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Abstract 
    Recycling of machined chips through solid-state consolidation process, 

referred to as friction stir extrusion (FSEP) has been reviewed. 
Materials that can be consolidated are Magnesium, Aluminium Alloy 
and copper having excellent ductility. The method has the advantage 
over conventional recycling that involves melting and solidification in 
that, it results in energy saving, saving of time as well as reduction in 
greenhouse gas emissions. The properties of the products obtained 
through this route are reported to exhibit good mechanical properties 
due to freedom from solidification related defects as well as refined 
grain size as a result of mechanical working.  
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Introduction  
Lightweight materials and their alloys are employed in applications calling for 
weight reduction to save energy and for ease of manoeuvrability [1]. Machined 
chips of Al, Mg, Cu alloys can be extruded through direct conversion method 
consisting of powder consolidation, sintering followed by extrusion with 30-35% 
savings in energy, no reduction in purity, no oxidation losses due to elimination of 
melting and casting process and less energy consumption with zero greenhouse 
emissions and reduction in labour cost due to simplified waste management [2]. 
The direct conversion method has more advantages than the conventional method 
[3]. Extruded wires are free from defects and exhibited good mechanical 
properties due to refined grain size [4-6]. A novel and energy efficient Friction 
Stir Extrusion Process (FSEP) technology was introduced and developed in Oak 
Ridge National Laboratory (ORNL) at south wire company by W. Thomas [7-9]. 
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This process extrudes wires from the chips by replacing powder compaction and 
sintering in direct extrusion. The extruded product quality depends on methods of 
materials to extrude into wire, process parameter such as rotational speed, axial 
force and chip size etc. [10-12]. Generally, there are two methods to convert the 
metal scrap into useful product i.e. Conventional method and Direct conversion 
method. In conventional method the energy consumed for extruded products is 
52% only and the remaining energy is for melting, casting and dross losses in  

 
 
 
 
order to recycle into ingot form [13-16]. That results in reduction in purity of 
material, oxidation losses, casting defects, coarse grain size and poor mechanical 
properties. In addition, it requires more energy input, more labour cost. Coal and 
oil for melting the metal scrap results in environmental pollution [17-20]. In 
Direct conversion method, reduces processing time, energy consumption and 
produces products with good microstructure and mechanical properties. Further 
improvement in recycling of scrap is through a novel solid state energy efficient 
recycling material technology simplified by waste management with zero 
greenhouse gas emission developed by W. Thomas in 1993 Welding Institute of 
Technology England is to extrude wire or rod from machined chips directly into 
finished product employing Friction Stir Extrusion Process (FSEP) [21-25]. The 
process has significant advantages, in saving energy, reducing environmental 
pollution and achieves good product quality. The aim of this technique is to 
produce and deliver electrical cable for next generation using light weight nano 
materials and improve recycling efficiency up to 95% [26-30]. However, in direct 
conversion method, 96% of total energy is consumed for extrusion, a comparison 
between conventional and direct conversion methods as shown in figure.1. 
In FSEP the machined chips are held in a stationary cylindrical container called 
cartridge and a rotating cylindrical plunger that is made to rotate in the cartridge 

Figure.1. Comparison of energy consumption in conventional and direct 
extrusion processes 
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and moves in axially downward direction under an axial pressure and a rotation, 
resulting in generation of heat energy due to friction to facilitate heating the metal 
scrap and get plasticize to consolidate. 
 

 
 
 
At this stage the metal chips are in plastic condition is made to pass through the 
nozzle at the bottom of the container to which a hollow cylindrical ram is 
attached. The material that ejects through the nozzle passes through the hollow 
ram beneath and takes the shape of wire. Another variation of the process is the 
cartridge is made to rotate keeping the plunger stationary as shown in figure.2. 
 
Literature Review 
In view of this, the observations from previous studies on Extrusion and Friction 
Stir Extrusion Process (FSEP) are summarised. The Magnesium Alloy AZ80, 
AZ31B AZ31BF, AZ91D, Aluminium Alloy AA1050, 2050, 2195, AA201, 
AA1050, AA6060, AA7075, AA 7277, 2025-T8, AA 6063-T52, 6061-T6, 
AA5052/1350, 6061/1350, 6201/1350 and Cu-Zn alloy chips were used at a speed 
of 90, 150,160, 160, 200, 250,355, 400, 600,700,900,1500 and 1600 rpm with an 
axial pressure force of 14, 18, 22kN and feed rates were 10,14, 20 and 30 mm/min 
5, 7 and 9 mm in diameter of  wire extruded with good quality [1-3]. The quality 
of wire depends on plunger rotational speed, Axial pressure force, traverse feed 
rate, chip quality, die design, temperatures and extrusion ratios. The common 
imperfections encountered were twist, cold tearing, cracks and swirl defects. High 
rotational speed, temperature and high strain can result in swirl defects, hot 
cracking, creation of voids, a sound rod and complex 3D helical material flow is 
generated on cross section of the extruded profile with recrystallized grains in the 
centre and heavily stretched grain in the periphery, while low speed and 
temperature resulted in cold tearing and a smooth, free from cracks, finest 
equiaxed grain structure could be obtained at optimum or intermediate speed. The 

Figure. 2. Friction stir extrusion process
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large size chips exhibit micro-cracks and de-laminations, [4-6]. The grain size 
decreases from centre of wire surface whereas micro-hardness increases. The fine 
homogeneous microstructure showed better strength, ductility, corrosion 
resistance, uniform composition, free from segregation with lower friction co-
efficient as compared with parent metals at optimized process parameters [7-9]. In 
this process an extrusion ratio was used 5, 3.57, 0.2, 0.28, 0.36, it is speculated 
that large extrusion ratio results in lower pressure inside the extrusion chamber, as 
extrusion ratio decreases quality of rod increases because of better compaction 
and a helical material flow found through experimental observation. In this review 
mechanical properties, microstructure characterization of fine and coarse grain 
structure was revealed [10-12]. The conventional resistive heating would be 
consuming more than 7000 kJ, whereas in indirect extrusion the energy consumed 
is mere ~207 kJ, this process also coined as Friction stir back extrusion (FSBE), it 
extrudes tubular profile that is structurally sound and free from the signs of voids 
or internal defects with Aluminium, Magnesium alloy and Copper from machined 
chips [13,14]. The inhomogeneous microstructure is attributed to poor 
deformation characteristics of Mg alloy which has HCP crystal structure [15,16]. 
Similar problems are not observed in aluminium alloy as it is of FCC crystal 
structure that has favourable number of slip systems. Extrusion marks/scratch 
lines were observed at the outer periphery and coarse grains were noticed along 
the tube wall due to trapped heat at the process parameters such as rotational 
speed 1500 rpm, axial force 10 kN, axial feed 0.5 mm/s, dwell time is 10s and 
Extrusion ratio 4.1. A significant amount of grain refinement in the 
microstructure, material deformation in the form of outward radial flow in the 
stirring zone and mechanical properties has been reported [17,18]. This technique 
is for high productivity with Low energy consumption, large metal savings and 
zero greenhouse gas emission [19-21]. As a new attempt to recycle minute metal 
scrap the possibility of production and design materials by semisolid process by 
cold pressing and hot extrusion of Aluminium, Magnesium alloy at a pressure of 
240, 310 MPa, extrusion ratio is 12, 25:1 with axial feed rate of 40 mm/min, speed 
of 1600 rpm. The results indicate that better mechanical properties and fine-
grained microstructure due to dynamic recrystallization above 400°C-500°C, at 
350-400°C formation of new grains and grain refinement due to cross slip and 
basal slip and twinning, necklace structures are formed at 300-350°C, the dynamic 
recrystallization mechanisms are controlled by dislocation climb, and 
recrystallized grains are homogeneous [22-24]. No macro cracks or unfilled parts 
are visible on the surface, Moreover, there was no void defect, and an excellent 
inner surface was formed. In this work, Response Surface Methodology (RSM) 
was used to carried out experiment with three main operating variables i.e. Chip 
size, pre-compaction, and holding time. Holding time has the most influential 
effect on mechanical properties followed by pre-compaction while chip size has 
the least effect on UTS. It has been concluded that, hot press forging could be one 
of the alternative metal waste recycling processes instead of conventional method 
[25-27]. The numerical campaign was carried out on FSE process, aim is to 
investigate the process mechanics by extrusion force, velocity-controlled, 
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extrusion rate and extrusion ratios is highly influenced by tool rotation rate 
applied in process simulation and directly influences the surface quality of 
extrudes. The temperature in the container matrix depends on heat input and 
process time gaining information on the material flow and better when lower rate 
is obtained through the combination of tool rotation and tool force [28-30]. Strain 
and texture in FSE Process has been carried out with extruded wires under various 
die rotational speed and extrusion forces such as 300, 400,500 RPM and 44.5, 
80.1, 106.8 kN respectively [31]. The heat transfer phenomena in the die and 
plunger plays very important vital role, as the grain size increases in wire with 
increase of temperature, higher rotational speed results in higher temperature it 
leads to lower strength and better material flow [32-34]. These results are tested 
using the CFD simulation prediction Analytical, Numerical, Experimental and 
Simulation with accurate, reliable and effectively predictions have been verified 
[35,36]. The recycled specimens by hot-pressing and double extrusion process do 
not show higher ultimate tensile strength, because finer microstructures are not 
achieved [37-40]. The new novel solid-state technique has been developed 
systematically in recent years in automotive applications with the concept of light 
weight is predicted to be increased steadily results in homogeneous distribution of 
bonding interface presented, good bonding and attained excellent mechanical 
properties with heat treatment process [41-45]. The tensile strength, ductility and 
0.2% proof stress are higher than that of the as-extruded alloys, because of 
precipitate strengthening, this process is optimized using the Taguchi L8 
orthogonal design of experiments [46,47]. A novel severe plastic deformation 
(SPD), powder consolidated extrusion method has been proposed the highest 
pressure or pressing time that produce higher degrees of consolidation and 
imposes a higher amount of the plastic shear strain during the modified equal 
channel angular pressing (ECAP) process and compared with extrusion simulation 
of DEFORM 3D software [48,49]. Consolidation of the recycled scraps with 
increasing the extrusion ratio Ultimate tensile strength and elongation to failure 
increases, could produce wire with fine, an equiaxed microstructure and 
mechanical and tribological properties of aluminium-base composites produced by 
the recycling of chips [50-56]. The solid-state recycling of Mg, Al, Cu chips has 
become an effective and powerful methodology to investigate the theoretical 
model, analytical and experimental aspect of the relevant works such as cold, hot 
extrusion, forging, rolling, sintering, solid state recycling via ECAP etc [57-59. 
The basal plane texture is weakened after ECAP, the YS and UTS values of 
ECAPed specimens are much larger than those of extruded specimens. The grain 
refinement plays a more important role than texture and miscellaneous methods of 
FSE process by various process parameters over the quality of the extruded 
profiles and potential market profitability [60-63]. The damping capacity and 
dynamic modulus was measured as a function of time and temperature at a fixed 
frequency of 5 Hz and 10 to 14% increase in damping capacity [64-66]. In hot 
extrusion the relative densities, strength and plastic properties of the composites 
are almost identical as those of solid materials made from aluminium powder. An 
Addition of tungsten-powder and aluminium oxides, improves the strength 
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properties, whereas addition of Carbon results in discontinuities in the structure of 
extruded product [67-70]. It producing bearing material of aluminium alloy and 
aluminium bronze chips without metallurgical process, heat treatment of copper 
and aluminium which leads to good tribological properties to investigate the 
influence of temperature and extrusion ratios on strain rate, flow stress, grain 
deformation, microstructure, and mechanical properties of composites [71-81]. 
The current technologies such as MC HPDC, BCAST, MCAST, Rheo-diecasting 
(RDC), Powder metallurgy, GBC, deformation mechanism, wire drawing and 
additive manufacturing process was used to recycle high grade Mg-alloy chips for 
the components of automotive applications [82-92]. In this review the 
environmental impacts associated with ‘meltless’ scrap processing with different 
techniques by energy saving to make materials on a global scale [93-95]. The 
experimental research regarding the ways of improving the quality of extruded 
product by various methods of extrusion process, process parameters, the 
influence of aging time and temperature on the microstructure and mechanical 
properties were investigated on the Mg, A1, Cu alloys and role of quality 
degradation as well as dilution losses during metal recycling [96-100]. 
 
Results And Discussions 

 From the literature Machined scrap of Al, Mg, Cu alloys machined chips ware 
compressed by cold or hot compaction at various process parameters such as 
pressure, temperatures and traverse speed using conventional and direct extrusion 
method extruded in wire form. 
 

 Too high temperature results in hot tear, cracks, too low temperature results in 
cold tear, voids whereas an intermediate speed results in defect free wire could be 
extruded shown in figure. The grain sizes are smaller in size at centre of wire 
surface whereas micro-hardness increases, it showed homogeneous 
microstructure, better strength, good ductility, corrosion resistance, uniform 
composition compared with parent metals at optimized process parameters. 
 

 In this process large extrusion ratio results in lower pressure inside the extrusion 
chamber, as extrusion ratio decreases quality of rod increases because of better 
compaction and a helical material flow found through experimental observation. 

 
 Friction Stir Extrusion Process is a new technique solid state recycling process 

with optimum cost, energy saving, eco-friendly to carried the extruded product in 
the form of wire 5,7 and 9 mm in diameters with smooth surface finish, good 
mechanical properties, microstructure characterization of fine and coarse grain 
structure obtained with various process parameters such as rotational speed, axial 
force and chip size and was compared with parent metal. 
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Figure.3. Wire extruded with different speeds 

 
Fig. Microstructure with equi-axed grains 

Conclusion 
Recycling of machined chips/scrap through the conventional route, direct 
extrusion after cold or hot compaction and friction stir extrusion process has been 
reviewed. The microstructure, mechanical properties has been studies with various 
process parameters. The rotational speed, axial force, traverse speed, extrusion 
ratios, temperature and chip size play’s a vital role in the quality of product 
obtained. High rotational speed and temperature result in hot tear and cracks, 
while low speed, temperature result in cold tear, whereas defect free wire could be 
obtained. At medium rotational speed, temperature result in uniform, equi-axed 
grain structure has been reported. A novel solid-state recycling meltless process 
coined as Friction Stir Extrusion Process is to be more promising it reduced 
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processing time without compromising the quality of the extruded product by 
optimising cost, saving energy, eco-friendly, good mechanical properties. 
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