
 

Ν 
 

 

 
 

 

Corso di Dottorato in Ingegneria dellô MECHANICAL, MANUFACTURING, 

MANAGEMENT, AND AEROSPACE INNOVATION (D086). 

Dipartimento di Ingegneria 

ING-IND/16 - Tecnologie e Sistemi di lavorazione 

 

 

 

 

PROCESS ENGINEERING OF SOLID STATE-BASED ADVANCED 

TECHNOLOGIES 

 

 

 

 

 

 
IL  DOTTORE IL COORDINATORE 

  ING. MUHAMMAD ADNAN                                   CHIA.MO  PROF. GIOVANA  LO NIGRO 

 

 

 

 

 

 
IL  TUTOR EVENTUALE CO TUTOR 

CHIA.MO  PROF. LIVAN  FRATINI  CHIA.MO  PROF. GIANLUCA BUFFA  

 

 

 

 

CICLO XXXVII  

ANNO CONSEGUIMENTO TITOLO 2024-2025 

 

 

 



 

Ξ 
 

 

Table of Contents 

Acknowledgements ........................................................................................................................... 6 

Abstract ............................................................................................................................................. 7 

List of abbreviations ................................................................................................................... 8 

Chapter. 01 Introduction ................................................................................................................. 9 

1.1 Solid-state recycling process by Friction Stir Extrusion....................................................... 9 

1.2 Solid State Joining by Friction Stir Welding ...................................................................... 14 

1.3 Solid state Processing by Friction stir processing............................................................... 16 

1.4 Research Overview and Objectives .................................................................................... 17 

1.5 Dissertation structure ........................................................................................................... 18 

Chapter 2. Solid State Processing Technologies: State of the art .............................................. 22 

2.1. Solid State Recycling Process  ................................................................................................ 22 

2.1.1 Powder Metallurgy........................................................................................................... 23 

2.1.2 Spark Plasma Sintering Process  ...................................................................................... 23 

2.2 Plastic Deformation  ........................................................................................................... 24 

2.2.1 Equal Channel Angular Pressing (ECAP)  ...................................................................... 25 

2.2.2 Hot Extrusion  .................................................................................................................. 25 

2.2.3 Screw Extrusion ............................................................................................................... 26 

2.2.4 High Press Torsion  .......................................................................................................... 27 

2.2.5 Cyclic Extrusion Compression ........................................................................................ 28 

2.2.6 High Pressure Forging  .................................................................................................... 28 

2.2.7 Conform Method  ............................................................................................................. 29 

2.2.8 Fiction Stir Based Techniques. ........................................................................................ 29 

2.2.9 Friction Stir Extrusion...................................................................................................... 29 

2.2.10 Simulation Analysis of the FSE Process ........................................................................ 38 

2.2.11 Continuous Friction stir Extrusion. ................................................................................ 41 

2.3 Solid state welding by friction Stir welding process. ............................................................ 43 

2.3.0. Friction stir welding: Background Information. ............................................................. 43 

2.3.1 Literature review .............................................................................................................. 44 

2.3.2 Friction Stir Welding Processing Parameters .................................................................. 47 

2.3.4 FSW of Composite Joint .................................................................................................. 48 

2.4. Solid state processing by Friction Stir processing ................................................................ 49 

2.4.0. Introduction to the Process.............................................................................................. 49 

2.4.1 Mechanical Work ............................................................................................................. 50 



 

Ο 
 

2.4.2 Thermal Work .................................................................................................................. 52 

2.4.3 Improvement of Cast Components .................................................................................. 53 

2.4.4 Surface Composites ......................................................................................................... 54 

2.4.5 Friction stir processing of HPDC ..................................................................................... 56 

2.4.  Summary ........................................................................................................................... 57 

Chapter: 03 Solid State recycling by Friction stir Extrusion ..................................................... 58 

3.1 Friction Stir Extrusion  ............................................................................................................. 58 

3.1.1 Process parameters ........................................................................................................... 59 

3.1.2 Materials .......................................................................................................................... 59 

3.1.3 Experimental setups ......................................................................................................... 61 

3.2 Numerical FEM model ........................................................................................................ 64 

3.2.1 Governing Equations ........................................................................................................ 64 

3.2.2 Model setup ...................................................................................................................... 66 

3.2.3 Tool design through the numerical model. ...................................................................... 67 

3.2.4 Process parameters effect on material flow ..................................................................... 69 

3.3 Process Mechanics .............................................................................................................. 71 

3.3.1 Macroscopical  Observation. ........................................................................................... 71 

3.3.2 Tensile Testing ................................................................................................................. 73 

3.3.3 Hardness Testing .............................................................................................................. 73 

3.3.4 Bending Test .................................................................................................................... 75 

3.3.5 Influence of process parameters on energy demands. ..................................................... 76 

3.3.6 Specific energy calculations ............................................................................................ 77 

3.4 Addition of reinforced SiC with aluminium chips (MMC fabrication).  ............................. 79 

3.4.1  Macroscopical  Observation ........................................................................................... 80 

3.4.2. Tensile Test ..................................................................................................................... 83 

3.4.3. Bending Test ................................................................................................................... 84 

3.4.4. Hardness Test .................................................................................................................. 86 

3.4.5 SEM Analysis .................................................................................................................. 87 

3.4.6. EBSDB Analysis ............................................................................................................. 89 

3.4.7. Grain boundary maps ...................................................................................................... 93 

3.5.8. Texture Analysis ............................................................................................................. 93 

3.4.9 Porosity ............................................................................................................................ 95 

3.4.10 Testing surface roughness .............................................................................................. 97 

3.4.11. Power consumption ....................................................................................................... 99 



 

Π 
 

3.4.12.  FSE as a primary manufacturing process ................................................................... 100 

3.5. Addition of reinforced Al 2O3 with aluminium chips (MMC Fabrication).  ...................... 102 

3.5.1. Macroscopical Observations. ........................................................................................ 104 

3.5.2. Tensile Test ................................................................................................................... 104 

3.5.3. Hardness Test ................................................................................................................ 106 

3.5.4. Orientation maps ........................................................................................................... 107 

3.5.5. Grain Orientation Spread .............................................................................................. 108 

3.5.6. Misorientation variance ................................................................................................ 111 

3.5.7. Texture analysis ............................................................................................................ 115 

3.6 Process Development Outlook .......................................................................................... 119 

3.6.1 Continuous machine design development ...................................................................... 119 

3.6.2 Numerical models .......................................................................................................... 119 

3.6.3 Temperature calculation................................................................................................. 120 

3.6.4 Material Flow Generation .............................................................................................. 121 

Chapter 4. Solid State joining and processing. .......................................................................... 124 

4.1. Solid state joining by friction stir welding .......................................................................... 124 

4.1.1 Materials ........................................................................................................................ 124 

4.1.2. Experimental Procedure ................................................................................................ 125 

4.1.3 Weld Surface Appearance.............................................................................................. 128 

4.1.4. Macrostructural observation ......................................................................................... 129 

4.1.5. Microstructure analysis ................................................................................................. 130 

4.1.6. SEM Analysis. .............................................................................................................. 132 

4.1.7. Tensile strength ............................................................................................................. 133 

4.1.8. Microhardness Test. ...................................................................................................... 135 

4.1.9. Temperature distribution ............................................................................................... 136 

4.1.10 Power Consumption ..................................................................................................... 137 

4.2. Solid state Processing by Friction Stir Processing. ............................................................ 139 

4.2.1 Friction Stir processing .................................................................................................. 139 

4.2.2 Experimental Method .................................................................................................... 139 

4.2.3 Macrostructural and Microstructural Observations: ...................................................... 140 

4.2.4 Porosity measurement .................................................................................................... 143 

4.2.5 Grain size measurement ................................................................................................. 145 

4.2.6 SEM analysis ................................................................................................................. 147 

4.2.7 EDS analysis .................................................................................................................. 148 



 

Ρ 
 

4.2.8 Hardness Test  ................................................................................................................ 149 

Chapter 5. Conclusions ................................................................................................................ 153 

5.1 Summary ........................................................................................................................... 153 

5.2. Outlook and Future Developments .................................................................................. 155 

References: .................................................................................................................................... 157 

Curriculum Vitae  ......................................................................................................................... 180 

Publications List ........................................................................................................................... 181 



 

Σ 
 

Acknowledgements 

This dissertation represents the culmination of my research conducted over the past three years 

in the Department of Mechanical, Manufacturing, Management, and Aerospace Innovation at 

the University of Palermo. I am deeply grateful to all those who have contributed to the success 

of my Ph.D. journey. 

First and foremost, I would like to express my profound gratitude to my supervisor, Prof. Livan 

Fratini, and my co-supervisor, Prof. Gianluca Buffa, for their invaluable guidance and dedication 

throughout my studies. I am especially thankful to my R-tutor, Prof. Giuseppe Ingarao, for his 

unwavering support and commitment. I would also like to extend my sincere appreciation to 

Prof. Vivek Patel, who graciously hosted me during my research period abroad at the University 

West in Sweden. 

A special acknowledgment goes to Prof. Antonio Barcelona, Prof. Davide Campanella, and Prof. 

Dina Palmeri, as well as my colleagues Riccardo Puleo, Gaetano Pollara, and Simone Amantia 

for their steadfast support and expertise in machine operation and material characterization 

methods at the Cerisa Lab. I am equally grateful for the technical assistance provided by Eng. 

Roberto Licari and Salvatore Golfo. 

Finally, I extend my heartfelt thanks to my family, especially my mother and my wife for their 

unwavering encouragement and support throughout this challenging yet rewarding journey. 

 

 

 

 

 

 

 

 

 

 

 



 

Τ 
 

Abstract  

In recent decades, the adoption of lightweight alloys has expanded across nearly all industrial 

sectors, driven by the significant weight reduction these materials offer. However, aluminium 

alloys, while advantageous in terms of performance, are associated with high energy demands 

during primary production, contributing substantially to global CO2 emissions. To mitigate and 

reverse these environmental impacts, implementing strategies that sustain materials within a 

circular lifecycle is imperative. Metal scraps characterized by a high surface-to-volume ratio, are 

often oxidized and contaminated. Conventional melting-based recycling methods encounter 

drawbacks such as reduced energy efficiency and permanent material loss due to oxidation 

during remelting.  

To address these issues, researchers have explored solid-state recycling techniques, which bypass 

the remelting step, conserving both energy and material. This dissertation investigates the 

capabilities of the Friction Stir Extrusion (FSE) process for recycling lightweight alloys, focusing 

on the influence of process parameters on mechanical, microstructural, and tribological 

properties of the extruded wire. The study also presents numerical models to predict process 

evolution and evaluates the environmental impact of these technologies. Additionally, it explores 

the incorporation of reinforcing particles such as SiC and Al O  to assess the feasibility of 

producing composite wires through FSE and the resulting enhancements in the extruded wire's 

properties.  

The research further delves into solid-state-based welding and processing technologies, such as 

Friction Stir Welding (FSW) and Friction Stir Processing (FSP) In the case of FSW, SiC-

reinforced 2024-T3 aluminium composite joints were fabricated by embedding micro-sized SiC 

particles into sheets using a novel joint design to overcome powder dispersion issues commonly 

associated with conventional hole-based designs.  

For FSP, the study examines High-Pressure Die-Cast (HPDC) Al-4Mg-2Fe alloys, applying both 

single-pass and double-pass strategies to selectively alter the microstructure, eliminate defects, 

and minimize porosity. This approach establishes a defect-free processed zone, highlighting the 

potential of FSP as a powerful tool for improving the mechanical properties and microstructure 

of HPDC alloys.  

Overall, this research underscores the potential of solid-state recycling and processing 

technologies in promoting sustainable manufacturing practices and advancing material 

performance in alignment with circular economy principles. 
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Chapter. 01 Introduction 

1.1 Solid-state recycling process by Friction Stir Extrusion. 
    The development of environmentally sustainable manufacturing processes is becoming one of 

the main challenges of the modern age as the reduction of Greenhouse Gas Emissions has 

become a global concern and actions to reduce them have been taken worldwide. The European 

Union has a strong commitment to decarbonization in the coming decades and aims to reduce 

CO2 emissions by 80 % until 2050. A recent initiative of multiple member states aims to adjust 

this objective to reach full decarbonization [1]. Objectives require our electricity system to 

reduce emissions by 93-99 % (European Parliament Resolution, 2013/C 251 E/13), (Commission 

Communication, COM /2011 /0112). A transition towards zero-emission energy sources is 

required. The implementation and impact of such a transition remain highly uncertain.  It is worth 

noticing that a relevant share of the annual global greenhouse gas (GHG) emissions is caused by 

raw materials production. Worrell et al. [2] state that material production activities cause about 25 

% of global CO2 emissions as shown in Figure 1.1. Such environmental burden is dominated by 

only a few materials: steel, cement, paper, aluminium alloys, and aggregated plastics. 

Furthermore, Figure 1.2 shows how these materials are collectively responsible for over 80 % of 

the annual energy consumption. 

 

Figure 1.1.  Global emission of CO2 by different sectors [3]. 
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Figure 1.2. Annual primary energy used for the production of 29 materials worldwide, 

cumulative scale on the right (Source: [4] ). 

Aluminum and its alloy have remarkable properties and are highly desirable for various industries. 

This has led to a significant increase in global aluminum demand over the last years (Figure 1.3) [5]. 

Substituting aluminum for heavier steel in designs can result in substantial fuel savings, with studies 

suggesting potential savings of 5-7% for every 10% weight reduction [6].  

 

Figure 1.3. (a) Aluminium demands growth forecast in different sectors (b) Aluminium uses by 

applications, 2020 data [5]. 

Aluminium production is highly energy-intensive, relying on electrolytic reduction processes that 

require large electric currents [7]. Figure 1.4 represents the flowchart diagram for the production 

process of aluminum. Energy consumption accounts for 20% to 40% of production costs [8]. In order 
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to limit and reverse such phenomenon, strategies to keep the material in the circle over multiple life 

cycles are mandatory. Longer life, intense use, product repair and upgrades, modularity, 

remanufacturing, industrial symbiosis, and open/closed loop recycling are some of the strategies that 

must be implemented to reduce the environmental impact of raw material production. The whole 

concept of a circular economy is progressively gathering faster. 

 

Figure 1.4.  Refined Aluminium production process [9].  

   Currently, conventional recycling is the most applied technique for metals since it offers many 

technical and environmental advantages with respect to other strategies. As far as lightweight 

allows are concerned, primary energy savings as high as 90% can be obtained, making recycling 

even more convenient also from an energy usage point of view (Figure 1.5). Recycling of 

lightweight alloys has, hence, far-reaching economic, ecological, and social implications that 

many industrialized countries cannot face with the limited domestic primary productions, 

especially considering the growth of the demands of such materials.  

 

Figure 1.5. Embodied energy comparison for primary and secondary production of different 

metals alloys, savings scale on the right [10]. 
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Conventional methods for recycling aluminum scraps typically involve remelting and recasting 

processes [11] which are known for their high energy consumption and material loss due to 

oxide formation during aluminum alloy melting. To address these issues, solid-state recycling 

(SSR) techniques have been developed, aiming to minimize energy consumption and material 

waste. SSR involves subjecting alloy scraps to plastic deformation below the solidus 

temperature [12]. Figure 1.6 represents the Metal scrap sources for the SSR process along with the 

Sankey diagram for aluminum flows during the process.  

 

Figure 1.6. (a) Metal scrap sources and (b) Sankey diagram for aluminum flows [13]. 



 

 

This approach offers a significant advantage, with energy requirements reduced to only 5% compared 

to conventional methods, which often entail remelting scraps to produce new extrusion billets. 

Moreover, SSR can utilize up to 95% of the starting material, effectively circumventing the average 

20% metal loss experienced during remelting due to oxidation, burning, and slag contamination [14]. 

Various techniques fall under solid-state recycling, including Equal Channel Angular Pressing 

(ECAP) [15], Shear Assisted Processing and Extrusion (ShAPE) [16], hot extrusion, and hot rolling 

method [17], consolidation [18], forging [9], and sintering [20].  

Among these methods, FSE emerges as one of the most promising approaches for the solid-state 

recycling of chips. FSE shares similarities with FSW, wherein frictional heat is utilized not only to 

soften materials but also in the extrusion process. Recent advancements have positioned FSE as a 

direct conversion method for recycling, particularly favored for producing high-quality wires or rods 

from metal powders, chips, or billets  [14]. While FSE can be applied to various light metal alloys, 

the majority of research focuses on aluminum, magnesium, or their composites due to industrial 

demand and feasibility. 

 

Figure 1.7. Comparison between (a) conventional recycling process and (b) Solid state recycling 

process. 

In the next chapter, the main conventional and innovative technologies to recycle metal scrap are 

described to focus on the FSE. Many experimental campaigns have been carried out using both 

processes in order to investigate the influence of the main process parameters and the material 

being processed on the products quality. Numerical models have been implemented to give better 

insight into the processes mechanics and to predict defect formation. 

In order to investigate the influence of reinforced particles such as SiC and Al2O3 on the extruded 

wire, this study also focused on examining the influence of processing parameters and the 

addition of SiC and Al2O3 reinforcement on the microstructure and mechanical characteristics of 



 

 

the extruded wires.  

1.2 Solid State Joining by Friction Stir Welding 

FSW is a solid-state joining technique invented at The Welding Institute (TWI) of UK in 1991 

in which the base material does not melt [21]. During FSW, the plates to be joined are placed on 

a backing anvil and securely clamped to prevent relative motion between parts. A specially 

shaped cylindrical tool rotates and slowly plunges into the joint line between two pieces of the 

plate until a shoulder of the tool touches the plate surface. Later, the tool is traversed along the 

interface between two plates. In FSW, high plunge force is applied to the shoulder of the tool 

pin. Due to friction between the shoulder of the tool pin and workpiece and the plastic 

deformation of the workpiece material, when the temperature of the working material approaches 

its hot working temperature (i.e. 70% to 90% of melting temperature), the material becomes soft 

enough to be stirred and displaced and the shoulder of the tool pin moves along the weld line. 

This softened material is stirred by the tool and deposited at the trailing edge. Figure 1.8 

represents the schematic diagram of the FSW process. 

 

Figure 1.8. The basic process used for FSW [22]. 

 FSW possesses several advantages compared to conventional fusion welding processes. One 

advantage is that the FSW process occurs at a temperature below the melting point of the 

workpiece material, which eliminates the problem with solidification cracking and porosity. 

Another advantage is that residual stresses and distortion in friction stir welds are typically lower 

than those of fusion welds, due to a low-temperature level compared to fusion welding. 

Other than aluminum alloys, the technique has recently been applied to the joining of metals and 

or alloys of magnesium, titanium, steel, and others. Due to the advantage of FSW over other 



 

 

welding methods, it is widely used in the manufacturing industries. At present, FSW is used in 

automotive industries, maritime industries, and aerospace industries. Figure 1.9 represents the 

industrial application of FSW.  

 

Figure 1.9. Industrial application of FSW [23]. 

FSW has gained significant attention for its ability to join dissimilar materials and advanced 

composites, offering numerous advantages over traditional fusion welding methods. Metal 

matrix composite (MMCs) have attracted considerable attention for critical applications in 

industrial sectors such as spacecraft structures, deck panels, and automotive and railway brake 

discs. Metal Matrix Composite Market was valued at around USD 810 million in 2023 and is 

anticipated to register a CAGR of over 12.4 % between 2024 and 2032. The market is 

experiencing robust growth, driven by increasing demand across various high-performance 

applications, particularly in the aerospace, automotive, and defense sectors. Commonly used 

reinforced particles in FSW to make composite joints are Silicon Carbide (SiC).  Figure 1.10 

represents the percentage of most commonly used reinforced in the FSW process.  

 

Figure 1.10. Identification of reinforcement in FSW [24]. 



 

 

In the next chapter, a new deposition strategy is proposed, in which a slurry of reinforced 

particles SiC is placed inside a slot embedded on the adjoining faces of 2024-T3 aluminum alloy 

sheets. 

1.3 Solid state Processing by Friction stir processing.  

FSP is characterized by the ability to improve localized mechanical properties in metals through 

modification of their microstructure. FSP is a relatively new technique that brings a host of 

advantages and opportunities. The process aims to reduce the grain size locally, rather than 

through the bulk of the specimen and is relatively independent of component size or shape. 

Rather than attempt to modify the entire domain, a stirring action is applied locally to the 

material, and through mechanical work, the grain size is reduced increasing the strength and 

ductility of the processed area. 

Adoption of new manufacturing techniques can mean an edge over competition and reduction in 

processing costs and material wastage. It is vital then that new technologies and processes be 

discovered, developed, and understood through research. Indeed, microstructural features, most 

notably grain size for polycrystalline materials, are one of the key factors affecting nearly all 

aspects of the physical and mechanical behaviour of polycrystalline metals, as well as their 

chemical and biochemical response to the surrounding environment. As such, the search for the 

next level of metal processing technologies has led many to develop processes that focus on 

microstructure modification and grain size refinement. Although there exist a number of 

processes that aim to improve mechanical properties through various methods of grain 

refinement, such as processes of severe plastic deformation (SPD), powder processing and 

electrodeposition, FSP is a relatively new technique that brings a host of advantages and 

opportunities.  Figure 1.11 represents the schematic diagram of the FSP process.  

 

Figure 1.11. Schematic diagram of Friction stir processing [25]. 



 

 

The ability to process a localized area means that it can be used to locally modify microstructure 

without destroying previous fabrication, while simultaneously improving formability to enhance 

further post-processing. It offers a number of unique processing characteristics that are very 

attractive to a range of manufacturing environments. 

FSP is still a new technology, and although it has been attracting greater research over the last 

decade, it has seen limited uptake by industry. The complexity of the material response to FSP 

is also an issue, as subtle processing changes can result in considerable variation in resultant 

properties. Computer modelling, when used in conjunction with experiments, offers the ability 

to develop new processing technologies in a much more effective way; and this depth of 

understanding is what will allow the technique to develop and industrial opportunities to become 

more apparent. This justifies the need for a reliable numerical model to be initially validated 

against experimental results and subsequently used for further investigation. 

HPDC aluminum alloys often incorporate significant amounts of iron (Fe) to alleviate die-

soldering problems and address microstructural features arising from the casting process, 

including porosity and inclusions. Regrettably, these attributes have a detrimental impact on the 

mechanical properties, thereby restricting their suitability for application as structural 

components in an automobile's body. FSP has emerged as a sophisticated thermomechanical 

technique, that can affect the material microstructure by the concurrent effect of heat and 

deformation [26]. In the next chapter, a literature review on FSPed HPDC alloy has been carried 

out and then the experimental campaign on FSP is employed to selectively modify the 

microstructure of a plate made of HPDC Al-4Mg-2Fe alloy. 

1.4 Research Overview and Objectives 

This research aims to develop a computer-aided engineering (CAE) model for FSE to produce 

AA6082-T6 wires with a diameter of 1.2 mm from machining chips. A dedicated numerical 

model was validated and employed to optimize the rotating tool design. An experimental 

campaign was conducted, varying tool forces and rotation speeds, to evaluate the wires' 

mechanical properties. Key characteristics, such as their ability to be wrapped into reels for 

transportation and industrial use, were analyzed. The numerical model highlighted the primary 

field variable distributions and their correlation with the wires' mechanical performance. 

Additionally, the electrical energy demand was measured under different process conditions, and 

the Specific Energy Consumption (SEC) was calculated and compared to conventional 

production methods reported in the literature. For SSR composite wires, aluminum machining 

chips were reinforced with particles like Al O  and SiC to investigate their effects on mechanical 



 

 

and microstructural properties. 

In the context of solid-state joining of composite joints, a novel deposition strategy is proposed. 

This involves embedding a slurry of SiC particles into a slot on the adjoining faces of 2024-T3 

aluminum alloy sheets. The goal is to minimize particle ejection at the joint interface and enhance 

dispersion uniformity. The proposed method is compared with conventional "hole on plates" 

techniques and joints without reinforcement. The study examines the effects of sheet 

configuration, rotational speed, and traverse speed on the microstructure, hardness, and tensile 

behavior of FSWed joints. 

In solid-state processing, FSP is applied to selectively refine the microstructure of HPDC Al-

4Mg-2Fe alloy plates. The study focuses on the effect of multiple FSP passes on microstructural 

refinement, specifically addressing casting porosity and modifying needle-like Si and Fe-

containing particles. A comparative analysis of the hardness, microstructure, and porosity is 

conducted between the untreated HPDC alloy and the material subjected to FSP. 

1.5 Dissertation structure 

This paragraph provides an overview of the general structure of this dissertation in order to 

provide the links between the different sections and their respective contents. This dissertation 

is composed of six main chapters and each of them is further divided into paragraphs and 

subparagraphs numbered accordingly. The topics covered by each of these sections are briefly 

described in the following lines.  

Chapter 1, namely ñIntroductionò, deals with the general introduction to the metal recycling 

issues and capabilities, with a particular focus on solid-state recycling process by friction stir 

extrusion, solid-state joining process by friction stir welding, and solid-state processing by 

friction stir processing. It also contains the Research Overview and Objective, and dissertation 

structure. Figure 1.12 represents the schematic diagram of Chapter 1.  

 

Figure 1.12. Schematic diagram of chapter 1.  



 

 

Chapter 2, namely ñSolid state-based technologies: state of the artò, contains the analysis of the 

state of the art of solid-state recycling process by friction stir extrusion including both 

conventional and direct recycling techniques such as powder metallurgy, plastic deformation, 

and friction stir extrusion. The second part contains the state of the art on solid-state joining 

process by friction stir welding process including a literature review on friction stir welding 

process and their composite joints. The last part mainly focuses on solid-state processing by 

friction stir processing which includes its process, mechanical work, thermal work, and FSP of 

HPDC alloys. Figure 1.13 represents the schematic diagram of Chapter 2.  

 

Figure 1.13. schematic diagram of chapter 2.  

Chapter 3, titled ñSolid-State Recycling Process by Friction Stir Extrusion,ò focuses on the 

Friction Stir Extrusion process, a novel SSR technique. The experimental campaigns conducted 

to investigate the FSE process are outlined in Paragraph 3.1. Paragraph 3.2 presents the FEM 

numerical model developed to simulate the process. In Paragraph 3.3, the mechanics of the 

process, particularly material flow, are analyzed through both experimental and numerical results 

from the FSE of aluminum alloys. Paragraph 3.4 explores the impact of SiC-reinforced 

aluminum alloy chips on the extruded wire, focusing on variations in microstructure and 

mechanical properties. In Paragraph 3.5, the influence of Al O  powder reinforcement on the 

microstructure and mechanical properties of aluminum alloy extruded wire is examined. Finally, 

Paragraph 3.6 addresses the development of the continuous friction stir extrusion process. Figure 

1.14 provides a schematic overview of the chapter. 



 

 

Figure 1.14. schematic diagram of chapter 3. 

Chapter 4, titled ñSolid State Joining and Processing,ò focuses primarily on the FSW process. 

Paragraphs 4.1 provide an introduction to the FSW process, including the materials used and the 

experimental setup. Paragraphs 4.1.1 through 4.1.6 present the mechanical and microstructural 

analyses of the joints. The microstructural analysis includes grain size measurements across different 

zones and Scanning Electron Microscope (SEM) analysis. The chapter also covers the evaluation of 

mechanical properties, including tensile and hardness tests. Paragraph 4.1.7 explores the temperature 

distribution during various passes of the FSW process, while paragraph 4.1.8 investigates power 

consumption for different deposition techniques. Finally, paragraph 4.1.9 provides an overall 

summary of the FSW process. A schematic overview is illustrated in Figure 1.15. 

  

Figure 1.15. schematic diagram of chapter 4. 

 



 

 

The second part of the chapter namely ñSolid state Processing by Friction Stir Processing.ò 

which mainly focuses on the FSP process. In this part, Paragraph 4.2 contains the introduction 

of the FSP process. In Paragraph 4.2.2 contains the experimental method in the process. 

Paragraph 4.2.3 contains the Macrostructural and Microstructural analysis of the FSP-processed 

joints. In Paragraph 4.2.4 porosity measurements were discussed. The variation of grain size 

has been discussed in paragraph 4.2.5. Paragraph 4.2.6 contains SEM analysis at various zones. 

The hardness test has been discussed in paragraph 4.2.8.ШThe overall schematic diagram is 
shown in Figure 1.16.Ш 

 

 

Figure 1.16. Schematic diagram of chapter 4.  

Chapter 5, namely ñConclusionò, provides a summary of the general results obtained from the 

solid state techniques containing FSE, FSP, and FSW processes, highlighting the advances of 

the state of the art enabled by the research presented in this dissertation (Paragraph 5.1). 

Paragraph 5.2 finally provides a general outlook of the investigated process, focusing on the 

possible future developments of this work. 



 

 

 

 

Chapter 2. Solid State Processing Technologies: State of the art 

In this chapter, a state of the art on solid-state processing technologies have been discussed. 

 ̧ Solid-state recycling process by friction stir extrusion. 

 ̧ Solid state welding by friction stir welding process. 

 ̧ Solid state processing by friction stir processing.   

2.1. Solid State Recycling Process  

The solid-state recycling process transforms metal chips or powders directly into semi-finished 

or final products through mechanical means or plastic deformation, bypassing the remelting 

phase. By eliminating the melting stage, SSR significantly reduces oxidation-related losses and 

produces recycled materials with enhanced mechanical properties [27]. This approach differs 

from conventional recycling methods, where melting is a mandatory step. SSR techniques offer 

several advantages over remelting-based recycling methods, including lower energy 

consumption, minimal metal loss, and negligible emissions of harmful gases and solid waste. 

The typical steps in SSR involve pulverizing metal chips, cleaning, drying, cold compaction, and 

ultimately sintering or consolidating the batch of input chips. 

SSR methods can be broadly categorized into two groups: powder metallurgy and plastic 

deformation-based techniques, as illustrated in Fig. 2.1 [28] Metals such as aluminum [29] 

magnesium, iron  [30], copper [31], nickel [32], and titanium [33] have been successfully 

recycled through different SSR processes.  



 

 

 

 

 

Fig. 2.1. Flow chart of chips pre-processing and different solid-state recycling methods by plastic 

deformation and powder metallurgy approach [28].  

2.1.1 Powder Metallurgy 

The powder metallurgy (PM) technique is a rapid, economical fabrication process for making 

near-net shape products from powders. The common practice of PM includes the compaction of 

powder into a desired shape and then the shape is heated below the melting temperature that 

enables bonding of particles to join together. Upon compression and heating the inter-particle 

gaps diminish, and the inter-particle bond starts to develop leading to a close-to-100% density, 

approximating the properties of the main material. The process generally takes only seconds to 

complete. The post-form sintering step, however, can take several hours to complete.  

Spark Plasma Sintering (SPS) is widely used SSR method based on the sintering process for 

recycling metallic scraps. This process category possesses many advantages over conventional 

sintering techniques, such as pressureless sintering (PLS), vacuum hot pressing (VHP), and hot 

isostatic pressing (HIP) [34]. These advantages include: ease of operation, high sintering speed, 

low sintering temperature, high reproducibility, and highly dense sintering samples of finer grain 

[35].  

2.1.2 Spark Plasma Sintering Process  

The spark plasma sintering (SPS), as a rapid consolidation method, is widely used for the 



 

 

 

 

consolidation of metallic powders [36]. The high energy pulsed Direct Current (DC) is applied 

to the powder particles enabling the individual particles to uniformly generate Joule heat. The 

spark plasma generated by the discharge of the pulsed DC current between the powders activates 

the surface of the particles, and the SPS process can utilize the Joule heat generated by the 

powder after being energized, thus resulting in higher heating efficiency. The process schematic 

has been represented in Fig. 2.2   

However, due to the lack of strain and strain rate occurrence, the consolidation level and final 

density provided by this process category could not be satisfactory; for these reasons, some 

authors proposed to apply a further process step after the sintering step [37] Proposed a recycling 

process made of a field-assisted sintering (FAST) process to consolidate the aluminum alloy 

chips, and a forward rod extrusion process. Behrens et al. [38] recommended a hybrid approach 

made of compacting, sintering, and forming to consolidate aluminum chips. Other researchers 

[39] applied an isothermal sintering process with multiple ECAP passes to increase the 

mechanical properties of magnesium alloys.  

 

Fig. 2.2. Process schematic diagram [40]. 

2.2 Plastic Deformation  

This process category of SSR methods is based on the physical disruption and dispersion of the 

oxide contaminants by imposing high temperatures, significant plastic and shear strains [41]. It 

is worth to note that plastic deformation should be large enough to break the surface oxide layer 

of the metal in order to expose clean, non-oxidized metal surfaces and to allow the formation of 

metallic bonds. Some of the typical methods include Equal Channel Angular Pressing (ECAP), 



 

 

 

 

Hot Extrusion (HE), Screw Extrusion (SE), High Press Torsion (HPT), Cyclic Extrusion 

Compression, High-Pressure Forging (HPF), and Friction Stir (FS) Based Techniques.  

2.2.1 Equal Channel Angular Pressing (ECAP)  

ECAP is used to fabricate bulk ultrafine-grained materials with high-angle grain boundaries via 

pure shear and the main advantage of this process is that exceptionally large, unidirectional, 

uniform deformations can be brought to the bulk solids even under relatively low loads as shown 

in Fig. 2.3. The working principle is: when the sample passes through the channel, simple shear 

is introduced. Despite a very intense shear strain produced with sample, the cross-sectional 

dimensions of the sample remain unchanged, allowing for repetitive deformation [42].  

 Although ECAP is generally applied to the severe plastic deformation of the bulk material but 

has also shown promising results to be a good candidate for solid-state recycling. For example, 

Matsuki et al. [29] applied ECAP process for the consolidation of 2024Al-3Fe-5Ni alloy powder 

and were able to obtain almost fully dense compaction with very fine microstructure. In addition, 

the well-mixed powders, i.e. carbon nanoparticles and pure Al particles, were consolidated into 

the fully dense Al-C nanocomposites, and significantly higher mechanical properties of the 

nanocomposites were possibly ascribed to the formation of fine equiaxed grains and uniform 

distribution of C particles into the Al matrix [43].   

 

Fig 2.3. The process of ECAP (a) schematic illustration of the typical two- dimensional ECAP 

set-up; (b) principle of shearing on passage within the die [27].  

2.2.2 Hot Extrusion  

During the HE processes, the machining chips are filled into a cylindrical container and pressed 

into billets with a desired pressure at room temperature. Then the billets are hot extruded into 

rods with a certain extrusion ratio, and extrusion rate while maintaining the extrusion 



 

 

 

 

temperature below than melting temperature of the extruded material [44] as shown in Fig. 

2.4.  Some initial attempts were made to achieve better bonding of aluminum chips using cold 

compression only. However, disintegration of chips at the outer surface of the cold compressed 

billets occurred during free upsetting although the obtained billets showed high relative density 

and compactness. Besides, the high compressive forces with the long pressing time were found 

to be not enough to obtain sound chip bonding [45]. Hence, an additional shear force, such as 

extrusion process, was applied to the as-pressed billet to produce the chip-consolidated product 

of high quality. However, considering relatively higher thermal energy requirements and 

processing costs during hot working (such as hot extrusion), some researchers were devoted to 

recycling chips through cold working.   

 

Fig. 2.4. Illustration of hot extrusion process (a) cold pre-compacting; (b) hot extrusion [27].  

2.2.3 Screw Extrusion  

Werenskiold et al. [27]  introduced the screw extruder for the continuous extrusion of materials 

with high viscosity, which is preferably applicable for the treatment of the granulated chips of 

aluminum and its alloy. Fig. 2.5 shows the schematic illustration of the cross-sectional view of 

an extruder. Granules are fed to the screw through an inlet which goes at the gap between the 

screw and the liner. The rotation of the screw rotates leads to compaction and consolidated into 

the desired extruded product at elevated temperature. It is worth to note that the innovative point 

of the screw extrusion method was the rotating screw that could impose the compression and 

rotation to the materials simultaneously in one single continuous operation. Later on, Widerße 

et al. [46] applied the screw extrusion process to the welding of the aluminum AA6060 granulates 

and found that the rotational movement obviously reduced the amount of axial compressing force 

necessary for the compaction of granulates.   



 

 

 

 

 

Fig. 2.5. Schematic illustration of the cross-sectional view of an extruder [27]. 

2.2.4 High Press Torsion  

During HPT process, the input material is held between the upper and lower anvil, is subjected 

to high hydrostatic pressure, of several GPa, and concurrent torsional straining via rotating of 

the lower anvils [31]. In practice, the HPT process can be categorized into two types: 

unconstrained and constrained HPT (as shown in Fig. 2.6). In unconstrained HPT, a thin disk 

with thickness in the range of 1 mm can be fabricated mainly due to the free flow outwards of 

material. On the other hand, a bulk sample with height of almost 8 mm can be manufactured in 

constrained HPT due to no outward flow of material.   

HPT processes have been applied for the consolidation of powders [47], and corresponding 

products own high density and fine microstructure. In the study of the reusing of machining 

chips, it has been demonstrated that the HPT is an alternative process for the solid-state recycling 

of chips.   

 

Fig. 2.6. Schematic illustration of two types of HPT set-up (a) unconstrained HPT and (b, c) 

constrained HPT [27].  



 

 

 

 

2.2.5 Cyclic Extrusion Compression 

The CEC method imparts very large strain in a sample constrained within a chamber and 

undergoes extrusion and compression, and these two procedures alternate in each pass. For the 

solid-state recycling, after the cold pre-compaction of metal chips, the CEC processing is 

conducted by pushing the obtained billet from one cylindrical chamber into the second same 

chamber, through a relatively smaller cylindrical passage as demonstrated in Fig.2.7.   

Peng et al. [48] has successfully applied the CEC technique to recycle the Mg-10Gd-2Y-0.5Zr 

alloy chips. They observed that deep cracks arising from interface decohesion between chips 

were nearly vanished after 6 passes processing at 673 K. At the same time, fine equiaxed grains 

and the second phase particles were formed in the recycled sample.  

 

Fig. 2.7. Schematic illustration of cyclic extrusion compression [27]. 

2.2.6 High Pressure Forging  

The starting material is subjected to severe plastic deformation and flow in the repetitive manner 

to consolidate the chips [49]. The experimental setup (Fig. 2.8) is designed in such a way that in 

one cyclic load, cold compress is applied in two cycles consecutively, and cold extrusion is 

carried out in a single cycle and the whole cycle was repeated for 100ï500 times. All were done 

by the automatic computer control. In the final step, single hot forging is applied.  



 

 

 

 

 

     Fig. 2.8 Schematic diagram for hot press forging in direct recycling of chips [28].  

2.2.7 Conform Method  

Recycling through the conform method has been successfully tested by recycling aluminum 

trimmings directly into the extruded product [50]. The process has successfully produced the 

wire, rod, bars, solid shapes, and tubes from the trimmings. The mechanical properties of the 

extruded products are comparable to the properties of products obtained by billet extrusion.  

2.2.8 Fiction Stir Based Techniques. 

Recently friction stir-based methods have drawn the attention of many researchers. These are the 

process variants of friction stir welding (FSW) technology that have been modified for the 

purpose of recycling and are characterized by the similar process mechanics of FSW. In these 

processes, the friction between chips and tool allows heat generation due to the combined effect 

of contact pressure and rotational speed of the tool leading to the chips welding. Among them, 

friction stir extrusion (FSE) and friction stir consolidation are very popular. Both FSE and FSC 

have the same process mechanics and can share a common experimental setup.    

During FSE, a rotating die is plunged into a cylindrical chamber containing the metal scraps. The 

stirring action of the tool plastically deformed the materials and forced them into the extrusion 

chamber. Finally, after densifying and heating fully consolidated rods are extruded.  

A detailed discussion of the FSE process has been reported.  

2.2.9 Friction Stir Extrusion  

In 1993, The Welding Institute (TWI) of Cambridge patented a new recycling process to be 

applied to metal chips, named Friction Stir Extrusion (FSE). This technique belongs to the 

Friction Stir Processing (FSP) technologies, developed following Friction Stir Welding (FSW). 



 

 

 

 

A rotating die is used to produce heat and plastic deformation through friction between the die 

itself and the chips to be recycled (into a hollow cylindrical matrix) by compacting, stirring, and 

extruding the material [51]. Fig. 2.9 shows the sketch of the friction stirs extrusion process.  

 

Fig 2.9 Sketch of the Friction Stir Extrusion process [52]. 

After the TWI patent expiration One of the first attempts to use FSE as a recycling technique 

was made by Tang and Reynolds [53]. In their paper, the authors started with AA2050 and 

AA2195 machining chips to produce 2.5 mm wires. They found that sound wires can be 

produced, although higher extrusion rates must be used to increase the processôs industrial 

appeal. Buffa et al. [54] carried out an experimental campaign on the FSE of AZ31 Mg alloy 

imposing the extrusion speed through the control of rotating tool vertical displacement. The 

obtained results show that the process is feasible and mechanical resistance of about 80% of the 

base material can be reached. Tool rotation is a key process parameter for the effectiveness of 

the process. With low rotation values, corresponding to low heat input, no extrusion is obtained. 

On the contrary, the combination of large rotation values and high strain can result in swirl 

defects compromising the specimenôs mechanical properties. Behnagh et al. [55] highlighted the 

wire defects due to both cold cracks and hot cracks occurring during FSE of AA7277 wires, 6 

mm in diameter. The author also highlighted that, with proper process parameters, mechanical 

properties comparable to the ones of the parent material can be reached in the extruded wires. 

The scrolled face-inserted head for the extrusion of wire is shown in Fig. 2.10. 



 

 

 

 

 

    Fig. 2.10 (a) Schematic representation of process apparatus. (b) Scrolled face inserted head. [55].  

Tahmasbi et al. [56] focused on the corrosion resistance properties of AA7022 wires produced 

starting from machining chips. The authors found that corrosion resistance decreases as heat 

input, i.e., tool rotation, increases. Li et al. [57] highlighted the process mechanics of Friction 

stir extrusion by experimentally measuring strain and strain rate through the use of a proper 

marker. The results show how the process parameters influence the deformation zone and the 

ñdead zoneò but also highlight how in order to fully understand the complex material flow 

occurring during the process. Material flow and deformation zone are shown in Fig. 2.11. 

 

Fig. 2.11 (a) Material Flow and deformation in Friction Stir Extrusion. From bottom to top 

undeformed zone, extrusion zone, and dead-metal zone [57]. 

Baffari et al. [58] have also investigated the influence of process parameters and the initial temper 

of the base material on the process variables and the extrudatesô mechanical properties. The 

results show that at optimum process parameters, the produced wires have good quality and good 

mechanical characteristics. Fig. 2.11 shows the schematic diagram of extrusion and the process 

parameters.  

 



 

 

 

 

 

Fig. 2.12 (a) Sketch of the FSE setup. (b) Matrix of experiments for AA2050-T3, AA2050-T3 

44.5 kN (b) 300 rpm, (c) 200 rpm, and (d) 100 rpm [58]. 

Whalen et al.[59] produced aluminum rods from Al-12.4TM powder. The friction stir extrusion 

method was able to consolidate the power and extrude the rods all in one process. They were 

able to produce 5 mm diameter rods that had a higher elongation than rods of the same material 

that were conventionally extruded. 

In order to measure the energy demand during the friction stir extrusion process Baffari et al [51] 

and Ingarao et al [52] characterized the energy demands at various parameters. It was observed 

that energy demands vary with varying parameters and specific energy consumption decreases 

with the increase in extrusion rate. It also revealed that FSE enables substantial energy savings, 

FSE allows a reduction in energy demand up to 74% and 63% concerning the conventional 

(remelting based) and the ECAP routes, respectively shown in Fig.     

 

Fig. 2.13 Primary energy demand of different recycling routes (AA-2050 T3) [51]. 

Ansari et al. [60] conducted process optimization studies using the Taguchi method on backward 



 

 

 

 

FSE using magnesium alloy chips. The analysis of variance shows that the RS of the plunging 

die is the most dominant factor in deciding the soundness of the joint, while PR also plays a 

significant role. The best wire can be produced by using a proper combination of process 

parameters. Fig. 2.14 shows the percentage of contribution of process parameters.  

 

 

Fig. 2.14 Percentage of the contribution for process parameters [60] 

 Behnagh et al. [61] have observed dynamic recrystallized grain structures in friction-extruded 

wires produced from Magnesium chips. Compared with the plunge rate studied in this 

experimental analysis, rotational speed played a more significant role in heat generation and final 

wire properties. The microhardness of the extruded wires decreased at higher process 

temperatures with the increased recrystallized grain size. Fig.2.15 shows the microstructure of 

the wire.  

 

Fig. 2.15 Microstructures at the center of fabricated wires in different conditions: (a) 

F14-250 rpm; (b) F20-250 rpm; (c) F14-355 rpm; and (d) F20-355 rpm [61]. 



 

 

 

 

In order to see the microstructure behavior of the friction stir extruded wire.  Behang et al. [62] 

have developed a three-dimensional finite element process model by using commercial software 

DEFORM 11.0 to predict the thermal field, mechanical deformation, and material flow during 

the FSE process. The author reported that the predicted grain size is in good agreement with the 

experimentally measured grain size. It is also worth mentioning here that grain size decreases 

from the center to the edge of the wire. Fig. 2.16 shows the optical micrograph of the grain size 

at the center, middle, and edge of the wire.  

 

Fig. 2.16 Optical micrographs (a)ï(c) and simulated microstructures (d)ï(f), and comparison of 

histograms of experimentally measured and predicted grain size distribution for FSE process 

with tool rotation 250 rpm for three CA simulations (Sim. 1 at center of the extruded wire, Sim. 

2 at mid region along radius of the extruded wire, and Sim. 3 at the edge area of the extruded 

wire) [62]. 

Tahmasbi et al. [63] have determined the Corrosion resistance of aluminum alloy AA7022 wire 

fabricated by friction stir extrusion process by using the potentiodynamic polarization technique. 

The author reported that the corrosion tests revealed that the produced samples by the FSE had 

adequate corrosion resistance and the growth in die rotation rate augmented current density and 

subsequently reduced corrosion resistance. It also revealed that the samples manufactured at 

higher rotational speeds possessed good surface quality, the process temperature and the grain 

size similarly increased following the rise in rotational speed, and the mechanical properties 

consequently decreased. Fig. 2.17 Variation of corrosion rate versus exposure time of samples. 



 

 

 

 

 

 Fig. 2.17 Graphical representation of Variation of corrosion rate concerning exposure time of 

samples at 296 K (unit of corrosion rate ñmm/aò stands for mm per year) [63]. 

In order to evaluate the effect of adding the reinforced particle such as SiC during the friction 

stir extrusion process Baffari et al [64] developed an experimental campaign on FSE of AA2024 

aluminum alloy chips, to produce MMC within the recycling process by adding SiC powder to 

the chips. The author reported that controlling the amount of SiC composite wire produced has 

an increment in mechanical properties but increasing the amount of SiC leads to the formation 

of a big intergranular conglomerate which affects the wireôs mechanical Properties. Jamali et al 

[65]  also manufactured Al/SiC composite wire at a different volume fraction of SiC by friction 

stir back extrusion process. The author observed that the distribution of the particle depends on 

the volume fraction of SiC. Less volume fraction of SiC leads to a uniform distribution which 

also causes the increase of the mechanical properties. Increasing the amount of SiC also causes 

more heat generation.   

Apart from the wire extrusion, some researchers have worked on Share Assisted Processing and 

Extrusion (ShAPE), where the die configuration enabled the extrudate to push off the mandrel 

as in conventional extrusion. Whalen et al. [66] have worked on Porthole die extrusion of 

aluminum 6063 industrial scrap by shear-assisted processing and extrusion. The author reported 

that direct extrusion of hollow, noncircular, asymmetric, and multicellular profiles from 

industrial aluminum scrap can be achieved using the ShAPE technology. In another publication 

on ShAPE technology, the author scaled up and applied to direct extrusion of thin-walled 

magnesium tubing [67]. Results show that in this case, the ram force required for this study is 

>10 times lower than is required for similarly sized tubing fabricated using conventional direct 

extrusion. An additional advantage of the ShAPE process is that the frictional heat generated at 

the billet/die interface is the only process heat required to soften the material and maintain 

temperature. In short, heat is generated only where it is needed. 



 

 

 

 

On an industrial level, the scraps of aluminum are not pure and contain contamination of iron or 

other materials. Whalen et al. [68] investigated the Effect of high iron content on the direct 

recycling of unhomogenized aluminum 6063 scraps by Shear Assisted Processing and Extrusion. 

Results show that the Extensive refinement of Fe-rich second phases enabled tensile properties 

to meet, and in some cases exceed industry standard values.  

 These results suggest that ShAPE has a potential manufacturing route that can avoid the need 

for adding primary aluminum to dilute Fe during recycling. Fig. 2.18 shows the schematic of the 

ShAPE process configured for extruding round tubes. The extrusion of different profiles has 

been shown in Fig. 2.19.   

Kalsar et al. [69] studied the mechanical and microstructural properties of 5 mm wires produced 

by Shear-assisted processing and Extrusion process (ShAPE). From the experimental results, the 

author shows that lower heat treatment and temperature were required before artificial aging to 

achieve maximum strength compared with those for conventional extrusion. The authors also 

highlighted how the peculiar microstructure developed in the wires enhances and speeds up the 

post-processing heat treatments on the products.  

 

 

Fig. 2.18 Schematic of the ShAPE process configured for extruding round tube [68]. 

 



 

 

 

 

 

Fig. 2.19 Extrusions made from AA6063 industrial scrap by ShAPE using porthole die 

configurations producing (a) circular, (b) square, (c) trapezoidal, and (d) two-cell trapezoidal 

profiles [66]. 

Darsell et al. [70] have studied the effect of instrument parameters and tool features on 

densification and microstructural evolution on ShAPEÊ of AZ91E Flake. The design of the tool 

has been shown in Fig. 2.20. The author reported that increasing the number of scrolls on the die 

face reduced the force required for extrusion and increasing the tool rotational velocity resulted 

in small changes in both power and die temperature due to die and material interactions.  

 

Fig. 2.20 Diagram of the ShAPE_ process and an image of the extrusion die faces used in this 

work. From top to bottom, the extrusion die with 1, 2, and 4-scroll patterns [70]. 

Borgert et al [71] investigated the friction-induced recycling process (FIRP) process which is 

similar to FSE to analyze the effect of temperature on the microstructure and properties of the 

recycled semifinished products shown in Fig. 2.21. The Hall-Petch relationship has been applied 



 

 

 

 

to analyze whether there is a correlation between the strength and the microstructure in the form 

of grain size. The author reported that using higher rotational speeds can be useful to increase 

the output while recycling particles/ chips with a low density. 

 

Fig. 2.21 Set up for the friction-induced recycling process. (a) Tool system. (b) Illustration of 

the temperature measuring points [71]. 

 

2.2.10 Simulation Analysis of the FSE Process 

As far as the numerical simulation of the FSE process is regarded, only a very limited number of 

papers can be found in the literature. As for Friction Stir Welding, two main approaches can be 

used: (i) CFD based and (ii) solid mechanics based. The research group guided by Prof. Reynolds 

at the University of South Carolina has been one of the most active in this field during the last 

few years. One of the first papers presenting a dedicated numerical model for FSE is the one by 

Zhang et al. [72]. A CFD model was proposed, able to provide insights into the complex material 

flow occurring during the process through the prediction of strain, strain rate, and particle path 

lines. Later, a thermal model was presented by the same research group with the aim to predict 

the evolution of temperature during the process [73]  shown in Fig. 2.22 and, finally, a 

comprehensive model able to consider both the evolution of temperatures and the material flow 

was proposed [74]. Recently, Li et al.[75] presented a smoothed particle hydrodynamics (SPH) 

based numerical model. The mesh-free approach, after proper validation, was used to 

successfully predict material flow, temperature, and extrusion forces. Fig. 2.23 shows the point 

tracking of material flow.  



 

 

 

 

 

Fig. 2.22 Predicted temperature contours at (a) t = 7 s, (b) t = 14 s, (c) t = 21 s, and (d) t = 27.7 s 

[73]. 

 

Fig. 2.23 Vertical point position tracking in the case of 300 rpm die rotational speed and 8 

mm/min die advance speed, isometric view at a t= 0 s; b t= 7.5 s; c t= 29.25 s; d t= 36.75 s [75]. 

Bafari et al. [76], [77] developed a dedicated model for FSE of Mg alloys able to predict the 

occurring material flow, the distribution of the main field variables, i.e., temperature, strain, and 

strain rate, as well as the occurrence of solid bonding as a function of the main process 

parameters, i.e. tool rotation and extrusion force on tool. The author also compares the 

experimental results with the simulation shown in Fig. 2.24.  

 



 

 

 

 

 

Fig. 2.24 Comparison between (a) and (b) experimental micrograph and (c) Zener-Hollomon 

parameter (ln(Z)) ī R = 900 rpm, F = 14 kN, d = 5 mm [77]. 

Karwa [78] developed a finite element method (FEM) model in FORGENxTÈ for FSE, and 

comprehensive studies were carried out on the simulation results to analyze all aspects of the 

FSE process.  Bocchi et al [79]  developed a numerical model for the friction stir extrusion of 

aluminum alloy to study the bonding condition considering both the heat and the stresses 

generated at different process parameters. A combined approach involving the Finite Element 

Analysis and the Piwnik and Plata criterion was used to analyze the bonding condition. The 

author concluded that it is possible to achieve bonding conditions that depend on both the 

temperature and stress conditions experienced by the scraps during the FSE process. Fig. 2.25 

shows Different bonding conditions.  

 

 

Fig. 2.25 Different bonding conditions: (a) Completely bonded (b) Completely not bonded (c) 

Limit condition[79]. 

Akbari et al. [80] have done numerical modeling of FSBE to produce brass wire based on the 

Coupled Eulerian- Lagrangian technique (CEL) and verified by experiments. The effects of 

FSBE parameters such as tool rotational and plunging speed on the strain and temperature 
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distributions, microstructure, and patterns of material flow have been studied. The author 

reported that the highest temperature and strain occur near the tool/workpiece interface and the 

material flow pattern during the process is a conical helix and does not change meaningfully by 

the process parameters shown in Fig. 2.26. It was also observed that at high rotational speed and 

low tool plunge speed result in a coarser microstructure.  

 

Fig. 2.26 The moving path during the FSBE of brass for the points [80]. 

2.2.11 Continuous Friction stir Extrusion.  

Friction stir extrusion is an innovative direct recycling technology developed for metal recycling 

chips but there is a limitation to the discontinuity of the process to limit the extrudate volume of 

the chamber. The first attempt to propose a continuous solid-state extrusion process concept is 

reported by Widerße et al. [46] but this machine was used for the extrusion of the polymer. To 

overcome these limitations of discontinuity in FSE and to recycle the light metal, continuous 

friction stir extrusion machines have been designed By Baffari et al. [81]. The design of the 

continuous friction stir extrusion machine has been shown in Fig. 2.27. The author has described 

and analyzed the design challenges for continuous friction stir extrusion machines by using both 

experimental and simulation analysis. Through this process, the produced wire from the recycled 

scrap will be used as filler wire for the additive manufacturing process, which can lead to 

obtaining 100% material used within the same production plant. 

 

Fig. 2.27 CAD of the proposed CFSE Machine Design [81]. 



 

 

 

 

For the continuous extrusion process, the optimum design of the extrusion tool is a key factor.  

Buffa et al. [82] have designed and developed a new machine tool for the continuous extrusion 

process. A Lagrangian implicit thermomechanical numerical model has been used to determine 

the proper ranges of the most relevant process parameters. Fig. 2.28 shows the physical and 

numerical model of the CFSE Machine.  

 

 

 

 

 

 

 

Fig. 2.28 (a) CFSE physical machine (b) The CFSE process (c) CFSE numerical model [82]. 

In another publication buffa et al. [83] have created the numerical model of continuous friction 

stir extrusion based on the experimental results obtained. The author presented the set-up of 

machine tools and the experimental findings of case studies. The author also reported the flow 

of the material using point tracking shown in Fig. 2.29.  

 

Fig. 2.29 Point tracking positions in three different steps: (a) initial, b)-c) out of the extrusion 

channel at different times ï R = 900 rpm, F = 22 kN [83]. 

Recently Gumaste et al. [84] introduced innovative continuous friction stir technology named 

solid stir extrusion where wire has been used as a raw material instead of chips used in the 
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conventional FSE process. The author reported that in this process continuous extrudates of the 

desired diameter can be obtained and the quality of the extrudates has been improved. The 

conceptual model of the solid stir extrusion has been shown in Fig. 2.30. 

 

                                      Fig. 2.30 Schematic of Solid Stir Extrusion process [84].  

2.3 Solid state welding by friction Stir welding process. 

2.3.1 Friction stir welding: Background Information. 

Friction stir welding is a solid-state joining technique invented at The Welding Institute (TWI) 

of the UK in 1991 in which the base material does not melt. This technique is particularly 

favorable for Aluminum alloys since it can be carried out below the melting temperature of the 

materials [21]. The underlying principle of FSW involves the use of a non-consumable rotating 

tool characterized by a distinct pin profile and shoulder design. This tool is inserted into the 

joining edge of two plates and moves at a predetermined traverse velocity. The friction between 

the rotating tool and the workpiece generates heat which causes plastic deformation and 

softening of the workpiece while the toolôs traverse speed leads to the joining of the workpiece 

[85][86]. Figure 2.31 represents the schematic diagram of FSW process.  



 

 

 

 

 

Fig. 2.31 FSW schematic representation [87]. 

2.3.2 Literature review  

Considering its various advantages, many studies have been performed on FSW. They are mainly 

to understand the process itself, especially the effect of process parameters (tool geometry, tool 

materials, rotation speed, moving speed, tool angle, base materials and their arrangement in the 

advancing or retreating sides, base material thickness [88].) on the quality of welding 

(temperature distribution, material flow or deformation, microstructure, residual stress, defects, 

texture [89]) and studies on the macroscopic performance of friction stir welded automotive 

sheets.  

Mishra and ¢am [90] Propose a careful study on the friction stir welding process. The authors 

have analyzed the geometrical and the process parameters of the process, the tool geometry, the 

microstructure, and the classic defects which can arise in a joint of FSW. In particular, the 

mechanisms responsible for the formation of the junction in FSW processes and also the 

microstructural refinement and the final mechanical properties of the welded joint have been 

examined [91]. The authors have shown that the maximum temperature reached, in 

correspondence with the central part of the welded joint, is a function of the ratio between the 

tool rotation speed [rpm] and the speed of advance named feed rate [mm/min] along the weld 

line: in general, with increase of this ratio, it increases the maximum temperature. In general, 

when this ratio increases the maximum temperature reached increases. In particular, if such a 

relationship grows for the decrease of the feed rate, the time contact between the material and 

the tool increases so consequently also increases the time during which a part of the piece is 

located at the highest temperature.  



 

 

 

 

Mahoney et al. [92] have successfully welded sheets of aluminum alloy AA 7075 developing a 

study of the microstructure aimed at highlighting the quality of the joint produced.  

According to the microstructure of the grains, three areas in a FSW joint were identified: a 

defined area shuffled nugget, an area called thermo-mechanically altered TMAZ, and a heat-

affected zone HAZ called shown in Figure 2.32. In the central region (Nugget) a total 

recrystallization has occurred. The nugget is characterized by a fine grain structure and equiaxed, 

with a diameter between three and ten microns, and resistance to breakage may even reach 110 

% of that of the base material. Between the nugget and the heat-affected zone, there is the TMAZ, 

which was affected by heat input due to the heat generated by the tool, both the mechanical 

deformation due to direct contact with the pin. At the sides of the thermo-mechanically affected 

zone is located the HAZ, which is affected solely by the heat flow generated by the welding 

process. It is therefore subject to only a thermal cycle, without undergoing any deformation.  

 

Fig. 2.32 Schematic drawing of the friction stir welding (FSW) process. [93]. 

Reynolds et al.[94]  have studied the process paying particular attention to the microstructure, 

the material flow, and the temperatures reached during the process to identify the conditions in 

which welding takes place in the solid state. The study was validated on experimental tests of 

aluminum alloys that were subject to mechanical tests. The authors have shown that the material 

also flows vertically. In fact, in this process, there is a vertical material flow. From the top surface 

of the sheet thickness, the material is forced downward by the tool moving and, at the same time, 

from the lower zone, the material flows upward.  

In the same year, Heinzi et al. [95] conducted a study on the microstructure and mechanical 

properties of joints made with the FSW technique of aluminum alloy AA 6013. The investigation 



 

 

 

 

through optical microscope transmission by performing a grain size in the heat-affected zones 

was carried out. Through the microstructural investigation, the authors have understood that the 

rotation of the pin causes the cross section of the welding joints is not symmetrical concerning 

the welding line. An Advancing side and a Retreating side have been defined, i.e. the side where 

the feed rate is respectively concordant and discordant with the peripheral speed of rotation of 

the pin. The mechanical tests like the micro-hardness and tensile strength, for the characterization 

of welded joints were carried out.  

Hassan et al. [96] Have studied the effects of the main variables of the welding process, in 

addition to the geometric form of the tool, on microstructure and mechanical properties in the 

area nugget. The tests using an aluminum alloy AA 7010 were performed. The authors found 

that the parameters that have the most influence on the FSW process can be divided into two 

categories: Tool geometry and Welding parameters. Both parameters have important effects on 

the material flow and the temperature distribution, thus determining the microstructural 

evolution of the welded joints. For the success of the weld are decisive tool rotation speed (ɤ, 

rpm) and the feed rate (v, mm/min). The first is responsible for the mixing of the material, in 

particular by increasing the tool rotation speed higher temperatures are reached during the 

process, with a consequent increase of heat and mixing.  

Balasubramanian [97] Has established the relationship that exists between the base material 

properties and process parameters of the FSW process. An experimental campaign using five 

different types of aluminum alloys (AA 1050, AA 6061, AA 2024, AA 7039, and AA 7075) 

using different combinations of process parameters was conducted. The joints made were 

analyzed by checking the quality and so being able to get to the empirical relationships between 

the base metal properties and the process parameters in order to establish, first, which is the right 

set of process parameters to obtain joints without defects. It is fair to note that, at present, only 

the empirical relationships can be used to predict the parameters of the FSW process to produce 

sound joints. 

Regarding measured mechanical properties within and around the FSW zone, much research has 

been performed. For aluminum alloys, Sato and Kokawa [98] reported that the FSW zone of 

6063-T5 aluminum alloys had reduced strength and ductility compared to the base material. The 

reduction in strength and ductility of the FSW zone of 6XXX series aluminum alloys was also 

observed for 6056 aluminum alloys by Cabibbo et al. [99]. However, Hirata et al. [100] found 

that formability in FSW 5083 aluminum alloys was improved by grain refinement in the stir zone 

while the flow stress was lowered [101].  



 

 

 

 

As for dual-phase steels, Park et al. [102] Examined that the weld zone showed higher strength 

with less ductility, alike conventional mild steels. Zhao et al. [103] Studied the effect of tool pin 

design on the weldability and mechanical properties of welded 2014 Al plates. Cylindrical and 

tapered tool pins did not ensure effective mixing in the vertical direction leading to wormholes 

at the base of the TMAZ. However, when tapered tools with threads were used, defect-free welds 

were obtained. Other studies have also confirmed that tools with screw threads generate more 

heat and improve the flow of the softer material by exerting a downward force. Since the material 

flows mainly on the retreating side, insufficient plasticity and material flow results in a 

óówormholeò on the advancing side [104]. This effect becomes more prominent at low 

temperatures due to the sluggish flow of materials. The choice of pin angle, which is the angle 

between the conical surface of the pin and its axis, is another important parameter that influences 

the FSW process [105]; increasing the angle leads to a more uniform temperature distribution 

along the vertical direction, which helps in reducing distortion [106]. An angle of 40 degrees is 

thought to be optimum for 7xxx aluminum alloys.  

Nicholas and Thomas [107] Have focused on some of the variants of the FSW process, in 

particular the further innovation that could be provided in the joining technology for the 

aerospace industry and so widespread benefits resulting from the application of FSW in for 

example, aerospace, shipbuilding, automotive and railway industries have been discussed. 

2.3.3 Friction Stir Welding Processing Parameters  

The two most critical friction stir welding processing parameters are the tool rotation rate and 

the tool rate of advancement along the joining path, also referred to as the welding speed. The 

tool axis of rotation is generally angled between 1-3 from the plate normally away from the 

welding direction to encourage the retention of the plasticized material and provide consolidation 

force. Friction stir welding rotational rates and welding speeds reported in the literature for AZ80 

vary widely from 400-1723 RPM and 32-100 mm/min and excessive or insouciant values of 

these parameters will result in defects. 

Welds made at different processing conditions may be compared in terms of the heat input, a 

ranking which increases with increasing tool rotational rate and decreases with increasing 

welding speed. Care should be taken to mentally separate heat input (which is the energy 

provided by the friction stir welding tool) from weld temperature, the resulting thermal state of 

the weld. While the two are directly proportional at lower heat inputs, at higher values of heat 

input the material. 



 

 

 

 

2.3.4 FSW of Composite Joint 

Recently, several studies investigated the feasibility of FSW on aluminum matrix composite and 

found that high-quality welds can be successfully produced without defects, with homogenous 

dispersion of reinforced particles, and improved joint efficiency [108], [109], [110]. Dolatkhah 

et al. [111] Investigated the effect of SiC on the microstructure and mechanical properties of 

5052 aluminum alloys. Bahrami et al. [112], [113] Investigated the effect of Nano SiC 

reinforcement on the improvement of mechanical and microstructural qualities of aluminum 

alloy 7075 shown in figure 2.33. Vidakis et al [114] Have investigated the influence of the Pin 

design on the mechanical and microstructure properties of the welded joints. Vairis et al. [115] 

Have studied a numerical model comparison between friction stir welding, linear friction, and 

rotary friction welding. 

 

Fig. 2.33. (a) Position of the slot for nanoparticle reinforcement (b) SiC packed slot is closed 

by a pinless tool to avoid the spill out of the packed SiC during tool travel [116]. 

Dewangan et al.[117] Investigated the effect of vertical and horizontal zinc interlayers on the 

material flow by joining dissimilar metal alloys. Buffa et al. [118] Have carried out an 

experimental and numerical campaign of dissimilar lap joints in FSW. The author found that tool 

rotation had a larger impact on the joint effectiveness concerning feed rate. A few studies have 

been conducted to evaluate the influence of tool rotational speed to traverse speed on the 

mechanical and microstructure aspects of welded joints.[119], [120], [121]. Zohoor et al. [122] 

Investigated the effect of reinforced particle size on the mechanical and microstructural 

properties by using both nano and micro-size reinforced particles.  

Previous studies have been conducted based on the fabrications of metal matrix composite 

(MMC) using various deposition methods, such as drilled holes method [123] groove method 

[124], [125], and direct pasting [126]. The way in which reinforced particles are deposited plays 



 

 

 

 

a crucial role in ensuring that the resulting material is consistent, uniform, and can be evenly 

spread throughout. This deposition process can have a significant impact on the physical 

properties of the material, especially when it comes to the way in which the properties change 

across the material's structure [127]. Achieving a uniform dispersion of reinforced particles (RPs) 

during the process with a defect-free outcome is a challenging issue. This is due to the 

asymmetric flow of material, which can be minimized by using multiple passes or by altering 

the rotation of the tool during the process. The techniques currently used in literature have several 

restrictions, such as the reinforced particles scattering out or gathering in the rupture as the 

number of passes increases, resulting in only a small number of reinforced particles being 

submerged. 

2.4. Solid state processing by Friction Stir processing 

2.4.1. Introduction to the Process 

In FSP, a cylindrical non-consumable tool, generally consisting of a pin and shoulder, is rotated 

and plunged into the surface of a metal workpiece. The larger diameter shoulder prevents the 

surface of the metal workpiece from flowing outwards, while the specially designed pin induces 

a stirring action, producing a combination of frictional and adiabatic heating allowing the metal 

to flow around the pin from the advancing side to the retreating side [128]. Localised severe 

plastic deformation occurs generally resulting in grain refinement. A backing plate serves to 

remove excess heat from the system. Figure 2.34 below shows a schematic of the process. 

 

Figure 2.34: Schematic of Friction Stir Processing [129]. 

The tool is comprised of a shoulder and pin, although sometimes just the shoulder is used 

(pinless). Both tools modify the surface microstructure, however the depth of modification is 



 

 

 

 

reduced without the pin. In the case of thin plates, the pin is often not needed. The same painless 

approach can be applied to thicker plates where only surface processing is required. This can be 

particularly useful in the development of hybrid composite materials, where composites are 

formed through mechanical interlocking of adjacent materials. Removing the pin allows the 

surfaces to form a mechanical joint while simultaneously avoiding damage to either material. As 

discussed in the Introduction (chapter 1) this has been termed Friction Stir Forming [130] and is 

a new area of research. Two terms often used in this field, are 'advancing' and 'retreating' sides. 

These are dependent on the rotational direction of the tool and its traverse direction. The 

advancing side experiences both tool rotation and translation in the same direction. The retreating 

side experiences tool rotation in the opposite direction from the traverse direction. The two sides 

can therefore experience differing thermo-mechanical effects. Heating is produced within the 

workpiece by two mechanisms, the plastic deformation of the material generates heat that is 

released volumetrically, and sliding contact between the tool and the workpiece induces 

frictional heat [120]. The localized heating, generally up to 90-95% of the melting temperature, 

softens the material around the pin and shoulder, allowing the tool rotation and translation to 

move the material to the rear. The position of the shoulder prevents the movement of material 

above the workpiece surface, thus with no loss of material, the processed workpiece has the same 

cross-sectional shape as in its initial condition. There are specific regions of the cross-sectional 

processed zone often referred to in literature. The area the pin and shoulder pass through, often 

called the stir zone (SZ) or nugget, has the greatest level of plastic deformation and thus grain 

refinement. The thermo-mechanically affected zone (TMAZ) is where the movement of the pin 

and shoulder deforms and heats the material but to a smaller degree than the stir zone. The heat-

affected zone (HAZ) experiences a purely thermal impact, which depending on the process 

conditions can result in modification of the microstructure in a similar way to annealing. The 

base or parent metal (BM/PM) extends beyond this heat-affected zone and is essentially 

unaffected. These zones are illustrated in Figure 2.2. Note that the precise change in 

microstructure will be dependent on both the material and processing conditions applied. Figure 

2.3 shows further examples and illustrates that sometimes not all zones are present, with the 

direct transition between the stir zone and base material in some cases. The material movement 

around the pin is complex, owing to pin design, and the variability of processing parameters, 

generating gradients in strain, temperature, and strain rate. 

2.4.2 Mechanical Work 

There is a significant mechanical load applied to the material during FSP, with large plastic 

deformation and material stirring resulting in fine grains. The process parameters coupled with 



 

 

 

 

the tool design control the volume of metal heated and the subsequent portion swept behind the 

tool. Figure 2.5: Example surface appearance after FSP. Also indicated is the distance between 

the bands:   which is approximately equal to the translational velocity divided by the rotational 

speed. The material swept behind the tool is deposited in bands, and the length between each 

band is estimated as the longitudinal distance the tool travels during one rotation [131], shown 

in Figure 2.35. The figure also shows the often present flashing, which occurs along the edge of 

where the tool shoulder passes. In an investigation of material flow during Friction Stir Spot 

Welding (FSSW), Zeng et al.[132]  observed multiple modes of flashing behaviour. Figure 2.36 

shows an example of material flow and flashing around the edge of the tool, similar to that 

expected during FSP. 

 

Figure 2.35: Cross section micrograph highlighting material flow and flash formed during 

FSSW. [132]. The next section will go into detail on the specific characteristics and novel aspects 

of FSP. 

 

                   Figure 2.36: Example cross-section FSP zone transitions [133]. 



 

 

 

 

Thus, the evolution of grain size during processing is complex and in addition, the processes that 

occur at the microstructure scale are different for some metals. 

2.4.3 Thermal Work 

In FSP the heat is generated by a combination of friction and plastic dissipation during 

deformation of the metal. Which of these two mechanisms for heat generation is dominant 

depends on the contact condition between the two surfaces, which can be sticking, sliding, or 

alternating between both of these. These conditions in turn are dependent on the process 

parameters, material properties, and the tool geometry. 

As the temperature of the thermo-mechanically worked metal rises, the metal softens, torque is 

reduced, and less heat is imparted to the metal via mechanical work. This self-regulation of heat 

generation tends to stabilize temperatures and keep processing conditions in the solid state. 

Under these circumstances, the stick/slide condition (also called stick/slip) could be in oscillation 

[134]. For modeling, this complicated set of boundary conditions is often enforced by choosing 

a contact condition that produces temperatures matching experimental results. This will be 

explained and discussed further in the numerical modeling section. However there are several 

thermal considerations within FSP, and these are illustrated in Figure 2.37. 

 

Figure 2.37: Thermal conditions of FSP. 

As shown in Figure 2.37, the work carried out by the tool generates heat which is passed through 

the system in three ways. Conduction occurs within the workpiece through the boundary between 

the workpiece and backing plate, and into the backing plate. Heat is also transferred by 

conduction into the tool. Convection occurs between the workpiece and the surrounding air, and 



 

 

 

 

to a much smaller degree thermal radiation is present. The latter is generally ignored during 

modeling, but conduction and to a lesser extent convection play an important role in determining 

the thermal condition of the workpiece [135]. 

2.4.4 Improvement of Cast Components 

Die castings are made by the rapid injection of molten metal into metal molds under high 

pressure. The procedure is relatively efficient and effective in mass production. However, casting 

defects can occur, such as porosity and cold flake. These casting defects are introduced during 

the casting process. Molten metal is poured into a sleeve and then injected into a mold by a 

plunger. While the molten metal resides in the sleeve, the molten metal in contact with the surface 

of the sleeve can cool and solidify. As the material is pushed into the mold, this solidified layer 

can be scraped off, broken up, and pushed in to form part of the cast structure. These small 

impurities embedded within the cast material reduce the strength of the final product. Similarly, 

the presence of porosity can reduce fatigue life as these concentrates stress. Typically this 

requires testing to determine if the cast product is free of defects [136], and if present the product 

is re-smeleted and cast again. Post-processing by FSP however, could provide an alternative 

solution to re-casting with the added benefit of localized property enhancement. In one of the 

most widely used alloys in the aircraft and automotive industries, Ma and Mishra showed the 

complete removal of porosity in cast A356 aluminum via FSP [137]. In the specific area of cold 

flake removal, Nakata et al. determined that FSP can eliminate the cold flakes as well as 

uniformly disperse secondary particulate in aluminium alloys [138]. In the cast aluminium alloy 

A206, most often used in gear housings, cylinder heads, and turbines, Kapoor et al. noted 

improved fatigue life, life-to-crack initiation, increased UTS, and ductility [139]. In an 

investigation into a cast aluminum alloy (A390) applied to heavy wear applications such as 

pistons, cylinder blocks, and compressors, Mahmoud observed healing of cavities, refinement of 

coarse eutectic and dendritic structures, higher hardness values and improved wear resistance 

[140] as shown in Figure 2.38.  



 

 

 

 

 

Figure 2.38: Examples of cast-metal products that could benefit from post-processing with FSP 

[141]. 

As well as cast aluminium, Cao et al. found a significant increase in ductility in both cast and 

wrought aluminium alloys [141]. In further work on cast aluminium alloys, Weglowski found a 

decrease in porosity and microstructure refinement in aluminium alloy AlSi9Mg [142]. Song et 

al. found improved resistance to corrosion and cavitation erosion [143]. In maritime applications, 

cast nickel-aluminium-bronze alloys are widely used in thick sections, and the fabrication of 

these large products results in coarse grain sizes (1 mm), resulting in poor mechanical properties. 

Ohishi et al. determined that FSP can be applied to selectively improve the mechanical properties 

of these structures. [144]. The authors found higher strength and ductility in the stir zone and 

further improvement with multiple passes. Although often overlooked in favor of more advanced 

alloys, cast iron can similarly benefit from FSP. Fujii et al. conducted FSP on cast iron and found 

a range of benefits including higher hardness and lower distortion [145]. Noting the expense of 

commonly used cast irons, Imagawa et al. conducted FSP on ferritic flake graphite cast iron. 

Generally unused due to its poor mechanical properties, this material is relatively inexpensive 

and the improvement in surface hardness could enable wider applications [146]. In summary, 

FSP can improve the service performance of cast metal components and it could enable the 

replacement of wrought metal components with cheaper-to-produce cast components, where 

selective property enhancement in specific locations is achieved through post-process FSP. 

2.4.5 Surface Composites 

Metal-matrix composites (MMCs) can exhibit higher strength, higher elastic moduli, and 

improved resistance to wear, creep, and fatigue, compared to their non-reinforced counterparts. 

However, these bulk structures can suffer from a great loss of ductility, and the additive itself 

can be expensive. Applying a composite surface layer can create favorable properties on the 

surface, such as increased hardness and wear resistance, while retaining much of the base 



 

 

 

 

material's ductility, and at a reduced material cost compared to their bulk alternatives. FSP offers 

a cost-effective means of producing surface composites. Mishra et al. first attempted to form a 

surface composite via FSP with ceramic particles embedded into an aluminium substrate [147]. 

Since the success of this first trial, many composites have been fabricated via FSP and reported 

in the literature [148]. Typically, the additive is in the form of a ceramic or metallic powder 

applied to the surface of the metal substrate. Figure 2.39 shows an example composite layer 

formed above the base metal [149]. 

 

Figure 2.39: Example interface between surface composite formed by FSP and substrate/base 

material [149].  

For proper mixing and homogeneous distribution of the added material, the method of initial 

distribution of the additive is significant. Methods have included using a pre-mixed surface 

coating containing the additive material [150], grooves along the processing direction filled with 

particulate, distributed drilled holes filled with powder [151], air plasma spraying of powder 

upon the substrate surface [152], and direct injection of powder through a hollow and pinless 

FSP tool [153]. Figure 2.10 shows an example cross-section of the processed zone of a surface 

composite formed by FSP. Some other investigations include effects of tool traverse and 

rotational speed, groove parameters for particulate [154], and multiple FSP passes (Anvari et al. 

were able to drastically increase the tensile strength of their Al-Cr-O surface composite [155]). 

Sun et al. [156] Investigated surface composites formed with aluminium alloys often used in 

casting. In their investigation, the authors observed higher ductility and strength resulting from 

the near complete elimination of porosity, also noting that their findings are significant for 

manufacturing of diesel engines and other critical and high integrity components. Akramifard et 

al. [157] Developed a metal-matrix composite with a copper substrate where surface hardness 

increased two-fold and wear resistance improved. 



 

 

 

 

2.4.6 Friction stir processing of HPDC  

Friction Stir Processing (FSP) has emerged as a sophisticated thermomechanical technique, 

which can affect the material microstructure by the concurrent effect of heat and deformation 

[26]. The FSP procedure involves a rotating tool that imparts substantial plastic deformation to 

the workpiece material, leading to intricate material flow and mixing [158]. FSP has been proven 

as an effective process in altering the microstructural characteristics of cast aluminum alloys 

[159] and alloys containing magnesium [160]. Cavaliere et al [161] explored the influence of 

FSP on the mechanical and microstructural characteristics of magnesium alloys manufactured 

via HPDC. Santella et al. [162] have reported microstructural modification of cast aluminum 

alloys by FSP. Samanta et al. [163] have reported the microstructure refinement of HPDC A380 

alloy by FSP. In another publication, Samanta et al. [164] also reported the enhancement in 

toughness and tear resistance of HPDC aluminum alloy by FSP. FSP can contribute to the 

reduction of porosity and the refinement of the microstructure in cast materials, leading to 

improved performance [165]. The flow of material and the alteration of microstructure in Al-Si-

based cast alloys during FSP are significantly influenced by two essential process parameters: 

tool rotational speed and traverse velocities [166]. Furthermore, the refinement and mechanical 

properties of these alloys are influenced by both the number of passes and the extent of their 

overlap [167]. Aktarer et al. [168] investigated the effect of two-pass FSP on the microstructural 

and mechanical properties of an as-cast binary alloy. Wang et al [169] explored the impact of 

multipass FSP on both the microstructural and mechanical properties of cast aluminum alloy. 

The increment of mechanical and microstructural properties has been observed. Prior research 

has demonstrated the efficacy of FSP in eradicating porosity while also disintegrating needle-

shaped Si particles and Al dendrites in sand-cast A356 alloy [170], alloy produced by investment 

cast Al-7Si-0.6Mg [171] alloy produced by die-cast A383 [172], and alloy produced by steel 

mold-cast A380 [173]. Sun et al [174] anticipated the impact of microporosity on the mechanical 

properties and fracture behavior of HPDC AM50 magnesium alloy. Ghio et al [175] investigated 

the corrosion behavior of HPDC AZ91 Alloy and the impact of FSP at elevated rotational speeds. 

Additionally, FSP can disperse large second-phase particles, promoting a uniform distribution 

with consistent shapes in aluminum castings [162]. The cumulative influence of these alterations 

in microstructure resulted in enhanced strength and ductility [176]. Furthermore, the elimination 

of porosity reduced potential sites for crack initiation, thereby enhancing fatigue resistance 

failure [177]. FSP exhibits the capability to improve not only the machinability [178]but also the 

tribological properties such as friction, lubrication, wear [179], and corrosion resistance of cast 

Aluminum alloys [180]. HPDC Al-4Mg-2Fe is a newly developed alloy containing Fe-rich 



 

 

 

 

intermetallic compounds that are extensively being used in battery frame structures [181] and 

automotive industries because of low density, high ductility, excellent weldability, castability, 

and high corrosion resistance [182]. 

2.5.  Summary 

The physical convenience of FSP is an attractive quality - actual implementation can be very 

quick in industrial settings, and the previous sections have highlighted how varied and widely 

applicable FSP can be to modern manufacturing. However, due to the complex relationship 

between the processing parameters and final properties of a given processed metal, CHAPTER 

mining the correct parameters to use for a particular application can be a time-consuming task. 

A deeper understanding may shed more light on the process and enable faster uptake by industry. 

However, this understanding can be difficult to gain with the experimental tools available. 

Computation allows for great detail and powerful observation - it is possible to look into the 

various parameters and their respective effects on the final mechanical properties. Many 

phenomena, for example, plastic dissipation or heat loss, can even be isolated to observe their 

specific impact.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Chapter: 03 Solid State recycling by Friction stir Extrusion 

3.1 Friction Stir Extrusion  

In this chapter Friction Stir Extrusion technique has been developed. The process contains a 

rotating tool used to produce heat and plastic deformation through friction between the die itself 

and the chips to be recycled (into a hollow cylindrical matrix) by compacting, stirring, and 

extruding the material. The schematic diagram is shown in Figure 3.1. 

 

Fig. 3.1. A schematic illustration of the Friction stir Extrusion process for wire production. 

The chip closer to the die, i.e. closer to the heat source, rotates together with the tool and 

plasticizes due to the combined effect of high temperature and stirring. Moving far from the die 

interface, a transition layer is encountered, in which the chip is heated but has not been 

homogenized as a continuum material. The extrusion starts from the rotating plasticized layer 

and is influenced by the combined action of tool rotation and force on the tool. The influence of 

reinforced particles such as SiC and Al2O3 have been added in order to investigate the 

improvement in properties. 



 

 

 

 

3.1.1 Process parameters 

The main parameters affecting the FSE process are the geometrical ones. The extrusion ratio (i.e. 

the ratio between the tool inner diameter and the extrusion channel diameter) is probably the most 

influential, together with the extrusion channel length and the die shoulder geometry. In fact, in 

some cases, the shoulder may be manufactured with scroll-like envy in order to enhance both 

radial flow toward the extrusion channel and die stirring action. The extrusion channel itself is 

usually countersunk in order to easy material flow. 

As far as the technological parameters are concerned, extrusion force and die rotational speed 

are the most relevant parameters to be chosen. The FSE process is usually force-controlled since 

the extrusion speed varies adapting to the material response. In this way, the extrusion occurs 

only when the raw material reaches proper levels of temperature and strain. Table 3.1 shows the 

Experimental conditions for FSE. 

Table 3.1. Experimental conditions for FSE. 

Sample label Tool Rotation [RPM] Force [kN] 

S300-15 300 15 

S300-18 300 18 

S300-21 300 21 

S400-15 400 15 

S400-18 400 18 

S400-21 400 21 

S500-15 500 15 

S500-18 500 18 

S500-21 500 21 

3.1.2 Materials 

AA6082-T6 aluminum alloy was used as the starting material for the present study. The chips 

were obtained starting from a 60x40 mm bar through a milling procedure distinguished by a 

depth of cut of 0.5 mm, a tool rotating speed of 150 mm/min, and a tool feed rate of 200 mm/min. 

The average size of the chips produced during this process are 7 mm in length, 2 mm in width, 

and 2 mm in thickness.  In Table 3.2 and Table 3.3, typical chemical composition and mechanical 

properties of the used material are reported. It should be observed that both the starting conditions 

of the material as the bar are considered, the T4 state, and the annealed conditions are reported. 

It should be observed that the milling operation modifies the hardening conditions of the used 

material which is supposed to get the O state. 

 



 

 

 

 

                 Table 3.2. Chemical composition % w/w of the used AA6082. 

 

Table 3.3. Mechanical properties of AA6082 in the O, T4, and T6 state. 

 

As highlighted in the introduction, most solid-state technologies allow producing MMC within 

the recycling process. In order to investigate the FSE capabilities in that area, experiments have 

been carried out extruding a mixture of aluminium alloys chip and Silicon Carbide (SiC) micro-

powder and alumina (Al2O3). Various SiC powder percentages (10%, 12.5%, and 15%) were 

evaluated at a preliminary stage, with a noticeable decrease in extrusion rate with increasing SiC 

content. For this research, a 12.5% SiC powder concentration was selected for all the 

experiments. 

Various Al2O3 powder percentages (1%, 2%, and 3%) were initially evaluated, showing a 

noticeable decrease in extrusion rate with increasing Al2O3 content. For this research, a 1% Al2O3 

powder concentration was selected for all experiments. Each test configuration was repeated 

three times to ensure the reliability and consistency of the results. 

All the processed raw material was received in plates and milled or turned with no lubricants in 

order to produce a regular and clean chip. The results of all these experimental campaigns will 

be presented in the following chapters describing the aspects of the FSE the concurred 

investigating.  

Chemical composition % w/w 

Al Cr Cu Fe Mg Mn Si Ti Zn 

95.2ö98.3 ¢0.25 ¢0.1 ¢0.5 0.6ö1.2 0.4ö1.0 0.7ö1.3 ¢0.1 ¢0.2 

 

Heat Treatment UTS [MPa] Elongation HV 

O 130 27% 35 

T4 200 14% 65 

T6 290 10% 95 

 



 

 

 

 

3.1.3 Experimental setups 

The experimental setup was designed and manufactured to carry out the experimental campaigns 

that will be presented in the next paragraphs. Figure 3.5 shows the adopted FSE fixture setup: a 

dedicated tooling set was manufactured in 4140 steels. The rotating tool speed, which serves as 

the backward extrusion die, has an exterior diameter of 14.7 mm, a center through extrusion 

channel that is 1.2 mm in diameter and 1 mm in height, and a broadening channel that starts at 3 

mm in diameter before getting narrower again. and a 10Á conical concave surface in order to 

increase the contact area between the tool and the material to be extruded and to convey the 

material flow toward the tool center, i.e. the extrusion channel. Different tool shoulder surfaces 

were preliminarily tested, namely a flat one and two conical ones with 5Á and 10Á, respectively 

(Fig. 3.6). The die chamber has an internal diameter of 15 mm determining an extrusion ratio of 

12.25. A thermocouple was embedded at the bottom center of the extrusion chamber for the 

numerical model validation. 

 

Figure 3.5. (a) FSE fixture used for the experimental campaign (b) Sketch of tool used in the 

experimental campaign (c) Extrusion chamber containing chips. 



 

 

 

 

 

Figure 3.6 Shoulder tool geometries at different angles. 

The friction stir extrusion process was carried out on a Friction Stir Welding machine ESAB 

LEGIO FSW 3ST operating in Z-axis force control mode (Figure 3.7). The experimental plan 

reported in Table 3.1 was carried out with three repetitions for each of the considered case 

studies. The considered values of tool rotating speed and applied tool force were chosen based 

on former studies [183] and preliminary tests on the used aluminum alloy.  The central point of 

the experimental plan was also preliminarily repeated for the considered tool shoulder angles 

(0Á, 5Á, 10Á). The main process variables, such as extrusion rate, spindle torque etc., were 

monitored during the experiments by the integrated control system of the welder with a 1 Hz 

sample. A dedicated system to monitor the energy consumption was hence mounted on the main 

electric power inlet of the machine. Table 3.1 Investigated process conditions. According to the 

test conditions, the rate of material extrusion changed. The numerical model's input data was 

obtained from the ESAB LEGIO controller's recording of the die vertical movement during the 

extrusion at a sampling rate of 10 Hz. Extrusions were stopped when the tool was about to reach 

the bottom of the die chamber, namely when the entire material inside the chamber, i.e. the chips, 

were extruded; in this way, an average length of extruded wire of about 500 mm was reached. 

Specimens were taken from each of the completed case studies in order to evaluate the 

mechanical and microstructural features of the wire material condition.  



 

 

 

 

 

Figure 3.7. ESAB LEGIO FSW 3ST was used for the experimental campaign.  

Tensile testing was conducted in accordance with ASTM D2256 specifications (figure 3.9). For 

each case study, three tests were taken into account. To highlight microstructures, cross sections 

of the wires were cold-mounted, polished, and etched for 10 seconds with Tucker reagent (25%  

H2O, 15%  HNO3, 45% HCL, and 15% HF). Vickers microhardness testing was done along the 

cross-sectional diameters of the samples. 

Finally, in order to measure the ductility of the produced wires, bending tests were carried out 

for different values of the bending radius, namely 15, 12.5, 10, 7.5, and 5 mm (Figure 3.8). Such 

a test was aimed at verifying the possibility of wrapping the obtained wire around a reel for actual 

industrial applications.  

For microstructural analysis, SEM (ZEISS SUPPEA5) equipped with EDS was employed to 

examine the presence and dispersion of SiC particles. The SEM was equipped with an EBSD 

detector for grain refinement analysis. During EBSD analysis, the acceleration voltage was set 

to 20 kV, the sample tilt angle to 70Á, and the working distance to 9 mm. Step sizes for the entire 

cross-section and high-magnified regions were 1 ɛm and 0.3 ɛm, respectively. The Aztec Crystal 

1.1 software from Oxford Instruments was used to analyze the EBSD results. Porosity 

measurement was conducted using an automated optical microscope. Surface roughness was 

assessed by using a surface roughness tester and 3D profiles were created by using Profilm. 



 

 

 

 

Finally, a commercially available Fluke 435 power quality analyzer, capable of recording 

voltage, current, and power history, was used to perform the power consumption analysis. 

ɯ  

Figure 3.8 Bending ñreelò test fixture.  

 

Figure 3.9. (a) Tensile specimen geometry for wire testing. 

3.2 Numerical FEM model 

3.2.1 Governing Equations 

The numerical model was developed using the commercial FEA software DEFORM-3D, 

Lagrangian implicit code designed for metal forming processes. The implemented FEM 

formulation is based on the variational approach according to which the actual velocity (the 

desired solution), among all admissible velocities u1 that satisfy the compatibility conditions, 

incompressibility and the boundary conditions, causes the following  ́functional to assume a 
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stationary value. 

“ = Úὠ Ὁ(‐‐→ὭὭὭ)Ὠὠ ī ÚὛὺ ὊὭόὭὨὛ             (1)

Where E is the work function, which gives „ὭὭὭ  ‬ὉȾ‬‐‐―ώ. The incompressibility constraint on 

admissible velocity fields is resolved by introducing a penalized form of incompressibility in the 

variation of the functional. Hence, the actual velocity field is determined from the stationary value 

of the variation as follows, 

 

᷿  “‏ 6 ů‏‐Ὠὠ  ὑ᷿6‐ὺ‏‐ὺὨὠ  ᷿ ὛὊ ὊὭόὭὨὛ                                                                                              (2)

Where ‐ὺ  ‐ὭὭ is the volumetric strain-rate. The penalty constant K should be a very large positive 

constant for incompressibility so that the heat flux generated during the FSE process is caused 

by the decaying into heat of friction forces work and the plastic deformation work. Temperature 

variation can be expressed as: 

Ὧ1ὝὭὭ + ὶ→ ī ”ὧὝ→ = 0                                                                                                                  (3) 

Where ὯρὝὭὭ is the heat transfer rate, r is the heat generation rate, and ”ὧὝ the internal energy 

rate. Inside the workpiece, the heat generation rate can be expressed as: 

ὶ→ = Ὧ„ὭὭὭ‐‐→ὭὭὭ                                                                                                            (4) 

Where k is the fraction of mechanical energy transformed into heat (assumed to be 90%). The 

remaining part of the deformation energy stored in the body causes microstructural changes such 

as variation of dislocation density, grain boundaries, phases, etc. The energy balance can be 

written as 

Úὠ 
Ὧ1ὝὭ‏‏ὝὨὠ + Úὠ ”ὧὝ

ὝὨὛ = 0                           (5)‏‏ὝὨὠ ī ÚὛήὲ‏‏Ὕ ī Úὠ Ὧ„ὭὭὭ‐‐→ὭὭὭ‏‏ →

Where ÑÎ is the heat flux across the boundary surface 3Ñ, and 

ήὲ = ὯήὝὲ                                                                                                             (6) 

The temperature field has to satisfy the prescribed boundary conditions and the previous equation 

for arbitrary perturbation. The FEM formulation can be hence expressed as 

[ὅ] {Ὕ→} + [ὑὅ]{Ὕ} = {ὗὗ}                                                                                       (7) 

The theory necessary to integrate the previous can be found in various numerical analysis 

textbooks. The new temperature is found by the finite difference approximation 



 

 

Ὕὸ Ўὸ  Ὕὸ  Ўὸρ  ‍Ὕὸ  ‍Ὕὸ Ўὸ]                                                              (8) 

The convergence of the time marching scheme depends on the choice of the parameter ɓ. It is 

usually considered that ɓ should be larger than 0.5 to ensure an unconditional stability and a 

value of 0.75 is usually selected. 

3.2.2 Model setup 

In order to investigate the process mechanics of the FSE process a ñsingle blockò 3D FEM model 

for FSE, based on a Lagrangian implicit solver was developed. The numerical model is thermo-

mechanically coupled, with rigid- viscoplastic material behaviour. The numerical model was 

calibrated and validated using temperature data measured during a dedicated experimental 

campaign. 

It should be observed that even if the chips should be considered a discrete compound, they were 

modelled as a single workpiece. Moreover, the Shima and Oyane yield surface for porous 

materials was employed to account for the real density of the agglomeration. The AA6082 chip 

billet was modeled as one porous object with an initial relative density of 0.6; this value was 

determined by dividing the density of the base material by the density of the compacted billet. 

Yet, the executed numerical simulations demonstrated that, prior to the extrusion process, the 

density of the chips billet quickly grew to 1. As the single element reaches the full density (i.e. 

density equal to 1), a rigid-visco-plastic approach with Von Mises yield criterion and associated 

flow rule is then applied.  
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The material database JMatPro demo and internal tests utilized the following material model:   

„ Ὧ‐‐
Ȣ
Ὡὼὴ                                                                           (9) 

where k = 6.616, n = 0.0368, m = 0.0759 and ɓ = 1504. The thermal issue was linearized to speed 

up the simulation by using constant thermal conductivity and thermal capacity, which are 

equivalent to 180 N/(sÁK) and 2.4 N/(mm2ÁK), respectively. Modelling of the contact between 

the tool and the workpiece used shear friction of 0.4 and a heat exchange coefficient of 11 N/m 

(mmKs). 

For the only purpose of the thermal study, the spinning tool and the extrusion chamber were 

represented as rigid bodies and meshed with about 28,000 and 26,000 tetrahedral elements, 

respectively. Around 18,000 tetrahedral elements were chosen to mesh the workpiece, with a 

finer mesh near to the extrusion channel having a mesh with an average diameter of 0.3 mm. 

Figure 3.10 shows the model at the beginning of the simulation. In an effort to lessen the CPU 

time needed for each simulation; the tool movement was controlled with assigned stroke vs time 

data taken from the experiments as described in the previous paragraph. 

 

Fig. 3.10 Sketch of the numerical model at the beginning of the simulation. 

The model was tuned using experimental temperature measurements with a thermocouple placed 

at the bottom of the die chamber on the symmetry axis during preliminary experiments. 

3.2.3 Tool design through the numerical model. 

First, the numerical model was validated against temperature for all the considered case studies. 

Figure 3.11 shows the temperature trend during the process, as measured by the thermocouple 

embedded at the bottom center of the extrusion chamber and as calculated by the numerical 

model.  

Tool

Workpiece

Extrusion

chamber
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Fig. 3.11 Temperature at bottom center of billet during the process (exp vs num). 

The numerical model was then used to determine the most effective tool design to be used in the 

experimental campaign. In particular, three different shoulder angles were tested, i.e., 0Á (flat 

shoulder), 5Á, and 10Á. Figure 3.12 shows the temperature and effective strain distribution in a 

cross-section.   

 

Fig. 3.12 Temperature and effective strain distribution in a cross-section. 

Increasing temperature and increasing strain can be observed with increasing shoulder angle. 

The inclined surface of the shoulder results in two beneficial effects on the one hand, larger 

angles imply a larger surface and, hence, larger heat input; on the other hand, a conical shoulder 

surface promotes a material flow component toward the center of the extrusion which enhances 

material mixing and solid bonding. Additionally, the increased deformation work, decaying into 

heat, further contributes to the temperature increase and material softening. The results above 

described apply to all case studies and, for these reasons, only the tool with a shoulder angle 

equal to 10Á was considered for the subsequent analyses. 

Temperature [ÁC]
5004403803202602001408020

Strain - Effective [%]
8007006005004003002001000.0

10Á0Á 5Á
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3.2.4 Process parameters effect on material flow 

Figures 3.13, 3.14, and 3.15 show the calculated distribution of temperature, strain, and strain 

rate, respectively, in a cross-section. Sample S500-21, S400-18, and S300-15 corresponding to 

the highest, intermediate, and lowest heat flow, respectively, are presented. 

 

Fig. 3.13 Temperature distribution in a cross-section for Sample S 500-21, S400-18, S300-15. 

 

Fig. 3.14 Effective Strain distribution in a cross-section for Sample S 500-21, S400-18, S300-

15. 

 

Fig. 3.15 Effective Strain rate distribution in cross-section for Sample S500-21, S400-18, S300-

15. 

It is noted that the higher heat flow results, as expected, in higher temperatures. Besides, both 

the increased tool velocity and the enhanced softening of the material, caused by the high 

temperature, determine higher values of strain and strain rate. Although a detailed study of the 

occurring bonding condition through the Piwnik and Plata criterion was not carried out in this 

study, it can be stated that these three conditions favor the solid bonding between the chips. On 

the contrary, for S300-15, i.e., the one obtained with tool rotation equal to 300 rpm and tool force 

equal to 15 kN, the maximum temperature hardly reaches 300ÁC in the extruded wire, making it 

almost impossible for sound bonding to occur. Additionally, for Sample S500-21, S400-18, the 

300 rpm ï15 kN400 rpm ï18 kN500 rpm ï21 kN

Temperature [ÁC]
5004403803202602001408020

500 rpm ï21 kN 400 rpm ï18 kN 300 rpm ï15 kN

Strain - Effective [%]
2001751501251007550250.0

500 rpm ï21 kN 400 rpm ï18 kN 300 rpm ï15 kN

Strain rate - Effective [s-1]
0.50.4380.3750.3130.2500.1880.1250.0650.0
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larger area interested in high deformation before the extrusion channel, suggests that solid 

bonding occurs before the onset of the actual extrusion process. The same does not apply to 

S300-15, for which sufficient strain is generated only when the material is in the extrusion 

channel, leaving less time for the solid bonding to occur. It is worth noticing that, according to 

the Piwnik and Plata criterion, proper conditions of temperature, pressure, and time must be 

reached in the material for sound solid bonding [184]. Finally, the material flow is presented for 

the above-considered case studies. In particular, the position of a set of points of the workpiece 

initially laying on a diameter in the extrusion chamber was tracked during the process (Figure 

3.16). It should be noted that while large deformation occurs and adaptive remeshing is triggered 

during the simulation, the ñpoint trackingò option of the utilized commercial software was used 

to study the movement of a single particle of material, which, in this way, is not linked to a mesh 

element. This allows us to better analyze the material flow reaching results close to the ones 

obtainable with a more appropriate smooth particle hydrodynamics simulation [185], keeping at 

the same time the advantages of a lagrangian approach. 

 

Fig. 3.16 Material flow for Sample S 500-21, S400-18, S300-15. 

The results highlight how the typical helicoidal flow of FSE is not obtained when tool rotation 

and tool forces are too low. In these conditions, insufficient material mixing results in poor 

bonding and the poor mechanical properties previously observed. For the other two case studies, 

for which UTS larger than one of the parent materials in the O state and good bending properties 

were obtained, proper helical movement of material is calculated. It is noted that the pitch of the 

helix is smaller for S400-18, characterized by lower tool rotation with respect to S300-15. This 

is because of the opposite effects of tool rotation and tool force. Increasing tool rotation results 

in lower helix pitch while increasing force results in increased extrusion rate and, hence, 

increased pitch.

500 rpm ï21 kN 400 rpm ï18 kN 300 rpm ï15 kN
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3.3 Process mechanics 

An experimental campaign was carried out on one of the most common Aluminum alloys Al6082 

in order to investigating the effect of the main process parameter on the extrudates quality and on 

the unconstrained process variable. The characteristics of the utilized alloy are summarized in 

Table 3.1 The experiments whose results are described in that chapter have been carried out with 

the tooling set 1 (see Paragraph 3.2.1). 

Figure 3.17. Al 6082 chips used for the experimental campaigns. 

Variable tool rotation, extrusion force, and extrusion ratio were used. The technological 

parameters used for the experimental campaign are shown in Table 1. A total of 09 different case 

studies were investigated. Each test was repeated three times and, from each rod, specimens were 

cut for tensile tests and macrographic analysis. 

3.3.1 Macroscopical Observation 

First, a visual inspection was carried out on the produced wires. Fig. 3.18 illustrates the 

macroscopical observations of the extruded Al 6082 wires surface under various process 

parameters, as detailed in Table 3.1. The rotational motion of the tool facilitates material mixing 

and stirring within the extrusion chamber. Concurrently, the movement of the extrusion tool 

along the z-axis results in the plasticized material being extruded into the central hole of the 

inserted tool. Notably, specimens produced at lower rotational speeds and forces exhibited 

twisting and cold tearing. Insufficient heat generation at low rotational speeds, such as 400 rpm, 

was identified as a contributing factor to increased extrusion defects. Conversely, wires produced 

at high force and rotational speeds (500 and 600 rpm) displayed smooth surfaces devoid of cracks 

along their entire length. Particularly, wires extruded at 600 rpm exhibited superior surface 

quality, attributed to enhanced heat generation at higher rotational speeds. It is important to note 

that during the preliminary experiments, a further increase in tool rotational speed led to the 

formation of hot cracks and increased surface roughness. The formation of hot cracks can be 
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attributed to the combination of high rotational speed and low applied force, which results in a 

low extrusion rate and excessive heat generation. This excessive heat also contributes to surface 

roughness.  

 

Figure 3.18. Extruded Al 6082 wires surface at various process parameters. 

 

Fig. 3.19 Etched cross-section of the considered case studies. 
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3.3.2 Tensile Testing 

Tensile tests have been carried out on the obtained wires according to ASTM D2256. The 

average values for the case studies under consideration are displayed in Figure 3.20 (a), and the 

experimental setup utilized for the experiments is shown in Figure 3.20 (b).  

 

Fig. 3.20 (a) Tensile test results and (b) Experimental fixture utilized. 

It is observed that an increasing trend was obtained both with increasing tool force and tool 

rotation. In particular, when the tool force is equal to 15 kN maximum UTS was about 60 MPa. 

For tool force values equal to 18 kN and 21 kN significantly higher resistance was observed, 

with the best performing wires reaching about 200 MPa. It is worth noting that this value 

corresponds to the one of the parent materials in the T4 state, as it will be discussed in the 

following. 

3.3.3 Hardness Testing 

On the wires' cross section, microhardness tests were carried out. Three measurement points for 

each section were considered (Figure 3.21 b). Due to the friction forces at the interface between 

the shoulder and the material to be processed, a special input variable was considered as the heat 

flow input in to demonstrate the results. Consideration was given to the analytical formulation 

put forward by Song and Kovacevic for the heat flow produced beneath the tool shoulder in 

friction stir welding. [186]: 

ή ς“‘Ὂὶὔ                                                                      (10) 

Where r is the distance between the estimated point and its axis, N is the rotational speed of the 

tool, ɛ is the Coulomb friction coefficient, assumed equal to 0.7, and FN is the normal force.  
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Figure 3.21 (a) shows the trend of HV, calculated as average value of the three indentations per 

cross-section, as a function of the heat flow. In the graph, the microhardness of the base material 

in the as received conditions, i.e., T6, in the O state and in the T4 state are reported too. 

 

 

Fig. 3.21 HV microhardness as a function of heat low and Indentations micrograph. 

A few interesting observations can be made increasing values are observed with increasing heat 

flow; the values obtained are between the HVs of the parent material in the T4 and T6 state. As 

long as the latter is considered, it can be stated that the solid bonding occurring was effective 

resulting in local micromechanical properties which are always better than the ones of the parent 

material in the O state. This finding is in line with what Baffari et al. [183], who, working with 

FSE of AA2050, found that, regardless of the starting alloy condition, i.e., T4 or O, the final rod 

showed mechanical properties close to the ones of the parent material in the T4 state. As known, 

T6 corresponds to artificial aging while T4 corresponds to natural aging. So, it may be said that 

the material's thermal cycle throughout the procedure produces an "almost" T4 heat treatment, 

which enhances the wire's mechanical resistance. Additionally, it is important to note that, for 

the considered AA6082 alloy, the T4 state allows for better ductility with respect to the T6 one. 

This can be an advantage when the final application of the wire is the use as filler wire in welding 

or welding-based additive manufacturing processes. Additionally, although the lowest UTS was 

observed for the lower heat input, for the UTS a strict correlation with the heat flow cannot be 

determined. This is mainly due to two factors. First, the presence of hot cracks on the outer 



 

 

surface of wires for which the combination of heat input and low extrusion rate resulted in an 

excess of heat. Hot cracks do not affect the HV measured ñinsideò the cross-section, while they 

have detrimental effects on the tensile properties of the wires. This is the case, as an example, of 

the wire produced with R=500 rpm and F=15 kN, for which the most severe conditions were 

observed due to the combination of high tool rotation and low force resulting in low extrusion 

rate.  

Also, even for hot cracking-free wires, the outer surface can be considered a ñweakerò area for 

all wires and rods produced by FSE [187], [188]. However, due to the small diameter of the wire 

here considered, this aspect could not be highlighted by the HV measurements. Finally, it is 

observed that a nearly monotonic trend of HV with the heat flows implies that, for the input 

process parameters considered in this study, no detrimental effect of excessive grain growth 

occurs.  

3.3.4 Bending Test 

For all the wires produced with force equal to 15 kN, the cross-section was not perfectly round, 

and inconsistent geometry was found along the wire axis, consistently with the results obtained 

from the tensile tests and the observations made. As it will be better highlighted with the 

numerical results, this depends on two different factors: the insufficient bonding conditions 

reached due to low tool rotation, for S300-15, and the hot cracking, as discussed for case study 

S500-15. Finally, bending tests have been carried out. The obtained results are summarized in 

Table 3.4.  

Table 3.4 Bending test results for the considered case studies. 

 



 

 

It is seen that when the extrusion force is equal to 18 kN and 21 kN the minimum bending radius 

can be obtained, regardless of the tool rotation. On the contrary, when the extrusion force is equal 

to 15 kN, the wire ductility is significantly reduced: as case study S300-15 is considered, the 

poor bonding between the chips resulted in fracture with the largest radius; although the ductility 

increases with increasing tool rotation, the severe hot cracking previously shown limits also the 

ductility of case study S500-15, which fails when bent with a radius equal to 10 mm. 

 

Fig. 3.22 Minimum bending radius reached for case studies S400-15 and S400-18. 

3.3.5 Influence of process parameters on energy demands. 

In this section, the electrical energy demand of the Friction Stir Extrusion process for producing 

thin wires out of chips is analyzed. The power-time data were collected by connecting a three-

phase electrical network analyzer to the input electrical connection of the ESAB machine. The 

power was measured for the entire production cycle, specifically, the production of 1000 mm 

long wire was considered a functional unit. After collecting the power trends, the energy 

consumption was calculated from the power-time graph by direct numerical integration method. 

In Figure 3.23 the analyzed power trend for the 500 RPM-21 kN process parameters 

configuration is reported with all the different production modes highlighted. The compaction 

phase concerns the application of 3 compaction cycles with a vertical load equal to 5 kN. In the 

transition phase, the tool rotation was activated, and the vertical load was gradually increased 

from 5 kN to the desired load (15, 18, 21 kN). The transition phase is needed as, due to machine 

limitation, it was not possible to instantly increase the load from 5 kN compaction force to the 

desired vertical load, hence it must be gradually increased.  In Figure 15 the punch displacement 

trend is also reported, and it is possible to notice the sudden displacement increase during the 

transition step due to the increase in chips density caused by both the rotational speed activation 

as well as by the incremental increase of the vertical load. 



 

 

 

Fig. 3.23 Power and punch displacement trends (case study: 500 RPM-21 kN). 

3.3.6 Specific energy calculations 

To calculate this process's energy effectiveness the Specific Energy Consumption (SEC) must 

be calculated. The SEC (MJ/kg) is a well-recognized indicator [189] Characterizing the energy 

demand of a manufacturing process can be used to assess the effectiveness of various process 

parameters configurations and even different processes another. In the FSE case, the SEC means 

the unit energy for producing 1 kg of wire out of aluminum alloy chips. 

 For the SEC calculation, only the productive phase was considered. In fact, the non-productive 

phases should be included only when robust industrial practices are considered and clear 

allocation procedures on the functional unit can be identified. Since our tests were developed in 

lab environment, and a discrete production scenario (1000 mm long wires), the selection of the 

productive phase appears a fair choice. In Table 4 the average power level during the extrusion 

phase, the SEC, and the extrusion rate for 4 different process parameter configurations are 



 

 

reported. The selection of ID 1 to 4 was driven by the will to analyze the process parameters 

configuration characterized by the best mechanical performance as well as by the purpose of 

observing the impact of the process parameters on the SEC itself. Looking at the results reported 

in Table 3.5 it is possible to see that with increasing the vertical load and the rotational speed the 

SEC decreases. Actually, the efficiency of the processes is governed by the extrusion rate: the 

higher the extrusion rate, the better the SEC values are. This frequently occurs in manufacturing 

operations because the shorter processing times effectively outweigh the higher power demands 

brought on by heavier loads. 

Table 3.5 Power, extrusion rate (E), and SEC for different process parameters configuration 

 

Some of the authors of the present paper have already characterized the efficiency of FSE process 

as used for producing rod (8 mm diameter aluminum alloy wires) [190]. The here identified 81.4 

MJ/Kg SEC value for ID4 still provides substantial energy saving with respect to the 

conventional route quantified in that research. More specifically, the saving might be even larger 

as further wire drawing steps (after hot extrusion in the re-melting rote) might be needed for 

obtaining the thin wire here considered. The key findings that may be made from the results are 

as follows: 

¶ The use of a conical shoulder surface results in higher temperature and strain in the 

workpiece, which are beneficial for proper solid bonding to occur. 

¶ As the range of process parameters used in this study is regarded, increasing hardness 

was found with increasing heat flow, which, in turn, increases with tool force and tool 

rotation. 

¶ HV values between the ones of the parent material in the T4 state and the one in the T6 

state are found, suggesting that the process conditions determine a heat treatment in the 

material with natural aging like the T4 temper. 



 

 

¶ UTS values are lower or equal to the one of the parent materials in the T4 state. These 

values cannot be overcome because of either the hot cracking defects observed or, for 

defect-free wires, to the ñweakerò outer layer which could not be measured in the 

produced wires due to the small diameter. 

¶ Excellent bending properties are obtained when proper process parameters are selected, 

which makes the process feasible to produce filler wires wrapped in reels. 

¶ The numerical model results allowed us to explain the mechanical properties obtained 

with varying input process parameters by showing how temperature, strain, strain rate, 

and material flow improve with increasing tool force and tool rotation. 

¶ The specific energy consumption decreases with increasing tool rotation and tool force. 

Considering the most efficient process conditions, significant savings can be obtained 

with respect to conventional production routes. 

3.4 Addition of reinforced SiC with aluminium chips (MMC 

fabrication). 

As highlighted in the introduction, most solid-state technologies allow producing MMC within 

the recycling process. In order to investigate the FSE capabilities in that area, experiments have 

been carried out by extruding a mixture of the AA6082-T6 chip and Silicon Carbide (SiC) micro-

powder. The average SiC particle size was 3Õm. Detailed chemical composition and physical 

properties of the AA6082 chips are outlined in Table 3.2 and Table 3.3 respectively. Various SiC 

powder percentages (10%, 12.5%, and 15%) were evaluated at a preliminary stage, with a 

noticeable decrease in extrusion rate with increasing SiC content. For this research, a 12.5% SiC 

powder concentration was selected for all the experiments. Each test configuration was repeated 

three times to ensure reliability and consistency in the results. The experimental setup used for 

the Al-SiC composite wire is shown in Figure 3.24 while the process parameters used during the 

experimental campaign are shown in Table 3.6.  

 



 

 

                          

Figure. 3.24 (a) FSE setup for the experimental campaign (b) FSE Fixture (c) Extrusion tool (d) 

Extrusion Chamber (e) SiC powder. 

Table 3.6. Experimental conditions for FSE. 

Sample label Tool Rotation 

[RPM] 

Force 

[kN] 

S400-15 400 15 

S400-18 400 18 

S400-21 400 21 

S500-15 500 15 

S500-18 500 18 

S500-21 500 21 

S600-15 600 15 

S600-18 600 18 

S600-21 600 21 

3.4.1 Macroscopical Observation 

First, a visual inspection was carried out on the produced wires. Fig. 3.25 illustrates the 

macroscopical observations of the extruded Al 6082/SiC wires surface under various process 

parameters, as detailed in Table 3.6. The rotational motion of the tool facilitates material mixing 

and stirring within the extrusion chamber. Concurrently, the movement of the extrusion tool 

along the z-axis results in the plasticized material being extruded into the central hole of the 



 

 

inserted tool. Notably, specimens produced at lower rotational speeds and forces exhibited 

twisting and cold tearing. Insufficient heat generation at low rotational speeds, such as 400 rpm, 

was identified as a contributing factor to increased extrusion defects. Conversely, wires produced 

at high force and rotational speeds (500 and 600 rpm) displayed smooth surfaces devoid of cracks 

along their entire length. Particularly, wires extruded at 600 rpm exhibited superior surface 

quality, attributed to enhanced heat generation at higher rotational speeds. Proper choice of 

process parameters has a strong effect on Al 6082/SiC extruded wires. At low RPM, the 

dispersion of SiC is low and the produced heat is not enough to bond aluminum with SiC, 

resulting in agglomeration of reinforced particles, brittleness, and surface roughness of the 

extruded wire, as it will be better explained in the following. By increasing the tool force, the 

extrusion rate also increases preventing overheating in the matrix.  

It is important to note that during the preliminary experiments, a further increase in tool rotational 

speed led to the formation of hot cracks and increased surface roughness. The formation of hot 

cracks can be attributed to the combination of high rotational speed and low applied force, which 

results in a low extrusion rate and excessive heat generation. This excessive heat also contributes 

to surface roughness. 

Moreover, the presence of SiC, which are abrasive particles, exacerbates this issue. At higher 

rotational speeds, the increased contact between the abrasive SiC particles and the tool surface 

generates even more heat, further compromising the quality of the extruded wire. 



 

 

 

Figure 3.25. Extruded Al 6082 /SiC wires surface at various process parameters. 

The cross-sectional and longitudinal surfaces of the samples were examined using an optical 

microscope in order to identify possible defects as well as the flow of the SiC particles. Fig. 3.26 

shows the results obtained for the case study S600-18 with and without the SiC powder. The 

flow and dispersion of SiC appear uniform across the cross-sectional of the sample, as compared 

to the same process conditions without the SiC. No discernible defects, such as voids, are 

apparent in the wires. 



 

 

 

Figure 3.26. Longitudinal and crossectional view of (a) Al 6082/SiC composite wire (b) Al 6082 

wire ï S600-18 case study.  

3.4.2. Tensile Test 

Tensile tests were conducted on the wires according to ASTM D2256 standards. Fig. 3.27 a 

illustrates the results compared to the ones of the wires produced with no powder, while Fig. 

3.27 b showcases the experimental fixture utilized for the tests. The analysis of the processed 

samples without SiC particle reinforcement revealed a well-defined trend of the ultimate tensile 

strength (UTS) as a function of tool force and rotation. Specifically, the UTS increases with both 

increasing tool force and rotation speed. It is noted that minimum UTS was obtained for the case 

study S400-15, i.e. the one corresponding to the minimum heat input among the ones considered 

in this study, for which the maximum UTS recorded was approximately 54 MPa. As for the other 

case studies within the surface defect window, UTS increases to a maximum of about 170 MPa 

(S400-18). However, at tool force values of 18 kN and 21 kN, significantly higher resistance was 

observed. The maximum value of average tensile strength for non-reinforced extruded wires was 

obtained with an extrusion force of 21 kN, for which average UTS ranged between 190 and 196 

MPa. By incorporating 12.5% reinforcement SiC particles, a similar UTS trend was obtained 

against variations of both tool force and rotation. However, the overall strength of each sample 

has been increased with the addition of SiC particles. This enhancement can be elucidated 

through several factors. Foremost, the phenomenon of load transfer from the pliant matrix to the 

rigid reinforcement particles during tensile testing must be considered. This load transfer, 



 

 

facilitated by the uniform dispersion of SiC particles within the aluminum matrix and the 

establishment of robust interfacial bonding, engenders an enhancement in tensile strength. By 

comparing the UTS properties at optimal process parameters, i.e. S600-18, it arises that UTS of 

Al6082/SiC and Al6082 wire is 214 MPa and 190 MPa, respectively, with a 12.78% increment. 

It's important to mention that at 400-18 the UTS of reinforced is lower than unreinforced wire. 

This is due to the insufficient heat for bonding which causes brittleness and more porosity on the 

wire surface.  

 

Figure 3.27 (a) Tensile test Results (b) Experimental Fixture for Tensile testing of wire. 

3.4.3. Bending Test 

Bending tests were conducted utilizing the experimental setup depicted in Fig. 3.28 a. Extruded 

wires were wrapped around the fixture, characterized by different radii, in order to assess the 

bendability of the wire. It is worth noticing that this is an important test for the industrial 

application of recycled wires, which can be effectively used as filler wires in arc welding or arc 

welding-based additive manufacturing. Observations revealed that the minimum bending radius 

could be achieved with an extrusion force of 18 and 21 kN, regardless of the tool rotation rate. 

Conversely, with an extrusion force of 15 kN, a notable reduction in wire ductility was observed. 

For sample S400-15, inadequate bonding between chips led to fracture with the largest radius 

(Fig. 3.28 b). Although increasing the tool rotation rate enhanced ductility, sample S600-15 

experienced hot cracking, limiting its ductility and resulting in bending failure with a radius of 



 

 

10 mm. As for Al 6082/SiC composite wires, it was noted that at low RPM and force, the wire's 

bendability was minimal. This was attributed to poor bonding between chips and reinforced 

particles, exacerbated by the agglomeration of SiC particles due to low RPM. Consequently, the 

bendability of the Al 6082/SiC composite wire was lower than that of the unreinforced wire 

under these conditions. However, with increasing process parameters, the bendability of the 

reinforced wire increased significantly. At S600-18, the bending behavior of the reinforced wire 

resembled that of the unreinforced wire.  This improvement can be attributed to the uniform 

dispersion of reinforced particles and the establishment of proper bonding between chips, 

resulting in a notable enhancement in properties. Table 3.7 reports the bendability of the 

processing window at various radii. 

ШШШШШШШШ  

      Figure 3.28. Bendability of wire (a) Bending tool stages (b) sample S400-15. 

Table 3.7. The bendability of extruded samples at various bending radii. 

Bending Radii (mm) 

  15 12.5 10 7.5 5 

Process 

Parameters  

Al 

6082 

Al 6082 

/SiC  

Al 

6082 

Al 

6082/SiC 

Al 

6082 

Al 

6082/SiC  

Al 

6082 

Al 

6082/SiC 

Al 

6082 

Al 

6082/SiC 

S600-21 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ 

S500-21 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ 



 

 

S400-21 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ 

S600-18 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ 

S500-18 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ 

S400-18 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṏ Ṏ Ṏ 

S600-15 Ṋ Ṋ Ṋ Ṋ Ṋ Ṋ Ṏ Ṏ ð ð 

S500-15 Ṋ Ṏ Ṏ Ṏ Ṏ Ṏ ð ð ð ð 

S400-15 Ṏ Ṏ ð ð ð ð ð ð ð ð 

3.4.4. Hardness Test 

The microhardness assessment involved three equally spaced indentations made across the cross-

section of each extruded wire, extending from the center to the boundary. The average hardness 

values were plotted, as depicted in Fig 3.29. In particular, Fig. 3.29 a presents the microhardness 

comparison between specimens from the experimental trials, illustrating both the reinforced Al 

6082/SiC wires and the unreinforced Al 6082 wires. A sketch showing the indentation loci is 

provided in Fig. 3.29 b. The analysis of the microhardness values from the unreinforced samples 

reveals an increase in hardness with increasing heat input, i.e. an increase in rotational speed and 

force. For the unreinforced sample S400-15, the average microhardness was 71 HV, which 

increased to 96 HV for the sample S600-21. Moreover, it was noted that, for all the considered 

case studies, the hardness value slightly increases from the center to the edge of the measured 

sample. This increase can be attributed to the formation of recrystallized fine grains and the 

reduction in grain size from the center to the edge during the FSE process, as will be better 

discussed in the following. In fact, it is well-established that materials with finer grains exhibit 

increased hardness and strength due to grain boundaries restricting dislocation motion. As for 

the hardness of samples containing 12.5% SiC reinforcing particles, a substantial increase in 

microhardness is observed for all the case studies. For the sample S600-18, the hardness 

increased from 90 to 106.8 HV by the addition of SiC, which is an 18.6 % increment based on 

unreinforced Al 6082 wire and 205% higher with respect to the AA6082-O base material (avg 

35 HV).  This enhancement can be attributed to the reinforcing particles acting as barriers against 

dislocation movement, thereby increasing dislocation density, a primary factor contributing to 

hardness elevation.  



 

 

 

        Figure 3.29. (a) Average hardness value for each case study (b) Sketch of the indentation loci.  

3.4.5 SEM Analysis   
Fig. 3.30 illustrates the SEM acquisition on the cross-section of sample S400-15. At low heat 

input, i.e. low tool force and rotation, the agglomeration of SiC has been observed (Fig. 3.30 a). 

The particle distribution within the matrix strongly depends on the different process parameters 

considered: at the lowest rotational speed, the distribution appears non-uniform, which leads to 

the brittleness of the wire and reduced tensile properties previously observed. Fig. 3.30 b 

illustrates the agglomeration of SiC particles at higher magnifications and their corresponding 

EDS mapping (Fig. 3.30 c-j). The SEM image of the cross-section of Al 6082/SiC wire is shown 

in Fig. 3.31 for the S600-18 case study. The specimen exhibits a nearly uniform SiC particle 

distribution, and good bonding between aluminum matrix and SiC particles has been observed, 

which causes improvement of properties and reduced porosity. EDS mapping and analysis (Fig 

3.31 b-f) confirms the uniform dispersion of SiC particles in the entire cross-section of the wire, 

which results in an improvement in mechanical and microstructural properties.  



 

 

 

Figure 3.30. (a) SEM image of the cross-section of Al 6082/SiC wire, sample S400-15 (b) SEM 

image at higher magnification, and (c-J) EDS mapping of the corresponding cross-section 

representing the agglomeration of SiC particles.  




























































































































































































