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ABSTARCT 

 

ANALYSIS OF FRICTION STIR WELDING PROCESS:  

SUSTAINABILITY AND OPTIMIZATION 

 

     Wisam Al-Wajidi 

University of Guelph, 2019  

 

Friction Stir Welding (FSW) is an innovative welding technique with the potential 

for use for lightweight materials. However, defects can occur in the welding zone due to 

the excessive heat generated in FS welded similar or dissimilar lightweight materials. 

Therefore, FSW requires an effective cooling technique to moderate temperatures and 

avoid defects, that is more sustainable than the traditional techniques. The present study 

investigates the effect of the Minimum Quantity Lubrication (MQL) coolant approach on 

the microstructure and mechanical properties of Friction Stir welded aluminum alloys 

6061-T651 and 5052-H32 (similar and dissimilar). 

Analysis of variance (ANOVA) was employed to study and analyze the effects of MQL 

design variables (i.e. flow rate, nozzle orientation, and nozzle diameter) on the welding 

force, power consumption, and surface roughness for both similar and dissimilar friction 

stir welded aluminum alloys. A multi-objective model was also established to provide the 

optimal levels for the studied design variables by considering all the mentioned outputs. 

A comparison between the predicted outcomes and the results of the optimal response 

(i.e. surface roughness and welding force) was established to validate the effectiveness 

of the utilized assessment model. An integrated sustainability assessment model was 

implemented to investigate the sustainability of the FSW process with/without MQL. Four 

Advisors: 

Dr. Ibrahim Deiab  

Dr. Fantahun M. Defersha 

 



III 

 

 

 

 

sustainability indicators were considered in this assessment: power consumption, costs, 

waste management, and environmental impact.  

Higher levels of flow rate resulted in lower welding forces, power consumption and a 

better surface quality. The multi-objective model achieved a balance between all the 

studied outputs. When compared, the optimal experimental values and the model 

predicted values showed a good agreement. Using the MQL system as a cooling and 

lubrication technique reduced the required welding forces during FSW to join aluminum 

alloys. It significantly improved the microstructure through making the grains finer at the 

welding zone and increases the average ultimate tensile strength (UTS) compared to dry 

FSW. This research presents the first attempt in the literature to discuss and investigate 

the MQL-FSW interactive. 



IV 

  

 

 

DEDICATION 
 

To  
the spirit of my uncle, Salih Al Musawi, who passed away in the early hours of 

Monday the 1st of January 2018; may ALLAH, the Almighty, give him a pleasant place in 
Paradise. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 

  

 

 

ACKNOWLEDGMENTS 

First and foremost, I would like to thank and praise Allah, the Almighty, the most merciful 
and compassionate, for His support, help, and generosity, and I pray to Him for guidance 
in the future.  

I would like to express my deepest appreciation to all those who have contributed directly 
and indirectly to the completion of this dissertation. 

I am very grateful to my academic supervisor Dr. Ibrahim Deiab for his valuable guidance, 
and patient encouragement throughout this dissertation work. Great appreciation goes to 
my co-advisor Dr. Fantahun M. Defersha for his help and kind support through the journey 
of this research.  I would like to extend my thanks to the members of my doctoral advisory 
committee, Dr. Marwan Hassan and Dr. H. A. Kishawy, for their constructive suggestions 
and recommendations. My appreciation also to Dr. Wael H. Ahmed, Dr. Alexander 
Bardelcik, Dr. Abdallah Elsayed, Dr. Hussien Abdelaziz Hegab, Dr. Kadim Kamil, and Dr. 
Mudhafar Abdullah for their time, accessibility, and advice throughout the research period. 

Personal thanks are given to the Director of the School of Engineering at the University 
of Guelph, Dr. Hussein Abdullah, and the Iraqi Cultural Counselor in Ottawa, 
Dr. Asaad Toma Omran, for helping me get admission to the University of Guelph. 

I would like to express my deepest appreciation to the Ambassador Extraordinary and 
Plenipotentiary of the Republic of Iraq to Canada, Mr. Abdul Kareem Kaab, for his kind 
support. 

Additional thanks to all the technicians at the School of Engineering especially; Mr. Phil 
Watson, and Mr. John Whiteside, and the staff at the machine shop, Mr. Barry Verspagen, 
Mr. David Wright, and Mr. Ken Graham, for their technical support. 

I am also truly indebted and thankful to my uncle Dr. Taqi Ali Al Musawi, for his moral 
support and valuable exhortations. 

Thank you to my colleagues in the AML (Automated Manufacturing Lab), especially John 
Cloutier and Abdelkrem Eltaggaz for their friendship and support. 

I gratefully acknowledge the Iraqi Ministry of Higher Education and Scientific Research 
(IMHESR) for providing me a scholarship to study in Canada. 

I also acknowledge the financial support by the Natural Sciences and Engineering 
Research Council of Canada (NSERC) and the Ontario Centers of Excellence (OCE). 

I am grateful to my parents, my sisters, my brothers, and my mother-in-law for their 
endless love, moral support, and prayers. 

  Last but not least, I would like to express my greatest appreciation to my lovely 
wife, Dr. Farah Masood, and my adorable children, Mina and Yousif, for supporting me 
and encouraging me through all these years to pursue this degree. 



VI 

  

 

 

Table of Contents 

Abstract 
Dedication 
Acknowledgements 
Table of Contents 
List of Tables 
List of Figures 
List of Appendices 
1 Introduction  

II 
IV 
V 
VI 
VIII 
IX 
XI 
1 

1.1 Problem Formulation (Motivations) 1 
1.2 Research Challenges 1 
1.3 Research Hypothesis 2 
1.4 Research Objectives 2 
1.5 Impact of the Work 2 

2 Theoretical Framework 4 
1.2 General Overview of the Welding Process 4 
2.2 History of FSW 4 
2.3 Steps in FSW Processes 6 
2.4 FSW Processes parameters 7 
2.5 Sustainability and Environmental Impact  8 
2.6 FSW Optimization  8 
2.7 Thermomechanical Profile of FSW  9 
2.8 Joining Dissimilar Materials  10 
2.9 Manufacturing Cooling Strategies  11 
2.10 Minimum Quantity Lubrication (MQL) 12 
2.11 Submerged Friction Stir Welding 12 
2.12 The Microstructure of the FSW Joint  13 

3 Research Methodology  16 
3.1 Introduction 16 
3.2 Materials and Experimental Methods 16 

3.2.1 Steps in the FSW Process 16 
3.2.2 Variables 18 
3.2.3 Workpiece Plate (Material and Dimensions) 21 
3.2.4 Tool Material and Design 

             3.2.5. FSW Tool Simulation 
22 
24 

3.2.6 The Fixture, Machine Type 26 
3.3 Experimental Measurement and Evaluation Test 28 

3.3.1 Tensile Test 28 
3.3.2 Microstructure 32 
3.3.3 Force Measurements 33 
3.3.4 Power Consumption, and Surface Roughness 33 

3.4 Research Experimental Design Techniques 38 
4 Investigation of the Effect of MQL on the Physical Properties of FS Welded 
AA6061-T6 

40 

4.1 Force  40 
4.2 Tensile Strength 44 



VII 

  

 

 

4.3 Microstructure  48 
4.4 Data Analysis  52 

5 Investigation and Analysis of the Effect of MQL Parameters on FS Welded 
Aluminum Alloy (Similar and Dissimilar) 

54 

5.1 Forces 54 
5.2 Surface Quality 55 
5.3 Energy Consumption 57 
5.4 Multi-Objective optimization  59 

6 Sustainability Assessment 64 
6.1 Introduction 64 
6.2 Process Assessment: Sustainability and Performance Aspects 65 

6.3 Results and Discussions 72 

6.4 Summary and Future Work 74 
7 Effect of MQL Design Parameters on the Properties  
of FS Welded Dissimilar Aluminum Alloys 

76 

7.1 Introduction 76 
7.2 Macrostructure 76 
7.3 Microstructure 77 
7.4 Microhardness 80 

8 Conclusions and Recommendations for Future Work 82 
8.1 General 82 
8.2 Research's Contribution to Knowledge  82 
8.3 Conclusions 83 

8.3.1 Effect of MQL System 83 
8.3.2 Effect of MQL Parameters 83 

8.4 Recommendations for Future Work 84 
References 85 

Appendices 93 

  
  
  
  
  
  
  
  

 
 
 
 
 
 
 
 
 
 



VIII 

  

 

 

LIST OF TABLES 
Table 3.1: FSW process conditions for first case study 20 
Table 3.2: MQL design variable levels for second case study 20 
Table 3.3: Chemical composition of 6061-T6 21 
Table 3.4: Mechanical and physical properties of 6061 22 
Table 3.5: Chemical composition of 5052-H32 22 
Table 3.6: Mechanical and physical properties of 5052-H32 22 
Table 3.7: Chemical composition of A2 tool steel 22 
Table 3.8: Dimensions of the FSW tool 23 
Table 3.9: L9 Orthogonal array for experimentation 39 
Table 4.1: A tabular form of UTS of 6061-T6 AA welded in different conditions 46 
Table 4.2: ANOVA test results for tensile strength 52 
Table 4.3: Fisher test results for spindle speed of UTS 53 
Table 4.4: Fisher test results for feed rates of UTS 53 
Table 5.1: The measured outputs for similar and dissimilar alloys based on 
L9OA 

54 

Table 5.2: ANOVA results for the measured welding forces 56 
Table 5.3: ANOVA results for the surface roughness results 57 
Table 5.4: ANOVA results for energy consumption results 58 
Table 5.5: Grey relational results for Case 1 61 
Table 5.6: Grey relational results for Case 2 61 
Table 5.7: Grey relational results for Case 3 62 
Table 6.1: MQL design variable levels 64 
Table 6.2: The sustainability results and measured outputs 65 
Table 6.3: Experimental results 65 
Table 6.4: Variables were affected by MQL method during FSW in terms of cost 69 
Table 6.5: MQL efficiency in terms of cost 69 
Table 6.6: Validation results for all studied cases 74 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



IX 

  

 

 

LIST OF FIGURES 
Fig. 2.1 Friction welding process 5 
Fig. 2.2: Schematic illustration of an actual FSW tool 5 
Fig. 2.3: Schematic illustration of friction stir welding 6 
Fig. 2.4: Tilt angle of FSW tool 7 
Fig. 2.5: Heat process during FSW  9 
Fig. 2.6: Cross-section of a normal FSW viewing four distinct regions: (a) SZ, (b) 
TMAZ, (c) HAZ and (d) base metal 

13 
 

Fig. 2.7: Effect of processing parameters on grain size and band spacing in 
6061-T651 FSW for (a) 1000 RPM at 2.0 mm/s, (b) 1000 RPM at 3.0 mm/s, and 
(c) 1500 RPM at 2.0 mm/s 

15 

Fig. 3.1: Schematic of experimental work including setups 16 
Fig. 3.2: Steps of FSW process  17 
Fig 3.3: Retracting of FSW Tool 18 
Fig. 3.4: Schematic of cause and effect for weld quality joint 19 
Fig. 3.5: MQL system 20 
Fig. 3.6: Schematic view to visualize the MQL nozzle 21 
Fig. 3.7:  Schematic illustration of A2 FSW tool used 
Figure 3.8: Boundary condition of FSW tool simulation 
Figure 3.9 Material properties of Titanium alloy used. 
Figure 3.10: Force application of FSW tool simulation 
Figure 3.11: Equivalent (von Mises) stress results. 
 

23 

Fig. 3.12:  Stainless steel anvil plate fixture and clamps 35 
Fig. 3.13: HAAS VF-2 CNC vertical milling machining 36 
Fig. 3.14: Schematic of tensile test specimens and macrograph 37 
Fig. 3.15: Tensile test results of AA 6061-T6 with MQL process 38 
Fig. 3.16: Tensile testing machine Model 5969 39 
Fig. 3.17: Polishing device - Struers LaboForce 50  41 
Fig. 3.18: Advanced digital microscope (KEYENCE-VH-Z250R) 42 
Fig. 3.19: (a) Kistler force dynamometer, (b) Amplifier to convert the charge 
signals 

44 

Fig. 3.20:  Stainless steel anvil plate 45 
Fig. 3.21: PowerSight device PS2500  46 
Fig. 3.22: Surface roughness devise - Mitutoyo SJ.210 47 
Fig. 4.1: Force diagrams at different spindle speeds (S1-S5) recorded during an 
experimental run (Fx: traversing force; Fy: lateral force; Fz: penetration force, 
kN) 

51 

Fig. 4.2: Traversing force (Fx) as a function of spindle speed at a feed speed of: 
a)260 mm/min, b) 180 mm/min, c) 100 mm/min 

51 

Fig. 4.3: Lateral force (Fy) as a function of spindle speed at a feed speed of: 
a)260 mm/min, b) 180 mm/min, c) 100 mm/min 

52 

Fig. 4.4: Penetration force (Fz) as a function of spindle speed at a feed speed 
of: a)260 mm/min, b) 180 mm/min, c) 100 mm/min 

52 

Fig. 4.5: Percentage of force reduction 54 
Fig. 4.6: UTS of 6061-T6 AA welded in different conditions 56 



X 

  

 

 

Fig. 4.7: UTS as a function of spindle speed at a feed speed of: a)260 mm/min, 
b) 180 mm/min, c) 100 mm/min 

58 

Fig. 4.8: Cross-section of FSW 6061 Al produced at an RPM of 1600 and a feed 
speed of 260 mm/min showing BM, HAZ, TMAZ and SZ 

60 

Fig. 4.9: Microstructures of a) BM, b) HAZ, TMAZ, and SZ of Al 6061 produced 
with a spindle speed of 1000 rpm, a feed speed of 260 and MQL lubrication 
condition 

61 

Fig. 4.10: SZ microstructures for a) 1600rpm, 180mm/min and dry, b) 1600rpm, 
180mm/min and MQL, c) 1900rpm, 180mm/min and dry, d) 1900rpm, 
180mm/min and MQL, e) 1600rpm, 260mm/min and dry, f) 1600rpm, 
260mm/min and MQL, g) 1900rpm, 260mm/min and dry, h) 1900rpm, 
260mm/min and MQL 

63 

Fig. 4.11: Average grain size area distribution of SZ with different process 
conditions. 

64 

Fig. 4.12: MQL mechanism 64 
Fig. 5.1: The stages for the measured forces during friction stir welding 70 
Fig.  5.2: MQL mechanism during FSW 80 
Fig. 6.1: Distribution of cost components of the FSW process 88 
Fig. 6.2: The steps of the implemented assessment algorithm 90 
Fig. 6.3: Assessment results for case I: (6061 & 6061) 92 
Fig. 6.4: Assessment results for case II: (6061 & 5052) 92 
Fig. 6.5: Assessment results for case III: (5052 & 5052) 93 
Fig. 7.1: Cross-section macrograph of FS welded 6061 and 5052 using MQL 97 
Fig. 7.2: Optical microstructure of different regions correspond to zones in 
Figure (7) 

100 

Fig. 7.3: Vicker’s microhardness distribution along the thickness  
cross-section of the welded joints 

102 

 

 

 

 

 

 

 

 

 

 

 



XI 

  

 

 

LIST OF APPENDICES 
Appendix (A): Heat Treatment of A2 Tool Steel 94 
Appendix (B): G Code 95 
G Code for welding process (First case study)  95 
G Code for welding process (Second case study)  96 
G Code for machining of the stainless-steel anvil plate  96 
Appendix (C): Grinding and Polishing Procedure 97 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



1 

  

 

 

Chapter One: Introduction 
1.1 Problem Formulation (Motivation)  

Obtaining a welded joint which has sound mechanical properties and is free of defects is 
challenging for many industries such as transportation. Because of the efficiency of using 
lightweight materials in transportation industries, including automotive, aerospace, and 
shipping, many researchers have started focusing on using some lightweight metals as a 
structural material alone or in combination with other materials [1]. Several investigations 
have studied the welding of dissimilar materials using conventional welding methods such 
as fusion welding and friction welding. The studies showed the formation of brittle 
intermetallic compound layers in the welding region between any two dissimilar material 
plates when conventional methods are used because of the difference in melting 
temperature. Because of the brittleness of these multiple intermetallic compound layers, 
the efficiency of the welding process decreases. Therefore, obtaining a high-quality joint 
is difficult with conventional welding processes, especially when joining dissimilar 
materials [2].  

 Friction stir welding (FSW) is a solid-state joining technique creates joints using forceful 
kinetic contact between materials. During the FSW process, the rotating probe slowly 
moves into a butt joint line between two rigidly clamped plates or sheet metals. This 
technique improves the weldability by reducing the formation of intermetallic layers 
between dissimilar materials [3]. However, because of the differences in the physical and 
chemical properties of the materials to be joined, FSW does not always result in a joint 
with an acceptable strength [4]. With FSW, the properties of the jointed area are not 
modified sufficiently to be equivalent to the properties of the base metal [5]. In general, 
the joining of dissimilar plates is considered challenging. Determination of the variables that 
influence the modification during FSW is critical to solving the problem.  

The main FSW variables are tool geometry, spindle speed, and feed rate. In addition, the 
material’s properties directly affect the heat transfer and the material deformation field near the 
tool that is being used during the FSW process. Physical properties of the FSW joint, such as 
mechanical and microstructure, are affected by these parameters. Currently, these physical 
properties of the FSW joint have been investigated to improve the joining process; hence, 
optimizing the FSW process to develop experimental and numerical models is considered 
important to minimize the time and cost of this promising process. 

Difficulties related to FSW can be reduced or eliminated by choosing appropriate welding 
variables. These variables will enhance the welded joints and will make the process more 
sustainable. However, it is critical to select proper parameters to obtain optimal defect-free welds. 
Optimization of the conventional FSW parameters is necessary to produce welds of acceptable 
strength and hardness, and to join metallic materials and join similar and dissimilar materials with 
high melting points. 

1.2 Research Challenges  

• Because of the differences in the physical and chemical properties of the materials to be 
joined, acquiring an acceptable strength and a homogeneous structure is considered very 
difficult.  
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• The joining of dissimilar plates is considered challenging due to the microstructure and the 
material flow evolution is more complex than that of similar materials throughout the FSW 
region.  

• Selecting appropriate control welding variables is considered to be difficult because a 
huge number of welding variables influence the FSW technique.  

• It is critical to obtain optimal defect-free welds.  

 

1.3 Research Hypothesis  
Can optimization result and appropriate control of the thermal environment 

and the FSW process parameters, results in defect-free welds and thereby improve 
the weld quality when welding similar and dissimilar aluminum alloys?  
 

The focus of this research question is on obtaining a weld region with acceptable 
strength and homogeneity by using the FSW process when joining similar or dissimilar 
aluminum alloys.  
 

1.4 Research Objectives  
• To apply new cooling methods with effective and more sustainable alternatives. 

• To prevent the transfer of excessive heat into the weld zone during the FSW of 
aluminum alloys. 

• To have a steady-state heat flow at the FSW tool during the joining process of 
aluminum, both similar and dissimilar. 

• To investigate the effect of minimum quantity lubrication (MQL) on the mechanical 
properties and the microstructure of friction stir welded Aluminum Alloy 6061-T651. 

• To investigate and evaluate the effect of MQL parameters on the welding force, 
power consumption, and surface roughness for both similar and dissimilar FS 
welded aluminum alloys.  

• To optimize the conventional FSW parameters to overcome the difficulties and 
reduce the formation of intermetallic compound layers, which will allow for 
acceptable strength and hardness of similar and dissimilar materials.  

• To evaluate the sustainability (energy consumption, waste management, cost, 
environmental impact) of the FSW process to join similar and dissimilar materials.  

1.5 Impact of the Work  
• Because of the efficiency of using lightweight materials in the automotive, 

aerospace, and shipping industries, obtaining a welded joint that has sound 
mechanical properties and that is free of defects is critical to the industry.  

• In many fields, such as the transportation industry, obtaining a high-quality joint is 
difficult with conventional welding processes. This problem is clear with some 
alloys that contain low melting metals.  

• Designing parameters in order to optimize the FSW process with applying coolant. 
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• Developing a model to assess the knowledge aspects during FSW similar and 
dissimilar alloys and enhances the performance and sustainability. 
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Chapter Two: Theoretical Framework 
2.1 General Overview of the Welding Process 
     Welding is used in manufacturing industries to join similar and dissimilar materials. 
The main types of welding are solid-state welding and fusion welding. The energy types 
and processes of joining are the main factors used to distinguish between these types of 
welding in addition to other parameters. For instance, solid-state welding depends on 
pressure or a combination of pressure and heat without reaching the melting point of the 
materials being joined, whereas fusion welding requires intense heat to melt the metals 
to be joined. The heat produced during fusion welding is much higher than that produced 
in solid-state welding. These conventional welding processes will not produce a high-
quality joint, especially with some alloys that have low melting points.  

       In many fields, such as the aerospace industry, obtaining a high-quality joint is difficult 
with conventional welding processes. This problem is clear with alloys that have metals 
with low melting points [2]. The literature and practical experience have confirmed that it 
is difficult to weld metals with a low melting point, and alloys formed form them [6]. The 
main issues that occur when using the fusion welding process are a poor solidification 
structure and a high porosity, especially in the fusion area. The friction stir welding 
process (FSW), a type of solid-state welding, avoids the usual problems that occur when 
using conventional welding to join low melting point materials with similar or dissimilar 
materials [7]. The technology of welding is evolving as the industry focuses more towards 
sustainability [8]. 

2.2 History of FSW 

Friction stir welding (FSW) is a solid-state joining technique that was invented and 
experimentally proven by Wayne Thomas at The Welding Institute (TWI) in Cambridge, 
UK, in December of 1991. Over the past two decades, FSW has represented the most 
significant development in lightweight material welding. This process can be considered 
a modified friction welding method, as it depends on frictional heat [9-14]. This solid-state 
process creates joints using forceful kinetic contact between materials. Heat is generated 
due to friction, which moves material from the contact surfaces in a plastic manner. Figure 
2.1 shows the basic steps of friction welding. As shown in Figure 2.2, the tool used for the 
FSW process has two main parts, namely the pin (probe) and the shoulder. 
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Figure. 2.1 Friction welding process. 

 

Figure. 2.2: Schematic illustration of the FSW tool. 
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2.3 Steps in FSW Processes 
The FSW process takes place in three stages: frictional heating, plastic deformation, and 
heat dissipation [15]. During the FSW process, the rotating probe slowly moves into a butt 
joint line between two rigidly clamped plates or sheet metals. In general, the metals are 
clamped to an anvil, and the tool traverses the joint at a constant feed speed, as shown 
in Figure 2.3. The rotating tool’s shoulder must contact the upper side of the plates being 
joined, and the tool’s probe must extend a minimum of 95% into the workpiece thickness 
[16-18]. 
 

Frictional contact generates heat between the workpiece and the tool shoulder, 
while the tool is travelling. This contact usually brings the temperature to 80% to 90% of 
the melting point of the materials [19-23]. During the joining process, the stirred material 
as a result of the rotation moves from the front to the back of the probe [24, 25]. Heat is 
generated in this process because the tool rotates at a very high speed. The tool is, firstly, 
thrust into the workpiece interface, then traverses through the material to produce a 
welding line. 

 

Figure. 2.3: Schematic illustration of friction stir welding. 
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2.4 FSW Processes Parameters 
There are several physical parameters that must be considered in planning FSW, as they 
can be used to control the FSW process. These parameters include spindle speed, feed 
speed, tool design, and the tilting angle of the tool. Optimization of these parameters is 
critical to producing high-quality welds. These parameters control the torque and the heat 
generated through resistance with the workpiece, the feed force of the tool through the 
workpiece, the temperature field established in the workpiece, and the power consumed. 
The most important process parameter is rotational speed because it affects the amount 
of friction that the tool generates, and consequently, the amount of heat produced. 
Rotational speed has a larger effect than the other process parameters or the torque 
because by increasing the spindle speed, the heat generation and workpiece temperature 
is increased, which then reduces the torque. The tilt angle lies between the normal axis 
to the plate surface and the pin axis of FSW, as shown in Figure 2.4. This angle affects 
the compressive force applied to the metals, as well as the heat generation rate, which in 
turn has a direct influence on the shear strength and the brittleness of the intermetallic 
compound and the material flow. This effect is more pronounced, especially when joining 
dissimilar metals [26-29]. A general range for tool tilt is between one and four degrees 
[15]. 

 

 

Figure. 2.4: Tilt angle of FSW Tool. 
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The design of the FSW tooling is critical for achieving a good-quality weld [9].  The 
required power, the consistency of the welded region, and the plastic flow are the main 
variables that can be affected by the tool design. The tool’s pin has various shapes that 
are designed depending upon its purpose. Improving the geometry of the FSW tool has 
many advantages: increased joint quality, higher heat production, enhanced stirring and 
breaking of the oxide layer, and greater feed speeds [30-32]. The materials of the FSW 
tool must remain extremely hard at high temperatures, which must be maintained for a 
long-duration of time [33]. 

2.5 Sustainability and Environmental Impact  
Over the past decade, manufacturing companies have been forced to consider the 

environmental and social effects of their products, instead of focusing solely on the 
economic benefits. Customers also want to buy sustainable products, but this has 
challenged manufacturers to stay competitive by developing sustainable manufacturing 
techniques and products [34]. Manufacturers are now trying to promote products and 
processes that provide social and economic benefits while minimizing environmental 
impacts [35]. Sustainability implies doing more than simply analyzing and modifying the 
performance of manufacturing processes as related to the environment. When resources 
are consumed, and waste is produced faster than nature’s ability to cope, the system is 
considered unsustainable [36]. Sustainability criteria have to apply to all fields including 
societal, environmental, and economic [37]. Lightweight materials and structures are 
important aspects of increasing fuel efficiency and consequently reducing emissions of 
public transportation systems. Due to the reduced weight, CO2 emissions will be reduced 
through the reduction of fuel consumption. The desired gains in performance, cost-
effectiveness and sustainability as related to functional requirements determine the 
quality of the product. It is necessary to optimize manufacturing improvements and the 
process arrangement to decrease the consumption of energy and resources, 
occupational hazards, toxic waste, etc. [38, 39].  

2.6 FSW Optimization  
Many researchers have dedicated time to studying the effects of welding 

parameters on defect formation to improve FSW variables. Previously, these 
investigations were achieved via trial and error, but currently, the literature on the FSW 
process uses rigorous methods to find both solutions for reflecting problems and optimum 
welding variables. The major parameters for study by researchers include traverse 
speeds, rotational speeds, and axial force. Traditional experimental techniques are used 
to determine the FSW process variables' effects, which include changing one variable 
while keeping the others constant [40].  

One of the methods that can be used to optimize welding parameters is the 
Taguchi method. This method is a simple and effective technique that can improve the 
properties of a given product. It is superior for finding the optimum process conditions 
[41], and it effectively decreases any variability in the output variable. This method can 
be applied to any process to improve production efficiency [42]. Taguchi has developed 
an orthogonal array method, which reduces variances in the experiment [43]. This method 
achieves a combination of degree of freedom (DOF) with parametric optimization, which 
provides acceptable quality parameters for the product [44].   
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There is a three-stage method recommended by Taguchi for obtaining the required 
manufacturing quality: system design, parameter (measure) design, and tolerance 
design. The system is designed to provide an accurate arrangement of parts, equipment, 
and design features that apply engineering methods. The design parameters create a 
robust process that is less sensitive to differences in noise variables that cannot be 
controlled, which allows the suitable design variable levels to be achieved. This design 
tolerance reduces the totality of the process and the lifetime costs determined for the 
system or products [45]. Analysis of variance (ANOVA), a standard statistical method 
usually used to clarify observations, is used to analyze the differences between two or 
more group means [46]. In manufacturing processes, analysis of variance has been 
applied to recognize the significant factors influencing response variables. Most of the 
previous investigations on design parameters were focused on optimizing the FSW 
process without applying coolant. 

2.7 Thermomechanical Profile of FSW  

It is important to study the physics of heat generation to understand the principles 
of the FSW process since heat generation has a direct effect on the different joint results 
[47]. Physically, friction is generated when the tool surfaces (pin and shoulder) contact 
the fixed surface of the workpiece metal to be welded under a pressure load. During the 
FSW process, the temperature of the workpiece metal below the tool increases to a point 
that the workpiece layer at the spindle-pin interface starts to lose its strength, then yields, 
and sticks. Also, the high temperature deforms and breaks the soft material layer in the 
workpiece at the welding zone [7]. This occurrence influences the thermal softening from 
frictional heat and results in shearing the interface between plate material layers [48]. As 
a result of dynamic speed differences and the boundary sliding state, highly localized heat 
is therefore generated by the tool at the workpiece metal interface [49]. 
Ultimately, all the energy produced from the frictional effect during the FSW technique is 
turned into mechanical deformation and heat. Eighty-eight percent of this heat is  

Figure 2.5: Heat process during FSW.  
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conducted and spread throughout the workpiece metal [50], the supporting plate, and the 
FSW tool (Figure 2.5). Heat transfer directly affects the residual stress in and the 
microstructure of the final joint [50]. 

2.8 Joining Dissimilar Materials  
Welding dissimilar alloys usually exposes significant issues, this makes it one of 

the most important challenges for manufacturing processes. These challenges lie in the 
different microscopic structures, chemical properties, and the physical properties of the 
dissimilar alloys to be welded. The dissimilar welding offers the possibility of replacing 
riveted joints used in various applications, in addition to facilitating the replacement of 
some parts of the structures with other alloys that have a higher strength-weight ratio. In 
conventional welding processes, it is required to use fillers whose properties are similar 
to the alloys to be welded, but with joining dissimilar aluminum it is difficult to choose 
fillers.  

It is difficult to use conventional welding (fusion) processes due to the high thermal 
conductivity of aluminum alloys, about five times that of steel; this means that the 
generated heat dissipates quickly from the welding zone during the joining process. The 
varying microstructures and mechanical properties of dissimilar aluminum alloys makes 
them difficult to join utilizing traditional fusion welding techniques, resulting in the 
formation of defects such as porosity, hot cracking and distortion. To use these alloys in 
automobile manufacturing an effective joining process is required. 

Several researchers [51-56] have studied the welding of dissimilar materials using 
different welding methods such as arc welding processes, gas welding processes, and 
resistance welding processes. Their studies investigated the formation of intermetallic 
layers in the welding region between the two dissimilar material plates. These layers 
decrease the efficiency of the welding joints. To overcome the problem of forming 
intermetallic layers, the development of new joining processes is required [57].  

Friction stir welding (FSW) is a promising welding technique used for joining 
dissimilar materials. In this method, welding can be achieved at a lower temperature 
(solid-state) than the temperature required in other conventional welding methods. 
However, because of the differences in the mechanical properties of the materials to be 
joined, FSW may not result in a joint with an acceptable strength [58-68]. To overcome 
this difficulty, many researchers have started to study how to improve the conventional 
FSW process [69-72]. The results of Tanaka's study [58] demonstrated that a joint created 
between mild steel and aluminum alloy 7075-T6 using FSW does not have enough 
strength to meet the minimum required mechanical properties. However, Merklein et al. 
[67] and Bang et al. [73] have overcome this problem by combining the FSW method with 
a laser source, creating a hybrid FSW process. Another problem is revealed by Kwon et 
al. [74] who have experimentally studied the effect of using various tool speeds on the 
microstructure, the surface shape, and some tensile properties of A5052P-O and AZ31B-
O plates that are welded via the FSW process. Eventually, Kwon et al. proved that the 
mechanical effect of stirring leads to a mass transfer phenomenon between these two 
dissimilar metals.  
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Watanabe et al. [75] pointed out that intermetallic compounds were not formed 
across the interface between A5083 and steel when FSW was applied. But there is an 
evidence that some intermetallic layers accumulated in the upper part of the joint and 
formed a thin layer that caused a decline in the strength of the joint. Li et al. [76] and 
Bisadi et al. [68] concluded that the quality of the FSW process for joining Cu-Al metals 
was affected by certain factors. These factors included the differences in the melting 
points, the deformation ability of the pin tools, and the generation of intermetallic layers. 
In general, a weak joint is produced when FSW is utilized between metals which differ 
significantly in their melting points and deformation ability. 

2.9 Manufacturing Cooling Strategies  
It is possible to use cooling strategies to enhance the properties of the FSW 

process [3]. Several studies have investigated the effect of cooling strategies on the 
properties of the tools, and of the joint region involved in the FSW process. Different 
variables can control the cooling strategies, such as coolant type, additive, nozzle 
orientation, the angle of the nozzle, flow rate, spray distance, etc. These variables 
influence the effectiveness of FSW techniques.  

Researchers have previously shown that when welding some aluminum alloys 
using FSW, the welding zone requires protection from excessive heat [77]. As a result of 
the excess heat generated by friction, the welding zone has clearly displayed an adiabatic 
thermal softening influence to reduce the strength of the heat-affected zone compared to 
the base metal [48]. Therefore, it is important to conduct research to obtain materials or 
cooling systems that are effective for the FSW to protect the welding zone and reduce the 
effect of adiabatic thermal softening. 

The generated heat is distributed within the tool, the workpiece, the supporting 
plate or the holding feature, and to the ambient environment. Heat input and transfer are 
indirectly coupled at the interface via convection and conduction and transferred around 
the probe in the metal deformation region [49]. In addition, the tool metal, such as the 
tungsten carbide or tungsten alloys used for tools that work high softening-temperature 
metals, has a high thermal conductivity when compared to the tool steel used when 
welding aluminum [78]. To create a consistent thermal environment for the tool, and to 
minimize damage to the spindle bearings, one of two different techniques is applied when 
cooling the tool shank. In the first technique, coolant is conducted to the tool shank (back 
end) using a hollow drawbar. Although this technique generates the best cooling rate, it 
occasionally generates a process-specific thermal environment, and this may complicate 
the transfer of operating factors between machines. There may also be issues in forming 
a good seal between the shank and the tool holder. A cooled tool holder mounted in the 
machine spindle is the other technique used for tool cooling. This type of cooling has been 
applied differently based on the type of machine, and the tool holder can be customized 
for any spindle arrangement. The main difficulty of this cooling technique is that the 
stiffness of the cooled tool holder is less than that of the machine spindle [69].  

Zhang et al. [79] investigated improvements in the microstructure and mechanical 
properties of FS welded 6 mm thick 2014-T6 aluminum alloy by immersing the workpiece 
plates in room-temperature water. Defect-free welds resulted at low, limited ranges of 
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welding speed (100 mm/min and 400 to 800 mm/min). The welds fractured partially in the 
heat-affected zone when water cooling was applied. Sharma et al. [80] studied the effect 
of in-process air cooling of FS welded 5 mm thick AA7039 on tensile behavior. This study 
determined that using in-process cooling minimized the range of softening in the welding 
zone and reduced the size of HAZ and TMAZ. However, there were greater mechanical 
properties of traditional FSW than the in-process cooled weld.  

In comparison, Xu et al [81] concluded that a finer grain size could be obtained at 
the nugget zone by applying air cooling onto the tool and on the top surface during FSW 
of 20 mm thick AA2219-T62. Moreover, Jariyaboon, et al. [3] investigated the influence 
of cryogenic liquid CO2 cooling on the corrosion behavior of FS welded 6.35 mm thick 
2024-T351 aluminum alloy. The liquid CO2 was directed perpendicularly through a nozzle 
to the jointed area directly on the back side of the FSW tool. This study showed that 
cryogenic cooling had a slight influence on the center of the welding zone, but it reduced 
the range of the HAZ.  Fratini et al. [82, 83] investigated the influence of water cooling on 
the mechanical properties of AA7075. Their results indicated that water cooling could 
enhance the tensile strength of this alloy. The above studies have shown that the 
properties of FS welded aluminum alloys can be improved through controlling the level of 
temperature during the welding process, which can be done by using different cooling 
processes. 

2.10 Minimum Quantity Lubrication (MQL) 
As a new and sustainable method of lubrication and cooling, Minimum Quantity 

Lubrication (MQL) optimizes the use of metalworking fluids [84]. The MQL process 
replaces regular lubrication methods, resulting in a more sustainable manufacturing 
process. This process has been verified consistently as a near-dry process with respect 
to human health, cost, and environmental friendliness. The MQL process uses a small 
quantity of oil and sprays of compressed air [85, 86]. The MQL cooling system is used in 
many manufacturing processes but has not been used previously for FSW.  

The MQL process has been successfully used as an efficient and suitable 
alternative to flood cooling in conventional manufacturing processes [87, 88]. MQL is 
usually applied as a near-dry process that uses a small amount of environmentally friendly 
and biodegradable oil sprayed with compressed air [89]. Hegab et al. [90] studied the 
effect of the MQL process during turning of Inconel 718, and two nanofluids (MWCNTs 
and Al2O3) were applied. Eltaggaz et al. [91] investigated the influence of MQL on the 
tool wear behavior during the cutting of ADI. To enhance the efficiency of MQL, aluminum 
oxide (Al2O3) gamma nanoparticles were applied in this study. Previous studies done by 
author [92 - 94] have found that using MQL as a cooling and lubrication technique reduced 
the welding force during the FSW process when joining aluminum alloys. The most 
significant of these results was the improved physical properties of the microstructure of 
the welding zone, and the increase in the average ultimate tensile strength (UTS) 
compared to the results with dry FSW.  

2.11 Submerged Friction Stir Welding 
An Improvement of the strength in common friction stir welded joints is possible by 

careful control of the welding temperature. In several solid-state welding techniques, 
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external liquid cooling has been used to improve weld performance. Controlling the 
temperature level is one important way to improve weld properties. To achieve that, water 
was used to perform an in-process cooling effect during FSW due to its excellent heat 
absorption capacity and widespread distribution. Submerged friction stir welding has been 
conducted successfully in joining many ultra-high strength aluminum alloys and spray 
formed aluminum alloys via modification of the thermal cycle using a water environment. 
The tensile properties of the UFSW joint have been compared to the traditional method 
[95], microstructure [83], corrosion resistance [96, 97] and thermal cycle [98]. Wang et. al 
[99] performed a study on spray formed AA 7055. In this investigation, the adjustment 
strategy of the UFSW factors was examined in three groups of joining experiments with 
different rotations and welding speeds. Results showed that besides presenting viable 
properties, the submerged full weld nugget had an eliminated weak connection defect 
and narrowed the difference of grain size. This demonstrated that the spindle speed has 
a wider adjustment range than the welding speed. Zhang et al. [100] conducted 
submerged FSW of AA 2219-T6. Here, the whole workpiece was immersed in a water 
environment in order to take full advantage of the heat absorption capacity of water. The 
tensile strength of the submerged weld was higher than the corresponding normal weld. 
A mathematical connection between tensile strength and welding factors was proposed 
by Zhang et al. [101] to calculate the tensile strength of submerged friction stir welded 
2219-T6 aluminum alloy. 

2.12 The Microstructure of the FSW Joint  
Microstructurally, the deformation and heat generated in the FSW process induces 

clear zones in the joint [102, 103]. The joint microstructure in FSW involves four zones 
[104-108]: the stirred (nugget) zone (SZ), the thermo-mechanical affected zone (TMAZ), 
the heat affected zone (HAZ), and the base metal (BM) as shown in Figure 2.6. 

    

    The stirred zone corresponds to the joint line and is usually the same diameter as the 
tool probe in the FSW process. The nugget region, in particular, contains deeply deformed 
material that is  

 

 

Figure 2.6: Cross-section of a normal FSW viewing four distinct regions:                               
(a) SZ, (b) TMAZ, (c) HAZ and (d) BM. 
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near the pin via the joining process. This zone is exposed to elevated temperatures and 
wide plastic deformation and includes smaller grains than the base metal. Moreover, the 
nugget region is exposed to higher strains since it has a small grain structure with fine 
particles and completely recrystallized material; this is enclosed via a thermomechanical-
affected zone (TMAZ) that typically has a dissimilar microstructure [109]. TMAZ, which 
lies close to the nugget, is located on either part of the stir region. The temperature and 
strain levels are less and the influence of joining on the microstructure of the material is 
insignificant [110]. The small heat-affected zone (HAZ) is similar to the HAZ revealed in 
joints produced via most conventional fusion welding techniques [68]. The heat-affected 
zone is exposed to a thermal cycle; however, it is not deformed by the process of welding. 
The material subjected to plastic deformation as a result of the stirring process is exposed 
to heat, resulting in microstructural alterations [111-122]. 

The grains in both the stirred zone and the thermomechanical-affected zone form 
a recrystallized structure. The hardness in the heat-affected zone and the 
thermomechanical-affected zone is less than the hardness of the base metal; however, 
the lowest hardness occurs within the transition zone between the TMAZ and the HAZ 
[123-125] 

Solid phase joining in the FSW process can be attained as a result of frictional heat and 
plastic flow. This results in microstructural alterations in the affected area of the aluminum 
alloy [40,126]. The mechanical properties of the weld can be defined from the local 
microstructure. Different welding tool rotation performances are achieved by adopting the 
welding parameters, which in turn leads to various changes in microstructure and 
mechanical properties. Besides its main function as a welding process, FSW can also be 
used to refine the grain size of aluminum alloys [127,128]. Fusion welding causes a brittle 
weld and creates an in-grain boundary location. Similarly, FSW significantly reduces heat 
input that could lead to problems [129]. 

Previous investigations have focused on understanding the microstructural changes of 
aluminum alloys which have undergone FSW [130]. The relationship between mechanical 
properties and microstructural changes is very significant. However, because it reflects 
welding characterizations, this relationship is still ambiguous. This is because of the 
difficulty in calculating the local heating, which is the most important parameter for 
determining the microstructure [131]. The recrystallization in the FSW process, both 
plastic flow and heat-generated, forms a microstructure in a tiny grain size [132]. Chenelle 
et al. [133] explained that band spacing and grain size are obviously affected by 
machining parameters in the FSW process, as presented in Figure 2.7. In this research, 
an increase in grain size was observed in two different adjustments:  

• Increasing feed speed from 2 to 3 mm/sec. 
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•  Increasing spindle speed from 1000 to 1500 rpm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Effect of processing parameters on grain size and band 
spacing in 6061-T651 FSW for (a) 1000 RPM at 2.0 mm/s, (b) 1000 RPM 

at 3.0 mm/s, and (c) 1500 RPM at 2.0 mm/s [133]. 
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Chapter Three: Research Methodology 

3.1 Introduction 
 In this chapter, potential methodological problems for the research will be presented, 

and achievable options and intended strategies will be discussed. Moreover, this chapter 
will include a description of the machines and the tools that were used in the research as 
well as to evaluate the joints. The main objective of this experimental study is to 
investigate and quantify the influence of the MQL process in the FSW processes of 6061-
T6 and 5052-H32 aluminum alloys. This will be compared with a dry joining process that 
will use the appropriate welding parameters. Figure 3.1 presents the steps related to the 
experimental work. 

 
 
 
 

3.2 Materials and Experimental Methods 
3.2.1 Steps in the FSW Process 

Figure 3.2 explains the steps in the FSW process. In the beginning, the tool probe is 
plunged slowly between the two sheets that are being welded until the tool shoulder 
touches the sheet surface (Figures 3.2a – 3.2c). The tool then traverses through the 
material to produce a welding line. 

Next, the stirring and the welding processes are conducted between the two sheets. 
This is done by applying force to a tool moving along the welding line (Figure 3.2d) with 

Figure 3.1: Schematic of experimental work including setups. 
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the selected welding speed. In this step, the plunging depth of the tool shoulder is 
adjusted via monitoring the welding face appearance at the beginning of the welding line. 
While travelling, the frictional contact between the workpiece plates and the FSW tool 
shoulder will generate heat at about 80 to 90% of the melting temperature of the 
workpiece plates. Finally, the tool will be retracted after the welding line is completed. 
This step will be conducted by lowering the machine table to retract the welding tool. This 
stage leaves a hole at the point before the tip of the welding line that can be machined 
after the joining process (Figure 3.3). 

 

 
 

 
Figure 3.2: Steps of FSW process. 
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3.2.2 Variables 

There are many variables related to the FSW process that can be used to control this 
joining process. Selecting the appropriate welding variables will improve the welded joints 
and create a more sustainable method. It is important to choose suitable variables to 
obtain optimal defect-free joints. The diagram in Figure 3.4 presents variables (controlled 
variables) that influence weld quality and were analyzed via several investigations. The 
main welding parameters are spindle speed, feed rate, tool design, and the tilting angle 
of the tool. Cooling lubrication is one of the other techniques that are used to enhance 
the FSW process. The MQL was carried out using commercial ECOLUBRIC E200. This 
is a vegetable oil which is based on rapeseed oil and was used in all the studied cases 
(Figure 3.5). In the first case study, the rotational speed, feed speed, and tilting angle 
were ranged according to previous researches. Table 3.1 outlines the five different levels 
of the spindle speed, the three feed speed ranges and the coolant-lubrication strategies 
that were examined during the first case study. The parameters examined were in line 
with the parameters investigated by other researchers [134, 135]. 

Table 3.2 shows the different levels of MQL variables adopted for the second case 
study: flow rate, orientation angle, and nozzle diameter. Figure 3.6 shows the inclination 
of the nozzle to the tool as well as the orientation angle that was used as a variable in 
this study. However, the main welding parameters, such as spindle speed and welding 
speed, were adopted according to the results of a previous study by the author (the first 
case study). The values used for both spindle speed and feed speed are 1600 rpm and 
180 mm/min, respectively. 

Figure 3.3: Retracting of FSW Tool. 
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𝑆5:2200 𝑆4:1900 𝑆3:1600 𝑆2:1300 𝑆1:1000 Spindle Speed (rpm) 

  𝑉𝑓3:260 𝑉𝑓2:180 𝑉𝑓1:100 Feed Speed (mm/min) 

   MQL 
system 

Dry Coolant-Lubrication 
Strategies 

𝐀𝟑:10 𝐀𝟐:7.5 𝐀𝟏:5 Flow rate (cm3/hour) 

𝐁𝟑:-60 B2: 60 B1: 0 Orientation angle (degree) 

𝐂𝟑:5 C2:3.75 C1:2.5 Nozzle diameter (mm) 

Table 3.1: FSW process conditions for first case study. 

 

Table 3.2: MQL design variables levels for second case study. 

 

Figure 3.5: MQL System. 
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3.2.3 Workpiece Plate (Material and Dimensions) 

Aluminum alloys will be used in this research, as they are frequently employed by 
transportation industries. As well they have the required characteristics of being high 
strength and lightweight. However, obtaining a high quality joining for this material is still 
difficult with conventional welding processes.   

The FSW process in this experimental study used 3.175 mm thick 6061-T651 
plates cut into 50.8 mm wide, and 76.2 mm long workpieces to conduct similar welds in 
the first case study. However, in the second experimental study, the FSW process was 
used to conduct welds similar and dissimilar of AA6061-T651 and AA5052-H32. The 
AA6061-T651 was kept on the advancing side during dissimilar welding. The dimensions 
of the plates in the second study were the same as in the first case. Tables 3.3 to 3.6 
show the nominal chemical composition, the typical mechanical properties, and the 
physical properties of the as-received 6061-T651 and 5052-H32, respectively.  

 

Al Fe Zn Cu Ti Mn Cr Si Mg Comp 

Bal
. 

Max 0.7 Max 
0.25 

0.15-
0.4 

Max 0.15 Max 0.15 0.04-0.35 0.4-
0.8 

0.8-
1.2 

Wt. % 

Table 3.3: Chemical composition of 6061-T6 [136]. 

Figure 3.6: Schematic view to visualize the MQL nozzle orientation. 
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3.2.4 Tool (Material and Design) 

In all case studies in this research, the FSW tools were manufactured from A2 tool 
steel due to its resistance to thermal fatigue cracking and its high toughness; also, when 
applying heat treatment, this material has a very high stability [137]. In addition, A2 tool 
steel has been successfully used to join different aluminum alloys. The nominal chemical 
composition of A2 tool steel is shown in Table 3.7. 

 Table 3.7: Chemical composition of A2 tool steel [137]. 

 

The FSW tool probe has been stated to be about 5% of the workpiece thickness. 
The tool shoulder has to touch the upper side of the workpiece plates and there is a small 
space between the probe and the back workpiece. The pin of the tool used in the first and 
second case studies was a smooth trapezoidal cylinder that contained no threads, tapers, 
or other welding enhancement designs. Figure 3.7 and Table (3.8) show the geometrical 
dimensions of the FSW tool used in this research. 

 

Poisso
n ratio 

Modulus of 
elasticity 

(GPa) 

Melting 
point (℃) 

Densit
y 

(g/cm3
) 

Elongatio
n (%) 

Yield 
strength 

(MPa) 

Tensile 
strength (MPa) 

Ultimate 
tensile 

strength (MPa) 

0.33 70-80 580 2.7 10-1.62 193-262 228-283 260-310 

Al Other, 
total 

Other, each Fe Zn Mn Cr Si Mg Comp 

Bal
. 

<= 0.15 <= 0.050 <= 0.40 <= 0.10 <= 0.10 0.15 - 
0.35 

<=0.25 2.20 -2.80 Wt. % 

Poisso
n ratio 

Modulus of 
elasticity 

(GPa) 

Melting point 
(℃) 

Density 
(g/cm3) 

Elongation 
(%) 

Yield 
strength 

(MPa) 

Ultimate 
tensile 

strength (MPa) 

0.33 70.3 607.2 - 649 2.68 12.0-18.0 193 228 

V (%) Mo (%) Cr (%) S (%) P (%) Si (%) Mn (%) C (%) 

0.25 0.90-1.40 4.75-5.50 0.03 0.03 0.30 1.00 0.95-1.05 

Table 3.4: Mechanical and physical properties of 6061[136]. 

Table 3.6: Mechanical and Physical Properties of 5052-H32 [136] 

Table 3.5: Chemical composition of 5052-H32 [136]. 
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To enhance the wear resistance and hardness of the tool, a heat treatment was 
applied in several stages. As stainless foil tool wrap that was 0.002-inch-thick was used to 
protect the tool surface. The heat treatment started with annealing. The tool was 
preheated uniformly to 1650 F0 (898.8 C0), soaked at this temperature for two hours, and 
then cooled slowly in the furnace. For the stress relieving step, the samples were heated 
to 1200 F0 (648.8 C0), soaked at this temperature for an hour, and then cooled in still air. 

Pin 
Feature

s 

Tape
r 

(𝛉) 

𝐃𝐁/𝐃𝐩 𝐃𝐬/

𝐃𝐩 

𝐑𝟐 
(mm) 

𝐑𝟏 
(mm) 

𝐋𝐑 
(mm) 

𝐋𝐊 
(mm) 

𝐋𝐩 

(mm) 

𝐃𝐊 
(mm) 

𝐃𝐩 

(mm) 

𝐃𝐬 
(mm) 

𝐃𝐁 
(mm) 

Shoulder 
profile & angle 

(α) 

3 Flats 𝟐𝟎° 3.07 1.63 5.1 5.1 2.5 35 3 13 2.4 10.8 6 𝟕° Concave 

Table 3.8: Dimensions of the FSW tool. 

Figure. 3.7:  Schematic illustration of A2 FSW tool used. 
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To harden them, the samples were preheated to 1450 F0 (787.7 C0). The temperature 
was then raised to 1750 F0 (954.4 C0) and the samples were soaked at this temperature 
for 20 minutes. The samples were then quenched in still air to 150 F0 (65C0) and tempered 
immediately at 500 F0 (260 C0) for two hours. They were then cooled in still air. The 
measured Rockwell Hardness of the A2 tool steel was 19.25 HRC before the heat 
treatment, and 48 HRC after the heat treatment (see appendix A regarding the heat 
treatment).  

3.2.5. FSW Tool Simulation 

A multi-step steady state simulation was performed in ANSYS workbench using 
the Static Structural module. The multiple steps of the simulation incorporated a linearly 
increasing force, beginning with a vertical force (plunging) and changing to a horizontal 
force (stir welding) after 5 steps. These simulations indicate that a larger force can be 
withstood by the tool during plunging than during the horizontal travel of the tool at welding 
(Figure 3.8). A fixed support condition was imposed on the nodes shown in the Figure 3.9 
to simulate the tool holder.  

 

 

 

Figure 3.8: Boundary condition of FSW tool simulation 

 

 



25 

  

 

 

 

Figure 3.9 Material properties of Titanium alloy used. 

 

Figure 3.10: Force application of FSW tool simulation 
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The force is applied to the region selected in red as shown in Figure 3.10. The 
force is first purely vertical, as shown in the table, and after 5-time steps it changes to 
purely horizontal. In both cases, the force increases linearly over the course of five-time 
steps. Time steps (1-5), the force is vertical and increases by 1500 N each time (it goes 
from 1500N in the first-time step to 7500N in the fifth time step). From time steps 6-10, 
the force is now horizontal with the same magnitudes (1500N to 7500N). This shows that 
the stress is higher during horizontal travel. Stress is maximal at the circular edge due to 
stress concentration (small area) (Figure 3.11). 

 

Figure 3.11: Equivalent (von Mises) stress results. 

 

3.2.6. The Fixture, Machine Type 

During the FSW process, the workpiece is subjected to high forces and temperatures. 
Therefore, workpieces need to be fixed tightly with appropriate clamps and fixtures to 
avoid workpiece movement throughout the FSW process. Designing a suitable fixture 
system was required to prepare the milling machine for the FSW technique. Stainless 
steel anvil plate measuring 350 x 250 x 15 mm and a steel plate measuring 350 x 150 
mm were used to build the fixture for this process. The main reason for using the 
stainless-steel plates was to protect the Dynamometer from the heat generated during 
the FSW process and to fix the workpieces by using two special steel strips with six 
clamps. A clamp, placed on the long edges, was used to prevent the workpiece plates 
from sliding. 
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The workpieces were strongly clamped along their edges to prevent them from sliding 
during the joining process. Throughout the FSW process, accurate designing of clamps 
and fixtures played an important role in avoiding workpiece deformation due to the 
increased temperature and forces. The steel strips and clamps are clearly shown in 
Figure 3.12. Each strip was clamped down on the anvil by using two bolts. Those bolts 
were used to fix the welded plates along both sides, as well as above and parallel to the 
weld axis. Furthermore, before beginning the joining process, two plates were stratified 
by a Dial Gauge to ensure a straight welding line. The FSW processes were carried out 
on a HAAS VF-2 CNC vertical milling machine (Figure 3.13). The fixture technique was 
the same in all case studies (refer to Appendix B, which represents the G code for the 
joining process in the first case study, the second case study, and the machining of the 
stainless fixture plates).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12:  Stainless steel anvil plate fixture and clamps. 
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3.3 Experimental Measurement and Evaluation Test 

Changes in the FSW process parameters influence the quality of the welding. In order to 
better understand and estimate these effects qualitatively and quantitatively, various tests 
needed to be applied. 

3.3.1 Tensile Test 

Tensile samples from the FSW pieces were prepared to determine the mechanical 
properties of the joined sections. The specimens were machined from each welded plate 
according to the American Section of the International Association for Testing Materials 
(ASTM) E8/E8M standards with 32 mm gauge lengths as shown in Figure (3.14). The 
samples were cross-sectioned by a vertical milling machine and measured perpendicular 
to the weld direction for tensile testing. 

 

Figure 3.13: HAAS VF-2 CNC vertical milling machining. 

 



29 

  

 

 

 

 

 

 

Three tensile samples were prepared and tested from each welded plate for repetition. 
For each sample prepared, the ultimate tensile strength (UTS) and the joint efficiency (the 

ratio of the weld UTS to the base material UTS) were calculated. Figure 3.15 presents the 
behavior of the specimens and the stress-strain curve after applying the axial load. This 
figure illustrates a workpiece welded using FSW by applying an MQL process. Tensile 
testing was conducted on samples at room temperature using an Instron tensile testing 
machine Model 5969 as shown in Figure 3.16. 

 

Figure 3.14: Schematic of tensile test specimens and macrograph. 
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Figure 3.15: Tensile test results of AA 6061-T6 with MQL process. 
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Figure 3.16: Tensile testing machine Model 5969. 
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3.3.2 Microstructure 

A microstructure examination of the microstructure of the FSW samples was 
conducted on sections perpendicular to the transverse welding direction (see Figure 
3.14). The metallographic specimens were prepared by using a cold mounting in an epoxy 
resin with a hardener mixture to perform the macrostructural and microstructural 
characterizations. By using electrolytic polishing techniques (Figure 3.17), these 
specimens were grinded using successively finer emery papers. The final polishing was 
carried out using 0.05 𝜇𝓂 colloidal silica (see Appendix C). Specimens were chemically 

etched at the ambient temperature for 20 seconds using Weck’s reagent, 100 𝓂𝓁 of H2O, 
four grams of KMnO4, and one gram of NaOH, before undergoing a microstructural 
examination under an optical digital microscope (KEYENCE-VH-Z250R), as presented in 
Figure 3.18. 

 

 

 
Figure 3.17: Polishing device - Struers LaboForce 50.  
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3.3.3 Force Measurements 
        During the FSW process, a three-axis Kistler multicomponent dynamometer model 
9257B (Figure 3.19a) was used to measure the forces directly on the tool in the X 
(traversing force [Fx]), Y (lateral force [Fy]), and Z penetration force [Fz]) directions. The 
charge signals of the dynamometer were converted to voltages using a Kistler – 
Multichannel Charge Amplifier model 5070 (Figure 3.19b). Dynoware Software was used 
to collect the cutting forces components. A special stainless-steel anvil plate was 
designed and manufactured for the experimental work as shown in Figure 3.20.  

3.3.4 Power Consumption and Surface Roughness 

The power consumption was measured over time during the welding process by using 
PowerSight PS2500 (Figure 3.21) and, for the second case study, by recording the data 
of the CNC controller using a video camera. A Mitutoyo type SJ.210 device, shown in 
Figure (3.22), was used for measuring the surface roughness of the welded areas in 
different conditions. Three readings per surface were averaged out.  

 

 

Figure 3.18: Advanced digital microscope (KEYENCE-VH-Z250R). 
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 Figure 3.21: PowerSight PS2500 device. 
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Figure 3.22: Surface roughness device - Mitutoyo SJ.210. 
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3.4 Research Experimental Design Techniques 

The present research (first case study) used a full factorial experimental design 
(FFD) to achieve the response measurements.  A statistical analysis of the variance 
(ANOVA) test was conducted to determine the corresponding importance value of the 
input variables. The objective of the ANOVA test in this study was to distinguish which 
process variables were significant and to determine the contribution of each variable.  To 
compare pairs of treatment means and to find which process variable had a significant 
effect, the Fisher Least Significant Difference (LSD) method was used with 95% 
confidence. For analyzing the results, Minitab software was utilized to investigate the 
statistical analysis. Five different levels of rotational speeds and three feed speed ranges 
were applied in this study, in addition to coolant lubrication strategies in two levels, as 
shown in Table 3.1. 

An L9 orthogonal array was used in the design of the experiment, as shown in Table 
3.9. The first column was assigned to a flow rate (A), the second column to a nozzle 
orientation (B), and the last one to nozzle diameter (C). It should be stated that 27 trials 
were supposed to be performed; however, an L9 orthogonal array (i.e. Fractional array) 
based on the Taguchi approach was used to save time and costs. The L9 orthogonal 
array was used for three stages of analysis including the welding of similar (i.e. 6061 & 
6061, 5052 & 5052) and dissimilar alloys (i.e. 6061 & 5052). The two main steps 
employed in the analysis were as follows:  

• The ANOVA technique was applied in order to study the effects of the variables on 
the measured responses. In addition, the main effect plot was established to 
determine the optimal design levels of the variables.  

• A grey relational analysis GRA technique was used in order to obtain the optimal 
design levels of the variables while considering all the studied outputs 
simultaneously (i.e. a multi-objective model). In addition, a GRA analysis was used 
to highlight the effectiveness of each of the studied design variables on the 
measured responses through a ranking approach. Thus, the effect of the MQL 
variables on all the outputs being studied could be demonstrated effectively. 
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Table 3.9: L9 orthogonal array for experimentation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Run 
no. 

A: Flow rate 
(ml/h) 

B: MQL orientation 
(degrees) 

C: Nozzle 
diameter (mm) 

1 5 0 2.5 

2 5 60 3.75 

3 5 -60 5 

4 7.5 0 3.75 

5 7.5 60 5 

6 7.5 -60 2.5 

7 10 0 5 

8 10 60 2.5 

9 10 -60 3.75 
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Chapter Four: Investigating the Effect of MQL on the 
Physical Properties of FS Welded 6061 Al Alloy 

 

In this case study, coolant-lubrication strategy, spindle speed, and feed speed 
were varied, and their effect on FSW forces, ultimate tensile strength joint efficiency, and 
microstructure were analyzed. In this chapter, the FSW force results will be presented 
first, followed by the ultimate strength results and the joint efficiencies. The microstructure 
results will be presented in the last section. 

4.1 Forces  

The traversing Fx, lateral Fy, and penetration Fz forces play an important role in the 
torque and power consumed, the tool wear and the quality of the joint in the FSW process. 
Figure 4.1 represents the force signals diagram of the measured behavior forces as a 
function of time at different spindle speeds. During the FSW process, the rotating probe 
gradually moves into a butt joint line between two rigidly clamped plates or sheet metals 
until the tool shoulder touch the top plate surface. The tool then traverses through the 
material to produce a welding direction. 

The Fx, Fy, and Fz forces show a similar oscillatory behavior for both the dry and 
the MQL processes at different spindle speeds and feed speeds. When compared to dry 
joining, the forces decrease with the use of MQL during the FSW process as shown in 
Figures 4.2, 4.3, and 4.4. The welding Fx and lateral Fy forces ranged from 0.19 kN to 
1.41 kN, while the downward Fz forces were from 3.3 kN to 6.55 kN for both the dry and 
the MQL welding processes at all spindle and feed speeds. The highest values of the 
welding Fx and the lateral Fy forces were 1.41 kN and 1.40 kN which recorded during a 
dry joining with 260 mm/min, as presented in Figures 4.2 and 4.3 respectively. As shown 
in Figure 4.4, the highest value of the downward Fz force was 6.55 kN also was at 260 
mm/min as shown in Figure (4.4a). 
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Figure 4.1: Force diagram at different spindle speeds (S1-S5) recorded during an 
 experimental run (Fx: traversing force; Fy: lateral force; Fz: penetration force, kN). 

 

Figure 4.2: Traversing force (Fx) as a function of spindle speed at a feed speed 
of: 260 mm/min, b) 180 mm/min, and c) 100 mm/min. 
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        The traversing force Fx decreases with an increasing spindle speed at all the 
investigated feed speeds (100, 180, and 260 mm/min) for both the dry and the MQL 
processes, as shown in Figure 4.2. The decrease in the traversing force Fx can be 
attributed to a reduction in the flow stress of a welding area, which occurs as a result of 
an increase in the frictional heat generation. As well, the results demonstrated an increase 
in the traversing force Fx with increasing feed speeds for all conditions. The increase in 
the welding force was possibly due to the resistance of the metal flow during the joining 
process. In terms of the lateral forces Fy, no noticeable effect between both cooling 
strategies was noticed at a feed speed of 180 mm/min (Figure 4.3b) and 100 mm/min 
(Figure 4.3c). However, an effect was observed when applying a feed speed of 260 
mm/min (Figure 4.3a), as the MQL offered lower lateral forces than the dry technique. In 
FSW, the downward force Fz plays an important role in achieving a high-quality joint. This 
force was also affected by spindle speed and feed speed as revealed in Figure 4.4. When 
MQL has applied at feed speeds of 180 and 100 mm/min (Figures 4.4b and 4.4c 
respectively), the Fz increased to 4.735 kN and 4.91 kN respectively at spindle speeds of 
1300 rpm and then decreased to 3.5 kN and 3.1 kN respectively at a spindle speed of 

Figure 4.3: Lateral force (Fy) as a function of spindle speed at a feed speed of:  
a)  260 mm/min, b) 180 mm/min, and c) 100 mm/min. 

 

Figure 4.4: Penetration force (Fz) as a function of spindle speed at a feed 
speed of: 260 mm/min, b) 180 mm/min, and c) 100 mm/min. 
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2200 rpm. However, at 260 mm/min the Fz increased up to 1600 rpm. Beyond this point, 
it decreased until 2200 rpm (Figure 4.4a). 

 Typically, an increase in spindle speed leads to an increase in temperature at the 
contact area. This increasing temperature results in a softening of the material and 
minimizes the related pressure in this region. This could be a reason for increased slipping 
between the material and the FSW tool.  In addition, there was a connection between the 
feed speed and the downward force Fz, such that a higher feed speed produced less heat 
energy in the joint area. In summary, the results demonstrated that MQL lowers FSW 
forces when compared to dry FSW for all spindle and feed speeds.  

Figure 4.5 presents the percentage of force reduction using the MQL process at 
different spindle and feed speeds as compared to using dry FSW. Fx has the highest 
reduction followed by Fy and then finally Fz at all the feed rates except at 260 mm/min. 
The highest reduction in the welding force Fx at different spindle speeds was recorded at 
a feed speed of 100 mm/min. The highest reduction in the lateral force Fy was seen at a 
feed speed of 260 mm/min. Finally, the highest reduction in the downward force Fz was 
recorded at a feed speed of 180 mm/min. The plastic deformation of metals is controlled 
by the friction between the workpiece and the tool shoulder [138]. Because the MQL 
system has a lubricating effect during FSW, it would decrease the friction coefficient, 
leading to a reduction in the plastic deformation of the metal. 
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4.2 Tensile Strength 

The ultimate tensile strengths of FS welded AA6061-T651 under different 
conditions are presented in Figure 4.6 and Table 4.1. The measured UTS of the base 
metal (AA6061-T651) was 308 MPa.  From Figure 4.7, it can be deduced that the MQL, 
the spindle speed, and the feed speed all have a profound effect on the average ultimate 
tensile strength in FSW joints. According to Table 4.1 and Figures 4.6 and 4.7, the UTS 
increases with an increase in tool spindle speed to 1600 rpm. It then decreases 
dramatically with any further increase in the tool spindle speed. As the tool spindle speed 
increases to 1600 rpm, the heat generation also increases because of the increased 
friction. The friction produces progressively more intensive mixing and stirring of the metal 
workpiece from the lower to the upper surface, thus decreasing the tensile strength. The 
welds fabricated at spindle speeds of 1300, 1600, and 1900 rpm present a superior UTS 
compared to welds fabricated at spindle speeds of 1000 and 2200 rpm, regardless of 
other conditions. 
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Table 4.1: A tabular form of the UTS of AA 6061-T6 welded in different conditions. 

 

 

 

 

 

 

 

 

Type of 
welding 

Feed speed 
(mm/min) 

Spindle 
Speed 
(RPM) 

Coolant Average of Ultimate 
Tensile Strength 

(MPa) 

Joint 
Efficiency 

% 

1 100 1000 Dry 135 44 

MQL 122 40 

2 100 1300 Dry 186 60 

MQL 196 64 

3 100 1600 Dry 188 61 

MQL 190 62 

4 100 1900 Dry 182 59 

MQL 173 56 

5 100 2200 Dry 167 54 

MQL 165 54 

6 180 1000 Dry 142 46 

MQL 122 39 

7 180 1300 Dry 206 67 

MQL 214 70 

8 180 1600 Dry 209 68 

MQL 217 71 

9 180 1900 Dry 212 69 

MQL 211 69 

10 180 2200 Dry 181 59 

MQL 152 50 

11 260 1000 Dry 120 39 

MQL 90 29 

12 260 1300 Dry 182 59 

MQL 197 64 

13 260 1600 Dry 207 67 

MQL 220 72 

14 260 1900 Dry 161 52 

MQL 187 61 

15 260 2200 Dry 128 41 

MQL 169 55 
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The tensile test strength of the welded joint becomes higher across all 
experimental conditions when the feed rate was increased from 100 mm/min to 180 
mm/min, but when the feed rate was increased further to 260 mm/min, the tensile strength 
was lower. The heat generated was reduced when the feed rate was higher because the 
interaction time between the material and the FSW tool was decreased; that may be due 
to the fact that the reduced heat generation might produce the formation of a tunnel defect 
inside the insufficient metal flow of the bottom region [139, 140]. The formation of tunnel 
defects in the stir zone appear either because of inadequate or excessive heat 
generation. This is caused by, the FSW process parameters (spindle speed, feed speed, 
etc.). Thus, when the feed speed was increased, the tensile strength properties also 
increased, reaching the maximum point at 180 mm/min.  

4.3 Microstructure 

The microstructure of FSW 6061-T651 with different MQL, spindle speeds, and 
feed speeds was examined. For all the conditions examined, the FSW samples were 
shown to have four distinct microstructural zones: the Stir Zone (SZ), the Thermo-
Mechanically Affected Zone (TMAZ), the Heat Affected Zone (HAZ), and the Base Metal 
Zone (BM). A depiction of all these zones in a representative sample is shown in Figure 
4.8. For all the process parameters and samples examined, no porosity, oxide or other 
defects/irregularities were found within the welds. 

 
Figure 4.8: Cross-section of FSW 6061 Al produced at an RPM of 1600 and a feed speed of 260 

mm/min showing BM, HAZ, TMAZ and SZ. 

Figure 4.9 contains optical micrographs of the SZ, TMAZ, HAZ and BM from a 
sample produced with a 1000 rpm spindle speed, a 260 mm/min feed speed and an MQL 
lubrication condition. The micrographs were taken along cross-section normal to the tool 
travel direction with respect to the workpiece. All the samples had similar microstructures 
for their respective SZ, TMAZ, HAZ and BM zones but variations in the grain size area 
were present and are described in further detail in subsequent sections. The SZ reflects 
the FSW region where the tool is in direct contact with the workpiece. The SZ has a width 
of approximately 13 mm at the surface in contact with the tool shoulder and narrows down 
to 4 mm at the area furthest away from the tool shoulder. The SZ region experienced 
severe deformation due to high frictional heat caused by contact between the workpiece 
and the tool shoulder. The SZ had a fine grain size area of 7 to 24 𝜇𝑚2 because of 
dynamic recrystallization during the FSW process [141].  
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Figure 4.9: Microstructures of a) BM, b) HAZ, TMAZ, and SZ of Al 6061 produced with a spindle 

speed of 1000 rpm, a feed speed of 260 mm/min and an MQL lubrication condition. 

In the TMAZ in Figure 4.9b, it is apparent that the grain structure is disrupted at a 
microscopic level between the HAZ and the SZ. This microstructure is the result of an 
insufficient deformation and temperature for dynamic recrystallization [141]. Figures 4.9a 
and 4.9b show similar microstructures between the grain structures of the HAZ and the 
BM. It is reasoned that these similar microstructures resulted from the minimal heating 
and mechanical deformation caused by the FSW process resulting in no apparent grain 
growth. This has also been observed by other researchers [142, 143]. The spindle and 
feed speeds may affect the grains that are dynamically recrystallized during the welding 
process by promoting grain growth due to the tool movements [144]. Also, as the tool 
spindle speed increases, a higher temperature results, which is conducted into a wider 
heat-affected zone. In addition, the grain growth increases as a result of the slower 
cooling rate, leading to a reduction in the tensile strength.  

Figure 4.10 shows the microstructures of the SZ produced using different FSW 
process parameters. Under dry FSW conditions, the average grain size area decreased 
from 12 to 9 𝜇𝑚2 when the spindle speed was increased from 1600 rpm to 1900 rpm 
respectively at a feed rate at 180 mm/min. The average grain size increased from 16 to 
24 𝜇𝑚2 when the spindle speed increased from 1600 rpm to 1900 rpm respectively at 260 
mm/min. With MQL, the average grain size area of the FSW samples increased from 7 to 
8  𝜇𝑚2 with an increasing feed rate at spindle speeds of 1600 rpm. In comparison, the 

grain sizes increased from 6 to 12 𝜇𝑚2 when the spindle speed was increased from 1600 
rpm to 1900 rpm respectively at a feed rate of 260 mm/min. The average grain size area 
in the SZ under each processing condition is summarized in Figure 4.11. Of all the 
conditions examined, the finest grain size area obtained was 7 𝜇𝑚2 using a spindle speed 
of 1600 rpm at a feed rate of 180 mm/min and applying MQL. Generally, applying MQL 
results in a finer grain size area at all feed and spindle speeds compared to the dry 
technique, as shown in Figure 4.11. 
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MQL applies an optimal amount of oil with compressed air, resulting in a fine mist. 
This has the ability to penetrate into the contact zone between the FSW tool and the 
workpiece forming a mist layer. This layer has the ability to reduce the excess generated 
heat while maintaining a certain thermal softening level to achieve a better welding 
quality. As can be seen in Figure 4.12, the oil is atomized from the MQL nozzle. This 
results in atomized droplets, which will form a boundary film layer in the contact zone. 

 

Figure 4.10: SZ microstructures for a) 1600rpm, 180mm/min and dry, b) 1600rpm, 180mm/min and 
MQL, c) 1900rpm, 180mm/min and dry, d) 1900rpm, 180mm/min and MQL, e) 1600rpm, 260mm/min 

and dry, f) 1600rpm, 260mm/min and MQL, g) 1900rpm, 260mm/min and dry, h) 1900rpm, 
260mm/min and MQL. 
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 Figure 4.11: Average grain size area distribution of SZ with different process conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: MQL mechanism. 



52 

  

 

 

4.4 Data Analysis 

A statistical analysis was conducted to determine the influence of the controlled 
factors on the tensile strength. Table 4.2 shows the ANOVA test for the UTS of the welded 
metals. This analysis was conducted at a confidence interval of 95%. As the P-value was 
zero for the spindle speed and the feed rate factors, they had significant effects on the 
UTS results. As shown in Table 4.2, the lubricant factor is not independently significant. 
This might be because it has only two levels, while it was observed that the interaction of 
the lubricant factor with the spindle speed factor and the feed rate factor had a significant 
effect. This reflects the importance of the type of lubricant on the spindle speed and feed 
rate. Additionally, there was a significant effect of the triple interaction between the spindle 
speed, feed rate, and the lubricant.   

Table 4.2: ANOVA test results for tensile strength. 
 

Source DF Adj SS AdjMS 
F-

value P-Value 

Spindle Speed 4 110916 27729 601.09 0 

Feed Rate 2 9524 4762.1 103.23 0 

Lubricant 1 18 17.7 0.38 0.537 

Spindle 
Speed*Feed rate 8 7993 999.1 21.66 0 

Spindle 
Speed*Lubricant 4 3902 975.5 21.15 0 

Feed 
Rate*Lubricant 2 2209 1104.4 23.94 0 

Spindle Speed 
*Feed 

Rate*Lubricant 8 4609 576.1 12.49 0 

Error 90 4152 46.1  

 
Total 119 143322  

  
Note: DF: The total Degree of Freedom; Adj SS: Adjusted sums of squares; Adj MS: Adjusted mean 

squares. 

Table 4.3 shows the Fisher pairwise comparisons of the effect of the spindle speed 
levels on the UTS. A spindle speed of 1600 rpm recorded the highest UTS, which differed 
significantly from 1900, 2200, and 1000 rpm respectively. In comparison, there was no 
significant difference between 1600 and 1300 rpm. Also, spindle speeds of 1300 and 
1900 rpm differ significantly from those of 2200 and 1000 rpm. As the tool spindle speed 
increased beyond 1600 rpm, the resulting higher temperature caused a wider Heat 
Affected Zone, leading to a reduction in the tensile strength at the jointed area. Also, the 
friction produced progressively more intensive mixing and stirring of the metal workpiece 
from the lower to the upper surface, thus decreasing the tensile strength. This means that 
any future studies can rely on these levels for optimization or economic concept. 
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Table 4.3: Fisher test results for spindle speeds of UTS. 

 

 

 

 

 

 

The feed rate factor had the greatest effect on the UTS at 180 mm/min. This is as shown 
in Table 4.4, which presents the Fisher pairwise comparisons of the feed rate levels on 
UTS. As seen in the Fisher test of the feed rate factors, 180 mm/min had a significant 
effect on the tensile strength. The heat generated was reduced when the feed rate 
increased because the interaction time between the material and the FSW tool 
decreased. This likely resulted from the reduced heat generation, which might have 
produced the formation of a tunnel defect inside the insufficient metal flow of the bottom 
region. Thus, when the feed rate was increased, the tensile strength properties also 
increased to a maximum at 180 mm/min.  

 

Table 4.4: Fisher test results for feed rates of UTS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels(mm/min) N Mean Grouping 

180 40 186.60   A 

100 40 170.18     B 

260 40 165.94     B 

    

 

Levels (rpm) N Mean Grouping 

 

1600 24 205.19 A 

1300 24 196.85 AB 

1900 24 187.38 B 

2200 24 160.34 C 

1000 24 121.46 D 
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Chapter Five: Investigation and Analysis of the Effect of MQL 
Parameters on FS Welded Aluminum Alloy (Similar and 

Dissimilar) 

The welding force, power consumption, and surface roughness for friction stir 
welded 6061-T651 and 5052-H32 Aluminum alloys for both similar and dissimilar 
situations under MQL were considered in this chapter. Analysis of variance (ANOVA) 
was used to examine and analyze the influences of flow rate, nozzle orientation angle, 
and nozzle diameter that represent the main variables of the MQL system. To predict the 
optimal levels, a multi-objective model was used, and grey relational analysis (GRA) 
techniques were attempted for the optimization. The measured results (i.e. welding 
forces, surface roughness, energy consumption) for the three cases (i.e. 6061 & 6061, 
6061 & 5052, 5052 & 5052) are provided in Table 5.1. 

Table 5.1: The measured outputs for similar and dissimilar alloys based on L9OA.  

 

 
Fz: Welding forces  

(N) 
Ra: Surface roughness 

 (µm) 

Energy consumption 
(Watt.hr) 

Run 
no. 

(6061& 
6061) 

(6061& 
5052) 

(5052& 
5052) 

(6061& 
6061) 

(6061& 
5052) 

(5052& 
5052) 

(6061& 
6061) 

(6061& 
5052) 

(5052& 
5052) 

1 2599 2822 2785 6.917 7.347 10.65 166.83 219.929 220.28 

2 2545 2920 2724 6.21 9.328 10.45 167.66 218.12 216.84 

3 2646 2410 2987 7.803 7.205 9.59 228.45 319.81 235.48 

4 2179 2944 2497 5.721 5.821 10.28 161.61 216.83 219.73 

5 1695 1623 2429 7.282 10.159 10.65 324.51 166.11 217.06 

6 2007 2711 1835 7.15 7.901 7.43 161.58 218.56 215.67 

7 2002 1615 2232 5.427 5.662 9.1 98.86 221.07 183.81 

8 1661 1379 1270 6.265 8.944 10.21 166.88 218.15 239.96 

9 2439 2086 1814 7.306 7.458 8.93 161.31 225.63 232.17 

 

5.1 Forces  

Regarding the forces measured during the friction stir welding processes, three 
phases could be observed (i.e. plunging, dwell, and welding). This is shown in Figure 5.1 
for the three measured components (i.e. Fx, Fy, and Fz). In this work, the attention was 
given to the welding forces in the cutting direction (Fz). Regarding the analysis of 
variance (ANOVA), Table 5.2 shows the ANOVA results for the measured welding 
forces. For the first case (i.e. 6061 & 6061), the optimal levels were at a flow rate of 7.5 
ml/h (A2), an inclination angle of 60 degrees (B2), and a nozzle diameter of 2.5 mm (C1). 
In addition, the flow rate and the nozzle orientation were both significant at a 95% 
confidence level (C.L.), and the nozzle diameter was significant at only a 90% C.L. 
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Regarding the second case (i.e. 6061 & 5052), only the flow rate and the nozzle diameter 
were significant at a 90% C.L; the orientation did not show an influential effect on the 
measured welding forces. The optimal levels at the second case were a flow rate of 10 
ml/h (A3), an inclination angle of 60 degrees (B2), and a nozzle diameter of 5 mm (C3). 
In terms of the third case (i.e. 5052 & 5052), all the MQL design variables were significant 
as shown in Table 5.2. The optimal levels at the third case were a flow rate of 10 ml/h 
(A3), an inclination angle of 60 degrees (B2), and a nozzle diameter of 2.5 mm (C1). In 
general, it could be stated that higher levels of flow rate showed lower welding forces. 
This was due in large part to a sufficient distribution of the generated heat along the 
welding zone.  

Figure 5.1: The stages for the measured forces during friction stir welding. 

5.2 Surface Quality 

The surface quality results shown by the ANOVA findings are provided in Table 
5.3. For cases involving similar alloys (Cases 1 & 3), it was noted that no significant 
effect was observed above a 90% C.L; however, the orientation angle offered the highest 
statistical summation compared to the other studied variables. An inclination angle of 0 
degrees (B1) was the optimal level for the first stage (6061 & 6061); however, an 
inclination angle of -60 was the optimal level for the third case (5052 & 5052). In addition, 
the orientation showed an influential effect for the surface quality in the dissimilar case. 
It was significant at a 90% C.L, and both the flow rate and the nozzle diameter did not 
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show a significant effect on the induced surface roughness. The optimal levels for the 
dissimilar case were a flow rate of 10 ml/h (A3), an inclination angle of 0o (B1), and a 
nozzle diameter of 3.75 mm (C2). 

Table 5.2: ANOVA results for the measured welding forces. 

Case I: Fz (6061 & 6061) 

A1 7790 B1 6780 C1 6267 SS)A 726940.
6 

A2 5881 B2 5901 C2 7163 SS)B 254274 

A3 6102 B3 7092 C3 7092 SS)C 164554.
6 

Main effects (optimal levels): A2, B2, C1 

SS)Total 115662
2 

SS)Error 10852.6
6 

DOF)A 2 V)A 
363470.3

3 
F)A 66.98 

F)table @ 90% 
C.L 

9 

DOF)B 2 V)B 127137 F)B 23.43 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 82277.33 F)C 15.16 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 5426.33 
Conclusions 

A is significant @ 95% C.L 
B is significant @ 95% C.L 
C is significant @ 90% C.L 

DOF)Error 2  

Case II: Fz (6061 & 5052) 

A1 8152 B1 7381 C1 6912 SS)A 167025
2 

A2 7278 B2 5922 C2 7950 SS)B 423353.
6 

A3 5080 B3 7207 C3 5648 SS)C 886038.
2 

Main effects (optimal levels): A3, B2, C3 

SS)Total 307022
0 

SS)Error 90577.6 

DOF)A 2 V)A 835125.8 F)A 18.44 F)table @ 90% 
C.L 

9 

DOF)B 2 V)B 211676.8 F)B 4.67 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 443019.1 F)C 9.78 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 
 

45288.77 Conclusions 
A is significant @ 90% C.L 
B is non-significant  
C is significant @ 90% C.L 

Case III: Fz (5052 & 5052) 

A1 8496 B1 7514 C1 5890 SS)A 169007
2 

A2 6761 B2 6423 C2 7035 SS)B 222948 

A3 5316 B3 6636 C3 7648 SS)C 530817 

Main effects (optimal levels): A3, B2, C1 

SS)Total 245857
3 

SS)Error 14735 

DOF)A 2 V)A 845036.1 F)A 114.7 F)table @ 90% 
C.L 

9 
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DOF)B 2 V)B 111474.1 F)B 15.1 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 265408.7 F)C 36 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 
 

Conclusions 
A is significant @ 99% C.L 
B is significant @ 90% C.L 
C is significant @ 95% C.L 

 

5.3 Energy Consumption 

Regarding the energy consumption results, Table 5.4, no significant effect for all 
variables was observed at 90% C.L.  However, the orientation (inclination angle) showed 
the highest statistical summation among all studied variables. When welding similar 
alloys (Cases 1 & 3), an inclination angle of 0 degrees was the optimal level; however, 
an inclination angle of 60 degrees was the optimal level in the case of the welding of 
dissimilar alloys (Case 2). 

Table 5.3: ANOVA results for the surface roughness results. 

Case I: Fz (6061 & 6061) 

A1 20.93 B1 18.06 C1 20.33 SS)A 0.63 

A2 20.15 B2 19.75 C2 19.23 SS)B 2.97 

A3 18.98 B3 22.26 C3 20.51 SS)C 0.32 

Main effects (optimal levels): A3, B1, C2 
SS)Total 5.17 

SS)Error 1.26 

DOF)A 2 V)A 0.315 F)A 0.5 
F)table @ 90% 

C.L 
9 

DOF)B 2 V)B 1.484 F)B 2.35 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 0.158 F)C 0.25 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 0.783 
Conclusions 

A is non-significant  
B is non-significant  
C is non-significant  

DOF)Error 2  

Case II: Fz (6061 & 5052) 

A1 23.88 B1 18.83 C1 24.19 SS)A 167025
2 

A2 22.88 B2 28.43 C2 22.61 SS)B 423353.
6 

A3 22.06 B3 22.56 C3 23.03 SS)C 886038.
2 

Main effects (optimal levels): A3, B1, C2 

SS)Total 307022
0 

SS)Error 90577.6 

DOF)A 2 V)A 0.366 F)A 0.466 F)table @ 90% 
C.L 

9 

DOF)B 2 V)B 7.807 F)B 9.961 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 0.224 F)C 0.286 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 
 

1.117 Conclusions 
A is non-significant 
B is significant @ 90% C.L 
C is non-significant 
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Case III: Fz (5052 & 5052) 

A1 30.70 B1 30.03 C1 28.29 SS)A 1.275 

A2 28.36 B2 31.32 C2 29.67 SS)B 5.235 

A3 28.25 B3 25.95 C3 29.34 SS)C 0.344 

Main effects (optimal levels): A3, B3, C1 
SS)Total 9.089 

SS)Error 2.233 

DOF)A 2 V)A 0.637 F)A 0.571 F)table @ 90% 
C.L 

9 

DOF)B 2 V)B 2.617 F)B 2.343 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 0.172 F)C 0.154 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 1.116 Conclusions 
A is non-significant  
B is non-significant  
C is non-significant 

 

Table 5.4: ANOVA results for energy consumption results. 

Case I: Fz (6061 & 6061) 

A1 562.95 B1 427.32 C1 495.305 SS)A 8259.74 

A2 647.72 B2 659.06 C2 490.59 SS)B 8965.87 

A3 427.06 B3 551.34 C3 651.83 SS)C 5613.41 

Main effects (optimal levels): A3, B1, C2 

SS)Total 31302.0
9 

SS)Error 8463.07 

DOF)A 2 V)A 4129.87 F)A 0.97 
F)table @ 90% 

C.L 
9 

DOF)B 2 V)B 4482.94 F)B 1.06 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 2806.71 F)C 0.66 F)table @ 99% 
C.L 

99 

DOF)Total 8 
V)Error 4231.53 Conclusions 

A is non-significant  
B is non-significant  
C is non-significant 

DOF)Error 2 

Case II: Fz (6061 & 5052) 

A1 758.96 B1 657.84 C1 656.64 SS)A 4185.18 

A2 601.5 B2 603.48 C2 661.69 SS)B 4444.13 

A3 664.86 B3 764.01 C3 706.99 SS)C 512.56 

Main effects (optimal levels): A2, B2, C1 

SS)Total 12688.6
7 

SS)Error 3546.8 

DOF)A 2 V)A 2092.59 F)A 1.18 F)table @ 90% 
C.L 

9 

DOF)B 2 V)B 2222.07 F)B 1.25 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 256.28 F)C 0.14 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 1773.39 Conclusions 
A is non-significant  
B is non-significant  
C is non-significant 

Case III: Fz (5052& 5052) 

A1 672.61 B1 623.84 C1 675.92 SS)A 77.23 

A2 652.47 B2 673.87 C2 668.76 SS)B 340.63 

A3 655.96 B3 683.33 C3 636.35 SS)C 148.18 
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Main effects (optimal levels): A2, B1, C3 
SS)Total 2132.75 

SS)Error 1077.9 

DOF)A 2 V)A 38.61 F)A 0.072 F)table @ 90% 
C.L 

9 

DOF)B 2 V)B 340.63 F)B 0.63 F)table @ 95% 
C.L 

19 

DOF)C 2 V)C 148.18 F)C 0.28 F)table @ 99% 
C.L 

99 

DOF)Total 8 V)Error 
 

538.94 Conclusions 
A is non-significant  
B is non-significant  
C is non-significant 

 

In general, it could be stated that higher levels of flow rate resulted in lower welding 
forces, power consumption, and a better surface quality. This is due in large part to the 
generated heat being sufficiently distributed along the welding zone. The effects of the 
MQL orientation on the process performance were not clear. However, an inclination 
angle of 0o and 60o (i.e. B1 & B2) showed slightly better results compared to that of B3. 
Similarly, for the nozzle diameter, the optimal levels were not confirmed; however, both 
C1 and C2 showed better results in terms of welding forces, power consumption and 
surface roughness. Thus, it is recommended that future works consider the effect of the 
interactions between all the studied variables. It should be stated that due to the limited 
number of tests conducted, the effects of the interactions could not be clearly obtained. 
Accordingly, more experiments with different orthogonal arrays should be employed (e.g. 
L27OA). In this section, ANOVA was applied to investigate the effects of design variables 
on the studied outputs; however, the optimal levels for each variable were not clear. 
Consequently, there is a need to apply a multi-objective optimization model to obtain a 
rough estimate of the optimal design variables which could achieve a balance in the 
overall performance of FSW based on the range of the studied variables. 

5.4 Multi-objective Optimization  

This section discusses how the multi-objective optimization technique was employed 
to select the optimal levels of the design variables. Grey relational analysis (GRA) 
provides situations (solutions) between black with no information and white with all the 
information. The grey relational analysis technique was used previously in different 
studies [145-148] to obtain the optimal operating levels associated with multiple 
performance characteristics in machining processes. The steps of the GRA techniques 
are summarized as follows: 

• Data normalization; 

• Deviation sequence; 

• Determination of the grey relational coefficients; 

• Determination of the grey relational grades; 

• Determination of the optimal process levels (ranking); 

• The main effects on the mean grey relational grade. 

Using the first step, the data were normalized using linear normalization to reduce the 
variability. As all outputs (welding forces, surface roughness, and energy consumption) 
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were to be minimized, the data was normalized between zero and one using Equation 
(5.1):  

xij
n =

max xij − xij

max xij − min xij
 (5.1) 

where i= 1. . . m; j = 1. . . k; m is the number of joining experiments, and k is the number 

of the welding test outputs; xij is the original value and xij
n is the value after normalization. 

After that, the sequence deviation was calculated using Equations (5.2) to (5.4): 

∆oi= ‖xi
o −  xij

n‖ (5.2) 

∆min= min
i

min
j

‖xi
o −  xij

n‖ (5.3) 

∆max= max
i

max
j

‖xi
o −  xij

n‖ (5.4) 

where 𝑥𝑖
𝑜 is the ideal normalization value. Utilizing the third step, the grey relational 

coefficient was determined by using Equation (5.5):   

ξi(j) =
∆min + ζ ∆max

∆oi(k) + ξ ∆max
 (5.5) 

where 𝜁 is the distinguishing coefficient and its value is between 0 and 1. Equation (5.6) 
was then applied to determine the grey relational grades: 

γi =  
1

k
 ∑ ξi(j)

k

j=1

 (5.6) 

where γi is the grey relational grade. The optimal test levels were then selected due to 
the grey relational grade. 

  Tables 5.5 through 5.7 show the grey relational grades and rankings for the three 
cases, respectively. It can be seen from Tables 5.5 to 5.7 that the optimal process levels 
for all the cases (i.e. similar and dissimilar alloys) are observed at Run #7, which was 
performed at a flow rate of 10 ml/h, an inclination angle of 0 degrees, and a nozzle 
diameter of 5 mm. The optimal levels using the GRA agreed with the ANOVA results for 
both the flow rate and the MQL orientation; however, the GRA did not confirm the 
suggested levels obtained using ANOVA.  
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Table 5.5: Grey relational results for Case 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.6: Grey relational results for Case 2. 

 

 

 

 
 
 
 
 
 

 

 

 
 
 
 

 
 
 
 

 
Run no. 

Mean Grey Relations 
Coefficient 

Grade 

1 0.475 6 

2 0.519 5 

3 0.377 9 

4 0.630 3 

5 0.361 8 

6 0.683 2 

7 0.843 1 

8 0.557 4 

9 0.456 7 

Main effects on the mean grey relational grade  

Design 
variable Max. – Min 

Rank 

A 0.161 2 

B 0.171 1 

C 0.092 3 

 
Run no. 

Mean Grey Relations 
Coefficient 

Grade 

1 0.535 6 

2 0.472 9 

3 0.642 3 

4 0.684 2 

5 0.571 4 

6 0.476 8 

7 0.762 1 

8 0.533 7 

9 0.569 5 

Main effects on the mean grey relational grade  

Design variable Max. – Min Rank 

A 0.071 3 

B 0.135 2 

C 0.143 1 
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Table 5.7: Grey relational results for Case 3. 

 

 

 

 

 

 

 

 

 

 

 

To acquire more accurate results for the optimal process levels, the main effects on the 
mean grey relational grade were obtained. The mean grey relational grade was obtained 
through averaging the grades for each design variable at the same level. In terms of the 
first case (6061 & 6061), it can be seen in Table 5.5 that the flow rate and the nozzle 
orientation were the most significant variables affecting the three outputs; however, the 
nozzle diameter offered the lowest variability difference (i.e. 0.092). Regarding the 
dissimilar case, the nozzle orientation was still a significant variable affecting all the 
outputs; however, in this case, the nozzle diameter offered a variability difference larger 
than that of the flow rate. The third case (i.e. 5052 & 5052) was similar to that of the 
second case in which both the nozzle orientation and the diameter were the most 
significant variables affecting the three outputs. It should be stated that the multi-
objective model and results offered a solution that achieved a balance between all the 
outputs.  

As mentioned in the previous section, higher levels of flow rate resulted in lower welding 
forces and power consumption, and better surface quality. This is due mostly to a 
sufficient distribution of the generated heat along the welding zone. In terms of the MQL 
orientation, an inclination angle of 0 degrees was the optimal value as the mist from the 
MQL was sprayed directly perpendicular to the contact region between the shoulder and 
the plate. This resulted in a reasonable lubrication effect, as shown in Figure 5.2. Finally, 
a higher nozzle diameter meant there was a less pressurized effect for the applied mist. 
As mentioned in a previous case study, this supports the preservation of a specific 
thermal softening level to acquire more reliable welding specifications.  

A clear mechanism is presented and discussed to physically understand the 
effects of the variables on all of the outputs (i.e. power consumption, welding forces, and 
surface quality). An MQL system consists of applying compressed air with an extremely 
small amount of oil to provide a fine mist. This is sprayed directly on the contact region 

 
Run no. 

Mean Grey Relations 
Coefficient 

Grade 

1 0.367 9 

2 0.549 4 

3 0.593 3 

4 0.481 5 

5 0.458 6 

6 0.610 2 

7 0.768 1 

8 0.371 8 

9 0.421 7 

Main effects on the mean grey relational grade  

Design 
variable Max. – Min 

Rank 

A 0.016 3 

B 0.081 2 

C 0.157 1 
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between the tool shoulder and the workpiece during the joining process and has the 
potential to move through the contact region of the tool shoulder and the workpiece 
forming a film layer. Excessive heat generated during the welding process may be 
absorbed by this layer. In addition, excessive heat generated during the welding process 
may be absorbed by preserving a specific thermal softening level to acquire more reliable 
welding specifications. This may be reflected in an improvement to a range of important 
properties associated with the welding area, such as through the surface of the welding 
area, the physical properties or strength and torque of the weld, and the energy 
consumed during the welding process. As shown in Figure 5.2, a fine mist of oil was 
sprayed through the nozzle directly on the zone of contact between the tool and the 
workpiece, which produced atomized droplets that formed a boundary film layer in the 
contact area. 

   
 

Figure 5.2: MQL mechanism during FSW. 
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Chapter Six: Sustainability Assessment 
6.1 Introduction 

Due to the excessive heat generated during the friction stir welding (FSW) 
operations of lightweight material, an effective cooling technique required to protect the 
welding zone and to achieve a steady-state flow for this process. This can be achieved 
by using minimum quantity lubricant (MQL) as a near-dry, effective, sustainable 
approach. MQL uses an optimal amount of environmentally friendly and biodegradable 
oils, which sprayed with compressed air. An integrated sustainability assessment model 
was implemented to investigate the sustainability of the FSW technique with/without 
MQL. Four sustainable indicators were considered in this assessment namely; power 
consumption, costs, waste management, and environmental impact. The implemented 
model doesn’t only consider the sustainability indicators, but it also includes the 
measured outputs in a single integrated model. A comparison between the predicted and 
optimal response results (i.e. surface roughness and welding force) was established, for 
the purpose of validating the effectiveness of the utilized assessment model. This work 
presents the first attempt in the open literature to study and investigate the sustainability 
as well as performance effectiveness during the FSW process for both similar and 
dissimilar alloys.  

Table 6.1 shows the different levels of MQL variables adopted for this study: flow 
rate, nozzle orientation angle, and nozzle diameter. Figure 3.6 shows the inclination of 
the nozzle to the tool as well as the orientation angle that was adopted as a variable in 
this study. In this work, an L9 orthogonal array was used in the design of the experiment, 
as shown in Table 6.2. The first column was assigned to flow rate (A), the second column 
to nozzle orientation angle (B), and the last one to nozzle diameter (C). It should be 
stated that 27 trials were supposed to be performed; however, using the L9 orthogonal 
array (i.e. Fractional array) based on the Taguchi approach was used to save time and 
cost. The L9 orthogonal array was used for three stages of analysis including the welding 
of similar (i.e. 6061 & 6061, 5052 & 5052) and dissimilar alloys (i.e. 6061 & 5052). 

 

Table 6.1: MQL design variable levels. 

 

 

 

 

 

 

 

 

Levels Design Variables 

A3: 10 A2: 7.5 A1: 5 Flow rate (cm3/hour) 

B3: -60 B2: 60 B1: 0 Orientation angle (degree) 

C3: 5 C2: 3.75 C1: 2.5 Nozzle diameter (mm) 
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Table 6.2: The L9 orthogonal array for experimentation. 

 

 

 

 

 

 

 

 

 

 

 

 

6.2 Process Assessment: Sustainability and Performance Aspects 

Considering the sustainability elements are very important throughout the 
manufacturing techniques for achieving sustainable and optimal operating conditions. The 
model of Hegab et al. [149] was implemented in this research, to achieve the optimal 
design variables levels (i.e. depending on the FSW outputs and the sustainability 
performance). The FSW results for the three cases (surface roughness, welding force, 
power consumption) are provided in Table 6.3. The predicted/optimal results consider the 
process responses (i.e., surface quality and welding forces) in addition to the performance 
indicators of the main sustainability basis (i.e. environmental impact, the total cost 
with/without MQL, power consumption, and Waste Management).  

 

Table 6.3: Experimental results. 

 
Fz: welding forces 

(N) 
Ra: average surface 

roughness (µm) 

Energy consumption 
(Watt.hr) 

Run 
no. 

(6061 & 
6061) 

(6061 & 
5052) 

(5052 & 
5052) 

(6061& 
6061) 

(6061 & 
5052) 

(5052 & 
5052) 

(6061& 
6061) 

(6061& 
5052) 

(5052& 
5052) 

1 2599 2822 2785 6.917 7.347 10.65 166.83 219.929 220.28 

2 2545 2920 2724 6.21 9.328 10.45 167.66 218.12 216.84 

3 2646 2410 2987 7.803 7.205 9.59 228.45 319.81 235.48 

4 2179 2944 2497 5.721 5.821 10.28 161.61 216.83 219.73 

Run 
no. 

A: Flow 
rate 

(ml/h) 

B: MQL 
orientation 
(degrees) 

C: Nozzle 
diameter 

(mm) 

1 5 0 2.5 

2 5 60 3.75 

3 5 -60 5 

4 7.5 0 3.75 

5 7.5 60 5 

6 7.5 -60 2.5 

7 10 0 5 

8 10 60 2.5 

9 10 -60 3.75 
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5 1695 1623 2429 7.282 10.159 10.65 324.51 166.11 217.06 

6 2007 2711 1835 7.15 7.901 7.43 16158 218.56 215.67 

7 2002 1615 2232 5.427 5.662 9.1 98.86 221.07 183.81 

8 1661 1379 1270 6.265 8.944 10.21 166.88 218.15 239.96 

9 2439 2086 1814 7.306 7.458 8.93 161.31 225.63 232.17 

 

In this research, the environmental performance indicator (Ene) reflects the carbon 
dioxide emissions in accordance to the energy consumed in experiment utilizing a 
standard defined emission intensity. The power consumption was measured overtime 
during the welding process using PowerSight PS2500 and by recording the data of the 
CNC controller using a video camera. In terms of the waste management, the tests done 
without MQL were given a value of “1” (i.e. lower-the-better), and the MQL tests were set 
as “2”.  Various factors are applied to predict the waste management with focusing on 
FSW processes considerations within this guideline as follows: 

Wcr: represent the ratio of recycled chips 

Wdc: is the ratio of disposed chips 

Wsr: is the ratio of remanufactured scrap parts 

Wsrc: is the ratio of recycled scrap parts 

Wsd: is the ratio of disposed scrap parts 

Wctd:is the mass of disposed of cutting tool 

In terms of cost indicator, there is a set of variables that have an effect on the cost 
components of the FSW welding process with/without MQL. This research was focused 
on variables that have a clear effect on some of the results. The feed rate has an obvious 
effect upon the results during the welding process (e.g. forces, grain size area, power 
consumption, mechanical properties).  Due to that, the effect of the feed rate using MQL 
was estimated and the average of that estimation was taken. In addition, the rest variables 
were estimated in the same procedure. the cost assessment model of Tipaji et al. [150] 
was implemented to estimate the production cost. In this model, the performance of FSW 
and sustainability were considered. The cost analysis divided into a group of elements 
which is usually related to the FSW technique, these elements include the cost of; labor, 
machine, power, tooling, and fixtures. This cost assessment model the typical 
components are applied, as follows: 

Labor cost (Clc): The labor cost includes the time of welding preparation and the 
actual welding time that contains the welding length and the number of runs.  

 

Clc =  (
WT × n

OF
+ TW) ×

CL

60
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And the time of the welding process (WT): 

 

WT =
weld path length (L)

feed rate (F)
+

depth of plunge (d)

plunge feed rate (Fp)
+ dwell time (Td) 

 
Where; 
 
WT = Time to weld (min) 
n = Number of weld passes 
OF = Operating factor (0.5, for GMAW) 
TW = Time for weld preparation (min) 
CL = Labor rate ($/hr) 
L= Length of weld (inches) 
F = Feed rate (inches/min) 
n = Number of weld passes 
d = Depth of plunge (inches) 
Td = Dwell time (min) 

 

Machine cost (Cmc): A set of elements were considered for calculating the cost of 
machinery which includes cost of FSW machines, machine setup, and specific handling 
tools.  

 

𝐶𝑚𝑐 =
[(𝑊𝑇 × 𝑛)+𝑇𝑆 + 𝑇𝐶ℎ] × 𝐶𝑀

𝑀𝑅 × 60
 

 
Where;  
 
TS = Setup time (min) 
TCh = Tool change-over time (min) 
MR = Machine reliability (assuming 95% assumed) 
CM = Machine rate ($/hr) 
n = Number of passes 

 
Power cost (Cpc): The power consumption and the number of working hours are 

the main important elements related to the power cost of the welding machine. The power 
consumption is always proportional to the characterization of the machine that will be 
used during the welding process.  

 

𝐶𝑝𝑐 =
0.8 × 𝑃𝑅 × 𝐶𝑃 × 𝑊𝑇 × 𝑛

1000 × 60 × 𝑀𝑅
 

 

Where;  
 
PR = Power rating (KVA) 
CP = Power cost ($/kwhr) 
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WT = Time to weld (min) 
n = number of weld passes 
V = Tool traverse speed (inches/min) 
MR = Machine reliability (assuming 95%) 
 

Tool cost (Ct): Tooling cost estimation considered tool life and the using of 
specializing tools cost.  

 

𝐶𝑡 =
𝐶𝑇 × 𝑄 × 𝑊𝑇 × 𝑛

𝑇
 

 

𝑇𝑜𝑜𝑙 𝑙𝑖𝑓𝑒 𝑇 = 𝑄 × [
60 × 𝐶𝑇

𝐶𝑀𝑅
+ 𝑡𝑐ℎ] × (

1 − 𝑛′

𝑛′ ) 

 
𝐶𝑢𝑡𝑡𝑖𝑛𝑔 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑄 = (𝜃/360) × (𝐿/𝐿𝑡𝑜𝑡) 
 

Where; 
 
L = Length of the weld (inches) 
CT = Unit tool cost ($/tool) 
CM = Machine rate ($/hr) 

 = Angle of engagement (degrees) 
Ltot = Length of weld + Lead + Over travel (inches) = Length of weld + Diameter 
of the shoulder 
TCh = Time for tool change (min) 
n' = Taylor’s tool life exponent (assuming 0.1) 
 

𝑛𝑡 = 𝑇𝑜𝑜𝑙 𝑐ℎ𝑎𝑛𝑔𝑒/𝑢𝑛𝑖𝑡 =
𝑄 × 𝑊𝑇

𝑇
 

 

The fixturing cost contains the cost of plates fixture and any additional tools to be 
used for this purpose. Table 6.4 includes the variables that affected using MQL during the 
FSW process. The percentage values listed in this table are versus the dry FSW. Table 
6.5 presents the dropping of estimated rates of cost components as a result of applying 
MQL during the FSW process.  

 



69 

  

 

 

 Figure 6.1: Distribution of cost components of the FSW process [150]. 

Table 6.4: Variables were affected by MQL method during FSW in terms of cost. 

Variables MQL effect Vs Dry FSW (%) 

Feed rate (F) +20 

Plunge feed rate (Fd) +15 

Dwell time (Td) -25 

Setup time (Ts) +10 

Time to weld (WT) -16 

 

Table 6.5: MQL efficiency in terms of cost. 

Cost components Dropping rate (%) Distribution (%) 

Labor cost (Clc) 2 46 

Machine cost Cmc) 6 49 

Power cost (Cpc) 16 1 

Tool cost (Ct) 16 4 

 

The results showed that the machine cost (Mc) has a slight drop by value of 6%. 
However, according to its high effect rate (49%), the total cost will be significantly affected 
by this parameter as shown in Figure 6.1 which reflects the distribution of the cost. 
Therefore, according to Table 6.5 and Figure 6.1, the total cost would be less by around 
(4.6%) compared to the conventional FSW technique. 
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In this research, equally-weighting factors are utilized for all sustainable indicators in 
addition to the assessed welding outputs. A summary of the implemented assessment 
algorithm is provided in Figure 6.2.  

The sustainability assessment steps are summarized as per following: 
- Normalization of welding responses as well as sustainability performance 

indicators 
- Calculation of the weighted factors  
- Calculation of the Total Weighted Sustainable Index (TWSI) 

 
 



71 

  

 

 

 

Fig. 6.2: The steps of the implemented assessment algorithm [149]. 
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6.3 Results and Discussions 

The overall sustainability assessment indicator for each individual run was 
determined according to the mentioned considerations. The sustainability assessment 
results for the three cases are provided as shown in Figures 6.3 to 6.5. In both cases 1 
and 2, run#7 showed the best performance (highest TWSI value). This test was 
performed at the highest flow rate (10 ml/hr), 0o of MQL orientation angle and nozzle 
diameter of 5 mm. In terms of case 3, the highest index obtained at test#8 where the flow 
rate was also 10 m/hr, the orientation angle was 60o, and the nozzle diameter was 2.5 
mm. A comparison between the predicted and the results of the optimal response (i.e. 
surface roughness and welding force) has been established, for the purpose of validating 
the effectiveness of the utilized assessment model, as can be seen in Table 6.6. In terms 
of the surface roughness, identical values were obtained between the optimal 
experimental results and predicted results in cases I & II, and a good agreement was 
noticed in case III. In addition, a good agreement between the predicted and experimental 
results was noticed at cases I & II, and identical values of welding forces were observed 
at case III.  

 

Fig. 6.3: Assessment results for case I: (6061 & 6061) 
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Figure. 6.4: Assessment results for case II: (6061 & 5052). 

 

 

Fig. 6.5: Assessment results for case III: (5052 & 5052). 
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Table 6.6: Validation results for all studied cases. 

 

Case I Case II Case III 

Predicted 
values 
(model) 

Optimal 
values 

(experiment
s) 

Predicted 
values 
(model) 

Optimal 
values 

(experiments
) 

Predicte
d values 
(model) 

Optimal 
values 

(experiments
) 

Surface 
roughness 

(µm) 
5.42 5.42 5.66 5.66 10.21 7.43 

Welding 
force (N) 

2002 1661 1615 1379 1270 1270 

 

 

Establishing a balance between the process results and the investigated 
sustainability elements is the main focus of this model.  In addition, considering 
sustainability effectiveness it is an effective tool to optimize the manufacturing processes 
performance. In the future, more details can be added to the current assessment model 
such as using more sustainable indicators related to waste management and applying 
sensitivity analysis along with using different weighting factors for the employed outputs 
and sustainable indicators. 

6.4 Summary and Future Work 

In this study, a sustainability assessment model was implemented to investigate and 
understand the sustainability as well as process performance for FSW under MQL for 
similar and dissimilar alloys. The predicted/optimal values consider the process results 
(i.e., welding forces and surface quality) in addition to the performance index of the main 
sustainability basis (i.e. power consumption, environmental impact, the total cost 
with/without MQL, and waste management). In this work, detailed cost analysis has been 
presented for FSW operation with/with MQL. The overall sustainability assessment index 
for each run was determined in accordance to all previous considerations. For the three 
studied cases (i.e. similar and dissimilar) the sustainability assessment results are 
presented and discussed. In both cases 1 and 2, run#7 showed the best Performance 
(highest TWSI value). This test was performed at the highest flow rate (10 ml/hr), 0o of 
MQL orientation angle and nozzle diameter of 5 mm. In terms of case 3, the highest index 
obtained at test#8 where the flow rate was also 10 m/hr, the orientation angle was 60o, 
and the nozzle diameter was 2.5 mm. A comparison between the predicted and the results 
of the optimal response (i.e. surface roughness and welding force) was established, for 
the purpose of validating the effectiveness of the utilized assessment model. A good 
agreement between the optimal experimental values and model predicted values was 
noticed. It should be stated that this work presents the first attempt in the open literature 
to study and investigate sustainability as well as performance effectiveness during the 
FSW process for both similar and dissimilar alloys.  

In terms of any future work, an attempt to apply MQL to similar and dissimilar high 
melting materials (e.g. steel), should be carefully studied and a sustainability assessment 
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discussed. Additionally, a sustainability assessment could implement to investigate and 
understand using a nano-fluid material with a hybrid MQL during the FSW process. 
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Chapter Seven: Effect of MQL Design Parameters on the 
Properties of FS Welded Dissimilar Aluminum Alloys 

7.1 Introduction: 
As a result of the various properties possessed by aluminum alloys, these alloys are 

used extensively in the manufacturing for the transportation industry. Aluminum and its 
alloys are recyclable, possess high strength-to-weight ratios, good corrosion resistance, 
and high fatigue strength. The aluminum alloys 5052 and 6061 have many applications 
for structural components of automobiles. AA5052 has become increasingly popular for 
use in the installation of inner body panels in automobiles, especially those with a complex 
shape, and AA6061 is popular as well for use in external frame panels of automobiles. 
The varying microstructures and mechanical properties of dissimilar aluminum alloys 
make them difficult to join utilizing traditional fusion welding techniques, resulting in the 
formation of defects such as porosity, hot cracking, and distortion. To overcome these 
difficulties, an effective joining process is required. 

The previous chapters of this research have shown that MQL can be used with FSW 
to join similar plates of 6061 aluminum alloy. However, the current chapter aims to 
investigate the characterizations of the metallurgical and mechanical properties during 
friction stir welding of the dissimillar alluminum alloys 6061 and 5052 when utilizing 
differant MQL design parameters. 

7.2 Macrostructure 

The macrostructure morphology of the 3.175 mm cross-section for the dissimilar 
aluminum alloys 6061 and 5052 fabricated by FSW while using MQL is presented in 
Figure 7.1. The base metal of AA6061 was positioned on the advancing side, while the 
base metal of AA5052 was positioned on the opposite (or retreating) side. Placing AA 
6061 on the advancing side could result in sound properties [151].    

As a result of the etching response, the AA5052 became a bright colour, while the 
AA6061 became darker in colour. The optical macrograph shows that the materials of the 
two weldments have flowed from the advancing side to the retreating side. Different 
microstructural features influenced the properties of the welds, including grain growth, 
dynamic recrystallization, temperature distribution, and precipitation of intermetallic layers 
were evaluated.  

Figure 7.1: Cross-section macrograph of FS welded 6061 and 5052 using MQL. 
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During the FSW process for the dissimilar aluminum alloys, AA 6061 and AA 5052, 
essential changes in the macroscopic structures developed in four zones: the nugget 
zone (NZ), the thermo-mechanically affected zone (TMAZ), the heat affected zone (HAZ), 
and the base metal (BM). These zones resulted because of the different thermal cycles 
and deformation rates of the alloys. The macrograph shows that the shape of the NZ is 
asymmetric; this zone featured vortex fabrication, which includes the alternate lamella of 
the material relative to the BM and a mixture of both.  

7.3 Microstructure 

   The optical micrographs of the different areas from the welded dissimilar aluminum 
alloys produced using MQL with the FSW process are indicated in Figure 7.2, where (a) 
– (j) correspond to the (a) – (j) regions that are visible in Figure 7.1. Figures 7.2(a) and 
7.2(b) display the optical microstructure of the BM of AA 6061 and AA 5052 respectively. 
In Figure 7.2(c), it is apparent in the TMAZ that the grain structure is microscopically 
disturbed between the NZ and the HAZ. The TMAZ is the consequence of an inadequate 
distortion for dynamic recrystallization and temperature. The fine grain structure 
presented in Figure 7.2(d) indicates a pure area that accomplished dynamic 
recrystallization during the FSW process. Moreover, this physically mixed area included 
the microstructure of both materials. The process of rotation and friction of the tool results 
in the grains in the base of the dissimilar alloys entering each other and forming in the 
NZ. The movement of the plasticized elements from the advancing side to the retreating 
side was steady from the top to the bottom of the weld because of the conical pin profile 
of the FSW tool used in this research. The dynamic recrystallization and the severe 
deformation of the grain structure in the NZ were the result of the high strain caused by 
the rotational tool used for FSW. In addition, during the welding process, circular and 
plastic flows of mixed alloys were formed from the intermixing of AA 6061 and AA 5052 
as shown in Figure 7.2(e).   

Figure 7.2(f) shows the “onion rings” that were created resulting in an interwoen ripple 
effect. This indicated that a distinct the alloys mixed in the NZ. These “onion rings” were 
created as a result of the thermal softening of the alloys, and the stirring performance, 
extrusion, and cross-movement of the tool [152]. As can be seen in Figure 7.2(g), the 
weld contained intermetallic layers that exist along the interface in the stir zone and were 
caused by the high input. It was therefore deficult to obtain integrated joints. The zigzag 
lines in Figures 7.2(g) and 7.2(i) indicate insufficient intermixing between the alloys, and 
an intensive flash was in the localized areas outside of the joining region.   

The formation of crack defects in the stir zone, shown in Figure 7.2(h), were a result 
of these intermetallic layers. Figure 7.2(h) shows a small cavity defect on the advancing 
side indicating a channel that traverses the workpiece. The plastic deformation direction 
of the BM is compatible with the joining direction, and a corresponding deformation 
difference formed between the BM and the plastically deformed metal; thus, the line 
between the NZ and the TMAZ can be observed on the AA6061 side. Figure 7.2(j) shows 
a tunnel located approximately under the probe of the FSW tool. This tunnel was formed 
along the welding workpiece as the tool moved. This tunnel traversed the workpiece 
longitudinally, following the movement of the tool and forming at the back of the joining 
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tool. The reason for the formation of this tunnel can be attributed to insufficient plasticized 
material in addition to a reduction in the frictional heat. The FS welded dissimilar 
aluminum alloys using MQL resulted in defected joints which may contain intermetallic 
layers, cavities, and tunnels. This result was obtained to the following reasons; insufficient 
intermixing, insufficient plasticized, reduction of frictional heat. 
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Figure 7.2: Optical microstructure of the different regions corresponding to the zones in Figure 7. 
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7.4 Microhardness 

Figure 7.3 shows the transverse Vicker’s microhardness distribution graph for cross-
sections of the joints of the dissimilar aluminum alloys, 6061 and 5052, produced using 
FSW under different MQL design parameters. The microhardness profiles and maps were 
obtained in the middle of the joint interface along a cross section of the thickness of the 
welded joints of the welded joints. The hardness values of the welds using AA6061 and 
AA5052 were measured across four zones: NZ, TMAZ, HAZ, and BM. 

Hardness always appears as an uneven distribution of values. Due to the diverse 
proportions of 6061 and 5052 across the nugget zone, a highly asymmetrical 
microhardness can be noted. Usually in FSW, the microhardness distributions of 
precipitation hardening materials take on a “W-letter shape”. The variations in the strain 
deformation and the temperature during FSW will result in differences in the 
microhardness distribution of the joint. The distribution of the microhardness during the 
FSW of the dissimilar aluminum alloys showed a decreasing orientation starting from the 
advancing side (i.e. 6061) of the joint to the retreating side (i.e. 5052).  As compared to 
the NZ and BM, the hardness distribution of the joint presented more softened regions in 
the TMAZ and HAZ, due to the coarsening of precipitates or the ove- aging that occurred 
as a result of the high friction and the plastic deformation. 

The high hardness distribution in the NZ resulted from the combination of the hard, 
brittle intermetallic compounds that were due to the phase elements and the maximum 
extent of the local dynamic recrystallization in fine-equiaxed grains at this zone. As well, 
the distribution of microhardness in the NZ might be attributed to the consistency of the 
onion ring pattern. One can  
 
see clearly from Figure 7.3 that the TMAZ of the retreating side was declining as this can 
be attributed to the loss of diffusion of the AA6061 in this zone compared to the other 
zones. 
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Chapter Eight: Conclusions and Recommendations for 
Future Work 

8.1 General 
Because of the benefits of the FSW technique in welding lightweight materials, it 

is important to make more improvements to the technique to further optimize the welding 
process. This research determined an effective technique of coolant-lubricant for FSW. 
FSW with MQL and different spindle and feed speeds was applied to Aluminum Alloy 
6061-T651. Changes in applied forces, UTS, microstructure, microhardness, quality of 
surface roughness, and power consumption were documented. 

Analysis of variance (ANOVA) was employed to investigate and analyze the 
influence of flow rate, nozzle orientation, and nozzle diameter at different levels. The 
welding force, power consumption, and surface roughness for FS welded 6061-T651 and 
5052-H32 aluminum alloys in both similar and dissimilar circumstances under the MQL 
process were investigated. Two approaches were used to analyze the experiments, 
namely ANOVA and GRA. Based on the results and the above discussion of this 
research, the following are the contributions and conclusions: 
 

8.2 Research's Contribution to Knowledge 
The present research has introduced several novel contributions that are expected to 
enhance the scientific community. These contributions regarding joining processes using 
Friction Stir Welding techniques are as follows:  

• This dissertation addresses the research gap regarding the use of cooling 
techniques during friction stir welding processes. 

•  A novel technique was investigated for the FSW process using a minimum 
quantity lubrication system (MQL) resulting in a clear and detailed design for MQL 
parameters during FSW of similar and dissimilar alloys; this technique had not 
been applied previously to any type of joining process. 

• This study advanced the understanding of the mechanisms governing the MQL 
effect during FSW of similar and dissimilar alloys. 

• A significant contribution of this dissertation is using MQL as a cooling method. 
Applying this technique during FSW improved the physical properties of the 
microstructure, offered less grain size area in the welding zone, and increased the 
average ultimate tensile strength (UTS) of friction stir welded aluminum alloys, 
similar and dissimilar, when compared to the results using dry FSW. 

• Design parameters were determined in order to optimize the FSW process with 
applying coolant. 

• Another contribution to this field of research is that joining processes were 
experimentally studied and statistically analyzed using different approaches, 
namely ANOVA and multi-objective model GRA. It should be stated that the multi-
objective model and the results offered a solution that achieved a balance between 
all the studied outputs. 

• This study enhances the performance and sustainability, through developing an 
integrated model to assess the knowledge aspects during FSW similar and 
dissimilar alloys. 
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8.3 Conclusions 
8.3.1 Effect of the MQL System 

FSW with MQL, different spindle speeds, and feed speeds were applied to Aluminum 
Alloy 6061-T651. Changes in applied forces, UTS and microstructure were documented, 
and the following conclusions were drawn: 

• The measured forces show similar oscillatory behavior for both the dry and the 
MQL processes at different spindle speeds and feed speeds. 

• The results showed that using MQL during the FSW of Aluminum Alloy 6061-T651 
reduced the measured forces at different spindle speeds and feed speeds as 
compared to dry joining. The reduction in the traversing force (Fx) was 20 – 25% 
at a feed speed of 100 mm/min with different spindle speeds (1000 to 2200 rpm). 

• The average UTS of the joints increased with the use of MQL compared to the dry 
process when joining at most spindle and feed speeds. The average UTS was 
increased by 28% at 260 mm/min and 2200 rpm by applying an MQL system. 

• Of all the conditions examined, the grain size area obtained was finer when an 
MQL was applied as compared to the dry condition. 

Statistical analyses were run to study the relationship between certain process 
parameters and responses. According to the ANOVA results, the following conclusions 
may be drawn: 

• The controlled parameters, spindle speed, and the feed rate have a significant 
effect on the weld joint strength. 

• The interaction of the lubricant has a significant effect on the spindle speed and 
the feed rate, which means that the lubricant influences on the value of these 
factors. 

• A spindle speed of 1600 rpm recorded the highest UTS. This could be due to the 
finer grain size produced at this spindle speed. 

• The feed rate had the greatest effect on the UTS at 180 mm/min. 

8.3.2 Effect of the MQL Design Parameters 

• The results according to ANOVA show: 
o The higher levels of flow rate resulted in lower welding forces and power 

consumption, and a better surface quality. This is due in large part to a 
sufficient distribution of heat generated along the welding zone. 

o The MQL nozzle orientation does not show a clear effect on the process 
performance. However, an inclination angle of 0o and 60o (i.e. B1 & B2) 
showed slightly better results compared to that of B3. 

o Similarly, for the nozzle diameter, the optimal levels were not confirmed 
using ANOVA; however, both C1 and C2 showed better results in terms of 
welding forces, power consumption and surface roughness. 

• In the multi-objective optimization model: 
o The optimal process levels for all of the studied cases (i.e. similar and 

dissimilar alloys) were observed at Run #7. This run was performed at a 
flow rate of 10 ml/h, an inclination angle of 0 degrees, and a nozzle diameter 
of 5 mm. 
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o The optimal levels using GRA agreed with the ANOVA results for both the 
flow rate and the MQL orientation; however, the GRA did not confirm the 
suggested levels obtained using ANOVA.  

o In terms of the MQL orientation, an inclination angle of 0o was the optimal 
value. The mist applied from the MQL was sprayed perpendicular to the 
contact region between the tool shoulder and the workpiece, accomplishing 
a reasonable lubrication effect.  

• According to the reduction of frictional heat that caused insufficient plasticized 
material which is, in turn, led to insufficient intermixing, it was hard to obtain 
integrated joints of the welded dissimilar aluminum alloys using FSW with MQL. 

8.4 Recommendations for Future Work 
• Further investigations are still required to clarify and understand the parameters of 

the MQL effects (e.g. pressure, flow rate, orientation, nozzle angle, oil type, etc.,) 
on the quality characteristics of the FSW processes. This step will contribute to 
spreading the application of MQL in FSW operations. 

• Providing a clear mechanism for the tribological and heat transfer effects when 
using MQL with FSW is an important step to physically justify the parameters of 
the MQL effects. 

• The interaction effects between the design variables in this study should be 
carefully studied, discussed and optimized.  

• More experiments with a different orthogonal array should be employed (e.g. L27 
OA). 

• An investigation of nano-fluid materials with the MQL coolant process should be 
made. 

• An attempt to apply MQL to similar and dissimilar of high melting materials (e.g. 
steel) should be made. 

• A numerical model should be developed to study the effect of the MQL technique 
on the FSW process. 
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Appendices 

Appendix (A): Heat Treatment of A2 Tool Steel 
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Appendix (B): G Code 

G Code for welding process (First case study)  

% 
O0  
(WISAM) 
(DATE=DD-MM-YY - 30-01-17 TIME=HH:MM - 13:48) 
(MCX FILE - T) 
(NC FILE - H:\MASTER CAM\WISAM.NC) 
(MATERIAL - ALUMINUM INCH - 2024) 
(T15|1/4 FLAT ENDMILL|H285|D285|TOOL DIA. - .25) 
N100 G20 
N110 G0 G17 G40 G49 G80 G90 
N120 T14 M6 
N130 G0 G90 G54 X7.8 Y-4.857 S1000 M3 
N140 G43 H14  
N150 Z0.25  
N160 G1 Z-0.127 F1.8  
N170 G04 P1. F3.936; 
N180 X6.504  
N190 G04 P1. S1300; 
N200 X4.752  
N210 G04 P1. S1600; 
N220 X3.248  
N221 G04 P1. S1900; 
N222 X1.744  
N223 G04 P1. S2200; 
N224 X0.24  
N230 G04 P1.; 
N240 Z.2 
N250 G0 Z.25 
N260 M5 
N270 G91 G28 Z5.  
N280 G28 X0. Y0. 
N290 M30 
% 
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G Code for welding process (Second case study)  

% 
O0  
(WISAM) 
(DATE=DD-MM-YY - 30-01-17 TIME=HH:MM - 13:48) 
(MCX FILE - T) 
(NC FILE - H:\MASTER CAM\WISAM.NC) 
(MATERIAL - ALUMINUM INCH - 2024) 
(T15|1/4 FLAT ENDMILL|H285|D285|TOOL DIA. - .25) 
N100 G20 
N110 G0 G17 G40 G49 G80 G90 
N120 T14 M6 
N130 G0 G90 G54 X7.8 Y-4.857 S1600 M3 
N140 G43 H14  
N150 Z0.25  
N160 G1 Z-0.127 F1.8  
N170 G04 P1. F10.236; 
N180 X6.504  
N190 G04 P1.  
N240 Z.2 
N250 G0 Z.25 
N260 M5 
N270 G91 G28 Z5.  
N280 G28 X0. Y0. 
N290 M30 
% 

G Code for machining of the stainless-steel anvil plate  

% 
O0000(FACING) 
(T2 | 0.75" FACE MILL | H2) 
N100 G20 
N110 G0 G17 G40 G49 G80 G90 
(FACE THE STOCK) 
N120 T2 M6 
N130 G0 G90 G54 X-0.65 Y-1.973 A0. S1800 M3 
N140 G43 H2 Z1. 
N150 Z.2 
N160 G1 Z0.03 F20.59 
N170 X8.65 F15.5 
N180 Z0.015 F15.5  
N190 X-0.65 F15.5  
N210 Z0.0085 F15.5  
N220 X8.65 F15.5  
N360 G0 Z1. 
N370 M5 
N380 G91 G28 Z0. M9 
N390 G28 Y0. 
N400 M30 
% 
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Appendix (C): Grinding and Polishing Procedure 

 
 

Step Material 
Rotation 

[rpm] 
Force/Sample 

[N] 
Time [s] 

Grinding 

SiC #320 150 10 
Until 

Plane, 
~120 

SiC #600 150 10 30 

SiC #1200 150 10 120 

Ethanol Ultrasonic Bath - - 60 

Polishing 
Diamond 9 

µm 
150 15 240 

Ethanol Ultrasonic Bath - - 60 

Polishing 
Diamond 3 

µm 
150 10 180 

Ethanol Ultrasonic Bath - - 60 

Polishing 
Diamond 1 

µm 
150 10 180 

Ethanol Ultrasonic Bath - - 60 

Oxide 
Polishing 

Carbide 
Silica 0.05 

µm 
150 15 20 

Dawn and DI Water 
Ultrasonic Bath 

- - 60 

 


