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    Abstract
Friction stir extrusion is one of the most promising solid-state chip recycling techniques because of its relative simplicity 
and high efficiency. One of the most straightforward applications for the process is the production of recycled wires to be 
utilized as filler material in welding or welding-based additive manufacturing processes, in order to create an industrial 
symbiosis link, fostering a circular economy and enhancing the technology readiness level of the process. The scalability 
of the process to the thin wires needed for such applications has not been investigated so far. In this paper, an experimental 
and numerical analysis was developed. A dedicated numerical model was first validated and then used to design the tool 
geometry. The effect of tool rotation and tool force on both “standard” mechanical properties, as Ultimate Tensile Strength 
and microhardness, and specific properties for the envisaged application, as the wrapping around reels with different radii, 
was investigated. The numerical model results were used to explain the influence of the process parameters on the material 
flow as well as on the distribution of the primary field variables, namely temperature, strain, and strain rate. Finally, the 
energy demand was measured, and the specific energy consumption (SEC) was evaluated. It was found that a conical shoulder 
surface favors the conditions for effective solid bonding. Low values of the extrusion force have detrimental effects on the 
wires properties as they result either in insufficient strain, or hot cracking defects. High values of extrusion force results in 
lower SEC, unlocking the potential of the process as symbiotic link enabler.

Keywords Solid state · Recycling · Aluminum alloys · FEM

Abbreviations
TRL  Technology readiness level
UTS  Ultimate tensile strength
ECAP  Equal channel angular pressing
FSE  Friction stir extrusion
ShAPE  Shear assisted processing and Extrusion process
CFD  Computational fluid dynamics
SPH  Smoothed particle hydrodynamics
CAE  Computer-aided engineering
HV  Hardness value
FEA  Finite element analysis
FSW  Friction stir welding
SEC  Specific energy consumption

1 Introduction

Approximately 21% of the energy needed worldwide is used 
for the manufacture of materials and it is responsible for 
about 25% of the world's  CO2 emissions. In particular, metal 
production accounts for about 8% of the world's total energy 
consumption [1]. Since 1971, steel demand worldwide has 
increased threefold, primary aluminum nearly sixfold and 
plastic more than tenfold, making it imperative to find a 
strategy that can separate economic growth from resource 
depletion [2, 3]

Light alloys have been intensively used in the manufac-
turing industry over the last few decades due to their ability 
to allow weight reduction while improving the mechanical 
performance of structures. Using these alloys, recycling 
can save up to 90% of energy compared to primary produc-
tion [4, 5]. Considering these benefits, there is still room 
to improve the efficiency and resource usage of the recy-
cling process. Traditional recycling processes of chips are 
based on the remelting of the material [6]. This process is 
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energy-intensive, and it is characterized by significant per-
manent material losses. One of the main causes of mate-
rial loss is the formation of oxides, which is facilitated by 
the melted material’s high temperature. The last aspect is 
particularly important when aluminum alloy machining 
chips are taken into account, because of both the affinity 
of this material with oxygen and the high ratio surface/vol-
ume of the chips. Problems with material remelting can be 
overcome by applying solid-state recycling techniques [7] 
which allow for significant savings in the energy required for 
the recycling process [8]. Among the most used and effec-
tive techniques, there are hot extrusion [9], Equal Channel 
Angular Pressing (ECAP) [10], and Spark Plasma Sintering 
which, unlike the previous processes, is not based on severe 
plastic deformation but rather on powder metallurgy [11].

Other approaches are based on a combination of pro-
cesses to get fulkly consolidated semifinished products: [12] 
suggested a combination of extrusion and rolling to obtain 
flat. Cooper et al. [13] proposed chips extrusion as a prepara-
tory step to remelting.

As far as the powder metallurgy-like approach: Koch et al. 
[14] proposes a recycling process made of a field-assisted 
sintering (FAST) process to consolidate the aluminum alloys 
chips, and a forward rod extrusion process.

The energy efficiency of such process category with 
respect conventional remelting processes has been already 
proved. Duflou et al., by developing a full Life Cycle Assess-
ment analysis, observed a significant environmental impact 
reduction in aluminium alloys recycling processes, such 
reduction id mainly due to the lack of permanent material 
losses occurring during remelting [15].

One of the most promising solid-state processes for chip 
recycling is Friction Stir Extrusion (FSE). Although it was 
patented in 1993 by TWI as a modification of Friction 
Stir Welding, only in the last few years researchers have 
started to investigate the process and its potential. FSE 
can be used for every light alloy or steel. However, most 
of the papers in the literature are focused on aluminum 
alloys due to the larger use of these alloys for industrial 
applications [16]. One of the first attempts to use FSE as 
a recycling technique was made by Tang and Reynolds 
[17]. In their paper, the authors started from AA2050 and 
AA2195 machining chips to produce 2.5 mm wires. They 
found that sound wires can be produced, although higher 
extrusion rates must be used to increase the process’s 
industrial appeal. Behnagh et  al. [18] highlighted the 
wires defects due to both cold crack and hot crack occur-
ring during FSE of AA7277 wires, 6 mm in diameter. The 
authors highlighted that, with proper process parameters, 
mechanical properties comparable to the ones of the parent 
material can be reached in the extruded wires. Tahmasbi 
et al. [19] focused on the corrosion resistance properties 
of AA7022 wires produced starting from machining chips. 

The authors found that corrosion resistance decreases as 
heat input, i.e., tool rotation, increases. Very recently, Li 
et al. [20] highlighted the process mechanics of FSE by 
experimentally measuring strain and strain rate through 
the use of a proper marker. The results show how the pro-
cess parameters influence the deformation zone and the 
“dead zone”, but also highlighted how, in order to fully 
understand the complex material flow occurring during the 
process, further analyses are needed. Finally, Kalsar et al. 
[21] studied the mechanical and microstructural proper-
ties of 5 mm wires produced by Shear assisted processing 
and Extrusion process (ShAPE). The authors highlighted 
how the peculiar microstructure developed in the wires 
enhances and speeds up the post-processing heat treat-
ments on the products.

Concerning the environmental sustainability aspect of 
FSE processes, some of the authors of the present paper have 
quantified the energy efficiency of this process with respect 
conventional processes [22]. In this paper it is reported that 
the reduction in Primary Energy demand is due the (1) lack 
of permanent losses (oxidation during remelting) and (2) the 
reduced number of process steps to turn chips into wires. 
Concerning the latter aspect, FSE allows the wire draw-
ing process (a very high energy demanding process) to be 
skipped enabling substantial primary energy savings.

As far as the numerical simulation of the FSE process is 
regarded, only a very limited number of papers can be found 
in the literature. As for Friction Stir Welding, two main 
approaches can be used: (1) CFD based and (2) solid mechan-
ics based. The research group guided by prof. Reynolds at 
University of South Carolina has been one of the most active 
in this field during the last few years. One of the first papers 
presenting a dedicated numerical model for FSE is the one by 
Zhang et al. [23]. A CFD model was proposed, able to pro-
vide insights on the complex material flow occurring during 
the process through the prediction of strain, strain rate and 
particles path lines. Later, a thermal model was presented by 
the same research group with the aim to predict the evolution 
of temperature during the process [24] and, finally, a com-
prehensive model able to consider both the evolution of tem-
peratures and the material flow was proposed [25]. Recently, 
Li et al. [26] presented a smoothed particle hydrodynamics 
(SPH) based numerical model. The mesh-free approach, after 
proper validation, was used to successfully predict material 
flow, temperature, and extrusion forces. As conventional solid 
mechanics based models are regarded, some of the authors of 
the present paper developed a dedicated model for FSE of Mg 
alloys able to predict the occurring material flow, temperature, 
strain, and strain rate distribution, as well as the occurrence of 
solid bonding in line with the primary process factors (tool 
rotation and extrusion force on tool) [26, 27]. Finally, Behnagh 
et al. [28] presented a coupled solid mechanics—cellular 
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automation model to predict the complex microstructural 
evolutions occurring during the process.

From the literature analysis reported above, it arises that 
all the studies focus on the production of “wires” or rods with 
dimeter in the range of 2.5–6 mm. Although these geometries 
can be effective to demonstrate the process feasibility and to 
highlight more easily the complex process mechanics and 
microstructural evolutions, they are of less interest for indus-
trial applicability with respect to thin wires. Thin wires can 
be used for a variety of applications, including electrical ones 
and as fillers in arc welding and arc welding based additive 
manufacturing processes. In fact, wires and cables account for 
about 8% of the whole semi-manufacturing aluminum produc-
tion [29, 30].

On the other hand, the possibility to activate industrial sym-
biotic link between chips recycler and companies using the 
recycled semi-finished product as material input is still to be 
fully explored. In this respect, potential link can be activated 
if the metallic wire-based AM technologies are considered, 
in fact the recycled wires obtained by FSE could be used, for 
instance, as input material for wire based additive manufactur-
ing processes.

In particular, an integrated approach for combining arc 
additive manufacturing and a direct chip recycling process 
based on FSE for lightweight alloys, implementing such 
Hybrid Manufacturing process into a cost effective manufac-
turing route, would allow manufacturers to repair worn part 
and produce new complex components with zero defects, high 
metallurgical quality and high productivity rates, while at the 
same time ensuring maximum material efficiency and a mini-
mized overall consumption of material and energy resources. 
However, the scalability of the FSE process to thin wires has 
not been demonstrated yet, as in this case additional difficulties 
arise due to the dimension of the chips which is comparable 
to the final wire diameter and could have detrimental effects 
on the wires integrity.

In this paper, the computer-aided engineering (CAE) of 
FSE to produce AA6082-T6 wires characterized by diameter 
equal to 1.2 mm is presented. The process was carried out 
starting from machining chips. A dedicated numerical model 
was first validated and then used to select proper rotating tool 
design. An experimental campaign was carried out with vary-
ing tool force and rotation speed, and the main mechanical 
properties of the wires were highlighted, including the wrap-
ping in reels needed for transportation and use in industrial 
environment. The numerical model was utilized to emphasize 
the primary field variable distributions and connect them to the 

calculated wires mechanical performance. Finally, the electri-
cal energy demand was measured for all the considered pro-
cess conditions and the Specific Energy Consumption (SEC) 
was calculated and compared to literature data on conventional 
production routes.

2  Materials and Method

2.1  Experimental Activity

AA6082-T6 aluminum alloy was used as starting material 
for the present study. The chips were obtained starting from 
a 60 × 40 mm bar through a milling procedure distinguished 
by a depth of cut of 0.5 mm, a tool rotating speed of 150 mm/
min, and a tool feed rate of 200 mm/min. The diameter of the 
utilized mill was 63 mm. The average size of the chips pro-
duced during this process are 7 mm length, 2 mm width and 
2 mm thickness. The process was carried out without cutting 
fluid to speed up the following operations avoiding chips 
cleaning. It is worth noting that in the case chips coming 
from industrial processes, any trace of cutting fluid must be 
removed before starting the FSE process in order to avoid oil 
contamination in the produced wire. In Tables 1 and 2 typi-
cal chemical composition and mechanical properties of the 
used material are reported. It should be observed that both 
the starting conditions of the material as the bar is consid-
ered, the T4 state and the annealed conditions are reported. 
It should be observed that the milling operation modifies the 
hardening conditions of the used material which is supposed 
to get the O state.

Figure 1a shows the adopted FSE fixture setup: a dedi-
cated tooling set was manufactured in 4140 steels. The rotat-
ing tool speed, which serves as the backward extrusion die, 
has an exterior diameter of 14.7 mm, a center through extru-
sion channel that is 1.2 mm in diameter and 1 mm in height, 
and a broadening channel that starts at 3 mm in diameter 
before getting narrower again.

Table 1  Chemical composition 
% w/w of the used AA6082

Chemical composition % w/w

Al Cr Cu Fe Mg Mn Si Ti Zn

95.2|98.3  ≤ 0.25  ≤ 0.1  ≤ 0.5 0.6|1.2 0.4|1.0 0.7|1.3  ≤ 0.1  ≤ 0.2

Table 2  Mechanical properties at room temperature of AA6082 in 
the O, T4 and T6 state

Heat treatment UTS (MPa) Elongation (%) Hv

O 130 27 35
T4 200 14 65
T6 290 10 95
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Different tool shoulder surfaces were preliminary 
tested, namely a flat one and two conical ones with 5° and 
10°, respectively (Fig. 1b). The die chamber has an inter-
nal diameter of 15 mm determining an extrusion ratio of 
12.25. A thermocouple was embedded at the bottom center 
of the extrusion chamber for the numerical model valida-
tion. The friction stir extrusion process was carried out 
on a Friction Stir Welding machine ESAB LEGIO FSW 
3ST operating in Z-axis force control mode. The experi-
mental plan reported in Table 3 was carried out with three 
repetitions for each of the considered case studies. The 
considered values of tool rotating speed and applied tool 
force were chosen on the basis of former studies [31] and 
preliminary tests on the used aluminum alloy. The cen-
tral point of the experimental plan was also preliminarily 
repeated for the considered tool shoulder angles (0°, 5°, 
10°).

According to the test conditions, the rate of material 
extrusion changed. The numerical model's input data was 
obtained from the ESAB LEGIO controller's recording of 
the die vertical movement during the extrusion at a sampling 
rate of 10 Hz. Extrusions were stopped when the tool was 
about to reach the bottom of the die chamber, namely when 
the entire material inside the chamber, i.e. the chips, were 
extruded; in this way an average length of extruded wire of 
about 500 mm was reached. Specimens were taken from 
each of the completed case studies in order to evaluate the 
mechanical and microstructural features of the wire mate-
rial condition. Tensile testing was conducted in accordance 
with ASTM D2256 specifications. For each case study, three 
tests were taken into account. To highlight microstructures, 
cross sections of the wires were cold mounted, polished, 
and etched for 15 s with Keller’s reagent (190 ml  H2O, 5 ml 
 HNO3, 3 ml HCL, and 2 ml HF). Vickers microhardness 
testing was done along the cross-sectional diameters of the 
samples.

Finally, in order to measure the ductility of the produced 
wires, bending tests were carried out for different values 
of the bending radius, namely 15, 12.5, 10, 7.5 and 5 mm 
(Fig. 2). Such test was aimed to verify the possibility to 
wrap the obtained wire around a reel for actual industrial 
applications.

Fig. 1  a FSE fixture used for 
the experimental campaign, 
b shoulder tool geometries, c 
cross section of the used tool 
with dimensions

Table 3  Investigated process 
conditions

Tool rota-
tion (rpm)

Force (kN)

15 18 21

500 ID3 ID6 ID9
400 ID2 ID5 ID8
300 ID1 ID4 ID7
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2.2  Numerical Model

About the numerical model of the researched FSE pro-
cess, it was created using the commercial FEA program 
DEFORM3DTM, which is a Lagrangian implicit code spe-
cialized for metal forming processes. It should be observed 
that even if the chips should be considered a discrete com-
pound, they were modelled as a single workpiece. Moreo-
ver, the Shima and Oyane yield surface for porous mate-
rials was employed to account for the real density of the 
agglomeration. The AA6082 chip billet was modeled as 
one porous object with an initial relative density of 0.6; 
this value was determined by dividing the density of the 
base material by the density of the compacted billet. Yet, 
the executed numerical simulations demonstrated that, 
prior to the extrusion process, the density of the chips bil-
let quickly grew to 1 [32]. As the single element reaches 
the full density (i.e. density equal to 1), a rigid-visco-plas-
tic approach with Von Mises yield criterion and associated 
flow rule is then applied.

The material database JMatPro demo and internal tests 
utilized the following material model:

where k = 6.616, n = 0.0368, m = 0.0759, and β = 1504 are 
constants specific of the considered material; 𝜀, �̇� and T are 
the effective strain, effective strain rate, and temperature, 
respectively. The thermal problem was linearized to speed 
up the simulation by using constant thermal conductivity 
and thermal capacity, which are equivalent to 180 N/(s K) 
and 2.4 N/(mm2 K), respectively. This approach has already 
been proven effective for FSW processes [33]. The contact 
between the tool and the workpiece was model through the 
shear friction model, characterized by a friction factor of 0.4, 
and heat exchange coefficient of 11 N/m (mm Ks). Some of 
the authors got these results from a prior numerical cam-
paign of FSW of aluminum alloys [34].

(1)𝜎 = k𝜀n�̇�m exp

(

𝛽

T

)

For the only purpose of the thermal study, the spin-
ning tool and the extrusion chamber were represented as 
rigid bodies and meshed with about 28,000 and 26,000 
tetrahedral elements, respectively. Around 18,000 tetra-
hedral elements were chosen to mesh the workpiece, with 
a finer mesh near the extrusion channel having an average 
dimension of 0.3 mm. These values were chosen based 
on a preliminary sensitivity analysis aimed to reduce the 
number of elements as much as possible preserving model 
accuracy. Figure 3 shows the model at the beginning of the 
simulation. In an effort to lessen the CPU time needed for 
each simulation, the tool movement was controlled with 
assigned stroke vs time data taken from the experiments 
as described in the previous paragraph.

The model was tuned using experimental temperature 
measurements with a thermocouple placed at the bottom of 
the die chamber on the symmetry axis during preliminary 
experiments.

30 3030 30 3010

30

15
20
25

Fig. 2  Bending “reel” test fixture

Tool

Workpiece

Extrusion
chamber

Fig. 3  Sketch of the numerical model at the beginning of the simula-
tion
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3  Results and Discussion

3.1  Tool Design Through the Numerical Model

First, the numerical model was validated against tempera-
ture for all the considered case studies. Figure 4 shows the 
temperature trend during the process, as measured by the 
thermocouple embedded at the bottom center of the extru-
sion chamber and as calculated by the numerical model.

The numerical model was then used to determine the 
most effective tool design to be used in the experimental 
campaign. In particular, three different shoulder angles 
were tested, i.e., 0° (flat shoulder), 5°, and 10°. Figure 5 
shows the temperature and effective strain distribution in 
a cross-section.

Increasing temperature and increasing strain can be 
observed with increasing shoulder angle. The inclined sur-
face of the shoulder results in two beneficial effects: on the 
one hand, larger angles imply a larger surface and, hence, 
larger heat input; on the other hand, a conical shoulder 
surface promotes a material flow component toward the 
center of the extrusion which enhances material mixing 
and solid bonding. Additionally, the increased deformation 

work, decaying into heat, further contributes to the tem-
perature increase and material softening. The results above 
described apply to all case studies and, for these reasons, 
only the tool with a shoulder angle equal to 10° was con-
sidered for the subsequent analyses.

3.2  Mechanical Characterization

Tensile tests have been carried out on the obtained wires 
according to ASTM D2256. The average values for the case 
studies under consideration are displayed in Fig. 6a, and the 
experimental setup utilized for the experiments is shown in 
Fig. 6b.

It is observed that an increasing trend was obtained both 
with increasing tool force and tool rotation. In particular, 
when the tool force is equal to 15 kN maximum UTS was 
about 60 MPa. For tool force values equal to 18 kN and 
21 kN significantly higher resistance was observed, with 
the best performing wires reaching about 200 MPa. It is 
worth noting that this value corresponds to the one of the 
parent materials in the T4 state, as it will be discussed in 
the following.

On the wires’ cross section, microhardness tests were car-
ried out. Three measurement points for each section were 
considered (Fig. 7b). Due to the friction forces at the inter-
face between the shoulder and the material to be processed, 
a special input variable was considered as the heat flow input 

Fig. 4  Temperature at the bot-
tom center of the billet during 
the process for case study 9 (exp 
vs num)

Temperature [°C]
5004403803202602001408020

Strain - Effective [%]
8007006005004003002001000.0

10°0° 5°

a)

b)

Fig. 5  Temperature and effective strain distribution in a cross-section 
for case study 9
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in to demonstrate the results. Consideration was given to the 
analytical formulation put forward by Song and Kovacevic 
for the heat flow produced beneath the tool shoulder in fric-
tion stir welding [35]:

where r is the distance between the estimated point and 
its axis, N is the rotational speed of the tool, μ is the Cou-
lomb friction coefficient, assumed equal to 0.7, and  FN is 
the normal force.

Figure 7a shows the trend of HV, calculated as the aver-
age value of the three indentations per cross-section, as a 
function of the heat flow. In the graph, the microhardness of 
the base material in the as received conditions, i.e., T6, in 
the O state and in the T4 state are reported too.

A few interesting observations can be made increasing 
values are observed with increasing heat flow; the values 
obtained are between the HVs of the parent material in the 
T4 and T6 state. As long as the latter is considered, it can 
be stated that the solid bonding occurring was effective 
resulting in local micromechanical properties which are 
always better than the ones of the parent material in the O 
state. This finding is in line with what Baffari et al. [31], 
who, working with FSE of AA2050, found that, regardless 
of the starting alloy condition, i.e., T4 or O, the final rod 
showed mechanical properties close to the ones of the par-
ent material in the T4 state. As known, T6 corresponds to 
artificial aging while T4 corresponds to natural aging. So, 
it may be said that the material's thermal cycle throughout 
the procedure produces an “almost” T4 heat treatment, 
which enhances the wire's mechanical resistance. Addi-
tionally, it is important to note that, for the considered 
AA6082 alloy, the T4 state allows for better ductility with 
respect to the T6 one. This can be an advantage when 
the final application of the wire is the use as filler wire 
in welding or welding-based additive manufacturing pro-
cesses, as it can be wrapped in reels without the risk of 

(2)q = 2��FNrN

cracking. It is also noted that the UTS values shown in 
Fig. 6 for the best-performing wires can reach but not 
overcome the UTS of the parent material in the T4 state. 
Additionally, although the lowest UTS was observed for 
the lower heat input, for the UTS a strict correlation with 
the heat flow cannot be determined. This is mainly due to 
two factors. First, the presence of hot cracks on the outer 
surface of wires for which the combination of heat input 
and low extrusion rate resulted in an excess of heat. Hot 
cracks do not affect the HV measured “inside” the cross-
section, while they have detrimental effects on the tensile 
properties of the wires. This is the case, as an example, 
of the wire produced with R = 500 rpm and F = 15 kN, as 
shown in Fig. 8b, for which the most severe conditions 
were observed due to the combination of high tool rotation 
and low force resulting in low extrusion rate.

Also, even for hot cracking-free wires, the outer surface 
can be considered a “weaker” area for all wires and rods 
produced by FSE [27, 32]. However, due to the small diam-
eter of the wire here considered, this aspect could not be 
highlighted by the HV measurements. Finally, it is observed 
that a nearly monotonic trend of HV with the heat flows 
implies that, for the input process parameters considered in 
this study, no detrimental effect of excessive grain growth 
occurs.

Figure 9 shows the etched cross-section of all the consid-
ered case studies.

For all the wires produced with force equal to 15 kN, 
the cross-section was not perfectly round, and inconsistent 
geometry was found along the wire axis, consistently with 
the results obtained from the tensile tests and the observa-
tions made. As it will be better highlighted with the numeri-
cal results, this depends on two different factors: the insuf-
ficient bonding conditions reached due to low tool rotation, 
for case study 1, and the hot cracking, as discussed for case 
study 3.
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Finally, bending tests have been carried out. The 
obtained results are summarized in Table 4.

It is seen that when the extrusion force is equal to 18 kN 
and 21 kN the minimum bending radius can be obtained, 
regardless of the tool rotation. On the contrary, when the 
extrusion force is equal to 15 kN, the wire ductility is 
significantly reduced: as case study 1 is considered, the 
poor bonding between the chips resulted in fracture with 
the largest radius; although the ductility increases with 
increasing tool rotation, the severe hot cracking previously 
shown limits also the ductility of case study 3, which fails 
when bent with a radius equal to 10 mm. Figure 10 shows 
the bending radius reached for case studies 2 and 5. As 
the former is considered, a smaller radius resulted in the 
fracture of the wire.

3.3  Process Parameters Effect on Material Flow

Figures 11, 12, and 13 show the calculated distribution of 
temperature, strain, and strain rate, respectively, in a cross-
section. Case studies 1, 5, and 9, corresponding to the high-
est, intermediate, and lowest heat flow, respectively, are 
presented.

It is noted that the higher heat flow results, as expected, 
in higher temperatures. Besides, both the increased tool 
velocity and the enhanced softening of the material, caused 
by the high temperature, determine higher values of strain 
and strain rate. Although a detailed study of the occurring 
bonding condition through the Piwnik and Plata criterion 
was not carried out in this study, it can be stated that these 
three conditions favor the solid bonding between the chips. 
On the contrary, for case study 1, i.e., the one obtained with 
tool rotation equal to 300 rpm and tool force equal to 15 
kN, the maximum temperature hardly reaches 300 °C in the 
extruded wire, making it almost impossible for sound bond-
ing to occur. Additionally, for case studies 5 and 9, the larger 
area interested by high deformation before the extrusion 
channel, suggests that solid bonding occurs before the onset 
of the actual extrusion process. The same does not apply to 
case study 1, for which sufficient strain is generated only 
when the material is in the extrusion channel, leaving less 

15 18 2 1

500

400

300

0.6 mm

Fig. 9  Etched cross-section of the considered case studies

Table 4  Bending test results for 
the considered case studies

(kN) (rpm) Total radius (mm)

15 12.5 10 7.5 5

15 300 ✗ – – – –
400 ✓ ✗ – – –
500 ✓ ✓ ✗ – –

18 300 ✓ ✓ ✓ ✓ ✓
400 ✓ ✓ ✓ ✓ ✓
500 ✓ ✓ ✓ ✓ ✓

21 300 ✓ ✓ ✓ ✓ ✓
400 ✓ ✓ ✓ ✓ ✓
500 ✓ ✓ ✓ ✓ ✓

Fig. 10  Minimum bending radius reached for case studies 2 and 5
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time for the solid bonding to occur. It is worth noticing that, 
according to the Piwnik and Plata criterion, proper condi-
tions of temperature, pressure, and time must be reached in 

the material for sound solid bonding [36]. Finally, the mate-
rial flow is presented for the above-considered case studies. 
In particular, the position of a set of points of the workpiece 
initially laying on a diameter in the extrusion chamber was 
tracked during the process (Fig. 14). It should be noted that 
while large deformation occurs and adaptive remeshing is 
triggered during the simulation, the “point tracking” option 
of the utilized commercial software was used to study the 
movement of a single particle of material, which, in this way, 
is not linked to a mesh element. This allows to better analyze 
the material flow reaching results close to the ones obtain-
able with a more appropriate smooth particle hydrodynamics 
simulation [37], keeping at the same time the advantages of 
a lagrangian approach.

The results highlight how the typical helicoidal flow of 
FSE is not obtained when tool rotation and tool force are 
too low. In these conditions, insufficient material mixing 
results in the poor bonding and the poor mechanical proper-
ties previously observed. For the other two case studies, for 
which UTS larger than the one of the parent materials in the 
O state and good bending properties were obtained, proper 
helical movement of material is calculated. It is noted that 
the pitch of the helix is smaller for case study 5, character-
ized by higher tool rotation with respect to case study 1. 
This is because of the opposite effects of tool rotation and 
tool force. In fact, increasing tool rotation results in lower 
helix pitch, while increasing force results in increased extru-
sion rate and, hence, increased pitch. Based on the results 
obtained, it can be stated that, for the considered process 
parameters, the effect of tool rotation prevails over the one 
of force.

3.4  Influence of Process Parameters on Energy 
Demands

In this section the electrical energy demand of the Fric-
tion Stir Extrusion process for producing thin wires out 

300 rpm – 15 kN400 rpm – 18 kN500 rpm – 21 kN

Temperature [°C]
5004403803202602001408020

Fig. 11  Temperature distribution in a cross-section for case studies 9, 
5, and 1

500 rpm – 21 kN 400 rpm – 18 kN 300 rpm – 15 kN

Strain - Effective [%]
2001751501251007550250.0

Fig. 12  Effective strain distribution in a cross-section for case studies 
9, 5, and 1

500 rpm – 21 kN 400 rpm – 18 kN 300 rpm – 15 kN

Strain rate - Effective [s-1]
0.50.4380.3750.3130.2500.1880.1250.0650.0

Fig. 13  Effective strain rate distribution in a cross-section for case 
studies 9, 5, and 1

Fig. 14  Material flow for case 
studies 9, 5, and 1
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of chips is analyzed. The power-time data were collected 
by connecting a three-phases electrical networks analyzer 
to the input electrical connection of the ESAB machine. 
The power was measured for the entire production cycle, 
specifically the production of 1000 mm long wire was 
considered as functional unit. After collecting the power 
trends, the energy consumption was calculated from the 
power-time graph by direct numerical integration method. 
In Fig. 15 the analyzed power trend for the 500 rpm–21 kN 
process parameters configuration is reported with all the 
different production modes highlighted. The compaction 
phase concerns the application of 3 compaction cycles 
with a vertical load equal to 5 kN. In the transition phase 
the tool rotation was activated, and the vertical load was 
gradually increased from 5 kN to the desired load (15, 18, 
21 kN). The transition phase is needed as, due to machine 
limitation, it was not possible to instantly increase the load 
from 5 kN compaction force to the desired vertical load, 
hence it must be gradually increased. In Fig. 15 the punch 
displacement trend is also reported, and it is possible to 
notice the sudden displacement increase during the tran-
sition step due to the increase in chips density caused by 
both the rotational speed activation as well as by the incre-
mental increasing of the vertical load.

To calculate this process's energy effectiveness the Spe-
cific Energy Consumption (SEC) must be calculated. The 
SEC (MJ/kg) is a well-recognized indicator [38] for charac-
terizing the energy demand of a manufacturing process and 
can be used to assess the effectiveness of various process 
parameters configuration and even different processes one 
another. In the FSE case, the SEC means the unit energy for 
producing 1 kg of wire out of aluminum alloys chips.

For the SEC calculation, only the productive phase was 
considered. In fact, the non-productive phases should be 
included only when robust industrial practices are con-
sidered and clear allocation procedure on the functional 
unit can be identified. Since our tests were developed in 
lab environment, and in a discrete production scenario 
(1000 mm long wires), the selection of the productive 
phase appears a fair choice. In Table 4 the average power 
level during the extrusion phase, the SEC and the extru-
sion rate for 4 different process parameters configurations 
are reported. The selection reported in Table 5 was driven 
by the will of analyzing the process parameters configu-
ration characterized by the best mechanical performance 
as well as by the purpose to observe the impact of the 
process parameters on the SEC itself. Looking at the 
results reported in Table 5 it is possible to see that with 
increasing the vertical load and the rotational speed the 
SEC decreases. Actually, the efficiency of the processes 
is governed by the extrusion rate: the higher the extrusion 
rate, the better the SEC values are. This frequently occurs 
in manufacturing operations because the shorter process-
ing times effectively outweigh the higher power demands 
brought on by heavier loads.

Some of the authors of the present paper have already 
characterized the efficiency of FSE process as used for 
producing rod (8 mm diameter aluminum alloys wires) 
[22]. The here identified 102 MJ/kg SEC value for ID9 still 
provides substantial energy saving with respect the con-
ventional route quantified in that research. More specifi-
cally, the saving might be even larger as further wire draw-
ing steps (after hot extrusion in the re-melting rote) might 
be needed for obtaining the thin wire here considered.

Fig. 15  Power and punch displacement trends (case studies 9)

Table 5  Power, extrusion rate (E) and SEC for different process 
parameters configuration

Case study 
ID

F (kN) R (rpm) Power (W) E (mm/s) SEC (MJ/kg)

ID5 18 400 6780.8 15.7 141.2
ID8 21 400 7114.5 20.8 113.8
ID6 18 500 6931.8 16.2 140.3
ID9 21 500 7300.1 24.1 102
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4  Conclusions

In the paper, the results of an experimental and numerical 
study on FSE of thin wires out of AA6082 aluminum alloy 
machining chips are presented. The study was aimed at the 
process design to produce wires as filler material in weld-
ing and welding-based additive manufacturing processes. 
For this reason, both standard mechanical tests. i.e., tensile 
test and HV measurements, and specific tests, i.e., bending 
tests simulating the wrapping around reels, were carried 
out. The key findings that may be made from the results 
are as follows:

• The use of a conical shoulder surface results in higher 
temperature and strain in the workpiece, which are ben-
eficial for proper solid bonding to occur.

• As the range of process parameters used in this study is 
regarded, increasing hardness was found with increas-
ing heat flow, which, in turn, increases with tool force 
and tool rotation.

• HV values between the ones of the parent material in 
the T4 state and the one in the T6 state are found, sug-
gesting that the process conditions determine a heat 
treatment in the material with natural aging like the T4 
temper.

• UTS values are lower or equal to the one of the par-
ent materials in the T4 state. These values cannot be 
overcome because of either the hot cracking defects 
observed or, for defect-free wires, to the “weaker” outer 
layer which could not be measured in the produced 
wires due to the small diameter.

• Excellent bending properties are obtained when proper 
process parameters are selected, which makes the pro-
cess feasible to produce filler wires wrapped in reels.

• The numerical model results allowed us to explain the 
mechanical properties obtained with varying input pro-
cess parameters by showing how temperature, strain, 
strain rate and material flow improve with increasing 
tool force and tool rotation.

• The specific energy consumption decreases with increas-
ing tool rotation and tool force. Considering the most 
efficient process conditions, significant savings can be 
obtained with respect to conventional production routes.

The good mechanical and microstructural properties 
observed in the obtained thin wires unlock the potential of 
FSE to be used also as Symbiotic link enabler. Virtuous out-
put/input links can be activated between chips recycler and 
wire based Additive Manufacturing/fusion welding compa-
nies. In conclusion, along with the energy saving for the 
aluminum secondary production, further reductions can be 
obtained by brand new Industrial Symbiosis link activation.

Future works include the extension of the process param-
eters ranges and the concurrent analysis of the actual bond-
ing conditions through the Piwnik and Plata criterion as well 
as a detailed microstructural analysis highlighting recrystal-
lization and grain growth phenomena. Further development 
will concern a full Life Cycle Assessment implementation, 
including industrial practices, to identify the correct process 
steps for turning chips into these wires in different produc-
tion routes (conventional and Solid State based).
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