobe
Description HEIGHT OF PROBE ]
Format 0.0000E0
Varizble Type Variable .|
=l Range Properties
Lower Bound 1.0 Central Value 10.5
Upper Bound 20.0 Delta Value 9.5
=l Base Properties
Base 0
|| |Step 0.0
Tolerance 0.0
Arrangement Ordered |
= MORDO Properties
Distribution [None -] Empty [Empty i
= Data Qutput Connector
[2¢] Excel |
f oK 1 | Cancel ] [ Help ]

Image 5.1: Probe height is determined by lower and upper bound range properties, as shown in the input
variable node properties dialog
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b, Input Variable Properties - 4.3.1 b20110301 ——

Input Varable Propertes
Hama L]
Description [
Format #0.0000&
Varable Type |Constant -l
Value 283.0
Rangea Propertias
Lower Bound 28.0 Central Value 227.5
Upper Bound 427.0 Delta Value 199.5
=l Base Proparties
Baze o
Step 0.0

Tolerance 0.0 |

= MORDO Progerties |
Distribution [Hone =| Emoty =

Data Output Connector

(%] Excelzi [

0K Cancel Heb

Image 5.2 : Al2024T3 materialYieldstress283MPa is chosen, where the variable type constant hence the
lower and upper bound is fixed

5.5.2.History ChartsMulti History andPardlel CoOrdinate ChartsStandard

Tool Design
The history chart is a two dimensional plot that can be used as a time serieslohhbis. chart, quantities can be
plotted as a function of the design ID which identifies the sequence of the design generated. In a single objec
optimization problem, the history charts shows how the optimization algorithm evolves, designs that atiegiola
constrain are orange whereas feasible solutions are plotted in white. A history chart displays the moving average
a technical analyst tool. A simple moving average (SMA) smoothen a data series and makes it easier to spot tren
A simple moving avege is formed by computing the average design value over a specific number of periods (MA
samples). In addition the history a display of an analyst tool that measures the relative highness or lowness ¢
design value, it consists of a middle band (represériig the SMA: the underweight average of the previous
design with valid values. i.e. not NaN) an upper band (the SMA plus the standard deviations) and a lower ban
(the SMA minus the standard deviationBheproject startsonce arun project has startedifhage 5.13). An index
(Imageb.) before the initial project design commencd@® create this chart firstly input variables, out variables
and objectives needo selected (Image 55).The history chart shows the variations for Probe Side Heat
Generation ad Rotational Speed. A history chart highlights in an easy way, the minimum and the maximum
feasible design values: the bottom chart area displays the minimum feasible design value while the top of the
chart area displayefasible design valué& multi histay chart is a two dimensional plot that can be used as a time
series chart for two or more variables. In this chart, quantities are plotted as a function of the design ID which
identifies the sequence of design generated. It is equal to a history chapettaat it is possible to plot more
than one variable at the same time. One particular of this chart is that it is possible to associated variables to
second axis with its boundaries, grid and format. A multi history can display each design with zaisteisymbol
representing the type (real & feasible, real & unfeasible, virtual & feasible, virtual & unfeasible, real & error and
GANI dz- £ 3 SNNBNDL 2N 6KS O NAIotS aSNPSa AdG Aa o0Sf:
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visualization and category visualization. A representation of the heat generationgrgamdard tool shoulder
(Chart 5.} when the indicated rotational speed increases the heat generation also increases. A clear
representation of the accurately increasedtational speed of the tool shoulder and the increased heat
generation exerted. This chart also verifies that the desgrieasible (Chart 5)Representation of heat
generation of a tool shoulder that has been generated by the increased rotafiantod probe radius (Chart
5.3).In a representation for a parallel @vdinated chart to show feasibility the increased heat generation from
the tool probe side form adbl shoulder cone angleChart 5.4. (Chart 5.9 is a representation of the heat
generationfrom a standard tool shoulder. As shown when the indicated rotational speed of the tool shoulder
increases the heat generation of the probe side also increase. The heat generation from a tool shoulder which |
determined by the speed of the tool ration is represented byGhart 5.§. A history chart based on the heat
generation of the shoulder determined by the tool shoulder radius esigately represented byGhart 5.7.
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Image5.13 : Click on run/stop icon(1). Run project box will pop up(2). Clickiomproject(3) to start design
project.
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Image5.14 : Before project runsa project info index will be shown. As seen in the above image.
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Multi-History - {a QF QPOBJECT } on Designs Table
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Multi-History - { Rp QF QPOBJECT } on Designs Table
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6. TheBobbin Tool Friction Stir Welding: Design and Experimentation
Bobbin tools consist of two shoulders, one on the top surface and one on the bottom surfacewbithe
piece connected by a pin fully containemithin the work piece (FIG. §.1The bobbin tool concept was
included in the first FSW patent by T\&3], but initial trials had problems with weld nugget containment due
to improper shoulder design. The next iteration of bobbin tools used a fixed shewdddroulder distance
and the scrolled shoulder tof8], which eliminated the need to tilt the tool. Howewn subsequent FSW trials
showed that the fixed shoulder distance bobbin tools had issues with pin fractures that were attributed to
thermal expansion stresses between the tool amatk piece The final bobbin tool iteration included the RPT
[75], which allowed the relative movement between the shoulders to maintain a constant force between the
shoulders. The bobbin tool works by placing the bottom or reacting scrolled shoulder onto the end of a
retractable pin. This is typically done by firstldrg a hole through thevork piece inserting the threaded pin,
and securing the second shoulder to the pin. During FSW, the bottom shoulder is drawn toward the top
shoulder (using the RPT technology) until the desired force is reached. Because theulgershare reacting
together to form the friction stir weld, the bobbin tool is also known as thergl€ting tool. The primary
advantages of bobbin tools include ease of fixturing anvil is needed), the elimination imicomplete root
penetration, am increased tootravel speeds due to heating from both should¢r8]. Fixed shouldeto-
shoulder distancéobbin tools are now possible with the conveorolled shoulde[46-49]. This bobbin tool
configuration does not require the bottom shouldactuation (RPT) to produce a sound weldd simplifies
the design of FSW machin@&obbin tools have successfully joined thidkminiumplates from 8 to 25.4 mm
(0.3 tolin.)[79]and thinaluminiumplate from 1.80 3 mm (0.07 to 0.12 in.). Howevegveral casiderations
must be made when dealingith the bobbin tools [79] Carefulcleaning of the tools afteeach weld is
necessarto maintain the needed load by actuatitige pin and bottom shouldeDuring weldingmaterial
can extrude between the pin anshaulder, makingremoval of thebottom shoulder difficult. Thermal
comparisons between the bobband conventional toolshow that themaximum temperature for the bobbin
tools is50 °C (90 °F) higher than thenventional too[81].Thisbehaviouris attributed to the backingnvil in
conventional FSVecting as a heagink. As would be expected with higher temperatuithe, forging forces
were 4to 8 times lesgor the bobbin tool than conventional FSW.

Pin

t

FIG. 6.1Schematic of a bobbin tool consisting of a top shoulder, pin, and bottom shoulder attached to the
pin. The friction stir weld is produced when the pin is moved upward, forcing the bottom shoulder to react
against the top shoulder.

w— TOP shoulder

[ Workpiece

= Bottom shoulder

SRR I R
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(a) Baselindobbin tool in this study

Image 6.1: The FSW bobbin tool

4 A

E \

b) Scliematic of a tool in action

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

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

Tool probe height,h 2mm 0,002m

Toolshoulder cone angle 0 0

Friction Coefficient i 0,6 Static Condition
Friction Coefficient M 0,4 Sliding Condition
Friction shear stress Hp

Contact shear stress _cont 345MPa

Yield stress “yield 283MPa

Table6.1: Analytical Estimation of hegeneration for the Bobbin Tool

Tool Angular Speed Rotational Speed
. (rad/s) N (rpm)
+ S 83.80 rad/s 800 rpm
o 130.89 rad/s 1250 rpm
o 167.55 rad/s 1600 rpm
. 209.44 rad/s 2000 rpm

Table6.2 Tool Angular Speed and RotatioSaleed for the Bobbin Tool

87




On substituting known values of the parameters, tool dimension, and all other values in derived equations,
the heat generation values are as follows:

i) Heat Generatiorirom the Top Shoulderfrom equation 51 the values are

a) For tool angular rotational spegds= 83.80 rad/s = 80fpm

x S o« g Y s
V] 01 c P O WE
. ¢ . T8t ¢ T8t M Y e
V] - oT VL nmn — — 0 WH
5 g & c c P
. T81 C T8t T Y
0 - Y otuvy@m p T
S S
0 =u @ Qw
b) For tool angular rotational speed = 130.89 rad/s = 125@m
x S o« g Y s
V] 01 c P O WE
. T8u T8t 1T
0 % “ otTup oW Tc Tw p 0 WE

T81 C T8t T Y
CTUPp CHTI W c p T

C
alnN

O =y® Qo

¢) For tool angular rotational speed = 167.55 rad/s = 160Gpm

= C ‘ t Y
0 01 c p 0 We
- T8t T8t T
0 S o CTULUP OH U s Ty p 0 R
C q
. ¢ T8t G T8t 1T Y
0 = T UL v T
> P O& c c p

0 =p p®pPQw
d) For tool angular rotaticed speed j = 209.44 rad/s = 200(m
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0 4 X 2 o iyt
o C C P
. ¢ . T3 G T3t 1T Y s e
] — OT LG M&T —— — p O WE
o C C
- T8t T8t 1T
0 S 0T LG 8T < v p T
o C C
0 =141.64Qw
0 (E7 N (rpm) 1 (radls)
56.62 800 83.8
88.52 1250 130.89
113.31 1600 167.55
141.64 2000 209.44

Table6.3: Heat Generation Calculations for the Top Shoulder.

i) Heat Generatiorfrom the Probe Sidé&urface from equation 1.2 the values are

a) For tool angular rotational speeds= 83.80 rad/s = 80fpm

5 act Do ods
C P S
. T8t 1 Y !
) ¢ “ otvuvy@m T T8t TT ¢p oooae
w T[8TT[LIJ
0 ¢ “ otvuvy@m T TIn@ T

0 V& p Qw
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b) For tool angular rotational speed = 130.89 rad/s = 125@m

5 a1t Zap ode
¢ C P S
. T8t 1T Y . LT
] ¢ “ ot UpOEﬂIwT T8 TT ¢p ow&e
w T[8'[T[llJ
0 ¢ “ ot upoiﬂwa Tine T

0 o8t YQw

¢) For tool angular rotational speed = 167.55 rad/s = 160Gm

- L Q o 5 iR
< C P S
= “ U
V] C OTUp O L T8 T ¢p owie
. . P
0 C CTUPp OH L TBIn@ T

0 p @ oQw

d) For tool angular rotational spe] j = 209.44 rad/s = 200(pm

5 art 2 od:
C P C
- T8t 1T Y LW TT
0 ¢ “ OTULCg M&OT T T8 T ¢p oco&e
= TS TT l.IJ
0 ¢ “ OTULCg 8T c TBIn@ T
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0 (E7 O (rpm) 1 (rad/s)
5.81 800 83.8
9.08 1250 130.89
11.63 1600 167.55
14.52 2000 209.44

Table6.4: Heat Generation Calculations for the Probe Side Surface
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iii) Heat Generatiorfrom the Bottom Shoulderfrom equation 51 the values are

a) For tool angular rotational speeds= 83.80 rad/s = 80fpm

6 et 2 o Gyt
o C C P
x c . C @t T Y <
0 — cTVL m — —_— 0 WK
5 Y@ c c P
.G, i Ty
V] - oT VU It Tt
5 g a c c
0 =u @ Qw
b) For tool angular rotational speed = 130.89 rad/s = 125@m
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0 =y ® Qv
c¢) For tool angular rotational speed = 167.55 rad/s = 160(Gpm
5 S e X 2 o i
o C C P
- S . e Ty e
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d) For tool angular rotational speged = 209.44 rad/s = 200(pm
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. q Y Q
0 -1 T —
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— Y 01T ULC &1 S e v
q
T8 Tt
— Y 071U N8t ¢ W
=141.64Qw
0 (E7 N (rpm) 1 (radls)
56.62 800 83.8
88.52 1250 130.89
113.31 1600 167.55
141.64 2000 209.44

Table 6.5Heat Generation Calculation fdre Tool Shoulde

iii) Total Heat @nerated from equation 1.4 the values are

f) For tool angular rotational spegd s= 83.80 rad/s = 80fpm

0 L@C VBIP L@C

0 =119.05Qw

g) For tool angular rotational spegdi = 130.89 rad/s = 125(m
0 0 0 0

0 Ydg By Y g

0 =186.121Q®
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h) For tool angular rotational spegdi = 167.55 rad/s = 160@m

v U v v

0 pPBP P@AC pPRIP

0 =238.25Q0w

i) Fortool angular rotational speedj = 209.44 rad/s = 200(m

0 PTIHT pB O PpTIPT

0 =297.8171Qw

0 (E7 O (rpm) 1 (radls)
119.05 800 83.8
186.12 1250 130.89
238.25 1600 167.55
297.81 2000 209.44

Table 6.6 Total Heat Generatiofor the Bobbin Tool.
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Based on the heat generated from independent contact conditicmstributions from different surfaces

compared to the total heat generated are as follows
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Percentage of heat with regard the percentage of heat generatdabitpm shoulderwith regard to total heat
generated=47 % and for the rest are show in table, percentage of probe side with respect to tota %=and
shoulder 47 %

6.1.Heat Generation: Bobbin Tool

6.1.1.Heat Generation from the Top Shoulder

With the use of equation (5)1it is explainable the heat gerstion of a bobbin tool top shoulder. The heat
generation { ) is determine by the angular rotational spe&d)(the shoulders cone angle ) the contact
shear stress of the material [Al2028] (AC. . <4and both the shoulder radiu®j and probe radius(.

During his specific study eqtian (5.1) is recorded by increasing rotational speeds to determine the outcome of
the heat generation from the top shoulder of the bobbin tool. where lthigal weldwith four different rotational
speeds isperformed as follows: The speed of 8@0m resulted t056.62E 7, 1250rpm generated88.52E 7,
1600rpmwent up to 113.3E 7and lastly the increased speed 20@®n generated 141.64& 7.

Rotational speed per minute vs. heat generation from top shoulder shows accurate analysed details of the
increased heat generation of the bobbin tools top shoulder with an increased rotational speed, with N indicating
the rotationalspeed, the Y axis rementingROTATIONAAPEED and axis representing THE HEAT GENERATION
OF THE TOP SHOULIER 7). (Graph. 61)
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6.1.2.Heat Generation from the Probe Side Surface

The heat generation from the probe side surfaﬂm_(), of the bobbin tool which is formulated by the angular
rotational speedi( ), the contact shear stress of the material [AI20R3] AL, . <4the probe radius'Q) and the
tool probe height'Q) (Equation 2)

The evaluation of the heat generatidrom the probe side surface formulated to the following values: @
generated5.81E 7. 1250rpm increased t09.08E 7. 1600 rpm went up to 11.63E 7 and 2000rpm had a
generation ofl4.53E 7.

Rotational speed per minute vs. heat generation from the preide surface represent the precise increased
speed of the tool and shows accurate analysed details of all increased heat generated exerted from the bobbil
tools probe side surface. As shown on the graph the Y axis represents ROTATIONAL SPEED repitestras<

THE HEAT GENERATION PROBE SIDE @@sid N actsas an indicator for the exacfOOL ANGULAR
ROTATIONAL SPEEEaph 6.2

6.1.3.Heat Generation from the Bottom soulder

Equation (51) is also used to formulate the heat generation of lsétom shoulder. Hence explanation is similar:
The heat generation)( ) is determining by the angular rotational speed)(the shoulders cone angle), the
contact shear stress of the material [AI2628] {i. . iand both the shoulderadius O) and probe radius.
Equation (51) is used in this study to determine the heat generation from the bottom shoulder with four different
rotational speedgGraph 6.3) This process formulated as follows: 8@fn went up to 56.62E 7. 1250rpm
gererated 88.5% 7. 1600rpmresulted113.31E 7. And lastly 200@pm exerted a heat generation d#41.64E 7.
Rotational speed per minute vs. heat generation from bottom shoulder is a representation of the total analysed
speed increased to the increased heangration on the supporting axis: Y: ROTATIONAL SRI\BD{( HEAT
GENERATION FROM THE BOTTOM SHOULDER and N as an indication for TOOL ANGULAR ROTATION,

(rpm).

6.1.4.Total Heat @nerated

The following equations(Q1,Q2,Q3) is used to formulatetti@ heat generation from a bobbin tool (the top
shoulder, the probe side surface and the bottom shoulder), as is indicated in the equation H:vhaetbe heat
generation which is determined by the angular rotational speejil the shoulders cone angle), the contact

shear stress of the material [AI2028] {\(. . (+Both the shoulder radius®) and probe radius(@ and the tool

probe height ). The total values are as follows: 8@dn generated56.62.1250rpm went up t088.52.1600rpm
resulted to 113.3E 7and the increased sgel of 2000pm generated 141.64Graph 6.4 Rotational speeds per
minute vs. total heat generation repgentthe total analysed speed against the heat generation on the supporting
axis: Y: ROTATIONAL SPEgM) @nd X: TOTAL HEAT GENERATION and N indicating the TOOL ANGUL
ROTATIONAL SPEHIN].

The variations of rotational speed for this specific tool are of the same nature as the standard tool. The same
material has been used Al20248. The heat generation vad according to the constant tootpm; similar to the
standard tool the faster the rotational speed the higher the heat generation is, as there is more time for localized
work piece heating. For all speeds is a constant difference in heat generatioedyetine top shoulder, the probe

side surface and the bottom shoulder.
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Drw. 6.1 Friction Stir Welding Workbench design3D viewsBobbin Too[Uslu, M.Y, 2013, FSW Work Bench
Design, University of the Witwatersrgnd
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Aluminium plate length, f (As seen on drw.6)
Aluminium plate width, d (As seen on drw.6)
Aluminium plate thickness, t (As seen on drw.6)
Workbench clamps distance, hg8een on drw.6)
Workbench length, g (As seen on drw.6)
Workbench width, b (As seen on drw.6)
Workbench thickness, ¢ (As seen on drw.6)

Workbench backing plate width, e (As seen on drw.6)

6.2.Mode FrontierSimulation:Bobbin Tool Design

Input Data, Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet file name
bobbin tool .xlsnis used in Mode Frontidor this Design Project(Image 6.2) In( ima@g.is shown all the input

data output data and boundaryariables in a Microsoft Excel workbook. The excel work books is used so that the
equation for the rotational speed along with the heat generation is calculated where the results will be used in
ModeFrontier to assist in the design. The Workflow Plan tedaby Mode Frontier Project as shown in
BOBBINTOOL.prjalso includes DOE (Design of Experiments) and DOE Sequence, as well as indicating Ing
Variables, Output Variables , Design Objectives + Gradients, MicroselfVizoxkbook and Logic End(Imagéb.

A workflow plan is created using a DoE (Design of Experiments) and a DOE Sequence on a new Overlook. C
this is open workflow nodes can be added on. Variable nodes which are the input nodes and the output nodes ar
used. Workflow nodes such as the schieas, the logic switch and logic end is used. An application node is used
for excel. And a goal node which is the design objective+gradient node. Excel workbook properties are used f
basic nodeconfiguration (mage65) where an Exa Workbook is selecte(Image ). Once selected the input

and out data is connected from the chosen Excel workbook. An Interactive Selection used between Mode Frontie
BOBBINTOOL.@amnd Microsoft Excel Workbookpbbin tool .xIsnto determine Excel Workbook Properties for
Mode Frontier An interactive selection allows each input and output node to be configured in accordance to the
Excel workbook. Where each variable is interactively selected to complete the work plan.
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S ——

bobbin toolxlsm - Microsoft Excel ™

File Home Insert Page Layout Formulas Data Review View PDF
T ¥ cut o < v =[O = *:l ?l ] I‘T'_lm l‘—l
_j 2 Copy - Calibri 11 A a == ¥ = Wrap Text General 5 jﬂ _’_;h = r_—f‘
Paste ) I u- SER== | Merge & Center + | B8 - o | %2 00 Conditional Format  Cell  Insert Delef
- < Format Painter - = 2 ™% Formatting - as Table - Styles~ |+ v
Clipboard Fant Alignment Number Styles Cell
026 v Jx
I & B [ i E F G H J K L M M ] R
1
2
3 BOBBIN TOOL |
4
5
i
T INPUT DATA
[ Geometrical parameters OUTRUT DATA 800 rpm | 1250 rpm | 1600 rpm | 2000 rpm
3 Raotationa! Speed BDD | 1250 1800 2000 Qltnp-shuulder{l{wi 4848 Fra-Ts 92.95 116.19
10 Rehoulder 10| 10 10 10 O2probe side (KW) 477 7.45 5.53 1.8
11 Rprobe 400 400 | 400 | 400 3 bottom shoulder [KW) 46.48 7252 92.85 115.18
12 x 000 0.00 0.00 0.00 T BOBBIN [Kw) 8772 152.69 185.44 244.30
13 Hprobe 00| 1m0 2.00 2.00
14 t, &l plate thickness 2 2 ] z
15 Contactshearstress | 340| 340 340 M40
16 gk Strength 283 | 283 253 283
17
1 2 3 3
g 0= f3ﬁr(antnr£w (Rshmn!dcr - Rprobe](l + tana)
il
21
i _ 7
7 0= 2”Tmrlrnr:WRproberrnhe
24
25
] —
) 3 3
i) 03 = lgmcanturrm [:Rshmiider - Rpmhe)“ t Imm)
23
30
k]l
3
33
34
£

Image6.2: Input Data,Output Data and boundary variables definitions as shown on this Microsoft Excel Sheet

file name:bobbin tool .xIsnis used in Mode Frontier for this Design Project
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. modeFRONTIER 43. b20110301 - Frject BOBANTOOLpy ™ I i
Fle Edit Project Assessment View Tools Help

PaHb4&ESREF rRER IV D-

[EQWOMOW{@MHL@‘&DWSM‘?‘

CROREOE : - -V v b b 2 B i B BB %

E 55 Main

o 00— v

0 |

— ——1

I} | % o y b@ o 5 %8

i T = f ("
Exit10

0 gb—g—o vs . QTBOBBIN QTEOBBINobject

i o

N %ﬁo DO b@o c»"’e

- B il - [ - o - -
a
L
[}

! Rp Excel QSHOULDERTOP ~ QSHOULDERTOPobject
e

Logic Nodes
LogeNodes % X

. 1 +: Rs ke b@o >

< QIR BT y

I Ay DOE Sequence QPROBE QPROBEohject

2 Bl
Variable Nodes b 0
e 0 omEgd S
BlkEE - e e %

% % % @ Hprobe DOE QSHOULDERBOTTOM  QSHOULDERBOTTOMabject

o

Goal Hodes

AM A 4

Mame |

0 |QSHOULDERTOP 0.0000E0

1 |QPROBE 0.0000E0

2 |QSHOULDERBOTTOM 0.0000E0

5] Logic Log | '] input Varble |, Output Varable gh Buffer Varables 8 Vector Objective ) Transfer Varable ™ Design Objective | 3% Design Constraint | e Vector Cons
Ready | Grid status: not avalable | [Mode: EDIT

Image6.3: Workflow Plan created oMode Frontier Project as shown BOBBINTOOL.pralso includes DOE

(Design of Experiments) and DOE Sequence, as well as indicating Input Variables, Output Variables , Des

Objectives + Gradients, Microsoft Excel Workbook and Logic End
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e Loom ey ey

= N

i, Excel Workbaook Prnpertles 1.0 20110301 u
‘% Edit Excel Interactive Edit Bxcel Teast Excel
Warkbook Selectnon Preferences
[=I Excel Workbook Properties
Excel Mode Name Excek
Description @
Workbook D:\Users\DF010208\Desktop\FILES\Mehmet Study\bobbin toolxlsm<a
Macro Name
Is relative [0
Excel Workbook Advanced Properties
Excel Default Cells Properties
[= Process Input Connector [ Process Qutput Connector
L Scheduler | W Bxitio =0
[= Data Input Connector =l Data Output Connector
Cs Sheet1!5C515 L_-;E QPROBE Sheet1!$1510
% Hprobe Sheet1!$C513 L_-;E QSHOULDERBOTTOM Sheet1!$1511
5 Sheet1!$C$9 L, QSHOULDERTOP Sheet1!$159
S Rp Sheet1!$C411 L, QTBOBBIN Sheet1!$1512
1 Rs Sheet1!5C510
% ¥5 Sheet1!$C516
a Sheet1l$C$12
| 0K | Cancel | | Help |

Image6.4: Mode Frontier Input and Output Datas connected to Microsoft Excel Workbook as shown above
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UCTTTT E
| Selection
Current Selection I Sheet1/SI$12 Selection Names j
INPUT VARIABLES OUTPUT VARIABLES
Variables Ranges Variables Ranges
a Sheet11sC412 ~ QPROBE Sheet11£[£10
cs Sheet1!§CE15 QSHOULDERBOTTOM Sheet1!§1611
|| | Horobe Sheet11£C413 QSHOULDERTOR Sheet11£1¢9
N Sheet1!5Cs9 OTBOBEIN Sheet1!$1$12 |
Rp Sheet1leCe11
90| rs Sheet115CE10 v
] N
1
Ok Cancel
|
|
]
7 INPUT DATA
g Geometrical parameters UTPUT DATA 800 rpm | 1250 rpm | 1600 rpm | 2000
3 Rotational Speed BOO | 1250 | 1800 | 2000 N1 top-shoulder (KW} 4548 7162 o285 16194 —
10 Rehoulder 0| 10 10 10 2probe side [KW) 477 7.45 053 1.0
il Rprobe 400 400 4,00 4,00 ﬁs bottom shoulder [KW) 45.45 7262 92.95 116.19
2 x coo| coo | ooo | coo faT soBaIN (kW) w772 15260 | 1ssa4 22430
13 Hprobe 200| 200 2.00 2.00
1 1, Al plate thickness 2 2 2 2
15 Contact shearstress | 340| 340 340 340
16 Yield Strength 283 | 283 253 283
17

Image 6.5 Interactive Selection used between Mode FrontBOBBINTOOL.pgnd Microsoft Excel
Workbook:bobbin tool .xIsnio determine Excel Workbook Properties for Mode Frontier
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6.2.1.Boundaries: Bobbin Tool Design

The boundaries for the bobbin tool are in similar reference to the standard tbelboundaries are as follows:
yield stress, rotational speed, probe rad, shoulder radius, tool cone shoulder anglepbe heightand the
contact stress. (Imageés6-6.12)

B, Input Variable Properties - 4.3.1 520110201 ]
= Input Varable Properties
Marmz TS
Description | e
Format #0.00008
Varable Type [Constant -
WValue Z283.0
= Range Propertes
Lower Bound 28.0 Central Vale [227.5 -
Upper Bound 427.0 Deka Valuie 1905
£ Base Properties
Basa 0
Step 0.0
Tolerance 0.0
Arrangement [Ordered
E MORDO Progertses
Distribution [Hone ol Empty Emoty -
£ Data Output Connector
[] Excelz1
| oK ] | Cancel | Heb |

Image 6.6 Al2024T3 material yield stres283VIPA is chosen, where the variable type constant hence the lower
and upper bound is fixed

i Input Variable Properties - 4.3.1 b20110301 M
'B Input Varizble Propertias
Name N
Description [ROTATIONAL SPEED @'
Format #0
Variable Type |Variable -
=l Range Properties
Lower Bound 50,0 | central Value [1525.0
Upper Bound 3000.0 Dekta Value 1475.0
[= Base Properties
Base o
Step 0.0
Tolerance 0.0
Arrangemeant Ordered
[l MORDO Properties
|| [Distribution [Mone | Emoty |Empty
[z Data Qutput Connector
ExceM
: 0K 3 | Cancel ] [ Hep |

ke

Image6.7 Rotational speed is determed by lower and upper boungnge properties, as shown in the input
variable node properties dialog.
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&, Input Variable Properties - 4.3.1 620110301 - — — e
. N
| = Input Variable Properties
Mame Rp
Description PROBE RADIUS ﬂl
| Format 0.0000E0 .
[ Varizble Type Variable -
[l Range Properties
Lower Bound 4.0 Central Value 5.0
Upper Bound 6.0 Defz Value 1.0
- Baot Properes .
Base 0
Step 0.0
Tolerance 0.0
Arrangement Ordered -
= MORDO Properties
! |Distribution [Hone - | Empty Empty |
[= Data Qutput Connector
Exceld | |
i 0K 1 Cancel Help |

Image 6.8 Probe Radius is determined by lower and upper bound range properties, as shown in the input

variable node properés dialog

. Input Variable Properties - 43.1 b20110301 — — [T
==/ Input. Varable Properties
[Name Rs
[Description SHOULDER RADIUS |
|Format: 0.0000ED0
\Variable Type Variable -
[=l Range Properties
ILower Bound 10.0 Central Value 125
\Upper Bound 15.0 Delta Value 2.5
=1 Base Properties
[Base 0
Step 0.0
Tolerance 0.0
|Amrangement Ordered -
= MORDO Properties

| Distribution [Hone |Empty |Empty |
£l Data Qutput Connector
Excel | |
i 0K { | Cancel Help |

Image6.9: Shoulder radius is determined by lower and upper bound range properties, as shown in the input

variable node properties dialog
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Input Variable Properties - 4.3.1 b20110301

= Input Variable Properties

Name a |
Description TOOL SHOULDER COME ANGLE @
Format 0.0000E0 |
Variable Type [Varable v
= Range Properties

Lower Bound 0.0 Central Value 45.0

Upper Bound 90.0 Delta Value 45.0

T Bace Propertes

Base 0 |
Step 0.0 I
Tolerance 0.0 |
Amrangement Ordered -
=/ MORDO Properties

|| Dstribution [None -] Empty [Empty

= Data Quiput Connector

Excel4 I |
E OK 1| Cancel | | Help J

Image6.10 Tool shoulder angle is determined by lower and upper bound range properties, as shih&n in
input variable node properties dialog

iz, Input Variable Properties - 4.3.1 b20110301 (X
= Input Variable Properties
MName :leobe
Description HEIGHT OF PROBE [
Format 0.0000EQ
Variable Type [Variable -
= Range Properties
Lower Bound 1.0 |Central Value [10.5
Upper Bound 120.0 |Delz Value lo.5
-] Hace Pranerteas
Base o
Step 0.0
Tolerance 0.0 |
Arrangement |Ordered -
= MORDO Properties
| |Distribution [None = EMpty Empty
= Data Qutput Connector
€] Excel
[ oK ] | Cancel ] [ Help ]

Image6.11: Probe height is determined by lower and upper bound range properties, as shown in the input
variable node properties dialog
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1., Input Variable Properties - 4.3.1 520110301

& Input Varable Properties r

' 5 ﬁ
| |
=0.0000e
Constant |
345.0

Loweer Bound 34,0 |central Value 517.0 E

Upper Bound 11000.0 |Deka Vakie 483.0

& Base Properties

Base o

Step 0.0

Tolerance 0.0

Arrangement |[Ordered -

= MORDO Properties

Distrbution [Nene MOty [Ematy -

& Data Output Connector

[2] Excez:

( oK ] | Cancel J [ Heb ]

Image6.12 Al2024T3 materiakontact shear stres345MPais chosen, where the variable type constant hence
the lower and upper bound is fixed

% modeFRONTIER 431 :
Fie Edt Progect Asessment Vew Took Hep
CaBbaa E2A L FITR IV

_mm_anwﬁmmﬂ_
k- WEd-FEoren g - ROR%
G kan
I m a
B-—0—1 it ==
| Loak in: | s FLES mir ‘EE
3L FRIDGE J mshinet docements
AR J; Mahmen Sty
samier & modefpniion
dedo | rEw
denemelf (0000 | cesoLETE
L | production plan |.
L ki progectitetn ) :
darumal 01 i FEFGERATION BRYLECTS - Sherieet
el 0004 5, FEFRGERATION BROIECTS
o | R
B b B
ngh |, wheoesnd
Ecakhen Comgresser Guide o fool @w&un
Varale Nedis Computer ollanem by d i

Image 6.13 Click on run/stop icon (1). Run project box will pop up (2). Click on run project (3) to start design
project.

109



& modeFRONTIER 4.3.1 b20110301 - Project: BOBEINTOOLprj e

File Edtt Project Assessment View Tools Help 4
EaEk ¥ % -k
{55 workflow | [ Run Logs | ;7! Designs Space

= RunFie ... ™ project B scheduler EE Designs [ Robust Des.

= = SEE index.html

Name
-1/ BOBBINTO....
&1 log
i proc
scheduler

MORDO Info

MORDO Sampiing Made latinhypercube_sampling
MORDO Sarmples 1

MORDO Virtuial Sarples o

Reject Out Of Bounds Samples false

Error Samples acceptance Level 100

b ) workflow
| BOBBIN...
| BOBBIN...
i BOBBIN...

10 105 0y 4 [ G

Date & Time Event Arqunent
Ted, 23 July 2014

15:00:09: 485 FROJECT SAVED D:\UsersyDFO10804 Desk op|, FILESYBOBBINTO0L_000114BOBBINTAOL. pri
15:00:09: 490 LICENSE MESSAGE License Available for All Integration Nodes

L5:00:09: 490 LICENSE CHECKOUT FEATUFE = nf_batch

15:00:09: 430 LICENSE CHECKOUT FEATURE = nf_batch npe

15:00:09: 491 LICENSE CHECKOUT FEATURE = nf batch base_sched

L5:00:09:49L LICENSE MESSAGE License Available for Plugin - DOE Sequence

15:00:09: 451 DESIGNS DB BOBBINTOOL. dex

15:00:09: 538 ELUG-IN START DOE Sequence

L5:00:09: 956 DESIGNS GROUP STARTED 00000-00988

15:02:04:875 BLUG-IN EXITED DOE Sequence

15:02:04: 879 DESIGNS GROUP COMPLETED 00000-00999 (COMPLETED=61) ELAPSED TIME=Oh: lm:54.924s
L15:02:08:197 PROJECT SAVED D:\Ugers\DFOL0908" Desk top\ FILES  EOBEINTODL_000L1YEOBEINTOOL. prl
15:02:05:197 LICENSE CHECKIN FEATURE = nf_batch

15:02:05:197 LICENSE CHECKIN FEATURE = uf_bateh_npe

L15:02:08:197 LICENSE CHECKIN FEATURE = nf_batch base_sched

15:02:05:197 LICENSE CHECKIN FEATURE = nf_integration all

=| Processes Log

1 Pid 1d Design 1d [ Design PWD [ Elspsed Time |

Ready | Grid status: not avaiable | |Mode: EDIT | modeFRONTIER 4.3.1 b20110301 | ERE:M / 4550 | 5

Image 6.14Before project runs, a project info index will be slto As seen in the above image.

6.2.2.History Chartsaand Parallel Cardinate Charts Bobbin Tool Design

Multi-History Chart on Designs Space as created from QTOPshoulder vs. Stanlilde Rsshowsthat when the
rotational speed increases the heat generation of the top shoulder increases démage 6.15)The graph also
demonstrates that the design is feasible on a virtsizdle Chart 6.).Multi-History Chart on Designs Space as
created from Probe, side vs. Tool shoulder cone angle on Bobbin Tool shows the increase on the heat generatio
of the probe side surface on the effect of the rotational speed of the tool shoulder cone angle. The charts alsc
indicates that the design is fedle on a vitual scale(Chart 6)3Multi-History Chart on Designs Space as created
from QBOTTOMshoulder vs. tool shoulder radius is a representation of the heat generation of the bottom
shoulder as the effect of the rotational speed oétiool shoulder radius.(Chaé.5). QBOTTOMshoulder vs. Tool
rotational speed represents that when the rotational speed increases the heat generation of the top shoulder
increases as well. The graph also demonstrates that the design isléeass a virtual scaleChart 6.9. A paralél
co-ordinate chart is used for the purpose to display multivariate data. It proves useful for visualizing designs in :
particular range. This type of chart allows the creation of a filter for the selection of the most interesting solution
in the database; the filter is created by dragging the filter arrows up and down. This way the variables lower and
upper limits can be set. And if a variables value goes out the define range, its design will not be shown. Parall
Coordinates as created from Qshouldsr Shoulder radius, Rs indicates accurately the increased rotational speed
of the top shoulder and the increased heat generation exerted. Showing that it is a feasible design botialon a
and virtual scale (Chart §.2Parallel Coordinates as createdrfrQprobeside vs. Tool shoulder cone angle is an
accurate analysis of the heat generation due to the increase in rotational speed, making the design feasible on
real and virtual scale (Chart §.4
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E:_modeFRONTIER 4.3.1 b20110301 - Project: BOBBINTOOLprj

File Edit Project Assessment View Tools Help

LAl &AM EESEB rSERISR PSS -
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Chart 6.2 : Parall&€oordinates as created from Qshoulder vs.
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7. Innovative Friction Stir Welding: Design And Experimentation

Friction stir welding is performed on the material Al20R3 (mage7.1). A sliding bar is used as a sliding backing
bar. With ball transfer units with ball transfer units that woudd of a similar dimension. It is also through that a
sliding backing bar would aid in clamping support. The sliding bacinig made out of copper (Image Y far

the purpose of conduction due to the fact that when a weld is perfinthere is an extraxertion of heat
generation.Putting a copper bush into a sliding copper bar are similar in many ways but the use off a sliding
copper bar allows us to change a copper bush after each weld. For the use of cost saving alternative, excludir
the sliding coper bar is more cost effective as both sliding copper bar and copper bush share the same mechanice
properties and thermal behaviour

Image. 7.1 Optimization of innovative Friction Stir on material Al2023}[82].
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Image7.2: CopperSliding Backing bar serves as a conductor due to excessive heat during a Friction Stir Weldin

process 82].

Tool shoulder radius 10mm 0.01m Drw 5.1

Tool probe height 4mm 0.004m

Tool shoulder cone angle 8 0

Friction Coefficient H 0.6 staticcondition
Friction Coefficient M 0.4 sliding condition
Yield stress “yield 283 MPa

Contact shear stress _cont 345 MPa

Copper Yield stress “yield 117 MPa

Tabler.1: Analytical Estimation of Heat Generation for the Innovative Tool.

Tool Angular Speed Rotational Speed
. (rad/s) N (pm)
. S 83.80 rad/s 800rpm
o 130.89 rad/s 1250rpm
o 167.55 rad/s 1600rpm
. 209.44 rad/s 2000rpm

Tabler.2: Tool Angular Speed and Rotational Speed for the Innovative Tool.
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Onsubstituting known values of the parameters, tool dimension, and all other values in derived equations,
the heat generation values are as follows:

i) Heat Generation from thet®ulder: from equation 1.1 the values are

a) For tool angular rotational spegds= 83.80 rad/s = 80fpm

- S o« g Y s
0 01 c P O WEe
. G G T8t T e
U] — ot v n — —_— 0 WE
5 g & c c P
w ¢ . C T3t 1T W
V] — oT VL T L1
5 Y a c c P
0 =u @ CQw
b) For tool angular rotational speed = 130.89 rad/s = 125@m
. c . + Y .
0 01 c p O WE
- T81 T8t T
0 S o CTULUp OHTW ™e ey p 0 WH
S S
. ¢ T81 ¢ T3t T Y
0 o CTUp CHIW c
0 =y ® ¢Qw

117



c¢) For tool angular rotational speed = 167.55 rad/s = 160Gpm

500G et Y 2 o iyt
o C S P
- . S T8 T Y s
] — oTULUp UL —— — 0 WE
q q
. 81 T
V] - Y oTuUpoOH UL - v n
S S
0 =p pB PQ®
d) For tool angular rotational speged = 209.44 rad/s = 200(pm
5 G e Y 2 o iyt
o C S P
. . T8T ¢ T3t T Y -
0 — 0T UC TI&T —_— —_— 0 WK
q q
. T8t T8 T
0 S o 0T LG T&T < v p T
o S S
0 =141.64 kW
0 (E7 |Nfpm) 1 (rad/s)
56.62 800 83.8
88.52 1250 130.89
113.31 | 1600 167.55
141.64 | 2000 209.44

Table 7.3 Heat Generation Calculation for the Innovative Tool Shoulder
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ii) Heat Generation from the Probe Side Surface and the Proipe ffom equation 1.2and 1.3 the values are

a) For tool angular rotational speeds= 83.80 rad/s = 80fpm

5 act Do od:
¢ C P S
. TS 1T Y . W TT
U] ¢ “ otvuvy@m T T8t T TP owcf
w T[8'[T[llJ
0 ¢ “ otuvy@m T TInyp T
0 p @ o
. Q
I
o S
. < . T8 T
v 5 cTuvy@m c

0 o XQw

b) For tool angular rotational speed = 130.89 rad/s = 125@m

MQp 0wt

. - Q ol
U —_
¢ C q

- TS T Y U
) ¢ “ ot UpoEﬂIwT T8t T TP oooae

. T8t T Y
0 ¢ “ ot uchﬂIwT T T

0 P ® Q



c) For tool angular rotational speed = 167.55 rad/s = 160(m

R
¢ C P C

0 ¢ “ OoTUp OEHU LIJT[&BIT[Tp C)(I)Cg
- . g
0 q OTULUpP OGH U TSI T
0 C& TQw
. Q
U E—I “T —
o S
. C 8L 1T
0 5 OTUp OH L c
0 X& VQw

d) For tool angular rotational spegdj = 209.44 rad/s = 200(pm

5 art Do ed:
S P C
x TS 1T Y . LT
0 ¢ “ OTULCg 8T T TBI T 1p oco&e
. Ty
0 ¢ “ ULVLOTC 8T T T
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iii) HeatGeneration from the Modified Copper ishSde: from equation 1.2 and the values are

a) For tool angular rotational speeds= 83 80 rad/s = 80 rpm

; 1 2 ap ade
¢ q P C
N T8t m Y . LTI
v ¢ " e@uvya@m < 8T 1T ¢p 0 we
» . T8t 1T Y

p®L Y@ — InEe T

0 08 pQw

b) For tool angular rotational speed = 13).89 rad/s = 128 rpm

: ot 2 ods
U —
¢ q P S

N T8t m Y !
V] ¢ “ o@vu poEﬂIooT T8 T Pp owie

x T[8[T[lIJ

0 ¢ “ o@v pcanoT TBInm@ T

0 VY TQW

c¢) For tool angular rotational speed = 167.55 rad/s = 160 rpm

: ot 2 ng ods
¢ G P q
. T8t T . LTI
v ¢ “ O®UL pOHFUL 8T TT @ Owge
. . TS T
v q B UL P OKU Tne T
0 PR Q0
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d) For tool angular rotational spegdj = 209.44 rad/s = 200(pm

; ot 2o ods
¢ C P S
- T8t T Y !
0 ¢ “ o®WUu ¢ m8ot T TI8T TT @p ow&e
w T[8'[T[llJ
0 ¢ “ o®vu g 8ot c Tine T
0 B TQw

iv) Heat Generation from the Modified Copper BusipTfrom equation 1.3 the values are

a) For tool angular rotational speeds= 83.80 rad/s = 80fpm

. Q
; S .y
o C
- C . TS T Y
0 s " emvyan —
0 ™ QO
b) For tool angular rotational speed = 130.89 rad/s = 125@m
. Q
v 51 “t =
o C
. T
0 S ORULU pOoFHIW — v
0 PP X
c¢) For tool angular rotational speed = 167.55 rad/s = 160(pm
. Q
G ey 2
o C
- c “ T[ LIJ
v o P® UL P OHKVL T
0 p® CQW
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d) For tool angular rotational spegdj = 209.44 rad/s = 200(pm

o 2t ?

0 (C_j O® UL ¢ 8T ety
0 p&o QW

0 (E7 N ¢pm) 1 (rad/s)
11.63 800 83.8
16.16 1250 130.89
23.24 1600 167.55
29.05 2000 209.44
0 (E7 N (pm) 1 (rad/s)
3.87 800 83.8
6.05 1250 130.89
7.75 1600 167.55
9.67 2000 209.44
0 (E7 |1 (rpm) 1 (rad/s)
341 800 83.8
5.34 1250 130.89
6.83 1600 167.55
8.54 2000 209.44
0 E7 |1 (rpm) 1 (rad/s)
0.76 800 83.80
1.19 1250 130.89
1.52 1600 167.55
1.90 2000 209.44

Table 7.4 The Heat Generation for therobe side Surface, the Probe Tip, the Copper Bush Side Surface and the
Copper Bush Tip.
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iii) Total Heat @nerated from equation 1.4 the values are

e) For tool angular rotational spegd s= 83.80 rad/s = 80fpm

0"Y 0 0 0 0 0
0Y p@o o8 p u@c TX @ o)
0 "¥76.29Q0

f) For tool angular rotational spegdi = 130.89 rad/s = 125@m

0"Y O 0 0 0 0
OY pHoOudT YP G PP w @8I L
0 "Y=119.26Q®

g) For tool angular rotational spegdi = 167.55 rad/s = 160(hm
0°Y O 0 0 0 0

0Y ¢c&T oo ppdp pd ¢+ 7.75

0 "Y=152.65Qw

h) For tool angular rotational speedj = 209.44 rad/s = 200(pm

0°Y 0 0 0 0 0

0Y ¢c@u BT pTHPHT pBOT ui X

0 "¥=190.8 Q®
0 "YE 7 N (pm) 1 (radls)
76.29 800 83.8
119.26 1250 130.89
152.65 1600 167.55
190.8 2000 209.44

Table 7.5The Total Heat Generation for the Innovative Tool.
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7.1.Heat Generation: Innovative Tool

7.1.1.Heat Generation from the Tool Shoulder

The heat generation of the innovative tool shoulder (Qs) is explaindebgalculations of equations .(B), which

is determine by the angular rotational speed ( the contact shear stress of the material Al2028 Y. ., the
shoulders cone angle §, the probe radius@ and the shoulder radiu&)j. Equation (&) is used in this study to
determine the heat generation from the innovative tool shoulder at 4 different rotational speeds. Each of these
rotational speeds exerted the followirig 7 of heat generation when the rotational speed has been increased.
800rpm generated heat 056.62E 7.1250rpm had equated to a heat generation 88.52E 7. 1600rpm exerted

an increasing heat generation @1.3.31E 7 and lastly the rotational speed of 200pm accumulated a heat
generation ofl41.64E 7. The calculation total dhe innovative tool shouldeis accurately analysed (Graph)7.1
with representing axis, Y representing Rotational Spgad)( X representing the Heat Generation From The Tool

Shoulder (QsE 7and N being the Angular Rotational Spesair).

0 20 40 60
HEAT GENERATION FROM THE SHOULDER, Qs (kW)

80

2500
E 2000 2000
zZ
@ 1500 /'/j 60p
7 /
2 /0/1250
Z
O 1000
= 7
,_ 80C
O
[n'd

500

0

100

120

140

=4—N (rpm)

Graph. 71: Rotational speed per minute vs. heat generatiomirthe innovative tool shoulder
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7.1.2. Heat Generation from the Probe Side

The heat generation from the probe side surfafoe the innovative toolis represented by equation (3
represents the exeion of heat that has been generated from the following increased rotational speeds 800
rpm,1250rpm,1600rpm and 2000rpm. The heat generation from the probe side surface (Qps) is determined by
the probe height (h), the probe radiu®( the tool angularotational speed] and the contact shear stress of
the material Al2024T3 Y. . .the process formulated as follows, 8@pm generated11.63 kW. 1240rpm
resulted in an increase dB.16kW. 1600rpm the probe side surface had an increased heat generatidBdf4
KWand lastly 2000pm exerted an acemulated heat generation &#9.05kW. The formulation totad of the probe

side surface warepresented precisely to show the heat generation due torareiased rotational speed (Graph
7.2) with axis Y representing Rotational Speguinf, the X axis representing the Heat Generation Of The Probe
Side Surface (Qps) and N indicating the Angular Rotational §pead

7.1.3.Heat Generation from the Probei

Heat generation from the Probe Tip of thenovative tool is explained in (3). As indicated in both equations,
where |}_jepresents heat generation from the tip of the proliiee contact shear stress of the material [Al2024

T3] . . QEqyation (53) is used in this study to determine the heat generation from the probe tip with four
different rotational speeds. This process formulated as follows: At@d@enerated 37 kW. 1250rpm at 6.05

kW. At 1600rpm the probe pin to7.75kW, and lastly the speed of 200@m the probe pin generated a heat of
9.67 kW (Graph 7.3 Rotational speed per minute vs. from the probe pin represents the accurate analysed
increased speed of the probe pin which increases the heat generation on the suppaxtingr: ROTATIONAL
SPEEDEmM) and X: HEAT GENERATION FROM THE PR®BE;, Rikidicating the TOOL ANGULAR ROTATIONAL
SPEEDm).

7.1.4.Heat Generaibn from a Modified Copper Bus8ide Surface

The heat generation for the modified copper busile surfaceof an innovative tobis calculated with equation

(5.2), where ) is the heat generated by the modified copgmrsh which is determined by the probe
height (h), the probe radiud®, the tool angular rotational speefl and the Copper Contact shear stress
67.55\/IPa(\/\1¢D . .4 he process formulated as follows, 8pén generated heat up t8.41KW. 1250rpm resulted

to an increase 05.34 kW. 1600rpm exerted a generation 06.83KWand finally 200Gpm at a generation of
8.54E 7. Making the Modified Copper Bush the best material for a sliding backing bar to maintain heat generation
during a weld An analytical analysis (Graph Yig shown with the axis Y Representing Rotational Spped),(

the axis X representing the Heatri&eation from a Modified Copper Bush and N indicgtime Angular Rotational
Speed.

7.1.5.Heat Generation Modified Copper Bush Tip

The heat generation between the modified copper bush and the tool tip of an innovativéstoalculated with
equation {.2), where § ) is the heat generated by the modified copgmrsh which is determined by the
probe height (h), the probe radiu®, the tool angular rotational speed and theCopper Contact shear stress
67.55MPa {AC. . . Theprocess formulated as follows, 868 generated heat up to 0.78W. 1250rpm resulted

to an increase of 1.18 7. 1600rpm exerted a generation of 1.92 7andlastly the rotational speed &#000rpm
generatingl.90E 7. Anaccurateanalysis (Graph 7)3s siownrespectivelywith the axis Y Representing Rotational
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Speed i(pm), the axis X representing the Heat Generation from a Modified Copper Bush and N igdibatin
Angular Rotational Speed.
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Graph. 7.2Rotational speed per minute vs. heat generation fribr innovative tool probe side surface
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7.1.6.Total Heat Generation for the Innovative dol

After formulating trese three equations (Qs, Qps¢@ppeside, Qcoppertip a final total will sum for the total
heat generation where}} is the heatgeneration which is determined by the tool angular rotation spged, (
contact shear stress of the material [AI2023] M# . <+$ﬁ€ shoulders cone angle); the tool probe radiud®

and the tool probe height(_, . } Jhe total calclation is as follows witBOOrpm generated a heat 676.29kW.
1250rpm exerted119.26kW. 1600rpm had an exponential heat generation ©52.35kW and lastly 2000pm
accumulated a heat generation ©90.8kW. TheRotational speed per minute vs. from the total heat generation
from an innovative tool (Graph 6). represent the total analysed speed against the heat generation on the
supporting axis: Y: Rotational Speegnf) and X: Total Heat Generation and N indigatthe Tool Angular

Rotational Speedm).
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7.2.SolidWorks:iInnovative Tool Design

TheModified Copper Bush with a Tool shoulder radius, R mrbOwvhere the outer side of the bush be&8 mm

and the inner 4,50nm (Drw 7.} and the Modified Sliding Backing Copper Bar with the outer side beemb8

and theinner copper bar been 18m (Drw 7.2is shown in both a-D and 3D representation .The innovate tool
workbench has been created iREBwith coppersliding backing copper bar (Drw Y,.&he innovative tool friction

stir weld dimensional views (Drw 7j.4nd an inovative work bench design (@r7.5 with the aid of the
SolidWorks software programme. The use of copper to design the sliding backing bar is in its unique ability t
conduct heat, hence the reason for the usage to avoid the overheating andttingn of participating metals
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Drw. 7.1: Modified Copper BushD, Correia, (30/05/2015), Bush Modified. University of the Witwatergrand

Drw. 7.2 Modified Sliding Backing Copper B&orreia, D, (30/05/2015),Sliding Backing Bar Modified.
University of the Witwatersrarjd
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