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Abstract 

 

 

In the last decades, the use of lightweight alloys has been spreading in almost 

any industrial field thanks to the relevant weight reduction allowed by the use of 

such materials. On the other hand, aluminium alloys are characterized by high-

energy demands primary production cycles that are responsible for a relevant share 

of the global CO2 emissions. In order to limit and reverse such phenomenon, putting 

in place strategies to keep the material in the circle over multiple life cycles is 

mandatory and the concepts of circular economy, closed loop society and industrial 

symbiosis are progressively gathering more and more pace.   Nevertheless, metal 

scraps are often mainly composed of chips resulting from machining operations and 

sheet metal coming from trimming after forming processes. This kind of wastes is 

between the most difficult kind of scraps to be recycled as they are characterized by 

high surface/volume ratio and they are usually oxidized and covered by different 

types of contaminants. Due to these features, conventional melting recycling 

technologies may lead to different drawbacks the overall energy efficiency is quite 

low and, more importantly, permanent material losses occur during remelting 

because of oxidation. In order to overcome such issue, researchers started 

investigating solid-state recycling approaches; in fact, by avoiding the remelting 

step, both energy and material can be saved. In this dissertation, the Friction Stir 

Extrusion and Friction Stir Consolidation processes capabilities for lightweight 

alloys recycling and processing are investigated with a particular focus on the 

influence of the process parameters on the mechanical properties of the processed 

materials. Numerical models to predict the processes evolutions are described and 

the environmental impact of these technologies are evaluated. 
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1. Introduction 

 

 

1.1 Secondary production: challenges and opportunities 

The development of environmentally sustainable manufacturing processes is 

becoming one of the main challenges of the modern age. In particular, many 

international agreements, such as the Kyoto Protocol, are binding the signing 

countries to reduce gradually the greenhouse gas emissions in the next years.  It is 

worth noticing that a relevant share of the annual global greenhouse gases (GHG) 

emissions is caused by raw materials production. Worrell et al. [1] state that material 

production activities cause about 25% of global CO2 emissions.  Such environmental 

burden is actually dominated by only few materials: steel, cement, paper, 

aluminium alloys, and aggregated plastics [2]. Furthermore, Figure 1.1 shows how 

these materials are collectively responsible for over 80% of the annual energy 

consumption. 

 

Figure 1.1. Annual primary energy used for the production of 29 materials worldwide, cumulative 

scale on the right (Source: [3]). 
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Gutowski et al. [2] state that, from 2005 to 2050, the demand for aluminium is 

expected to grow by a factor of between 2.6 and 3.5, while the demand for steel 

between 1.8 and 2.2 (Figure 1.2). In order to limit and reverse such phenomenon, 

putting in place strategies to keep the material in the circle over multiple life cycles 

is mandatory. In particular, longer life, intense use, product repair and upgrades, 

modularity, remanufacturing, industrial symbiosis, and open/closed loop recycling 

are some of the strategies that have to be put in place to reduce the environmental 

impact of raw material production. The whole concept of a circular economy is 

progressively gathering more and more pace [4].  

 

Figure 1.2. The range of future demand for aluminium, paper, steel, plastic and cement (Source [2]). 

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 [5], making the recycling even more convenient also on 

the energy usage point of view (Figure 1.3). 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.  Unfortunately, 
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the conventional remelting based recycling routes for lightweight alloys are still 

energy-intensive. As a matter of facts, the overall energy efficiency is quite low and 

permanent material losses may occur. Moreover, metal scraps are often composed 

of chips resulting from machining operations and sheet metal coming from 

trimming after forming processes (Figure 1.4). This variety of wastes are classified 

as “process scrap” or “new scrap” by the European standards [6] and are composed 

of surplus material coming from production or fabrication of metal goods up to the 

point they are sold to the consumers. This kind of wastes is among the most difficult 

to be recycled as they are characterized by high surface/volume ratio and they are 

usually covered by oxides formations or other contaminants. Due to these peculiar 

features, the permanent material losses for light-gauge scraps processed through 

remelting can be as high as 15-20% [7]. Conventional recycling techniques usually 

also require several intermediate operations as well as high energy 

demand(cleaning, dying, chopping, compacting, etc.) that concur to reduce the 

process overall efficiency. Actually, also “old scraps” (i.e. the end of life scraps, see 

Figure 1.4b)) coming to the recollection of used products can be converted into a 

similar state as the processed scrap with proper cleaning, segregation and chopping 

stages. 

 

Figure 1.3. Embodied energy comparison for primary and secondary production of different 

metals alloys, savings scale on the right (Source: [5]). 
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Figure 1.4. (a) Metal scrap sources and (b) Sankey diagram for aluminium flows (Adapted from:[3]). 

In order to overcome such issues, many researchers in the last years started 

investigating solid-state recycling approaches. Avoiding the remelting step alone 

during the recycling route both energy and material can be saved enhancing the 

convenience of the secondary production of raw material under any point of view. 

Due to the limited intermediate operations needed to complete the material 

processing, these recycling processes are often known as “direct conversion 

methods”. Samuel [8] state that of one of the early proposed direct conversion route 

allowed to recycle almost 96% of the processed scrap with very low losses (Figure 

1.5). 
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Figure 1.5. Comparison between (a) conventional recycling process and (b) solid state recycling 

processes (Adapted from [8]). 

In the next pages, the main conventional and innovative technologies to recycle 

metal scrap are described to hence focus on the Friction Stir Extrusion (FSE) and the 

Friction Stir Consolidation (FSC) processes. These techniques belong to the Friction 

Stir Processing technologies and are among the newest solid-state recycling process 

being investigated. Many experimental campaigns have been carried out using both 

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

of 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. Finally, the energetic efficiency of the processes with respect to 

other recycling route has been investigated using LCI techniques.  
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1.2 Dissertation structure 

 

 

This paragraph provide an overview of the general structure this dissertation 

in order to provide the links between the different sections and their respective 

contents. This dissertation is composed by five main chapter and each of them is 

further divided into paragraphs and subparagraphs numbered accordingly. He 

topics covered by each of these sections is briefly described in the following lines. 

 

Figure 1.5. Dissertation structure scheme. 
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Chapter 1, namely “Introduction”, deals with the general introduction to the 

metal recycling issues and capabilities, with particular focus on the lightweight 

alloys. It also contains the dissertation structure summary. 

Chapter 2, namely “Metal scrap recycling: state of the art”, contains the analysis 

of the state of the art of the secondary production, dealing with both conventional 

remelting technologies (Paragraph 2.1) and innovative direct processes (Paragraph 

2.2), finally focusing on the limitations affecting these recycling strategies (Paragraph 

2.3). 

 

Figure 1.6. Chapter 3 structure scheme. 

Chapter 3, namely “Friction Stir Extrusion”, focuses on the first of the 

innovative SSR strategies being analysed: Friction Stir Extrusion. After presenting 

the literature review, the process parameters of this technology are described in 

Paragraph 3.1. The experimental campaigns carried out to investigate the FSE 

process are hence described in Paragraph 3.2, while Paragraph 3.3 describes the FEM 

numerical model implemented to simulate the process itself. In Paragraph 3.4 the 

process mechanics, with particular focus on the material flow, are described using 

both experimental and numerical results on AZ31B magnesium alloys. Paragraph 3.5 

deals with AZ31B extrudates microstructure and defects using the numerical model 
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to predict them, while the influence of different AA mechanical properties on the 

process variables is investigated in Paragraph 3.6.  The capabilities of FSE for MMC 

manufacturing and primary wire production are investigated in Paragraph 3.7 and 

Paragraph 3.9 respectively. Paragraph 3.8 deals with the environmental impact of the 

FSE process compared to other recycling routes. Finally, in Paragraph 3.10 the FSE 

process key factors and outlooks are summarized. 

 

 

Figure 1.7. Chapter 4 structure scheme. 

Chapter 4, namely “Friction Stir Consolidation”, has structure and aims similar 

to the previous chapter, but focusing on the Friction Stir Consolidation process. In 

Paragraph 4.1 and Paragraph 4.2 the literature analysis, process parameters and the 

utilised experimental setup are presented. Paragraph 4.3 presents the analysis of the 

process mechanics, with particular focus on the consolidation evolution and a 

numerical model to simulate the FSC is described in Paragraph 4.4 with the 

proposition of a dedicated bonding criteria in Paragraph 4.5. Finally, the energy 

demands of the FSC processes are compared to other analogous technique using 

experimental measurements and LCI techniques in Paragraph 4.5.  
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Chapter 5, namely “Conclusion”, provides a summary of the general results 

obtained for both FSE and FSC consolidation 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. 
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2. Metal scraps recycling: state of the art 

 

 

2.1 Conventional processes 

The economic relevance of metal scraps recycling has been acknowledged long 

before the environmental implications. Technical reports specifically covering the 

lightweight alloys chip recovery can be dated back to the early 20th century [9]. The 

highly intrinsic commercial value of lightweight alloy made remelting economically 

attractive also considering that recycling required much less energy and effort with 

respect to primary production (Figure 2.1). Of course, all the conventional recycling 

routes included the remelting of the scraps, preceded by intermediate operation 

aimed at minimizing the dross formations.  

 

Figure 2.1. Material flow of aluminium production (Source: [10]). 
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The specific recycling route may vary significantly depending on which kind of 

scrap is being processed but can be globally grouped into pre-processing operations 

and actual melting of the scraps. Figure 2.2 shows some of the most common 

strategies for different kind of aluminium scrap.  

 

Figure 2.2. Common material flows into the aluminium scrap recycling industry (Source:[11]). 

2.1.1 Scrap Preparation 

Metal scraps are always characterized by a thin layer of oxide (about 10 nm for 

most lightweight alloys) but that amount may drastically increase during the 

remelting due to further oxidation prompted by high temperatures. Furthermore, 

machining chips and sheet metal scrap may be covered by lubricant and other 

contaminants that can produce both slug and hazardous fumes if added into a 

furnace without previous treatments. Grayson [12] states that each unit con cutting 

fluid burned off during remelting of contaminated chips produces two units of 

additional dross in the moulted bath. In order to face that issue the metal scraps to 

be recycle usually undergo a deep cleaning with a proper degreaser before being 
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further processed. In Table 1.1 some of the cleaning processes available in literature 

are presented [13]. After the cleaning, a drying step is hence necessary in order to 

reduce the moisture level of the scrap. Chip drying system usually combine 

centrifuge and a thermal drying station that heats the wastes up to 300-350°C [12] 

to lower the moisture level to about 0.2% vol. Most new scrap comes into the 

recycling route directly from the industries that produced them. Because of that, 

they are uncoated (except for the normal oxide layer) and should be characterized 

by known and uniform composition if properly sorted by the producer. Other 

common pre-processing operations include cutting, baling, or shredding [10] in 

order to uniform also the shape and the dimension of the scrap before melting them. 

Briquetting (Figure 2.3) by light compaction of the loose chips in order to ease 

transport and handling is a common strategy but can detrimental in term of the 

recycling efficiency. This because the briquettes are lighter than the solid metal and 

tend to float of the melting bath prompting further scrap oxidation [12]. Magnetic 

separators are often use to extract any ferrous residual that may contaminate the 

scrap. 

 

Figure 2.3. Metal chips briquettes (Source: Pyrotek). 
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Table 2.1. Cleaning process proposed in literature. 

Source Process Material Degree of cleaning 
    
Dutra et al. (2007) Washing (solvent)  Aluminium 100% 
Gronostajski and Chmura, 2000 Washing (water)  Iron, aluminium, copper N/A 
Von Hohendorff and Junior (2007)  Decantation, centrifuging Cast iron, brass 60%, 90% 
Giacaglia and Guimaraes (2012)  Segregation and compaction Aluminium N/A 
Fu et al. (1998)  Washing (solvent), heating under high pressure Steel 86% 
Khamis et al. (2015)  Washing (acetone)  Aluminium N/A 
Lucci et al. (2015)  Washing (water and detergent)  Magnesium N/A 
Torkar et al. (2010)  Washing (solvent) Heating in muffle furnaces Steel 100% 
    

 

2.1.2 Smelting and Refining 

Several melting techniques can be applied to recycling depending on the nature 

of the scrap. If processing scrap with well-known composition and segregation are 

processed, they are collected into the so-called “remelter” composed of flux-free 

reverberatory furnaces. The direct remelting does not require any refining 

operations and produces new wrought alloys together with some dross that can be 

further recycled. Scrap characterized by higher levels of contaminants and oxides 

have to be further refined after the melting that happens in rotary furnaces with the 

adding of salt fluxes. These additives are necessary to clean the melt collecting 

contaminants that are trapped into the so-called “salt slag”. The salt slag resulting 

as waste at the end of the remelting are still rich in metals (up to 20% of the material 

being recycled) and needs to be processed again to recover as much material as 

possible and to regenerate the salt flux.  

This further processing of recycling route wastes was actually introduced in the 

last decade in order to reduce the usage and the disposal of such expensive and 

dangerous substance [14]. The metals obtained by such techniques have imprecise 

and variable compositions; they can be used directly only as casting alloys. In fact, 

cast materials are usually characterized by wider alloying elements concentration 

tolerance with respect to standard wrought alloys. Alternatively, the moulted bath 

needs to be further refined in an alloying furnace to correct the chemical 

composition. This tuning may be carried out adding alloying elements or primary 

material aimed at diluting other elements concentration (Figure 2.5). 
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Figure 2.4. LOTUSS vortex furnace (Source: Pyrotek). 

The furnaces used for the remelting process may vary a lot with as well with 

the remelting technique being adopted. The main aim of every specific 

configuration is to prevent the floating of the wastes on the surface by inducing 

moulted metal vortexes that submerge them as soon as possible. 

 

 

Figure 2.5. Sankey diagram illustrating material, quality and dilution losses during recycling of old 

scrap from the 6XXX series to produce 1 ton of 380.0 alloy (Source:[15]). 
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In Table 2.2 the main furnaces available for different kind of scraps are 

presented. It is worth noticing that most of these furnaces are highly expensive and 

remain rare [16] favouring centralized recycling facilities and many concerns are 

reported by researchers concerning workers safety. In fact, highly intense 

electromagnetic fields are produced by this kind of furnace in order to induce the 

moulted metal vortex that characterizes their efficiency. 

Table 2.2. Furnace types and specifications [16] 

 

2.1.3 Recycled alloys quality 

As already mentioned, one of the main challenge to be faced recycling metals is 

the scrap segregation. Despite the high metal potential for systematic recycling, the 

precise designation required for many wrought alloys impose many quality 
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constraints of the recycling process. Processing new scrap only usually allows 

meeting these requirements by enrolling closed-loop recycling strategies, based on 

a single alloy that requires very few “tuning” of the secondary material composition 

by adding alloying elements or primary diluent. On the other hand, the open recycle 

loop allows collecting different kind of metal wastes obtaining in cascade by down-

cycling lower quality secondary alloys (i.e. cast alloys), while the recovery of higher 

quality alloys (i.e. wrought alloys or even unalloyed materials) obviously requires 

dilution (sweetening) and subsequent refining processes. The flowcharts of these 

different recycling pathways for aluminium alloys are depicted in Figure 2.6. 

 

 
Figure 2.6. (a) Aluminium cascade recycling chain and (b) corresponding pathways (Source:[17]). 

Unfortunately, recent studies based on thermodynamical analysis showed that 

the refining and purification options for lightweight alloy, with particular reference 

to aluminium, are definitively limited. Nakajima et al. [18] investigated the 

removability of 45 alloying elements from aluminium alloys with varying melting 

conditions (oxygen partial pressure and temperature). Results showed that only six 

of the examined elements can be removed effectively by the alloy through 

evaporation and/or oxidation in the slug, and only two of them are typical alloying 

elements present in standard wrought alloys designations (Mg, Zn). Refining of 

other elements is, hence, technically difficult and economically not convenient.  
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Magnesium and titanium alloys are characterized by similar issues regarding 

refining processes [19,20] and a comprehensive overview of the refining limits for 

most alloys is presented in Figure 2.7. Considering the limits of the refining 

processes, proper process planning and scrap selection result to be crucial factors to 

keep the recycling chain as sustainable as possible.  

 

 

Figure 2.7. Element radar chart for the recycling of Fe, Cu, Zn, Pb, Al and Mg into the metal phase 

(Source:[19]). 

Most of the data proposed in the last chapter have been referred to aluminium 

alloys, whose recycling know-how in literature is the widest available between the 

lightweight alloys. Although, most of the considerations can be easily extended to 

magnesium alloys, that are characterized by similar mechanical and chemical 

properties and share with the AA most of the recycling techniques and critical 

issues.   
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2.2 Innovative direct processes 

 

 

Irrespectively of the recycling route adopted, some dross will result from the 

melting based recycling process, containing about 40-80% of metals; subsequent 

treatment of the slug allows to reduce that amount, but likely 15-20% of the initial 

charge of scrap will be permanently lost into the slug itself [7]. In order to overcome 

that issue, many researchers started investigating new recycling technologies 

capable of reducing the permanent material losses by avoiding the melting step. 

Stern [21] first proposed and patented the hot extrusion as a recycling process 

(Figure 2.8) to be applied to metal chips in 1944 [22] and 1945 [21]. In 1951, Stern 

further developed the idea of proposing a continuous hot extrusion process based 

on a rotary furnace heating the scrap to the processing temperature [23]. 

In 1977 Sharma et al. [24] further developed these studies producing aluminium 

bar and cans from metal swarfs through backward extrusion. Nevertheless, only in 

1999 Gronostajski and Matuszak [25] formerly defined the direct conversion 

method as a comprehensive recycling route capable of remanufacturing metal scrap 

into secondary produced raw materials. Most of the meltless processes that have 

been hence developed are based on Severe Plastic Deformation (SPD) of the scrap 

to be recycled. By imposing large plastic strain, those processes allow breaking the 

oxide layers between the particle, while the combination of temperature, pressure 

and process time prompt solid bonding phenomena between the distinct material 

flows [26]. Furthermore, SPD processes are known to produce ultra-fine 

microstructures on the products that usually shows better mechanical properties 

than the ingots [27]. These peculiar characteristics of SPD technologies allow to set-

up recycling strategies free of the remelting-linked issues while also reducing the 

secondary energy and the environmental impact of raw materials production [28]. 

Many researchers has investigated the feasibility of such processes to recycle 
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lightweight alloys (i.e. aluminium [29] or magnesium [30] alloys) highlighting the 

advantages over the conventional techniques. In the next paragraphs, some of the 

most important direct recycling techniques are described, with a particular focus on 

the SPD and solid bonding based processes.  

 

Figure 2.8. Scheme of the hot extrusion recycle process from the original 1945 patent by Stern [21]. 

2.2.1 Hot Extrusion 

Recycling by hot extrusion of metal scrap is one of the first direct strategy being 

proposed and consists in three major phases. Chips to be recycled are cleaned and 

dried, then cold compacted and finally hot extruded (Figure 2.9a,b) into the desired 

shape [25]. In 2005, Ji et al. [31] investigated the feasibility of that recycling route on 
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simple direct extrusion of magnesium alloy scrap, while Tekkaya et al. [32] dealt 

with the hot extrusion of AA6060 scraps using a complex extrusion chamber (Figure 

2.9c,d) to enhance material deformation. In the same paper, the authors investigate 

the feasibility of the hot extrusion of a mixture of aluminium scrap and silicon 

carbide (SiC) to directly produce metal matrix composites (MMC). This MMC 

production strategy has been investigating by distinct researchers [33–36] on many 

different hardeners and lightweight alloys. 

 

Figure 2.9. Scheme of the hot extrusion recycle process (a) col compacting, (b) hot extrusion 

(Source:[31]). (c) Extruded ships exiting the die and (d) view on the material flow inside the die based 

on exemplary press rest of a casted billet (Source:[32]). 

As observed by Guley et al. [29,37] the usage of a porthole extrusion die allows 

to dramatically improve the recycled material mechanical properties with respect 

to direct extrusion; the increased deformation and shear the material undergoes 

during the process enable effective oxide layers breakage, resulting in better 
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welding of the particles. Figure 2.10 shows the enhancement in ductility that the die 

choice allows. 

 

Figure 2.10. Tensile test results of aluminium profiles extruded from chips through the flat-face and 

porthole die. (Source:[29]). 

Some of the same authors [38] demonstrate the feasibility of this direct recycling 

technology to process mixtures of scraps; cold compacted billets of AA6060 chips 

and AA1050 pins have been effectively extruded into rectangular profiles. The 

properties of this material were characterized by intermediate strength with respect 

to both parent alloys. This kind of application is particularly relevant in the 

perspective of open loops recycling strategy that could need adjustments of the 

secondary material compositions by dilution.  

The hot extrusion process was demonstrated to be a very effective technology 

to direct recycle many different materials. The main process parameters that affect 

final product quality are extrusion ratio, temperature and die shape. An overview 

of the lightweight alloys and process parameters being investigated in literature is 

available in Table 2.3. The energy requirements of the process are definitely lower 

than the conventional remelting route [17] but the overall efficiency is affected by 

the preprocessing operations (particularly the cold compaction). 
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Table 2.3. Summary of extrusion parameters investigated in literature (Source: [39]). 

 

2.2.2 Equal channel angular pressing (ECAP) 

Equal channel angular pressing (ECAP) processes are currently used to produce 

ultrafine high angle grain boundaries through pure shear [40]. This process allows 

producing on bulk solids large unidirectional deformation with relatively low loads 

[41]. This technique has been successfully applied to consolidate metal powder [42–

44] and manufacture MMC with different metal alloys and reinforces [45–48]. The 

high deformations imposed by this process are ideal in order to enhance the desired 

oxide breakage effect. In fact, many researchers proposed the ECAP route as a 

modification of the chip hot extrusion to achieve solid-state recycling.  

Haase et al [49–52] used ECAP die set to directly perform hot extrusion 

(integrated extrusion and equal channel angular pressing, iECAP) while Luo et al. 

[53–56] developed a single die to process titanium chips with subsequent ECAP 
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passages. In the last scenario, a certain backpressure had to be applied during the 

extrusion process in order to restrict the chip to flow easily through the ECAP die 

without undergoing proper deformation. This strategy has been demonstrated to 

be particularly effective to achieve better particles bonding [57–59]. Schemes of the 

experimental set-up used to investigate these different ECAP-based recycling 

strategies are shown in Figure 2.11. 

 

Figure 2.11. (a) iECAP process flow, (b) iECAP die geometry,  and (c) back pressure ECAP process 

sketch (adapted from [52,56]). 
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2.2.3 Cyclic Extrusion Compression (CEC) 

In 1985, Richert et al. [60,61] introduced the cyclic extrusion compression 

technique to induce very large strain into solid billet through subsequent extrusion 

and compression passages. The scheme of the CEC process is presented in Figure 

2.12. The billet to be processed (diameter D) was pushed through an extrusion die 

(diameter d) into a chamber having the same diameter of the initial billet (D). 

Similarly to the ECAP process, CEC was initially developed to produce ultrafine-

grained materials [62,63] to be hence applied to chip recycling. Peng et al. [64] 

applied the CEC route to magnesium alloys, demonstrating that the interface 

decohesion between the particle ceases to happen after 6 passages at 673 K. The 

process was also successfully applied to aluminium alloys [65,66]. The number of 

passages and the process temperature resulted to be the most influent parameters 

to take into account during the CEC recycling route [67]. 

 

Figure 2.12. From (a) to (f) CEC process steps sketches (adapted from [68]). 
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2.2.4 Screw extrusion 

The screw extrusion process is widely applied to extrude thermoplastic 

polymers starting from granulated material [69]. In 2007, Werenskiold et al. [70] 

patented a screw extruder dedicated to materials with high-viscosity such as metals. 

Figure 2.13 shows the section of the patented extruder, which works similarly to a 

conventional screw extruder with granulated material being fed through an inlet 

and fed to the die by the driving screw. The whole process is carried out at high 

temperature in order to allow material softening. 

 

Figure 2.13. Schematic illustration of the cross-sectional view of an extruder. (1) screw, (2) liner, (3) 

cooling channel, (4) screw housing, (5) extrusion chamber, (6) die, (7) extruded product, (8) thrust 

bearing, (9) support plate, (10) screw shaft, (11) inlet (source [70]). 

Wideroe et al. [71] applied the proposed extruder to AA6060 granulates, 

highlighting how the rotational movement highly affects the axial load of the screw. 

The same authors also investigated the material flow during compaction and 

extrusion providing insight on the extrusion pressure generation [72]. 
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2.2.5 High Press Torsion (HPT) 

As the previously described technologies, also the High Press Torsion process 

(HPT) was developed as a grain refinement technique. The material to be processed 

is held between two anvils (Figure 2.14) that apply high pressure (several GPa) 

while the lower anvil concurrently applies torsional deformation rotating on her 

vertical axes [73]. The process was initially meant to be unconstrained (Figure 2.14a) 

causing the processed disc to be very thin (about 1 mm of thickness) due to the 

radial outward flow. Different constrained versions of the process have been 

subsequently developed [74]  allowing the manufacturing of thicker disks [75] of 

about 8 mm of height. 

 

Figure 2.14. Principles of HPT for (a) unconstrained and (b, c) two types of constrained conditions 

(source [74]). 

 The HPT process was then applied to powder consolidation of different 

materials such as copper [76] or nickel [77] and, finally, to solid state metal chip 

recycling. Zhilyaev et al. [78] consolidated cooper chip into ultrafine grained discs 

while Takahashi et al. and El Aal et al. [79,80] processed aluminium chips obtaining 

solid disks after 10 revolutions under 8 GPa of pressure. The obtained specimens 

exhibited higher mechanical resistance with respect to the parent material thanks to 

high-angle grains that characterized the new microstructure [80]. 
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2.2.6 Powder Metallurgy (P/M) 

 

Figure 2.15. Simple process flow chart of powder metallurgy (source [81]). 

Powder metallurgy has been known since 1950 as a near-net shape 

manufacturing technique to process metallic and nonmetallic powder through 

sintering [82]. In the last decade, P/M has been also successfully used for metal chips 

recycling. Since the process can only be applied to relatively fine powders, metal 

scrap to be sintered need to undergo proper preparation. While the very first 

applications required remelting steps to produce by centrifugal atomization the 

powders, mechanical chopping or milling can also be used to obtain properly even 

and fine scrap dimension. For example, Hong et al. [83,84] obtained flake powder 

by dry (under an inert  atmosphere) and wet milling of aluminium foils. These 

preprocessing operation to obtain the powder are the main disadvantages of such 

process since they drastically lower the overall energy efficiency of the P/M.  

In case of MMC production, the powder preparation may be bypassed directly 

milling the chip with the reinforce: Susniak et al. [85] achieved mechanical alloying 

adding SiC powder to Al-Si-Cu alloy chips while Sherafat et al. [86,87] used pure Al 

powder as a matrix to produce composites with the chip being recycled. 
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2.2.7 Spark Plasma Sintering (SPS) 

The Spark Plasma Sintering (SPS) is a P/M based process that has recently been 

introduced and investigated as a solid-state recycling process. It is also referred as 

pulsed electric current sintering (PECS) and it uses the combined effect of a current 

(i.e. pulsed DC) and a forging pressure to break the oxide layer between particles 

being consolidated [88]. This sintering technique is characterized by many 

advantages with respect to other P/M processes, including low process time, low 

sintering temperature, and high reproducibility [89].  

 

Figure 2.16. (a) SPS process scheme and (b) SPS process cycle parameters: temperature, load, 

shrinkage rate and sample’s relative density versus time (adapted from [15,90]). 

SPS has been applied for the first time to recycling routes by Paraskevas et al. 

[15,90,91] that managed to consolidate aluminium alloy chips, sheet metal scrap and 

magnesium chips. The particle to be processed where cold compacted and placed 

into the sealed hollow matrix (see Figure 2.16) between two graphite electrodes that 

apply the pulsed direct current (pulse time 10 ms, pause time 5 ms, 4000 

pulses/min). The sintering process was carried out under low vacuum condition 

applying a constant load of 5 kN up to 520°C. After that threshold, the load was 

gradually increased up to 55kN. The process allowed to obtain fully dense and 

consolidated disks with good mechanical properties.   
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2.3 Summary and perspective of solid-state recycling 

 

 

Most of the previously described direct recycling strategies have been 

developed in the last decade as specific applications of pre-existing technologies. 

The growth of such research trend proves the importance of metal scrap recycling 

to face new challenges for the development of a sustainable and effective 

manufacturing industry. The recycling strategies here described mainly apply to 

aluminium and magnesium alloys since they are characterized by similar 

mechanical and chemical properties. On the other hand, some process has also been 

applied to titanium alloys [53,55,56,92] that have much higher mechanical resistance 

and melting temperature.  

These recycling process usually allow to drastically reduce the permanent 

material losses typical of conventional recycling processes but some drawback have 

limited their diffusion; they often require special and complex equipment and 

intermediate preparation on the material being processed while the actual energy 

efficiency and environmental impact of the whole route remain often unclear. In 

fact, very few papers can be found in literature dealing with proper analysis of these 

factors (LCA, LCI, etc.). In the next chapters, two direct recycling technique will be 

presented. FSE and FSC are meant to process incoherent material into solid wires 

and disks respectively. The relative simplicity of these process and the reduced 

amount of intermediate operation make them a promising option for direct 

recycling of metal scraps. 

The aim of this dissertation is to reduce the lack of knowledge present in 

literature regarding the above cited processes. The influence of the process 

parameters on the extrudates quality needs to be properly investigated. On the 

other hand, it is necessary to deal with the influence of the mechanical properties of 
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the metals being recycled on the process variables. Furthermore, the actual 

environmental impact of these SSR processes have to be properly assessed, also in 

comparison with similar techniques. To achieve that results, extensive experimental 

campaigns have been carried out, developing dedicated numerical tools aimed at 

easing processes investigation and engineering. 
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3. Friction Stir Extrusion 

 

 

3.1 Historical background and process description 

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 up the 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.  

 

Figure 3.1. Sketch of the Friction Stir Extrusion process (source [93]). 
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In this way, the recycling process takes place in a unique operation, resulting in 

significant cost, energy and labour saving with respect to both the conventional 

method and the direct method. For this reason, the FSE technique appears very 

attractive to industry for the recycling of machining chips.  

Figure 3.1 shows a sketch of the process. 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. At the end of the process, the extruded material returns to room 

temperature by calm air cooling. 

3.1.1 State of the art 

After the TWI patent expiration due to failure to pay maintenance fee in 2002, 

only very few papers have been published on the process. In particular, Tang and 

Reynolds [94] produced AA2050 and AA2195 wires from chips using fixed 

extrusion force and varying tool rotation. The microstructure of the extruded wires 

is characterized by small equiaxial grains resulting in good mechanical properties 

of the wires in terms of microhardness and bend ductility. Buffa et al. [95] 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 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 specimen 

mechanical properties.  
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Figure 3.2. (a) AA6061 chips and (b) wires (source [94]). 

A complex 3D helical material flow is generated by the tool action, and distinct 

areas are observed in the cross section of the extruded parts, with heavily stretched 

grain in the periphery and recrystallized grain in the centre.  

 

Figure 3.3. Extrudates etched cross sections (source [94]). 
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Although FSE can be considered extremely competitive even compared to the 

direct method, the real potential of the process has not been still highlighted due to 

the significant knowledge gap in literature, especially regarding FEM simulation 

which can be effective in order to have a deeper insight in the process mechanics. 

Analysing and isolating the effects of each of the different technological 

parameters on the mechanical properties of the produced rod can be quite difficult. 

This problem results to be much more relevant when the extrusion is carried out 

assigning the extrusion force instead of the extrusion rate: in a force-controlled FSE 

process, the extrusion rate depends on the extrusion force and the material flow 

stress which is in turn influenced by temperature and flow stress varying with tool 

rotation. On the other hand, the temperature of the process is also dependent on the 

extrusion rate, vertical force and tool rotation. Hence, the problem of isolating a 

single parameter influence on the process results to be quite a complex task 

requiring a large experimental campaign in order to select the best parameters for 

each material. To reduce the amount of the experiments a numerical model able to 

predict the main fields variable as well as the extrudes quality can represent a useful 

design tool, usually applied in other Friction Stir process i.e. FSW [96].  

Only a very limited number of papers can be found in literature based on 

numerical simulation on FSE. Ansari et al. [97] optimized the process parameters of 

FSE applied to commercially pure magnesium using statistical tools while Behnagh 

et al. [98] investigated the metallurgical transformation during FSE of pure 

magnesium through a thermo-mechanical 2D analysis. The ALE model was 

implemented on Abaqus and allows the prediction of Dynamic Recrystallization 

(DRX) during the extrusion, also providing an evaluation of the microhardness 

profiles along the radius of the rods. Zhang et al. [99] proposed a CFD numerical 

model able to provide insights into the material flow occurring in FSE of aluminium 

alloys. The 3D CFD model is able to predict the velocity field and it has been 

validated using experiments with marker particles.  
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Figure 3.4. Predicted temperature contours at (a) t = 7 s, (b) t = 14 s, (c) t = 21 s, and (d) t = 27.7 s 

(source [100]). 

The same authors furthermore investigated FSE proposing a two-dimensional 

axial symmetric model [100] based on ANSYS FLUENT aimed at modelling heat 

transfer (Figure 3.4) during the process using as input the experimentally measured 

mechanical power. Nevertheless, none of these models is able to predict the 

extruded product integrity via a unique 3D FEM simulation. 

3.1.2 Process parameters 

The main parameters affecting the FSE process are obviously the geometrical 

one. The extrusion ratio (i.e. the ration between the chamber inner diameter and the 

extrusion channel diameter) is probably the most influent, together with the 

extrusion channel length and the die shoulder geometry. In fact, in some cases, the 

shoulder may be manufactured with a 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.  
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As far as the technological parameters are concerned, extrusion force and die 

rotational speed are the most relevant parameter 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.   
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3.2 Experimental campaigns 

 

 

3.2.1 Experimental setups 

Two different dedicated experimental set ups were designed and manufactured 

to carry out the experimental campaigns that will be presented in the next 

paragraphs. The first set -up was composed by a rotating die and a chamber made 

in AISI H13 steel quenched at 1020°C and characterized by 52 HRc hardness (Figure 

3.5). The rotating tool was characterized by outer diameter equal to 25 mm and a 

10° 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 

centre, i.e. the extrusion channel.  Temperature in the matrix close to the extrusion 

chamber, where the chips were processed, was acquired through two K-type 

embedded thermocouples whose position is highlighted in Figure 3.5. 

 

Figure 3.5. Experimental set-up #1. 

This toolset was mounted on a Friction Stir Welding machine ESAB LEGIO FSW 

3ST (Figure 3.6) capable of imposing the die rotation and extrusion force. 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 sampling 
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rate. A dedicated system to monitor the energy consumption was hence mounted 

on the main electric power inlet of the machine. 

 

Figure 3.6. ESAB LEGIO FSW 3ST. 

The second dedicated toolset was manufactured from H13 steel. The rotating 

die has an external diameter of 38.1 mm and central through extrusion channel of 4 

mm in diameter and 1 mm of height before widening to 8 mm in diameter. The die 

shoulder presents a twin clockwise scroll of 8.9 mm (Figure 3.7a) pitch and a second 

through hole 8 mm far from the extrusion channel in order to house a thermocouple 

for temperature acquisition. The die was rotated in counter-clockwise direction in 

order to enhance material flow toward the central extrusion hole while the small 

thermocouple hole was quickly covered and obstructed by plasticized metal 

creating excellent contact between the charge and the sensor. The chamber (Figure 

3.7b) has an inner diameter of 39.1 mm and presents four embedded thermocouples, 

0.5 mm from the inner surface and with 1 mm spacing starting from the top of the 

billet housed inside. The chamber is clamped to a stainless steel backing plate and 

a small pin is placed on it to prevent billet rotation. 



Friction Stir Extrusion - Experimental campaigns 

47 
 

 

Figure 3.7. Experimental set-up #2 (a) Die scrolled shoulder, (b) Chamber and (c) assembly of the 

FSE setup. 

Toolset #2 was mounted on a Friction Stir Welding machine operated in Z-axis 

force control mode (MTS Process Development System), allowing to impose a 

constant extrusion pressure while extrusion rate varies according to process 

conditions. During the extrusion, the rotational speed, die vertical movement and 

extrusion force were recorded by the MTS controller with a sampling rate of 10 Hz, 

while torque and power were recorded by a torque transducer mounted on the MTS 

spindle with 50 Hz sampling rate. Temperature data were acquired using K-type 

thermocouples embedded into the matrix and the die and recorded with dedicated 

National Instrument board and Bluetooth transducer respectively, with a sampling 

rate of 8 Hz. 

The quality of obtained extrudates was evaluated under multiple points of 

view: micro and macro observations have been carried out, together with 

microhardness and tensile tests to assess material properties. Tensile tests were 

carried out according to ASTM E8M standards (see Figure 3.8) and Digital Image 

Correlation (DIC, see Figure 3.8b-3.8d) software by Correlated Solution was used in 

order to track the specimens’ deformation during the tests using the virtual 

extensometer function. Cross and longitudinal sections of the extrudates were cold 

mounted, polished and etched with proper reagents order to highlight grain 

structures. 
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Figure 3.8. (a) Tensile specimen geometry, (b) DIC setup, (c) Speckle pattern on a tensile specimen, 

and (d) DIC displacement contour plot with virtual extensometer. 

3.2.2 Materials 

The feasibility of the FSE process for chip recycling has been investigated on 

different lightweight alloy; in particular extensive experimental campaigns have 

been carried out on AZ31B magnesium alloy, 2000, and 6000 series aluminium 

alloys. The experimental campaigns were aimed both at investigating the effect of 

the main process parameter and parent material properties on the extrudates 

quality and on the unconstrained process variable (i.e. extrusion rate, temperature, 

torque, etc.). 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. 

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.  
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3.3 Numerical FEM model 

 

 

In order to investigate the process mechanics of the FSE process a “single block” 

3D FEM model for FSE, based on a Lagrangian implicit solver was developed 

[93,101]. The numerical model is thermo-mechanically coupled, with rigid-

viscoplastic material behaviour. Additionally, a “bonding criterion” is developed 

and embedded in order to evaluate extrudes integrity and allow the insurgence of 

defects prediction. The numerical model was calibrated and validated using 

temperature data measured during a dedicated experimental campaign.  

3.3.1 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 π functional to assume a stationary value 

 

 𝜋𝜋 = ∫ 𝐸𝐸�𝜀𝜀𝑖̇𝑖𝑖𝑖�𝑑𝑑𝑑𝑑 − ∫ 𝐹𝐹𝑖𝑖𝑢𝑢𝑖𝑖𝑑𝑑𝑑𝑑
 
𝑆𝑆𝑣𝑣

 
𝑉𝑉        (1) 

 

Where E is the work function, which gives 𝜎𝜎𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕/𝜕𝜕𝜀𝜀𝚤𝚤𝚤𝚤̇ . The incompressibility 

constraint on admissible velocity fields is resolved by introducing a penalized form 

of the incompressibility in the variation of the functional. Hence, the actual velocity 

field is determined from the stationary value of the variation as follows, 

 

𝛿𝛿𝛿𝛿 = ∫ 𝜎𝜎�𝛿𝛿𝜀𝜀̇𝑑𝑑𝑑𝑑 
𝑉𝑉 + 𝐾𝐾 ∫ 𝜀𝜀𝑣̇𝑣𝛿𝛿𝜀𝜀𝑣̇𝑣𝑑𝑑𝑑𝑑

 
𝑉𝑉 − ∫ 𝐹𝐹𝑖𝑖𝑢𝑢𝑖𝑖𝑑𝑑𝑑𝑑

 
𝑆𝑆𝐹𝐹

     (2) 
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Where 𝜎𝜎� = 𝜎𝜎�(𝜀𝜀 ,̅ 𝜀𝜀̇)� , and 𝜀𝜀𝑣̇𝑣 = 𝜀𝜀𝑖̇𝑖𝑖𝑖 is the volumetric strain-rate. The penalty constant K 

should be very large positive constant for incompressibility so that 

 

lim
𝐾𝐾→∞

∫ 𝜀𝜀𝑣̇𝑣𝛿𝛿𝜀𝜀𝑣̇𝑣𝑑𝑑𝑑𝑑
 
𝑉𝑉 = lim

𝐾𝐾→∞

1
𝐾𝐾
�∫ 𝐹𝐹𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑑𝑑𝑑𝑑 − ∫ 𝜎𝜎�𝛿𝛿𝜀𝜀̇𝑑𝑑𝑑𝑑 

𝑉𝑉
 
𝑆𝑆𝐹𝐹

� = 0   (3) 

 

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: 

 

𝑘𝑘1𝑇𝑇𝑖𝑖𝑖𝑖 + 𝑟̇𝑟 − 𝜌𝜌𝜌𝜌𝑇̇𝑇 = 0        (4) 

 

Where 𝑘𝑘1𝑇𝑇𝑖𝑖𝑖𝑖 is the heat transfer rate, r the heat generation rate and 𝜌𝜌𝜌𝜌𝑇̇𝑇 the internal 

energy rate. Inside the workpiece, the heat generation rate can be expressed as: 

 

𝑟̇𝑟 = 𝑘𝑘𝜎𝜎𝑖𝑖𝑖𝑖𝜀𝜀𝑖̇𝑖𝑖𝑖         (5) 

 

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 

 

∫ 𝑘𝑘1𝑇𝑇𝑖𝑖𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿 + ∫ 𝜌𝜌𝜌𝜌𝑇̇𝑇𝛿𝛿𝛿𝛿 − ∫ 𝑘𝑘𝜎𝜎𝑖𝑖𝑖𝑖𝜀𝜀𝑖̇𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
 
𝑉𝑉

 
𝑉𝑉

 
𝑉𝑉 − ∫ 𝑞𝑞𝑛𝑛𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿

 
𝑆𝑆𝑞𝑞

= 0  (6) 

 

Where qn is the heat flux across the boundary surface Sq, and 

 

𝑞𝑞𝑛𝑛 = 𝑘𝑘𝑞𝑞𝑇𝑇𝑛𝑛         (7) 
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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  

 

[𝐶𝐶]�𝑇̇𝑇� + [𝐾𝐾𝐶𝐶]{𝑇𝑇} = {𝑄𝑄}        (8) 

 

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 

 

𝑇𝑇𝑡𝑡+∆𝑡𝑡 = 𝑇𝑇𝑡𝑡 + ∆𝑡𝑡[(1 − 𝛽𝛽)𝑇̇𝑇𝑡𝑡 + 𝛽𝛽𝑇̇𝑇𝑡𝑡+∆𝑡𝑡]      (9) 

 

The convergence of the time marching scheme depends on the choice of the 

parameter β. It is usually considered that β should be larger than 0.5 to ensure an 

unconditional stability and a value of 0.75 is usually selected.  

3.3.2 Model setup 

Three different objects were modelled (Figure 3.9): the matrix and the rotating 

punch were modelled as rigid bodies and meshed with 6000 elements each in order 

to solve the thermal problem considering heat transfer. The workpiece, representing 

the compacted chips, was modelled as a unique cylinder. The matrix was fixed in 

space, while the punch rotated around his longitudinal axe and was plunged into 

the matrix. The vertical speed of the punch was assigned as a time-dependent law 

obtained from experimental measurements during force controlled trials. It is worth 

noticing that this expedient was needed to simulate force-controlled extrusion in 

order to save CPU time, which can be significantly higher when force controlled 

boundary conditions are assigned. 
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The “single-block” workpiece, whose geometry is shown in Figure Fig. 2c is 

characterized by a mesh of 80000 tetrahedral elements of variable size. The area of 

the workpiece close to the contact interface with the rotating tool meshed with 

elements 10 times smaller than the largest one, i.e. about 1 mm in edge.  

 

Figure 3.9. Sketch of the model: (a) matrix, (b) rotating tool, (c) compacted chips billet and (d) 

assembled model highlighting contact nodes. 

One of the main issues to deal with during the development of this model was 

the definition of the material model. The model should take into account the discrete 

nature of metals chips, considering that it would be extremely time-consuming to 

correctly model them in their real form. Firstly, the Shima and Oyane formulation 

for porous material was tested. Metal chips are usually compacted into the matrix 

before the beginning of the extrusion process due to the action of the tool. This billet 

of compacted metal scraps can be considered a single porous object, allowing the 

identification of defects and voids in the extruded wires through the analysis of the 

relative density variation, namely the ratio between the compacted billet density 

and base material density. The yield surface implemented by this model is based on 

a corrected Von Mises criterion that takes into account the presence of microvoids 

in the material matrix. The formulation is presented in equation 10 where R0 is the 

relative density of the porous material (namely of the billet of compacted chips), R 

is the actual (instantaneous) relative density and Δεv the deformation due to volume 

(a) (b) (c) (d)
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variation of microvoids (whose number does not change according to the base 

hypothesis of this formulation). 

 

𝐴𝐴 �
1
6
��𝜎𝜎𝑥𝑥 − 𝜎𝜎𝑦𝑦�

2
+ �𝜎𝜎𝑦𝑦 − 𝜎𝜎𝑧𝑧�

2
+ (𝜎𝜎𝑧𝑧 − 𝜎𝜎𝑥𝑥)2�+ �𝜏𝜏𝑥𝑥𝑥𝑥2 + 𝜏𝜏𝑦𝑦𝑦𝑦2 + 𝜏𝜏𝑧𝑧𝑧𝑧2 �� + 

+ �1 −
𝐴𝐴
3
� �𝜎𝜎𝑥𝑥 + 𝜎𝜎𝑦𝑦 + 𝜎𝜎𝑧𝑧�

2
= 𝛿𝛿 𝜎𝜎0 

 

𝐴𝐴 = 2 + 𝑅𝑅2                        𝛿𝛿 = 2𝑅𝑅2 − 1                  𝑅𝑅 ≅ 𝑅𝑅0(1 − ∆𝜀𝜀𝑣𝑣)  (10) 

 

The results of preliminary simulations showed that the density of the chips 

billet rapidly increased to 1 during the very first instants of the process, i.e. before 

the extrusion process took place. Hence, a rigid-visco-plastic model with Von Mises 

yield criterion and associated flow rule was used to model the workpiece. This 

assumption, i.e. considering the material in the die as a continuous metal, is 

analogous to the one made in [18]. The temperature, strain and strain rate 

dependent material flow was obtained by both the material database JMatPro demo 

and in-house experiments. Equation 11 depicts a typical material model for the 

AZ31 case studies. 

 

𝜎𝜎 = 11.3(−0.19 + 𝜀𝜀)0.011𝜀𝜀̇0.14exp (1604.8/𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (11) 

 

The associated equations are: 

 

                𝜎𝜎� = �3
2

(𝜎𝜎′𝑖𝑖𝑖𝑖𝜎𝜎′𝑖𝑖𝑖𝑖)                       𝜀𝜀̅̇ = �3
2

(𝜀𝜀𝑖̇𝑖𝑖𝑖𝜀𝜀𝑖̇𝑖𝑖𝑖)  (12) 

 

Figure 3.10 shows three different phases of the beginning of the process during 

which the relative density increases from the initial value of 0.7, experimentally 
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measured before the process, to the fully shrink state. The density measurements 

were carried out considering the decreasing height of the compacted chips billet, 

knowing the mass of the loaded material.   

 

Figure 3.10. Relative density in different stage of compaction: numerical (a) 0 sec, (b) 0.5 sec, (c) 1 sec 

and experimental measurements (d). 

It is worth noticing that the contact area between tool and material to be 

processed is constituted by a plasticized coherent layer, thus allowing to model the 

tribological condition at the interface as a common rigid-deformable contact. 

Constant thermal conductivity and thermal capacity, equal to 96 N/(sK) and 1.77 

N/(mm2K), respectively, were used. This assumption linearizes the thermal problem 

speeding up the simulation. The contact between the tool and the workpiece was 

modelled through a shear model, with constant friction factor equal to 0.18 and heat 

exchange coefficient equal to 11 N/(mmKs). These values were obtained during 

(a) (b) (c)

time [s] billet height
[mm] relative density

0 25 0.7

0.5 20 0.85

1 18 0.97 (d)
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previous numerical campaigns on FSW of AZ31 [102]. A dedicate DEFORM post-

processing routine was developed to calculate the temperature compensated strain 

rate parameter, i.e. the Zener-Hollomon parameter (Equation 13). The activation 

energy Q=135 kJ/mol for lattice diffusion of the considered material was taken from 

literature [103]. 

 

𝑍𝑍 = 𝜀𝜀̇ exp (𝑄𝑄/𝑅𝑅𝑅𝑅)        (13) 

 

3.3.3 Model calibration 

 

Figure 3.11. (a)Temperature distribution in the matrix and (b) comparison between temperature 

acquired by thermocouples T1 and T2 and numerical prediction - R=900 rpm, F=14 kN, d=5 mm. 

 

The numerical model was validated against the temperature prediction. Figure 

3.11a shows a 3D view of the cross-section of the matrix during the process obtained 

for the case study characterized by R=900 rpm, F=14 kN and d=5 mm. It can be seen 

that maximum temperature in the matrix is reached in correspondence of the 

thermocouple T1, where the predicted value is about 150°C when the extrusion 

process is activated. The experimental temperature-time curves were compared to 

the numerical ones obtained by tracking the corresponding location of the 

thermocouples in the modelled matrix (Figure 3.11b).  
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It should be observed that, for the above curves, t=0 corresponds to the onset of 

the extrusion phase. This is due to the choice to simulate the process when 

compaction phase was over, i.e. when the local density of the Shima and Oyane 

material model was equal to 1 in all the elements of the workpiece. As the accuracy 

of the temperature prediction is regarded, satisfying agreement is found with 

experimental data. 
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3.4 Process mechanics 

 

 

An experimental campaign [104] was carried out on one of the most common 

magnesium alloy, AZ31B, in order to investigating the effect of the main process 

parameter on the extrudates quality and on the unconstrained process variable. Part 

of this experiments was also used to calibrate and validate the numerical model 

described in Paragraph 3.4. The characteristics of the utilized alloy are summarized 

in Table 3.1 The raw material was received in plates and milled with no lubricants 

in order to produce a regular and clean chip. The produced chip has an average 

dimension of 5 mm length, 2 mm width, and 0.2 mm thickness (Figure 3.12). The 

experiments whose results are described in that chapter have been carried out with 

the tooling set #1 (see Paragraph 3.2.1). 

Table 3.1 Composition and mechanical properties of AZ31B. 

 

 

Figure 3.12. AZ31B milled chip used for the experimental campaigns. 

YS [MPa] UTS [MPa] HV 

150 250 80 

Chemical composition % w/w 

Al Zn Mn Si Cu Fe Mg Ti Cr Ni 

3.0 2.0 ≥0.20 0.1 0.05 0.005 bal. - - 0.005 
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Variable tool rotation, extrusion force and extrusion ratio were used. In 

particular, three different values were used for each process parameter, namely 300, 

500, and 700 rpm for the tool rotation R, 14, 18 and 22 kN for the extrusion force F 

and 0.2, 0.28 and 0.36 for the extrusion ratio r, i.e. the ratio between the wire 

diameter and the matrix diameter, corresponding to a final diameter of the extruded 

wires (d) of 5, 7 and 9 mm, respectively. In this way, a total of 27 different case 

studies were investigated. Each test was repeated three times and, from each rod, 

specimens were cut for tensile tests and macrographic analysis. 

3.4.1 Extrudate quality 

 

Figure 3.13. Cross section and lateral view of the wires produced with rotation R=700 rpm and F=14 

kN: (a) 5 mm, (b) 7 mm and (c) 9 mm. 

A preliminary assessment of the soundness of the produced wires was carried 

out. Figure 3.13 shows the wires produced with rotation R=700 rpm and F=14 kN. 

As it can be observed, cross-section integrity is obtained for wire diameters of 5 mm 

and 7 mm. On the contrary, a large central void area is observed for the case study 

corresponding to d=9 mm, although the external surface of the wire did not present 

A B C

5 mm

10 mm
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any defect. Thus could be explained considering that larger extrusion ratio results 

in lower pressure in the extrusion chamber and lower strain in the central area of 

the extruded itself preventing proper condition for solid bonding to be reached. 

This aspect will be further discussed analysing numerical results (see Paragraph 3.5) 

and it was found also when different rotation and force were selected, indicating 

that the extrusion ratio of 0.36 represents a process limit for the analysed force and 

rotation ranges.  

 

Figure 3.14. (a) Extrudes efficiency for the d=5 mm (r=0.2) case studies and (b) microhardness profiles 

for the R=900 rpm, F=22 kN, d=5 mm and d=7 mm case studies. 
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As the mechanical resistance of the wires is concerned, efficiency, namely the 

ratio between the UTS (according to ASTM A931 – 08) of the wire and the one of the 

base material, ranging between 77% and 90% were obtained for the case studies 

characterized by wire diameter of 5 mm. UTS% between 55% and 65% was found 

when d=7 mm. Finally, as expected, poor resistance, lower than 20%, was obtained 

for the d=9 mm case studies due to the large voids at the centre of the cross-section. 

The results for the 5 mm specimens presented in Figure 3.14a highlight that 

mechanical resistance increases with extrusion force for a given rotation. 

Additionally, a maximum is observed for the 700 rpm case studies. This results can 

be explained considering the heat input to the material. On the one hand, 

temperature increases with tool rotation because of the increased friction forces 

work. On the other hand, the enhanced material softening produces, for a given 

constant extrusion force, higher extrusion rate with consequent lower temperature. 

This phenomenon will be pointed out from the experimental temperature 

measurement discussed in the following. It is worth noticing that higher 

temperature assures that proper solid bonding between the chips are reached. 

Microhardness measurement performed along the radius of the cross section of two 

different specimens are shown in Figure 3.14b. The analysed profiles were 

approximately constant and they highlight how the minor extrusion ratio allows 

obtaining higher hardness thus implying a higher percentage on fine recrystallized 

grain in the correspondent extrudes. 

3.4.2 Extrusion rate 

In order to analyse the process mechanics, the tool vertical velocity v was 

recorded during each test. Figure 3.15 shows the curves, as a function of process 

time, obtained with R=900 rpm and F=14 kN, and diameters of 5 mm and 9 mm. The 

curve obtained for the case study characterized by d=5 mm has a similar trend to 

the ones obtained with d=7 mm, i.e. the case studies resulting in sound wires, for all 

the combinations of force and rotation. The steep increase in the very first seconds 
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of the process is due to the compaction of the voids between the chips and the 

beginning of the solid bonding process. When the peak value is reached, the tool 

velocity starts decreasing. In this phase of the process (phase A in Figure 3.15), the 

extrusion has begun but the central area of the cross section is still not welded and 

has a shape similar to the one shown in Figure 3.13 for d=9 mm. When phase B 

begins, the process has reached its steady state, velocity is almost constant and wire 

integrity is obtained. On the other hand, a completely different trend is observed 

when d=9 mm. In this case phase B, i.e. a steady state value for the tool vertical 

velocity, is not reached and full consistency of the cross section of the wire is not 

obtained. It is worth noticing that the above observation allows the analysis of the 

tool vertical velocity curve to be used as a preliminary assessment of the quality of 

the final product. It is worth noticing that the void produced in the 9 mm case 

studies are actually filled with non-coherent metal scrap after the extrusion process 

took place. 

 

Figure 3.15. Tool velocity vs time for d=5 mm and d=9 mm - R=900 rpm and F=14 kN. 
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The steady state values of the tool velocity v were collected for all the case 

studies characterized by d=5 mm and d=7 mm, transformed in wire extrusion 

velocity Vextr through volume conservation, and reported in Figure 3.16. A few 

observations can be made on the data reported in the figure. First, Vextr obtained 

with d=5 mm is significantly larger than the one obtained with d=7 mm, in the same 

process conditions, i.e. with the same rotation and tool force. This result could be 

expected considering that increasing d from 5 mm to 7 mm results in an increase of 

the wire cross-section of nearly 100%. Then, when wire diameter and tool rotation 

are fixed, Vextr increases with extrusion force. Also, this behaviour could be expected 

considering the increase of the heat generated when larger force values are used. 

Finally, when wire diameter and extrusion force are fixed, a peculiar trend is 

observed for Vextr.  

 

Figure 3.16. (a) Steady State value of the extrusion velocity for the considered case studies: (a) d=5 

mm and (b) d=7 mm. 
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In particular, a minimum is observed, for all the considered case studies, 

corresponding to the central value of the tool rotation, i.e. R= 700 rpm. Two 

concurrent phenomena take place during the process. It is easy to assume that 

increasing tool rotation with fixed extrusion force results in an increase of the heat 

input to the material and, hence, in a decrease of the material flow stress and an 

increase of the Vextr. However, previous research by some of the authors suggested 

that, based on the significantly distorted grain found close to the periphery of the 

wires cross section, material rotation may occur, during the process, also in the 

extrusion channel [27]. In this way, the friction between the extruded material and 

the extrusion channel of the tool can decrease the extrusion rate of the wire. In order 

to prove the latter assumption further investigations were needed. 

3.4.3 Extrusion temperature 

First, temperature in the extrusion chamber was studied. Figure 3.17 shows the 

maximum temperature acquired by the thermocouple positioned in the extrusion 

matrix for the case studies characterized by fixed d=5 mm and varying tool force 

and rotation. The concurrent effects of heat input and extrusion rate can be inferred 

from the trend obtained with varying tool rotation and extrusion force. In particular, 

decreasing maximum temperature is obtained with fixed tool rotation and 

increasing tool force, indicating that the increased extrusion velocity previously 

described for the same conditions plays a predominant role with respect to the 

increased friction forces work decaying into heat. As the variation of tool rotation is 

considered, again a specular trend is found with respect to the one shown for the 

extrusion rate in Figure 3.16a. For a given tool force, a maximum is observed for 

R=700 rpm, due to the increased process time. It is worth noticing that the 

thermocouple was very close to the bottom surface of the extrusion matrix. In this 

way, the maximum temperature is reached at the end of the process, i.e. when 

almost all the initial chip has been extruded. 
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Figure 3.17. (a) Maximum acquired temperatures for the 5 mm case of study. 

 

3.4.4 Material flow tracking 

In order to further investigate the effects of the tool rotation on the material flow 

and the friction between the wire and the extrusion channel surface, a copper 

marker was embedded in the chip billet. A solid copper wire, 0.7 mm in diameter, 

was used as a marker and it was positioned in a diametric position with respect to 

the compacted chip billet (see Figure 3.18a). Several contiguous cross sections of the 

wire were analysed highlighting the position of the marker. Figure 3.18a shows a 

typical cross section obtained with R=500 rpm, F=14 kN, d=5 mm.  

In Figure 3.18c the subsequent positions of the marker (red areas) in different 

cross-sections are shown. The distance between the first and the last section in the 

figure is 5 mm. From the figure, it arises that a helical material flow is generated in 

the material, which rotates inside the extrusion channel while is extruded from the 

bottom of the tool to its top.  
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Figure 3.18. (a) Marker position. (b) Initial cross section at the beginning of extrusion channel; the 

position of the marker is visible. (c)  Position of the marker in subsequent cross-sections - R=500 rpm, 

F=14 kN, d=5 mm. 

 

The developed numerical model was used to quantitatively evaluate the effect 

of the tool rotation on the material flow and eventually on the extrusion rate. The 

point tracking option of the considered software was used to study the change in 

the material flow with varying process parameters. The evolution of the position of 

the considered tracking points during the process is shown in Figure 3.19 for fixed 

tool force F=14 kN and wire diameter d=5 mm and varying tool rotation.  
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Figure 3.19. Top view and isometric view of the final position of the tracking points for the case 

studies characterized by (a, b) R=500 rpm, (c, d) R=700 rpm and (e, f) 900 rpm - F=14 kN, d=5 mm. 

The prediction of the numerical model confirms the helical material flow 

inferred by experimental observation of the different cross sections of the extruded 

wire. Additionally, a different behaviour is calculated with varying tool rotation: 

the helical pitch increases when tool rotation increases from R=500 rpm top R=700 

rpm while decreases when tool rotation increases from R=700 rpm top R=900 rpm. 

The latter phenomenon can be explained considering that minimum extrusion rate 

is obtained with R=700 rpm, resulting in increased time during which the material 

rotates in the extrusion channel. A quantitative analysis of the material flow was 

carried out tracking the displacement path of a point on the lateral surface of the 

wire. Figure 3.20 shows the 3D curves obtained for the same process conditions 

considered in Figure 3.19. The total distance covered by the point inside the 

extrusion channel was calculated.  

(a) (e)(c)

(f)(d)(b)
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Figure 3.20. Displacement path of a point initially located on the external surface of the wire at the 

beginning of the extrusion channel: (a) R=500 rpm, (b) R=700 rpm and (c) 900 rpm - F=14 kN, d=5 

mm. 

 

Figure 3.21. Percentage increase in the distance covered inside the extrusion channel with fixed 

velocity and fixed force. 
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Figure 3.21 shows the percentage increase (P) in the distance covered inside the 

extrusion channel with respect to a straight extrusion, corresponding to 14 mm, i.e. 

with no material rotation. Further simulations were run, with varying rotation, 

keeping the extrusion rate constant and equal to 0.5 mm/s, with the aim to isolate 

the effect of the tool rotation on the material flow inside the extrusion channel (light 

blue bars). It is seen that the distance covered by the tracking point is always larger 

than the extrusion channel length and p increases with tool rotation, reaching 178% 

when R=900 rpm. The increased distance covered inside the extrusion channel 

results in an increase in the energy dissipated due to the friction which can decrease 

the extrusion rate when force controlled process is considered. The latter statement 

is confirmed by the trend of p for the case of constant force (dark blue bars, F=14 

kN, d=5 mm).  

 

Figure 3.22. Surface macro-roughness for the (a) R=500 rpm, F=14 kN, d=5 mm, (b) R=700 rpm, F=14 

kN, d=5 mm and (c) R=900 rpm, F=14 kN, d=5 mm, (d) comparison between experimental and 

numerical values. 
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In this conditions, the competition between heat and friction (the first increases 

with tool rotation while the second decreases) results in a maximum, observed for 

R=700 rpm, explaining the trends of extrusion rate and temperature in the matrix 

experimentally found.  

Finally, the analysis of the surface macro-roughness of the specimens was 

carried out. A helical groove can be observed in Figure 3.22, with helical pitch (L) 

following a specular trend with respect to the one of the P parameter, as a function 

of the rotational speed. The minimum pitch, corresponding to a smoother groove 

and the best surface finishing, is obtained for the R=700 rpm, F=14 kN and d=5 mm 

case study. Consequently, surface roughness appears to be directly related to 

extrusion rate, with slower extrusion resulting in longer distance covered inside the 

extrusion channel and smoother and more uniform surface quality. 

Summing up, the following main conclusions can be drawn: 

 Extrusion rate is highly influenced by tool rotation, extrusion force and 

extrusion ratio: extrusion rate increases with extrusion force, for a given tool 

rotation, while it shows a minimum, as a function of tool rotation, when 

extrusion force is fixed. In-process monitoring of extrusion rate can be used 

for preliminary identification of incorrect process condition; 

 Experimental observation of the final position of a copper marker indicated 

that a helical material flow occurs in the extrusion channel; 

 Maximum temperature in the container matrix depends on heat input and 

process time i.e. extrusion rate: it decreases with constant tool rotation and 

increasing tool force due to predominant effect of increased extrusion rate 

over increased heat input. Accordingly, it has a maximum for constant 

extrusion force and varying tool rotation following the trend of extrusion 

rate; 
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 When constant extrusion rate is applied, the distance covered by the 

material in the extrusion channel increases with tool rotation; when 

constant force is applied, the concurrent effect of temperature increase 

(contributing to increase the extrusion rate) and friction losses increase (due 

to the covered distance increase and contributing to decrease the extrusion 

rate) results in a minimum in the extrusion rate; 

 The extrusion rate directly influences the surface quality of extrudes, being 

the latter higher when lower rate is obtained through the combination of 

tool rotation and tool force. 
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3.5 Extrudates integrity and microstructure prediction 

 

 

3.5.1 FEM model results 

Using the experimental data obtained from the experiments on AZ31B 

magnesium alloy described in the previous paragraphs, the single block” 3D FEM 

model for FSE was used to predict extrudates integrity and microstructure on their 

cross section. The effect of the considered process parameters on the temperature 

distribution in the processed material and in the extruded product was first 

investigated. Figure 3.23 shows the temperature calculated with fixed tool rotation 

R=900rpm and extrusion force F=14kN and varying wire diameter, i.e. extrusion 

ratio. A few observations can be made on this figure. First, temperature is quite 

homogenous in the extruded wire, regardless of the diameter selected. Maximum 

value is found in the wire and in a thin layer at the contact surface between the tool 

and the processed material. Then, it is noted that temperature decreases with 

increasing wire diameter, being about 480°C for the smaller diameter and about 

350°C for the larger one. Although the latter value is sufficient to enable material 

softening and the onset of extrusion, it will be not sufficient to assure an effective 

material flow, as it will be better highlighted in the following.  On the other hand, 

the average temperature of the material in the matrix increases with increasing 

diameter, indicating that the extrusion process activates later when d=9mm with 

respect to the case studies characterized by a smaller diameter and there is more 

time for thermal conduction. 

 Finally, a different distribution is observed at the entrance of the extrusion 

channel. In particular, a convex shape of isothermal curves is found for the case 

study characterized by d=5mm, an almost flat curve is found for d=7mm and a 

concave shape is obtained for d=9mm. The presence of the colder material at the 
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centre of the extruded wire at the beginning of the extrusion channel, i.e. where the 

material solid bonding occurs and the wire integrity is determined, represents an 

indication of the non-favourable conditions obtained with this set of process 

parameters, as it will be better discussed in the following.   

 

Figure 3.23. Temperature distribution for the (a) 5 mm, (b) 7 mm and (c) 9 mm case studies – R=900 

rpm, F=14 kN. 

The effect of the extrusion force is shown in Figure 3.24, reporting the 

temperature distribution calculated using fixed R=900rpm and d=5mm. Although it 

could be expected that increasing the force on the extruding tool would result in an 

increased heat due to the larger friction forces work, decreasing temperature is 

observed with increasing force. This is due to the shorter process time needed, with 

larger force values, to obtain a given extruded wire length. In particular, Figure 3.24 

refers to an extruded length of about 20 mm and a process time of 2.2 sec, 6 sec and 

6.2 sec for the case studies characterized by force of 22kN, 18kN and 14kN, 

respectively.  

(a) (b) (c)
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Figure 3.24. Temperature distribution for the (a) 14 kN, (b) 18 kN and (c) 22 kN case studies – R=900 

rpm, d=5 mm. 

This phenomenon has an impact also on the average temperature in the 

extrusion matrix, being less time for heat conduction when large force values are 

considered. Finally, the effect of the tool rotation on the temperature distribution is 

analysed. In Figure 3.24 the wire and processed material temperature obtained with 

fixed F=14kN and d=5mm is shown. From the figure, it is observed that, as expected, 

temperature significantly increases with increasing tool rotation. It is worth noting 

that for the coldest case study, shown in Figure 3.25a, the maximum temperature is 

below 260°C, which is lower than the one observed for the case study characterized 

by R=900 rpm, F=14 kN and d=9 mm. However, the former process conditions 

resulted in a sound wire while, as already mentioned, the latter resulted in a defect 

wire. This observation suggests that field variables other than temperature play also 

a key role in the material solid bonding for the creation of solid material from chips.  

(a) (b) (c)
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Figure 3.25. Temperature distribution for the (a) 500 rpm, (b) 700 rpm and (c) 900 rpm case studies – 

F=14 kN, d=5 mm. 

 

Figure 3.26. Strain distribution in a wire cross section for the (a) 5 mm, (b) 7 mm and (c) 9 mm case 

studies – R=900 rpm, F=14 kN. 

Based on the above considerations, the calculated strain and strain rate 

distributions on the cross section of the extruded wire at the beginning of the 

extrusion channel were analysed. Figure 3.26 shows the strain profiles obtained 

(a) (b) (c)

(a) (b) (c)
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with varying wire diameter and fixed R=900 rpm and F=14kN. Significantly 

different profiles are found. First, it is observed that the largest strain values are 

calculated close to the outer surface of the wire. Although strain decreases close to 

the wire centre, it remains quite high and close to the maximum value for the case 

study characterized by d=5mm. On the contrary, as the wire diameter increases, the 

gradient between the lateral surface and the centre increases, being maximum when 

d=9mm is considered. For these process conditions, limited accumulated strain is 

calculated at the centre of the wire. A trend similar to the one found for the effective 

strain is obtained for the effective strain rate (Figure 3.27). Looking again at the wire 

extruded with d=9mm, it is noted that a large centre area, larger than the one for 

which low strain is calculated, is characterized by low values of strain rate. This 

indicates that material flow in this zone of the wire is less effective than the one 

taking place in the outer area of the same wire or in the whole cross-section of the 

lower diameter wires.     

 

Figure 3.27. Strain rate distribution in a wire cross section for the (a) 5 mm, (b) 7 mm and (c) 9 mm 

case studies – R=900 rpm, F=14 kN. 

3.5.2 Microstructure prediction 

It is known that during solid bonding dominated phenomena the processed 

material undergoes high levels of strain rate and temperature which enables 

(a) (b) (c)
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microstructural modifications as Continuous Dynamic Recrystallization (CDRX) 

[105]. The Zener-Hollomon parameter (Equation 13), representing the temperature 

compensated strain rate, was calculated for the same case study reported in Fig. 9b 

and 10b and compared to experimental observations (Figure 3.28). Three different 

zones are found in the wire cross-section. First, close to the external surface of the 

wire, an area characterized by elongated grain is experimentally observed. It should 

be observed that this area, labelled as “I” in Figure 3.28, is also the one for which 

the highest values of strain and strain rate are found.  

 

Figure 3.28. Comparison between (a) and (b) experimental micrograph and (c) Zener-Hollomon 

parameter (ln(Z)) – R=900 rpm, F=14 kN, d=5 mm. 

III

II

I (c)(a)

(b)

III

II

I

III

II I

15 µm



Friction Stir Extrusion - Extrudates integrity and microstructure prediction 

77 
 

Hence, it can be inferred that the newly formed grains are heavily deformed 

along their path through the extrusion channel gaining the final morphology shown 

in the magnification (Figure 3.28b). Moving toward the wire centre (zone “II”), a 

transition area is found, characterized by less deformed grains. However, the 

stirring action due to the material flow still results in significant elongation. Finally, 

in the centre (zone “III”), approximately equiaxial grains, 10 μm in average 

dimension, are found. It is worth noticing that smaller grain size is obtained with 

increasing Zener-Hollomon parameter for the considered alloy [103]. In this case, 

through the gradient of Z is not big between the wire external area and the centre, 

it can be stated that a difference also in grain size is found between the three areas, 

being the smaller grain found at the wire periphery. It is worth noticing that, due to 

small wire diameters considered, the temperature profiles across the diameters are 

nearly isothermal and the variation of Z is mainly related to the strain rate variation. 

3.5.3 Extrudates integrity prediction 

In order to predict the extruded wires integrity, the pressure-time welding 

criterion (Equation 14) was implemented and embedded in the model. According 

to this criterion, proposed by Plata and Piwnik [106] the integral in time of the ratio 

between the contact pressure and the flow stress of the material is calculated. If the 

obtained value exceeds a critical threshold, solid bonding takes place. The criterion 

has been used in many solid-bonding based processes such as porthole die 

extrusion, roll bonding and FSW [105] obtaining satisfying results.  

 

𝑊𝑊 = ∫ 𝑃𝑃/𝜎𝜎 𝑑𝑑𝑑𝑑 ≅ ∑ 𝑝𝑝𝑗𝑗/𝜎𝜎𝑗𝑗  ∆𝑡𝑡𝑗𝑗  𝑗𝑗
𝑡𝑡
0        (14) 

 

In order to calculate the Plata-Pivnik parameter along the diameter of the 

extruded wire, a dedicated post-processing routine was developed on Matlab. The 

routine used temperature, strain and strain rate data extracted from the simulation 

for a number of tracking points positioned on the diameter of the wires (with a 0.1 
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mm offset) at the end of the extrusion channel, i.e. when the wire is already 

produced. The position of these points is tracked down to the beginning of the 

process (Figure 3.29) allowing to evaluate the evolution of the considered field 

variables and of the material flow stress. The Plata-Pivnik integral is hence 

numerically calculated using the trapezoidal rule and considering the mean stress 

extracted by the previously described point tracking as the contact pressure.  

 

Figure 3.29. Point tracking positions in three different steps: (a) initial, (b) entering the extrusion 

channel, (c) out of the extrusion channel - R=900 rpm, F=14 kN, d=7 mm. 
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Finally, the calculated values of W are reported in Figure 3.30 for the three case 

studies previously taken into account, namely with fixed tool rotation R=900rpm 

and extrusion force F=14kN and varying wire diameter, together with the wire 

macrographs and UTS values, calculated as a percentage of the base material. In 

order to more directly compare the results obtained for different diameters, a 

normalized value was used for the abscissae axis. First, it is observed that a similar 

trend is obtained for the three case studies. In particular, the maximum value is 

reached close to the lateral surface of the wire, at a distance corresponding to a range 

of 70%-90% of the radius rather than on the lateral surface. Then, the W value 

significantly decreases till the wire centre, confirming that this is the area for which 

wire formation is more difficult. Looking at the wires macrographs, it is noted that 

a continuous cross section is obtained when d=5 mm and d= 7 mm are used. On the 

other hand, only the external surface of the wire produced with d= 9mm is correctly 

produced, while in the void central area non-bonded chips can be still observed. 

 

 

Figure 3.30. (a) W parameter as a function of the normalized diameter, (b) macrographs and (c) 

UTS% of the produced wires - R=900 rpm, F=14 kN. 
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The observed trend of the W parameter is in strict correlation with the UTS%, 

which decreases with increasing wire diameter from a satisfying 90% to less than 

40%. The latter value is of course directly influenced by the actual wire geometry, 

similar to a ring more than to a solid circle. Based on these observations, a threshold 

value can be identified for the W parameter. Currently, no previous study in 

literature is known by the author dealing with the threshold values of W for the 

AZ31 magnesium alloys used in this study.  

Hence, the obtained results can represent a first step to identify the threshold 

value for AZ31 corresponding to W=6 (Figure 3.30a). The last finding is consistent 

with the results obtained for the temperature distribution (Figure 3.23c) and strain 

distribution (Figure 3.26c). It is worth noticing that a dedicated numerical-

experimental campaign is needed to extend the obtained results on the threshold 

values of the W parameter and quantitatively identify the variation with 

temperature of this parameter, similarly to what done by some of the authors for 

AA6061 aluminium alloys [107]. 

Finally, from the obtained results the following main conclusions can be drawn: 

 Temperature of the extruded wire decreases with increasing diameter, i.e. 

extrusion ratio. With large diameter values a concave shape of the isothermal 

curves is found, indicating that colder material enters the extruding channel 

in correspondence of the wire centre; 

 Wire temperature decreases also with increasing extrusion force due to the 

lower process time; accordingly, the average temperature in the extrusion 

chamber also decreases. Temperature increases with tool rotation due to the 

enhanced action of the friction forces; 

 Strain and strain rate have maximum values in the area close to the lateral 

surface of the wires. However, only a small difference is observed for small 

diameter while a large gradient between the lateral surface and the centre is 

found for large diameters. Very small strain and strain rate values are 
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calculated at the centre of the d=9mm case study indicating that insufficient 

material flow took place; 

 The Zener-Hollomon parameter was calculated and compared to the 

experimental observations allowing the identification of three distinct areas 

in the wire cross section: the external area, close to the lateral surface, is 

characterized by small and heavily deformed grains. The transition area is 

characterized by larger grains for which significant elongation is still visible. 

The central area is characterized by slightly bigger and undeformed grains, 

with an average dimension of about 10 μm; 

 The Plata and Pivnik criterion for solid bonding was implemented and used 

to predict the produced wires integrity. The results are in good agreement 

with the experimental observations and allowed the identification of a 

threshold value of the W value for the considered AZ31 magnesium alloy. 
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3.6 Material properties influence 

 

 

An experimental campaign [108] was carried out on AA using tool set #2 in 

order to investigate the effect of parent material properties on the extrudates quality 

and on the unconstrained process variable. AA2050 aluminium alloy plate and ingot 

were used as starting material for FSE. This particular aluminium alloy has been 

relatively recently developed, offering low density, high corrosion resistance, high 

damage tolerance and good strength relative to other 2xxx and 7xxx alloys [109]. As 

cast material and three different heat-treated conditions of wrought plate, O, T3, 

and T8, characterized by a wide range of mechanical properties were selected for 

extrusion starting stock, (See Table 3.2). Extrusion billets were cut out of these 

starting materials using waterjet and subsequent turning in order to fit into the 

extrusion chamber. 

Table 3.2 Chemical composition and mechanical properties of AA2050. 

Extrusions were carried out with varying rotational speed (100 rpm, 200 rpm, 

and 300 rpm) and extrusion force (26.7 kN, 35.6 kN, 44.5 kN, and 53.4 kN). Each 

experiment was stopped when the length of extruded wire reached about 300 mm 

(the entire available space to house the extrudate inside the chuck). 

Heat 

 

UTS [MPa] YS [MPa] Elongation HV 

Cast 360 190 28% 95 

O 250 130 21% 70 

T3 480 335 18% 130 

T8 550 525 12% 180 

Chemical composition % w/w 

Fe Si Cu Mn Mg Zn Li Ag 

0.1 0.08 
3.2 
- 

3.9 

0.2 
- 

0.5 

0.2 
- 

0.6 
0.25 

0.7 
- 

1.3 

0.2 
- 

0.7 
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Table 3.3 Process parameters. 

 

3.6.1 Extrudates quality 

A complete series of extrusion experiments were carried out only for the T3 heat 

treatment, while selected case studies were repeated with the other heat treatments 

and the cast material to compare material behaviour. All the analysed process 

conditions are summarized in Table 3.3. Specimens were extracted from each 

extrudate in order to assess material condition through mechanical and 

microstructural characteristics. Observing the external surface of the extrudates it is 

possible to make a preliminary assessment of the product quality: higher values of 

force and rotational speed clearly lead to excessive heat input, causing extensive 

crack formation (Figure 3.31b-c). It was not possible to analyse the 53.4 kN/100 rpm 

case study due to excessive torque that overcame machine limits, requiring a 

decrease in the maximum extrusion force used to 48.9 kN for the 100 rpm case study. 

Analysing the cross-section of the extrudates a uniform, fine equiaxed 

microstructure (Figure 3.32b) can be observed in all the “sound” case studies (i.e. 

the ones not presenting hot cracks on the external surface). The average grain size 

ranges between 6 µm and 13 µm, with finer grains in the area closer to the external 

surface of the extrudates. 

Experiment # 
 

Material F [kN] R [rpm] Extrudate Status 

1 2050-T3 53.4 100 Torque limit reached 
2 2050-T3 48.9 100 Sound 
3 2050-T3 53.4 200 Hot cracks 
4 2050-T3 44.5 100 Sound 
5 2050-T3 44.5 200 Hot cracks 
6 2050-T3 44.5 300 Hot cracks 
7 2050-T3 35.6 100 Sound 
8 2050-T3 35.6 200 Sound 
9 2050-T3 35.6 300 Hot cracks 
10 2050-T3 26.7 100 Sound 
11 2050-T3 26.7 200 Sound 
12 2050-T3 26.7 300 Sound 
13 2050-T8 26.7 100 Sound 
14 2050-T8 44.5 100 Sound 
15 2050-O 26.7 100 Sound 
16 2050-O 44.5 100 Sound 
17 2050 Cast 26.7 100 Sound 
18 2050 Cast 44.5 100 Sound 



Friction Stir Extrusion - Material properties influence 

84 
 

 

Figure 3.31. (a) Matrix of experiments for AA2050-T3, AA2050-T3 44.5 kN (b) 300 rpm, (c) 200 rpm, 

and (d) 100 rpm. 

 

Figure 3.32. Longitudinal view and cross section for (a) AA2050-T3/53.4 kN/200 rpm, (b) AA2050-

T3/35.6 kN/100 rpm, and (c) longitudinal section for AA2050-T3/35.6 kN/100 rpm case studies. 
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This can be explained considering the higher level of deformation to which the 

material closer to the wall of the extrusion channel is subjected with respect to the 

centre of the rod as also highlighted by Li et al.[110]. The presence of this peculiar 

microstructure can be explained by material recrystallization occurring after the 

extrusion process itself, considering that the longitudinal section of the extrudates 

shows no significant grain deformation in the extrusion direction (Figure 5a). In the 

case studies characterized by hot cracking very large grains may be observed in the 

external part of the samples (Figure 3.32c) with the exception of the areas adjacent 

to the cracks, which inhibit grain growth.  

Table 3.4. Average hardness for different base materials and post-process conditions. 

As expected for AA2050, hardness through the cross-section of the extrudates 

is not correlated with grain size (see Figure 3.33). Mean values of Vickers 

microhardness of the extrudates are lower than the plate in the T3 condition (130 

HV) and no significant variation in extrudate hardness as shown in Figure 3.34a for 

extrudates produced using 26.7kN and 100 RPM with different starting billet 

conditions. The T3 condition is achieved by cold deformation after solution heat 

treatment, which is the likely explanation for the lower hardness in the as-extruded 

material. The as-extruded material is presumed to be in a nearly solution treated 

condition but has not been subjected to cold working. The primary reason for cold 

working of the solution treated material is to provide dislocations, which may act 

as sites for heterogeneous nucleation of the strengthening T1 phase during 

subsequent artificial aging: in the absence of such cold working, T1 precipitation 

can be very sluggish and maximum strength, corresponding to the T8 condition, 

cannot be achieved [109]. 

Material 
 

Process 
parameters 

Post Extrusion treatment Average hardness 

2050-T3 Base material - 130 HV 
2050-T8 Base material - 180 HV 
2050-T3 44.5 kN/100 rpm None 80 HV 
2050-T3 44.5 kN/100 rpm Aged for 16 h at 190°C 100 HV 
2050-T3 44.5 kN/100 rpm Cold worked  120 HV 
2050-T3 44.5 kN/100 rpm Cold worked and aged for 16 h at 190 °C 160 HV 
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Figure 3.33. (a) Vickers microhardness and grain size measurements along the cross-section (b) of 

the 48.9 kN, 100 rpm case study. 

 

Figure 3.34. Microhardness profiles for (a) the 26.7 kN/100 rpm case studies with different initial 

heat treatments, and (b) for the 44.5 kN/100 rpm case study and different post-extrusion treatment. 
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To further understand the condition of the as-extruded 2050 alloy wires, some 

samples were subjected to artificial ageing both in the “as extruded” condition and 

after cold working (tensile deformation of about 10%). Figure 3.34b clearly shows 

the beneficial effect of cold work on the achievable hardness; almost reaching the 

2050-T8 hardness level (180 HV).  

As far as the tensile resistance is concerned, similar to the hardness, the sound 

extrudates (i.e. not affected by hot surface cracking) exhibited properties similar to 

but slightly lower than the T3 plate, (Figure 3.35). These results confirm again the 

solution treatment and subsequent artificial ageing that the metal undergoes during 

and after the extrusion process respectively allowing the extrudates to show higher 

mechanical resistance in comparison to the base material in the case studies 

characterized by processing of not solution-treated metals such as the O and the cast 

alloy. Nevertheless, the total elongation of the extrudates resulted to be lower than 

the base material, even considering the T3 temper.  

 

Figure 3.35. Stress-strain curves comparison between extrudates for the 26.7 kN/100 rpm case study. 
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This can be explained considering the precipitate formation in the recrystallized 

material acting as obstacles to dislocation motion, reducing the attainable 

deformation before failure. This effect has to be kept into account since post 

extrusion annealing may be needed in order to make the most of the material in 

terms of deformation capabilities for subsequent processing. 

3.6.2 Torque analysis 

 

Figure 3.36. (a) Torque measurements for the 26.7 kN/100 rpm case study with different initial base 

material conditions, (b) torque average values with varying process parameters for AA2050-T3 case 

studies. 
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Considering that different sets of parameters allowed to obtain almost the same 

result in terms of extrudate “quality” and the initial treatment of the base material 

did not show any strong influence on the final products, it is worth analysing the 

effect of these variables on other, not controlled, process parameters.  

As far as torque is concerned, the initial state of the base material has an 

important effect. Figure 3.36a shows that Cast and O conditions cause a higher peak 

torque and slightly lower average values in comparison with T3 and T8 for given 

process parameters. This can be explained considering the lower hardness of the 

alloy in the Cast and O conditions that cause the not yet softened material to stick 

to the die, increasing the torque. Figure 3.36b sum up the average torque values for 

the T3 case studies with varying force and rpm, showing that it increases with 

extrusion pressure and decreases with rotational speed. This trend is analogous to 

the one observed during Friction Stir Welding processes [111]; the increase of the 

die rotational speed causes the increase of the heat input further softening the 

material being processed, finally lowering the resulting torque. On the other hand, 

the increasing of contact pressure increases consequently the magnitude of the 

friction force resulting in torque. 

3.6.3 Extrusion rate analysis 

Extrusion Rate was calculated analysing the vertical movement of the die and 

calculating average material speed in the extrusion channel using volume 

conservation. The average values (Figure 3.37) increase with increasing rpm and 

force; thus can be explained considering that both parameters concur to increase the 

heat input, accelerating material softening and extrusion consequently whilst 

increased extrusion pressure would, by itself, serve to increases extrusion rate at 

any given temperature. 

No differences were observed processing differently heat treated alloys with 

respect to die plunge velocity, hence extrusion rate. Process temperature, on the 

contrary, results to be slightly influenced by process parameters for the sound case 
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studies; thus can be explained considering the concurrent effect of heat flux 

generated by friction and the material flow exiting the chamber while extrusion 

occurs. The higher extrusion rate (i.e. more material being extruded for given time) 

prevents notable temperature increases in the case studies characterized by higher 

rpm and forces. 

 

Figure 3.37. Extrusion rate average values with varying process parameters for AA2050-T3 case 

studies. 

It is worth noticing that the low influence of initial temper on the extrudates 

final properties allows choosing even the cast alloy as a base material, with the only 

limitation of selecting the best combination of process parameters in order to reduce 

the peak torque (i.e. low forces and high rpm). Another strategy to reduce the initial 

torque consist of reducing the force application rate, thus leading the average 

extrusion pressure in the initial transient phase to be lower than the nominal value. 

From the obtained results, the following main conclusion can be drawn: 

 FSE is feasible to process any kind of heat-treated and non-heat treated AA2050 

alloy producing sound wires with wide windows of workability. 
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 Choosing correctly the process parameters (namely the “sound” case studies), 

fine equiaxial recrystallized grains can be obtained in the whole cross-section of 

the extrudates. Excessive rpm and extrusion force cause massive grain growth 

and hot cracking due to the excessive thermal input;  

 Material recrystallization occurs after the extrusion as evidenced by the 

equiaxial nature of the grain structure; i.e. no deformation occurs after the final 

recrystallization process. 

 Microhardness in the cross section is not correlated with grain size and shows 

that the material being extruded undergoes a thermal treatment that leads to a 

final condition close to the T3. Further precipitation hardening is limited due to 

the lack of deformation after extrusion;  

 Peak torque is highly influenced by the base material temper, being significantly 

higher for softer conditions, while the average torque is independent of starting 

temper and reaches similar values for given combination of process parameters 

regardless of starting temper; 
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3.7 MMC fabrication 

 

 

As highlighted in the introduction, most solid-state technologies allow 

producing MMC within the recycling process [112]. In order to investigate the FSE 

capabilities in that area, experiments have been carried out extruding a mixture of 

the AA2024 chip and Silicon Carbide (SiC) micro-powder. With 2 μm average size 

as reinforce. Mechanical and chemical properties of the processed AA are presented 

in Table 3.5. 

Table 3.5 Chemical composition and mechanical properties of AA2024. 

 

The experiments were carried out on a dedicated FSW machine ESAB LEGIO, 

with tool set #1 and with varying the percentage of oxide powder added to the initial 

load (0.5%, 0.75%, 1%, 3%, 5% and 15%). The process parameters for the extrusion 

(R=700 rpm F=22 kN) were selected during a preliminary campaign that also 

allowed to fine-tune the tool design with a particular focus on the extension in 

length of the extrusion channel. The specimens obtained with the different values 

of p were presented in Figure 3.38. It can be observed that the external surfaces of 

the extrudates characterized by high percentage of reinforce present deep cracks 

due to both the increased heat flux caused by the enhanced friction (SiC powders 

are known to be highly abrasive) and the ineffective dispersion of reinforce itself. 

The chosen process parameters were first been tested on chips without any added 

reinforce, to verify the effectiveness of the parameters themselves, allowing to 

produce a defectiveness reference sample. 

YS [MPa] UTS [MPa] HV 

110 186 95 

Chemical composition % w/w 

Fe Si Cu Mn Mg Zn Ti Cr 

0.5 0.5 3.8-4.9 0.3-0.9 1.2-1.8 0.25 0.15 0.1 
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Figure 3.38. (a) Extruded wire with varying the added volumetric percentage of SiC powder and (b) 

detail of the cracks for the p=15% case study. 

The chosen process parameters were first been tested on chips without any 

added reinforce, to verify the effectiveness of the parameters themselves, allowing 

to produce a defectiveness reference sample. The whole cross-section of this sample 

(Figure 3.39a) is characterized by fine equiaxial grains (Figure 3.39b) produced by 

dynamic recrystallization typically happening during Friction Stir processes. 

 

 

Figure 3.39. (a) Cross-section and (b) micrograph of the p=0% case study. 
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When a proper amount of reinforce is introduced into the plastic flow occurring 

during the extrusion, the carbide particles are dispersed between the grain 

boundaries (Figure 3.40b), the grain size slightly increase due to grain growth 

prompted by the higher thermal input while the microhardness sensibly increase 

far above the base material state (Figure 3.40c). Increasing p the carbide powder 

starts conglomerating themselves forming incoherent groups on grain boundaries 

that can become real defect (Figure 3.40d-g) causing the formation of cracks 

immediately after extrusion, as already observed by preliminary observation of the 

specimens external surface.  

In the case studies characterized by p>1%, microhardness profiles result to be 

particularly discontinuous due to the presence of the reinforce conglomerate. It is 

worth noticing that the shape of this defective areas result to be caused by the helical 

flow inside the extrusion chamber predicted by the numerical model and visualized 

using the point taking option (Figure 3.41). The reinforce appears to gather itself in 

the boundaries of the metal flows uprising the extrusion channel, preventing an 

effective bonding between them 

 

Figure 3.40. (a) Cross section, (b) micrograph and microhardness profile (c) of the p=0.5% case study, 

cross section of the (a) p=1%, (b) p=3%, (c) p=5%, (d) p=15% case studies. 
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Figure 3.41. Numerical simulation of material flow during the extrusion. 

Based on the obtained result, the following main conclusions can be drawn: 

 Solid state recycling through Friction Stir Extrusion  is feasible on aluminium 

alloy AA2024 chips and enables the production of defect-free extrudes; 

 The introduction of SiC powders allows the production of MMC using FSE 

process; 

 An excessive amount of reinforce (p>1%) causes the formation of big inter-

granular conglomerates that affects deeply extrudes quality, causing crack 

opening and non-uniform mechanical properties: 

 A helical material flow was found through numerical simulation reflecting the 

spiral shape of the conglomerates of specimens’ cross-sections. 

Future developments include the quantitative study of the combined effects of 

the main process variables, i.e. tool rotation, tool force and extrusion ratio on 

extrudes quality and mechanical resistance. The influence of reinforce grain size 

and chemical composition have to be taken into account. Finally, temperature 

measurements should be carried out in order to evaluate the influence of reinforce 

powder on heat production through friction during the process.  
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3.8 Process Energy Demands 

 

 

As already highlighted in the introduction, environmental impact 

characterization of most direct recycling processes is yet to be well evaluated and 

standardized. In order to assess the impact of the FSE process and compare it to 

other recycling strategies, energy consumption measurements have been carried 

out on the ESAB welder during FSE of AA6060 machining chips with toolset #1. It 

is worth pointing out that although the used machine was not specifically designed 

for FSE processes, it is a quite dedicated machine as both FSE and FSW processes 

use the same main friction based principle enabled by a tool rotating. The 

experimental measurements allowed to quantify the primary energy demand 

characterizing such recycling strategy, which was hence compared to ECAP based 

as well as to conventional recycling processes through LCI analysis [113].  

3.8.1 System boundary and major assumptions 

Three different recycling routes are considered for comparison, namely: 

conventional (remelting based), ECAP based and FSE based. Since FSE is 

particularly suitable for wire production, the production of 1 kg of AA 6060 

aluminium alloy was selected as a functional unit. In the ECAP based route, chips 

cleaning and compaction steps are considered prior to the actual ECAP extrusion 

step. The severe deformation characterizing the process, enable oxides layers 

breaking and solid bonding activation. Concerning the remelting approach, the 

chips are collected and melted together to get the desired alloy, extrusion, and wire 

drawing steps are envisaged to get the proper workpiece. 

A closed AA6060 recycling loop was considered for all the routes, avoiding 

down-cycling or compositional corrections during melting. The selected system 

boundary is depicted in Figure 3.42 where all the process steps accounted for as well 
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as the material flows are highlighted. It can be noticed that process scraps were 

taken into account and were considered as part of a new recycling phase. The 

impact of permanent material losses occurring during remelting was considered by 

adding the same amount of primary aluminium in the model. The primary energy 

was considered as a metric to compare the different process routes. The processes 

electric energy demand was converted into (primary) energy source consumption 

by considering an average efficiency of 34% to account for the energy generation 

and the transmission losses.  

 

Figure 3.42. System boundary with considered processes and material flows highlighted. 

3.8.2 Life Cycle Inventory 

Apart from the electrical energy of the FSE process, which was experimentally 

quantified, the other inventory data were selected from both scientific papers and 

dedicated databases. The EAA environmental report [16], as well as the paper from 

Duflou et al. [28], were used as primary LCI sources. The process material yields 

were found in the EAA report and in CES Edupack [114] for the hot extrusion and 

the wire drawing processes, respectively. As far as the FSE is concerned, there are 

no available industrial data about material yield; considering the straightforward 
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similarity with conventional extrusion processes, the same material yield was 

assumed in the present study. Since the Mg content of the scrap is expected to 

become half or less after remelting, such loss was compensated by adding 0.3% wt 

of pure Mg [101]. The main LCI values alongside the consulted references are 

reported in Table 3.6. 

Table 3.6 Main LCI data and sources. 
 Primary specific energy  

[MJ/kg] 

Reference 

Cleaning  8.1  [115] 

Cold Compaction 8.8 [28] 

ECAP hot extrusion 12.8 [16,28]  

FSE 23.5 Experimentally measured 

Hot extrusion 10.7 [16] 

Primary Production AA-6060 210  [114] 

Wire drawing (AA-6060) 17 [114] 

Melting and casting 7.6 [16] 
 

3.8.3 Power measurements 

Concerning the electric energy characterization of FSE, the Fluke 435 power 

quality analyser was used to measure tension, current, and power over process time. 

The Power profile of the whole working to produce 0.03 kg of aluminium alloy wire 

depicted in Figure 3.43.  

 

Figure 3.43. Power trend for FSE recycling. 
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 Four different power levels can be noticed, corresponding to different 

production phases. In Figure 3.43 seven different production phases are 

highlighted, an explanation of these phases follows: 

 

1. Machine switch/on  

2. Hydraulics on/ Stand-by mode 

3. Spindle on and first plunging phase (0.5 mm/s, position control) 

4. Switch to force control (5 kN) 

5. Force increase to extrusion value (18 kN) 

6. Extrusion phase 

7. Spindle stop and hydraulic off 

 

For the present study only phase 4, 5 and 6 have been considered for 

quantifying the electric energy demand for wire production, other non-productive 

production modes were left out for lack of industrial time studies. 

3.8.4 Energy demands comparison 

The results of the developed comparative analysis are reported in Figure 3.44. 

For each analysed recycling route the contribution of each process step/factor, 

towards the total demand, is highlighted. An intermediate scenario with 15% 

material losses is reported (with the corresponding variation for the 10% and 20% 

losses scenarios), to get this share of permanent losses a briquetting step to compact 

scraps is to be implemented. It is possible to see that both SSR processes outperform 

conventional remelting based route. This is mainly due to the avoided permanent 

material losses. In fact, in terms of pure processing energy, the conventional route 

would demand less energy with respect to SSR processes. It is worth pointing out 

that FSE based route is the most energy efficient for the analysed case study; as a 
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matter of facts, FSE enables the primary energy demand to be reduced by 53% and 

by 33% with respect the remelting and the ECAP route, respectively. The energy 

reduction, characterizing the FSE process is due to the absence of the wire drawing 

step which is an energy-intensive one. In fact, if the drawing process is left out of 

the comparative analysis, FSE as ECAP route primary energy demands are very 

close to each other. In addition, the variability of the data characterizing the eco-

properties (Embodied energies for material production as well as processing 

energies values) of materials and processes [3], does not allow a more general and 

clear identification of the most efficient SSR process. Is it worth noticing that the 

above mentioned advantage for both the SSR case studies refers to a permanent 

aluminium losses of about 15%. Depending on the adopted remelting strategies that 

value may vary from 10% to 20%, causing the overall evaluation of the primary 

energy to vary accordingly as shown in Figure 3.44. 

 

Figure 3.44. Primary specific energy demands of the analysed recycling routes. 
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Summing up, the obtained results show that in the case of wire production, the 

FSE enables a further primary energy demand reduction with respect to ECAP 

based route. It is worth pointing out that, at present, SSR might represent a part of 

the solution; in fact, such techniques do not allow composition changes (either 

alloying elements or primary aluminium addition) as remelting based route does. 

In consequence, only closed-loop recycling strategies can be applied and the big 

variety characterizing the aluminium demand cannot be met by SSR. On the other 

hand, SSR approaches are particularly suitable for in-house recycling and the 

supply chain could be significantly compressed enabling further energy savings. 

Finally, it is worth noticing that the presented analysis and comparison was 

carried out using only the primary specific energy. A comprehensive LCA analysis 

would have probably highlighted more the advantages of SSR since that processes 

are certainly characterized by reduced environmental impact with respect to 

remelting recycling routes that are affected by fumes, slug production etc.  
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3.9 FSE as a primary manufacturing process 

 

 

The FSE process has been developed mainly for metal chip recycling, but it has 

been successively applied for direct processing of, granulated materials, powders, 

and solid billets [110]. That last applications are fundamentally primary 

manufacturing processes to produce wires out of bulk or powders. The growing 

development of new manufacturing processes such as Wire Arc Additive 

Manufacturing [116] (WAAM) caused the needs for welding wire to increase in the 

last years.  

 

Figure 3.45. (a) WAAM setup, (b) and (c) AM wall. 
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In particular, the WAAM processes are being applied to a substrate of many 

different materials [117,118], that are often not available in as welding electrodes. 

These needs for small electrodes lots with peculiar composition cannot be produced 

effectively by conventional wire manufacturing routes. FSE is an effective solution 

to that requirements, allowing electrode production directly from bulk or powder. 

Using the latter solution, small adjustments in the final product composition can be 

carried out. 

The feasibility of that WAAM “filler material” manufacturing strategy has been 

investigated producing AA 2000 series FSEed wires that have been successively 

deposited on a substrate using a TIG welder mounted on a KUKA industrial robot 

(Figure 3.45).  
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3.10 Process development outlook 

 

 

In the previous paragraphs, the FSE process has been investigated under many 

different points of view and the many advantages of that technique with respect to 

both the conventional and other innovative recycling strategies have been 

highlighted. Unfortunately, some issues related to the FSE solution still needs to be 

addressed to prompt further process spread and development. One of the main 

drawbacks of the process is the limited amount of material that is possible to process 

because of the volume of the chamber. In particular, the chamber height is limited 

both by the maximum vertical stroke of the used FSW machine and the length of 

the die. In fact, using an excessively long die may lead to vibration due to the high 

compression load acting on it. Moreover, the increase of the die diameter would 

cause the torque and the vertical force required to carry out the process to overcome 

the machine limits. On the other hand, a larger die would also allow obtaining 

bigger wire diameter maintaining the optimal extrusion ratio.  

3.10.1 Continuous machine design development  

To overcome the above-described issues, a new dedicated machine for FSE has 

to be developed [119]. The structure of this machine was designed thanks to the 

expertise acquired during the previous experimental campaign. In particular, in 

order to maximize the frame stiffness, four columns design with horizontal axes 

was chosen (Figure 3.46). The machine is composed by a ram controlled by four 

hydraulic actuators that move against a backing basement housing the chips 

feeding system (Figure 3.47). This system was developed in order to make the 

extrusion process continuous; it is composed by a specifically designed cochlea 

driven by the feeding motor. The feeding system is analogous to a conventional 

screw extruder used for both plastics and metals [71].  
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Figure 3.46. CAD of the proposed machine. 

The implementation of this system together with the rotary extrusion die allows 

not to use any external heat source to achieve proper material softening. Metal chips 

are directed by a hopper toward the screw that pushes them inside the chamber 

against the rotary die. The die is mounted on a mandrel driven by a dedicated motor 

on the moving ram. The ram slides on the four main columns and on two 

complementary gibs in order to increase the overall stiffness. One of the main 

challenges undergone during the design of the machine was the cochlea geometry.  

 

Figure 3.47. Chip feeding system. 
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As a matter of fact, this component of the feeding system has to ensure that new 

material is driven into the extrusion chamber while the process takes place in order 

to maintain the extrusion pressure.  

Numerical simulations were carried out with varying cochlea geometry in order 

to minimize thread deflection during the process. Moreover, the steam geometry 

designed in order to guarantee and even stress distribution in the whole tool. In 

Figure 3.48, Von Mises stress for two different geometry are presented, showing 

how the optimized design (Figure 3.48b) allows to effectively reduce stress 

concentrations. 

 

Figure 3.48. Von Mises stress distributions under 50 kN, 450 Nm for initial (a) and optimized (b) 

design. 

The designed direct chip recycling device will be then developed with the 

following innovative features: 

 Proper range of process parameters determined in an automatic manner by 

monitoring in-process the key parameters: rotation, torque, displacement, force, 

extrusion, temperature & extrusion rate; 

 Modular tooling system for automatically changing the geometry of the die and 

of the friction surface according to the thermo-mechanical properties of the 

material used; 

 

screw conveyers inside chamber

(a) (b)
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 In-process cooling system for the extruded wire for enhancing its 

microstructure; 

 Dedicated feeding system for making the direct recycling process continuous, 

in such a way that the extruded wire will be automatically recirculated and re-

added to the part being manufactured.
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4. Friction Stir Consolidation 

 

 

4.1 Historical background and process description 

In 1975, Andrew and Gilpin [120] developed the first friction based forging 

process that leads to the development of the Friction Stir Extrusion process that was 

patented by The Welding Institute of Cambridge in 1991. Friction Stir Consolidation 

is a technology similar to FSE but developed to obtain bulk material from the 

processing of an incoherent material [93] (chips to be recycled or powders). The 

equipment to be utilized in this process is the same as FSE, with the only exception 

being that the die that does include an extrusion channel. The action of that rotating 

tool causes the generation of heat by friction and plastic deformation of the material 

in the chamber (the charge). In Figure 4.1 a sketch of the FSC process is presented. 

 

Figure 4.1. FSC process sketch. 
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Under the forging and stirring action of the die, the oxide layer on the particles 

is broken and they can bond together. Low porosity and a fine recrystallized grain 

structure were obtained through FSCs to produce Metal Matrix Composites [121] 

and thermoelectric materials [122]. 

4.1.1 Process parameters  

Similarly to FSE, the main process parameter of FSC are the consolidation force 

and the die rotational speed. The concurrent effect of these parameter produces the 

proper heating and deformation on the material allowing solid bonding to happen. 

Obviously, the vertical position of the die reaches a steady state after an initial 

transient where the volume of the billet being processed decrease. This happens 

because of the progressive closing of the voids characterizing the initial texture of 

the compacted chips. A typical trend of these parameters during consolidation 

experiments is shown in Figure 4.2. Finally, the additional parameter that 

drastically affects the process output is time. 

 

Figure 4.2. Process variable against time during FSC. 



Friction Stir Consolidation - Experimental campaigns 

110 
 

4.2 Experimental campaigns 

 

 

4.2.1 Experimental setup  

A dedicated fixture was designed and built for the experiments. In particular, 

the rotating die was made in AISI H13 with a diameter of 25 mm. The chamber was 

fabricated from O1 tool steel with an inner diameter of 25.4 mm and was mounted 

on a stainless steel backing plate. An MTS Friction Stir Welding Process 

Development System (FSW PDS) was used for the experiments. This machine 

allows the control of the applied load on the vertical axis resulting in a force-

controlled consolidation. The rotation speed, die position, and Z-force were 

recorded during the consolidation by the FSW PDS control computer with 10 Hz 

sampling rate. The chips to be processed were loaded into the chamber and pre-

compacted with a load of 8900 N without rotating the die. The compaction force 

was then adjusted to 2225 N and the spindle rotation was started. Once the die was 

rotating at the correct rate the compaction force was raised to the desired level and 

maintained for the specified time.  

 

 

Figure 4.3. FSC experimental setup. 
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The temperature in the chamber’s inner wall and close to the die surface was 

acquired through three K-type embedded thermocouples whose position is 

highlighted in Figure 4.3. After each consolidation experiment, the obtained billet 

was removed from the chamber, sectioned, ground, polished, and etched using 

Keller’s etchant (190 ml water, 2 ml HF, 3 ml HCl, and 5 ml HNO3) to reveal the 

macro and microstructure. 

4.2.2 Materials 

The feasibility of the FSC process has been investigated on two different kinds 

of processing scrap. AA2024 machining chips similar to the ones already described 

in the FSE section have been consolidated. Additionally, also sheet metal scrap 

consisting of 1 mm thick AA1050 aluminium alloy sheet chopped into irregular 

pieces (see Figure 4.4) with sizes ranging from 5 mm to 10 mm were processed. 

 

Figure 4.4. (a) Metal chip and (b) sheet metal scrap. 
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4.3 Process mechanics 

 

 

Contrary to the FSE where steady state condition can be reached once the 

starting transient is reached, FSC is a time-dependent process. In fact process time 

drastically affects the product quality [123]  since the consolidation process happens 

gradually. The latter assumption is clearly confirmed by Figure 4.5 where the cross 

sections of consolidated discs with varying process time are shown. During the first 

seconds of the process, a considerable amount of material at the bottom of the die 

chamber is still loose, unconsolidated chips (Figure 4.5a). With higher processing 

time an advancing front of plasticized material directly affected by the tool action 

gradually expands toward the bottom of the chamber with a peculiar shape (Figure 

4.5d). 

 

 

Figure 4.5. Cross-sections of series of partial consolidation discs, 300rpm and 17.8kN, from (a) to 

(f): 6.1s, 12.5s, 19.2s, 30.9s, 42.3s, and 45.1s processing time.  
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A similar morphology can be observed while processing sheet metal scrap, with 

better emphasis on the unconsolidated area thanks to the definite shape of the scrap 

being processed. Figure 4.6 shows two partial views of the section from case studies 

characterized with different process time. Observing the etched surfaces, three 

different morphologies can be identified: starting from the top of the billet (Figure 

4.6c, i.e. the area closer to the die) the material appears to be highly deformed and 

none of the initial scraps can be observed, possibly thanks to the recrystallization 

happening in the area due to the die stirring action. Moving along the billet height, 

after a transition zone (Figure 4.6d); the material appears to be composed of the 

initial sheet metal pieces welded together thanks to solid bonding phenomena 

(Figure 4.6e). The boundaries between the particles are clearly visible and the oxides 

have not been dispersed since the stirring action of the tool has not reached that 

area.  

 

Figure 4.6. Macro and micro observation of the cross-section of FSCed sheet metal scrap disc for t=30 

s (a) and t=60 s(b) case studies; (c) stirred material; (d) transition zone; (e) bounded material; (f ) 

unbounded material. 
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Finally, at the very bottom of the billet (Figure 4.6f) the scarps are merely 

compacted, without any proper bound between each other. It is worth noticing that 

a longer processing time (Figure 4.6b) allows the front of stirred material to advance 

more in deep in the chamber resulting in a wider effectively processed. This part of 

the billet is characterized by uniform mechanical properties comparable to the 

parent material while the rest of it has certainly lower mechanical strength due to 

the progressively less effective bonding. That gradient in the bonding quality is 

confirmed by microhardness measurements in the cross-section of the same FSCed 

billets (Figure 4.7). The material in the upper area of the chamber (i.e. the material 

closer to the tool) is characterized by HV values equal to the base material while the 

mechanical property decays significantly moving toward the bottom of the 

chamber. This effect is more relevant in the case studies characterized by a minor 

processing time where the area of uniform and high hardness is smaller. No 

significant gradient is observed along the diameter of the billet (Figure 4.7b) where 

the hardness values match the corresponding one on the billet centre. 

 

Figure 4.7. Microhardness measurements on the cross section of FSCed discs with varying process 

time against distance from the top (a) and lateral (b) surface compared to the base material (BM); (c) 

sketch of measurements lines. 
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Summing up the obtained results, the following main conclusion can be drawn: 

 The FSC process is feasible to consolidates both metal chip and sheet metal 

scraps; 

 During the consolidation process, the high temperature and severe plastic 

deformation produce a bowl shape fully consolidated region with 

recrystallized equiaxed grain structure at the top of billet charge. With 

increasing processing time, that region gradually expands from top to lower 

part of the billet chamber but cannot reach bottom corner even after long 

processing time. 
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4.4 Numerical FEM model 

 

 

4.4.1 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. The governing 

equation of the model are the same that have been elucidated for the FSE model 

(Paragraph 3.3.1). 

4.4.2 Model setup and calibration 

Four different objects were modeled (Figure 4.8): the chamber, the backing 

plate, and the rotating punch were modeled as rigid bodies and meshed with 10000 

elements each in order to solve the thermal problem considering heat transfer. The 

workpiece, representing the compacted chips, was modeled as a unique cylinder. 

The chamber was fixed in space, while the die rotated around its longitudinal axis 

and was plunged into the chamber. The backing plate was modeled as a separate 

object in order to assign different tribological conditions to the bottom of the billet 

and the lateral surface. The sticking condition (no sliding velocity between the 

contact nodes) was applied between the billet and the backing plate in order to 

prevent the rigid rotation of the billet in the very first steps of the simulation.  

The vertical movement of the die was assigned as a time-dependent law 

obtained from experimental measurements during force-controlled trials. It is 

worth noting that this expedient was needed to simulate force-controlled extrusion 

in order to save CPU time, which can be significantly higher when force controlled 

boundary conditions are assigned. In Figure 4.9a the input curve for the 300 rpm 

17.8 kN case study is shown in comparison with the experimental data from the 
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MTS machine. The initial, linear part of the experimental curve (up to 

approximately 40 s) was not taken into account for the FEM input because it refers 

to the initial compaction before the spindle rotation starts. The “single-block” 

workpiece, whose geometry is shown in Figure 4.8, is characterized by a mesh of 

35000 tetrahedral elements of variable size. The area of the workpiece close to the 

contact interface with the rotating tool meshed with elements 10 times smaller than 

the largest one, i.e. about 1 mm on edge.  

 

Figure 4.8. Sketch of the model: (a) compacted chips billet, (b) rotating die, (c) chamber and backing 

plate, (d) assembled model highlighting contact nodes. 

One of the main issues to deal with during the development of this model was 

the definition of the material model. The model should take into account the discrete 

nature of metal chips, considering that it would be extremely time-consuming to 

correctly model them in their real form. Therefore, the Shima and Oyane 

formulation [124] for porous material was implemented. Metal chips are usually 

compacted into the matrix before the beginning of the extrusion process due to the 

action of the tool. This billet of compacted metal scraps can be considered a single 

porous object, allowing the identification of defects and voids in the extruded wires 

through the analysis of the relative density variation, namely the ratio between the 

    
(a) (b) (c) (d) 
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compacted billet density and base material density. The yield surface implemented 

by this model is based on a corrected Von Mises criterion that takes into account the 

presence of microvoids in the material matrix. The formulation is presented in 

Equation 10 where R0 is the relative density of the porous material (namely of the 

billet of compacted chips), R is the instantaneous relative density and Δεv the 

deformation due to volume variation of microvoids (whose number does not 

change according to the base hypothesis of this formulation). 

Figure 4.9. (a) Die displacement and force for the 300 rpm 17.8 kN case study and (b) point matrix 

for data extraction. 

The initial relative density R0 was set to 0.7. This is calculated from the known 

mass and the volume at zero processing time, considering the die position from 

experimental data. The temperature, strain and strain rate dependent material flow 

was obtained from the DEFORM library (Equation 15 shows the material law for 

AA2050). 

 

𝜎𝜎 = 6.78(7374.19 + 𝜀𝜀)0.11𝜀𝜀̇0.044exp (654.8/𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (15) 

 

Constant thermal conductivity and thermal capacity, equal to 180.2 N/(sK) and 2.4 

N/(mm2K), respectively, were used. This assumption linearizes the thermal 

problem speeding up the simulation. The contact between the tool and the 
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workpiece was modelled through a shear model, with shear friction factor equal to 

0.4 and heat exchange coefficient equal to 11 N/(mmKs). In particular, due to the 

significant difficulties arising in the experimental determination of the friction 

factor, an inverse approach was used by minimizing the error between the 

temperature measured by thermocouples in the experimental apparatus and those 

calculated by the model with varying shear factor. The final result of the calibration 

is shown in Figure 4.10, where an experimental temperature-time curve is 

compared to the numerical one obtained by tracking the corresponding location of 

the thermocouple in the modelled matrix. In order to extract the data from the 

model to calculate additional field variables (i.e. a bonding criterion) the point 

tracking option was used, using a matrix of 650 points equally spaced of 1 mm on 

one half of a longitudinal section of the billet (see Figure 4.9b) symmetric. The data 

were then elaborated using a dedicated Matlab post processing routine.  

 

Figure 4.5. Comparison between temperatures acquired by thermocouples T1 and the numerical 

prediction. 
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4.5 Bonding Prediction 

 

 

4.5.1 FEM results 

The preliminary result of the numerical simulation qualitatively matches with 

the experimental results. Figure 4.6 shows the distribution of the relative density of 

the billet material during the FSC process. As the die starts rotating, the density of 

the peripheral region at the top of the charge starts to increase first. With further 

heat generation and deformation, the material in the middle and lower region are 

gradually densified to maximum compaction. At the bottom corner of the billet 

insufficient deformation is applied to produce densification. 

 

Figure 4.6. Relative density on the vertical cross-section of billet material in different stages of 

numerical model of friction stir consolidation: 300rpm and 17.8kN. 

The bowl shape gradient of density on the vertical cross-section matches 

qualitatively with the metallographic result. It should be noted that, in the 

simulation, the region with a relative density equal to 1 may include fully 
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compacted but not bonded material, partially consolidated material, and fully 

consolidated material. In fact, fully compaction is a necessary condition to reach 

proper bonding but not a sufficient one. To better predict the bonding condition, 

the relative density, temperature and effective strain need to be considered together, 

since all of these parameters concur to the solid bonding of the chips to be 

consolidated. Figure 4.7 shows the simulated distribution of these variables 

compared with metallographic samples on corresponding vertical cross-sections. At 

6 seconds of processing time, only a small portion at the top has reached sufficient 

temperature and strain for solid bonding. Therefore, the volume of consolidated 

material is limited and still contains voids.  

 

Figure 4.7. Metallographic sample and simulated temperature, density and effective strain profile at 

processing time in (a) 6s, (b) 12s, 300rpm and 17.8kN. 
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Remember, most of the billet chips and not bonded with the sample shown in this 

picture, which indicates the relative density remains low as predicted in the 

simulation. 

At 12 second of processing time, both temperature and deformation increased 

in the lower region meanwhile the relative density reaches 1. These variables can 

give a hint about the consolidation state of the material for a given time of 

processing, but this information cannot be exhaustive on its own. For example, it is 

worth noting that a region with a relative density equal to one (Figure 4.8) may 

include partially consolidated or merely compacted material without any bond 

between the chips. In fact, full compaction is a necessary but insufficient condition 

to reach a proper state of bonding. In Figure 4.8 the evolution of relative density 

during the process is compared to the corresponding consolidated disc, 

highlighting the area that did not undergo full consolidation. To obtain e better 

evaluation of the bonding condition it is hence necessary to take into account at the 

same time the influence of multiple parameters that concur to the happening of 

solid bonding, such as temperature, strain etc. To merge the effect of all these 

variables it is possible to implement in the simulation a bonding criterion. 

 

Figure 4.8. Relative density distributions for the 200 rpm 17.8 kN case study (a) 9 s, (b) 11 s, and (c) 

consolidated disc at 11 s. 

4.5.2 Bonding criteria 

To obtain e better evaluation of the bonding condition it is hence necessary to 

take into account at the same time the influence of multiple parameters that concur 

to the happening of solid bonding, such as temperature, strain etc. Analyzing Figure 

 

 
 

 
 

 
(a) (b) (c) 
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4.9 it is clear, for example, that the shape of the highly deformed area closer to the 

die is well predicted by the model. To merge the effect of all these variables it is 

possible to implement in the simulation a bonding criterion.  

 

 

Figure 4.9. (a) Temperature, (b) relative density, and (c) strain distributions for the 300 rpm 14.7 kN 

10 s case study. 

Most of the criteria present in the literature are based on the pressure-time 

welding criterion [106] proposed by Plata and Piwnik in 2000. According to this 

criterion, the integral in time of the ratio between the contact pressure and the flow 

stress of the material is calculated (Equation 14). If this parameter exceeds a critical 

threshold, (dependent on the considered material or process) solid bonding occurs. 

Nevertheless, the use of this parameter for the FSC process gave poor results.  

 

 

Figure 4.10. (a) w distribution, (b) w’ distribution, and (c) consolidated disc for the 300 rpm 14.7 kN 

45 s case study . 

In Figure 4.10a the distribution of the w parameter at the end of a consolidation 

process is shown. It is clear from the obtained distribution, that the contact pressure 

between the chips to be bonded is overwhelming over the other variable concurring 
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to the w value. In the FSC process, there is no material exiting the chamber, causing 

the compression mean stress to be almost uniformly distributed in the whole 

consolidating billet. 

 

𝑤𝑤′ = ∫ 𝑃𝑃𝑃𝑃 𝜀𝜀𝑒𝑒/𝜎𝜎 𝑑𝑑𝑑𝑑 ≅ ∑ 𝑝𝑝𝑗𝑗 Rj 𝜀𝜀𝑒𝑒𝑒𝑒/𝜎𝜎𝑗𝑗  ∆𝑡𝑡𝑗𝑗 𝑗𝑗
𝑡𝑡
0      (16) 

 

To highlight the different levels of bonding reached in the different areas of the 

disc (as highlighted in the etched cross-section showed in Figure 4.9c) it is necessary 

to add some additional influencing parameter to the bonding criteria. The 

combination of parameters that allowed to better reproduce the consolidated area 

and even the highly deformed and recrystallized areas in the consolidated disk is 

presented in Equation 16, while Figure 4.10b shows the corresponding distribution 

of this new field variable. The relative density and the deformation resulted to be 

particularly effective to correct the w parameter to better reproduce the bonding 

condition in FSC. In fact, deformation has the essential effect of prompting the 

disruption of the oxide layer covering the chips, while the increase of relative 

density is, as already stated, one of the necessary conditions for an effective 

consolidation [125]. 

  



Friction Stir Consolidation - Process energy demands 

125 
 

4.6 Process energy demands 

 

 

The environmental impact of the FSC process in term of energy consumption 

has been evaluated and compared to other analogous recycling strategies. The 

adopted methodology is similar to the one already described in Paragraph 3.8 for 

FSE.  

4.6.1 System boundary and major assumptions 

In particular, the conventional remelting route and the novel SPS based direct 

recycling technique have been analysed. The SPS process was selected considering 

the similarity with FSE in term of geometry of the secondary produced material. 

Both techniques allow to produce bulk billed or disk of consolidated material 

processing metal scrap or granulates. The main characteristics of the SPS have been 

described in the analysis of the state of the art for direct recycling (Paragraph 2.2.7). 

A 10 g AA6060 billet was selected as the functional unit and it was applied to 

the LCI of the investigated case studies; this value corresponds to the optimal 

amount of material consolidable using the lab-scale fixture use for the experimental 

campaigns. In the SPS and FSC based route, chips cleaning and compaction steps 

are considered prior to the actual consolidation step. The severe deformation 

characterizing the process, enable oxides layers breaking and solid bonding 

activation. An additional old compaction stage was considered for the SPS 

workflow. Concerning the remelting approach, the chips are collected and melted 

together to get the desired alloy to be hence extruded to get the proper workpiece. 

A closed AA6060 recycling loop was considered for all the routes, avoiding 

down-cycling or compositional corrections during melting. The selected system 

boundary is depicted in Figure 4.12 where all the process steps accounted for as well 

as the material flows are highlighted. It can be noticed that process scraps were 
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taken into account and were considered as part of a new recycling phase. The 

impact of permanent material losses occurring during remelting was considered by 

adding the same amount of primary aluminium in the model. The primary energy 

was considered as a metric to compare the different process routes. The processes 

electric energy demand was converted into (primary) energy source consumption 

by considering an average efficiency of 34% to account for the energy generation 

and the transmission losses.  

 

Figure 4.12. System boundary with considered processes and material flows highlighted. 

4.6.2 Life Cycle Inventory 

The energy demands of the FSC and the SPS process are available as results of 

direct measurements carried out by in-house experiments and available in literature 

respectively. The conventional remelting  The EAA environmental report [16], as 

well as the paper from Duflou et al. [28], were used as primary LCI sources. The 

process material yields for the conventional remelting route were found in the EAA 

report as well. As far as the FSE and SPS are concerned, no material yield was 

considered since all the scraps loaded into the chambers usually undergoes 
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consolidation. Since the Mg content of the scrap is expected to become half or less 

after remelting, such loss was compensated by adding 0.3% w/w of pure Mg [101]. 

The main LCI values alongside the consulted references are reported in Table 4.1. 

Table 4.1 Main LCI data and sources. 
 Primary energy  

[MJ] 

Reference 

Cleaning  0.08 [115] 

Cold Compaction 0.09 [28] 

FSC 0.43 Experimentally measured 

SPS 0.31 [28] 

Hot extrusion 0.14 [16] 

Primary Production AA-6060 2.1  [114] 

Melting and casting 0.07 [16] 

 

4.6.2 Power measurements 

Concerning the electric energy characterization of FSC, the Fluke 435 power 

quality analyser was used to measure tension, current, and power over process time. 

A typical power profile is depicted in Figure 4.13  

 

Figure 4.13. Power trend for FSC recycling. 
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 In Figure 4.13 six different production phases are highlighted, an explanation 

of these phases follows: 

 

1. Machine switch/on  

2. Hydraulics on/ Stand-by mode 

3. Spindle on and first plunging phase (0.5 mm/s, position control) 

4. Force progressively increases to consolidation value (20 kN) 

5. Consolidation phase 

6. Spindle stop and hydraulic off 

 

For the present study only phase 4 and 5 have been considered for quantifying 

the electric energy demand for wire production, other non-productive production 

modes were left out for lack of industrial time studies. It is worth noticing that the 

gradual increase of the consolidation force (phase 4) it is necessary only to avoid 

initial torque peak that would overcome the experimental machine limits. A 

dedicated, industrial-scale machine would not probably need such phase during 

the actual production process. 

 

4.6.3 Energy demands comparison 

The results of the developed comparative analysis are reported in Figure 4.14, 

referring to the functional unit of 10g of material. For each analysed recycling route 

the contribution of each process step/factor, towards the total demand, is 

highlighted. An intermediate scenario with 15% material losses is reported, to get 

this share of permanent losses a briquetting step to compact scraps is to be 

implemented. It is possible to see that both SSR processes outperform conventional 



Friction Stir Consolidation - Process energy demands 

129 
 

remelting based route. As already highlighted for the FSE processes, this is mainly 

due to the avoided permanent material losses. The results for both SPS and FSC are 

actually very close, with a slightly lower value of primary energy demand for the 

SPS. As a matter of facts, both strategies enables the primary energy demand to be 

reduced by 26% and by 26% with respect the remelting route respectively. It is 

worth noticing that the energy savings with respect to conventional technologies 

are limited if compared to the FSE case study; this is mainly caused by the absence 

of post-processing operations (i.e. wire drawing) affecting the remelting route. As 

already envisaged in the previous analysis, the absence of such step also erase the 

savings that the FSP based technologies have with respect to other SSR recycling 

strategies. 

 

 

Figure 4.14. Primary energy demands of the analysed recycling routes referred to the functional unit. 
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In addition, the variability of the data characterizing the eco-properties (Embodied 

energies for material production as well as processing energies values) of materials 

and processes [3], does not allow a more general and clear identification of the most 

efficient SSR process. Furthermore, the FSC process energy consumption analysis 

may also be affected by the inadequacy that characterized the experimental setup 

and forced to introduce unnecessary intermediate phases during the scrap 

processing.  

Summing up, the obtained results show that the SSR enables a further primary 

energy demand reduction with respect to remelting based route. Again, it is worth 

pointing out that, at present, SSR might represent a part of the solution; in fact, such 

techniques do not allow composition changes (either alloying elements or primary 

aluminium addition) as remelting based route does. In consequence, only closed-

loop recycling strategies can be applied and the big variety characterizing the 

aluminium demand cannot be met by SSR. On the other hand, SSR approaches are 

particularly suitable for in-house recycling and the supply chain could be 

significantly compressed enabling further energy savings. 

Finally, it is worth noticing that the presented analysis and comparison was 

carried out using only the primary specific energy. A comprehensive LCA analysis 

would have probably highlighted more the advantages of SSR since that processes 

are certainly characterized by reduced environmental impact with respect to 

remelting recycling routes that are affected by fumes, slug production etc.  
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5. Conclusions 

 

 

5.1 Summary 

In this dissertation, the capabilities of the FSE and FSC processes for lightweight 

metal chip and sheet metal scrap recycling have been investigated under different 

aspects. The effectiveness of these peculiar secondary production technologies has 

been assessed both troughs the evaluation of the produced material mechanical 

properties and by process energy measurements. Summing up, from the obtained 

results the following general conclusions can be drawn: 

 FSE and FSC can be used effectively to process and recycle lightweight alloys 

scrap of different kinds. In particular, Magnesium and aluminium alloys scraps 

were effectively consolidated into wire or disk during distinct experimental 

campaigns. The mechanical properties of the obtained material are similar to 

the correspondent parent material being recycled. 

 Both FSE and FSC based recycling routes enable primary energy savings with 

respect to the conventional, remelting-based secondary manufacturing 

processes. In the case of wire production, FSE enables a further primary energy 

demand reduction with respect to ECAP based route thanks to the absence of 

the final wire drawing steps. 

 A dedicated numerical model was developed to simulate both FSE and FSC 

processes, giving insight on the processes mechanics and providing effective 

tools for products quality prediction. 
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 FSE is characterized by interdependent process parameters. Extrusion rate is 

highly influenced by tool rotation, extrusion force and extrusion ratio: extrusion 

rate increases with extrusion force, for a given tool rotation, while it shows a 

minimum, as a function of tool rotation, when extrusion force is fixed. On the 

other hand, peak temperature in the container matrix depends on heat input 

and process time i.e. extrusion rate: it decreases with constant tool rotation and 

increasing tool force due to predominant effect of increased extrusion rate over 

increased heat input. Accordingly, it has a maximum for constant extrusion 

force and varying tool rotation following the trend of extrusion rate. Peak 

torque is highly influenced by the processed material mechanical properties, 

being significantly higher for softer metals. 

 The process monitoring of extrusion rate can be used for preliminary 

identification of incorrect process condition during FSE.  

 Choosing correctly the process parameters, fine equiaxial recrystallized grains 

can be obtained in the whole cross-section of the FSEed extrudates. Excessive 

rpm and extrusion force cause massive grain growth and hot cracking due to 

the excessive thermal input. Material recrystallization occurs after the extrusion 

as evidenced by the equiaxial nature of the grain structure; i.e. no deformation 

occurs after the final recrystallization process. 

 Numerical simulation results and Experimental observation of the final position 

of a copper marker indicated that a helical material flow occurs in the extrusion 

channel of an FSE die. This flow significantly affects the extrusion process. In 

details, when constant extrusion rate is applied, the distance covered by the 

material in the extrusion channel increases with tool rotation; when constant 

force is applied, the concurrent effect of temperature increase (contributing to 

increasing the extrusion rate) and friction losses increase (due to the covered 

distance increase and contributing to decreasing the extrusion rate) results in a 

minimum in the extrusion rate. Furthermore, the extrusion rate directly 
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influences the surface quality of extrudes, being the latter higher when lower 

rate is obtained through the combination of tool rotation and tool force. 

 Strain and strain rate predicted by FEM simulation have maximum values in 

the area close to the lateral surface of the FSEed wires. However, only a small 

difference is observed for small diameter while a large gradient between the 

lateral surface and the centre is found for large diameters. Very small strain and 

strain rate values are calculated at the centre of the d=9mm case study indicating 

that insufficient material flow took place. The Zener-Hollomon parameter was 

calculated and compared to the experimental observations allowing the 

identification of three distinct areas in the wire cross section: the external area, 

close to the lateral surface, is characterized by small and heavily deformed 

grains. The transition area is characterized by larger grains for which significant 

elongation is still visible. The central area is characterized by slightly bigger and 

undeformed grains, with an average dimension of about 10 μm. 

 The Plata and Pivnik criterion for solid bonding was implemented and used to 

predict the produced FSEed wires integrity. The results are in good agreement 

with the experimental observations and allowed the identification of a 

threshold value of the W value for the considered AZ31 magnesium alloy. 

 During the FSC process, time is a key factor to achieve proper consolidation. 

The stirring action of the tool produces a bowl shape fully consolidated region 

with recrystallized equiaxed grain structure at the top of billet charge. With 

increasing processing time, that region gradually expands from top to lower 

part of the billet chamber but cannot reach bottom corner even after long 

processing time. This cause a certain gradient in the consolidation quality 

moving along the billet heights, especially in low time case studies.  

 A dedicated parameter for FSC was proposed correcting the Piwnik and Plata 

criterion with relative density and effective deformation obtaining a better 

prediction of the consolidating front shape.  
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5.2 Outlook and future developments 

 

 

The results obtained by the investigations described in this dissertation and 

summarized in the previous chapter allowed to reduce the lack of knowledge on 

different aspects of the FSE and FSC process. First, the experimental campaigns 

allowed to find windows of workability for different materials and scrap while 

enabling investigation into the inner process mechanics and process parameter 

inter-dependence. The development of solid FEM models eased these analyses and 

provided effective numerical tools to predict the material processing results. 

Moreover, energy measurements finally enabled quantitative evaluation of the 

energy savings of such innovative processes, allowing direct comparison with other 

conventional and innovative recycling technology, also in the frame of a complete 

processing route through LCI analysis. Globally, both FSE and FSC resulted to be 

promising option for metal scrap recycling and processing, especially in the optic 

of in-house recycling. 

Nevertheless, some aspects of both processes still need further research work to 

be carried out. The proposed numerical tools for integrity and bonding quality 

prediction needs extensive calibration in term of critical/threshold values, possibly 

with analytic link or comparison to other pre-existing values for different solid-state 

processes. The FSE process capabilities in terms of continuous production still need 

to be fully experimentally addressed and, generally, the SSR industrial scalability 

have to be properly investigated. In addition, dedicated machines should be 

developed for both processes. Finally, as already stated, the proposed energy 

consumption analysis should be integrated with a comprehensive LCA analysis, 

keeping into account all the aspects influencing the environmental impact of a 

process.  
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