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Recycling of metals is becoming crucial from an economic and environmental point of view. The solid-state
recycling process Continuous Friction Stir Extrusion was used to produce wires out of A356-T6 chips. The me-
chanical properties of the produced wires were explored by varying the main process parameters. Character-
ization involved Vickers hardness tests, tensile tests, grain size measurements, and fracture surface analysis. It
has been found that it is possible to achieve 77 % of the Ultimate Tensile Strength (UTS) and 92 % of Vickers
hardness with respect to the as-fabricated A356 alloy. The average grain size increases with the tool rotational
with values ranging from about 9 um to about 11 um. A 3D dedicated numerical model was used to predict the
distributions and histories of primary field variables, and to calculate the Piwnik-Plata parameter, fostering a
more in-depth understanding of the process mechanics. This allows for the precise prediction of unacceptable
product quality of the bonding when the Plata and Piwnik parameters are low. Predicted temperature close to the
rotating tool should reach 400 °C while the cochlea temperature should be below 100 °C for sound wires pro-
duction thus avoiding early chip bonding and process failure.

1. Introduction

The extraction of primary resources holds growing importance from
both economic and environmental standpoints. Focusing on the envi-
ronmental aspect, CO, emissions, and energy consumption during the
production phase reach a significant amount per year, comprising over a
quarter of the global CO; output [1]. Projections by Gutowski et al. [2]
suggest a substantial surge in aluminum demand in the future, poten-
tially tripling current levels. Improving the efficiency of primary pro-
duction methods and recycling processes is imperative based on these
findings. Tolio et al. [3] propose that the aforementioned challenges
necessitate exploring options such as product repairing, remanufactur-
ing, and recycling. Anyway, as emphasized by Atherton [4], recycling
stands out as the leading strategy for metals, due to its substantial eco-
nomic and environmental advantages, given that numerous metals can
undergo multiple reprocessing cycles. Ingarao [5] demonstrates that
aluminum alloys are well suited to recycling through remelting with 90
% of primary energy saving. However, it is noted that conventional in-
dustrial remelting procedures exhibit low efficiency. In the 1940s, solid
bonding phenomena were proposed and patented in the United States to

recycle metals. For the development of new processes focusing on the
recycling of waste materials, the phenomenon of high plastic deforma-
tion is currently being extensively studied. The solid bonding phenom-
enon requires (i) high-pressure conditions to bring all the involved
elements into intimate contact, (ii) high temperature, which can be due
to the heat dissipated by the friction between the main elements of the
process (e.g. friction-based processes), and (iii) a certain time to allow
for the correct processing of all the material. These conditions must be
met for solid bonding activation to occur. In order to use this technique
for the recycling of aluminum scraps, it is necessary to consider the
difficulties caused by the high hardness and chemical instability of the
surface oxide layer. Processes based on severe plastic deformation can
effectively destroy the surface oxide layer of the scraps by subjecting the
material to significant strain, thereby allowing for the formation of
metal bonds [6]. Mathematical models were used by Cooper and All-
wood [7] to summarize the impact of deforming conditions on forming
solid bonds.

There are two types of Solid-State Recycling (SSR) technologies: (i)
Spark Plasma Sintering (SPS), a powder metallurgy approach, for which
Paraskevas et al. [8] illustrated the efficacy in directly joining aluminum
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Table 1
Mechanical, physical properties, and chemical composition of A356.

Heat Treatment YS [MPa] UTS [MPa] HV Elongation

F 83 159 67 6 %

T6 207 278 108 6 %

Chemical composition % w/w

Al Cu Fe Mg Mn Si Ti Zn Each
91.1-93.3 <0.20 <0.20 <0.25-0.45 <0.10 6.5-75 <0.20 <0.10 <0.20

Fig. 1. Shape and dimensions of metal chips used during the experi-
mental campaign.

and magnesium alloy chips to produce cast semi-finished products; (ii)
Extrusion-based processes, whose shape flexibility and productivity are
higher. The following factors have been identified as important in the
extrusion process to obtain a solid joint and improved mechanical
properties [9]: (i) the severe plastic deformation the material undergoes
breaks the oxide film on the surface of the chips, allowing a
metal-to-metal bond; (ii) the concurrent effect of temperature and strain

causes changes to the microstructure of the material and therefore also
to the mechanical properties of the final recycled product.

Different approaches can be employed to reach these process con-
ditions, such as direct hot extrusion, Friction Stir Extrusion (FSE), Equal
Channel Angular Pressing (ECAP), or their combination. According to
Liuetal. [10], around 8 % of semi-finished products are aluminum wires
and profiles. Additionally, waste generated during the cutting process
constitutes a significant portion of overall industrial aluminum waste,
amounting to 18 %. In these operations, Friction Stir Extrusion (FSE),
also known as Friction Stir Backward Extrusion (FSBE), can play a
crucial role. The method originates from friction welding and enables
the conversion of metal chips into a solid wire. In this procedure, a
rotating die is moved near a hollow chamber containing the chips for
processing. Chips are softened by heat generated due to the frictional
forces between them and the rotating die. Furthermore, the movement
of the die causes a strong deformation based on the extrusion ratio,
which can be defined as the ratio of the rotating die’s diameter to the die
cavity’s diameter. Under these circumstances, the material reaches the
conditions for solid bonding, leading to the activation of backward
extrusion along the tool axis.

Some of the authors have investigated the FSE process and developed
a numerical FEM model to improve the process by predicting the
bonding conditions effectively [11,12] and the energy requirements for
producing aluminum alloy wires are examined [13]. The electrical en-
ergy consumption is measured for different process parameters. FSE
demonstrates a significant energy reduction, up to 74 % compared to
conventional methods and 63 % compared to ECAP routes. The FSBE
technique was examined in 2019 by Jamali et al. [14], with a particular
emphasis on how the process affected the mechanical characteristics and
microstructure of the aluminum alloy AA6063. The same authors [15]
also highlighted that rotational speed has an impact on the machined

Fig. 2. (a) Geometry dimensions of rotating tool and (b) geometry dimensions of redesigned cochlea.
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Fig. 3. Different volumes available for chips in the old (a) and (b) redesigned
geometry cochlea.

Table 2
Volume of chips introduced for every rotation of cochlea.
V; (mms) Mass, m; (g) V; (rnm3)
Old design 3355 3.9 1452
New design 1356 1.6 596
Table 3

Case studies investigated.

D ® tool [rpm] ® cochlea [rpm]

915 21
42

84

1250 21
42

84

1600 21
42

84

=gt o AR TR

material’s microstructure, where higher speeds lead to an accidental
disposition. Tahmasbi et al. [16] applied Friction Stir Extrusion (FSE) to
chips of AA7022, observing a decrease in corrosion resistance as the tool
rotation speed increased. Some of the authors investigated the effects of

»  Start rotation cochlea at
10% speed Investigated
Start rotation tool (rotating
die) at 100% speed
investigated

* Cochlea load 50 kN

Introduction of .
. >
55 g of material

Set up process

varying rotational speeds and vertical loads on the production of wires
from AA7022 waste [17]. Their study observed a degradation in surface
quality with increasing rotational speed, along with a decrease in ver-
tical load. Behnagh et al. [18] carried out a combined numerical and
experimental study on FSE, utilizing a three-dimensional finite element
model to predict the distribution of important thermo-mechanical field
variables. Akbari et Asadi [19,20], investigated the possibility of pro-
ducing brass wire through FSE and developed a computational frame-
work to forecast the three-dimensional material movement. Some
authors [21] studied the extrusion of LM28 aluminum with silicon
powder into tubes and evaluated their mechanical and wear properties
through compression and wear tests. Gumaste et al. [22] demonstrated
the feasibility of the Solid Stir Extrusion process using Al 6061-T6 as the
feedstock material. The force and torque were correlated with micro-
structural and mechanical characterization. The idea of employing FSE
to produce rare earths with high mechanical characteristics was inves-
tigated by Li et al. [23]. Furthermore, Li et al. [24] introduced a

Fig. 5. 3D FEM model of the CFSE process: section of the tool, chips-based
billet, chamber, and treads of the cochlea.
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Fig. 6. Process window highlighting sound and failed tests.

Chamber size equal * Rotation cochlea at 100%
to 30 mm and speed Investigated
temperature ||+ Rotation tool (rotating die)
recorded by the at 100% speed investigated
thermocouple equal * Reduction load to 5 kN
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Non-productive phase
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Fig. 4. Experimental procedure.
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Fig. 7. Longitudinal view (a) ID-a, (b) ID-b, (¢) ID-c, (d) ID-d, (e) ID-e, (f) ID-f, (g) ID-g, (h) ID-h, and (i) the failure of ID-i.

Fig. 8. Ultimate Tensile Strength (UTS) of the produced wires correlates with both the rotational speed of the cochlea and the rotational speed of the rotating die.

meshless numerical model of the FSE process for aluminum wire pro-
duction based on Smoothed Particle Hydrodynamics (SPH). Jarrah et al.
[25] have developed and validated a Coupled Eulerian-Lagrangian
thermomechanical model to simulate the FSBE process of Mg AZ31B
tubes. Recently, it has been shown that the gradient distribution of
reinforcement particles controlling the mechanical properties of the
resultant composite material can be achieved in the production of Al/SiC
wire by FSBE [26], as studied by Jamali et al.

From the SoA presented it is observed all the techniques used have a
discontinuous production phase. In this way, the limited amount of
chips that can be charged for each process run results in a limited wire/
rod maximum length. This statement holds true also for the FSE/FSBE

process. Moreover, additional maintenance tasks, such as clearing left-
over material in dead zones, are frequently required in between extru-
sions to return the hopper to its original condition. Continuous Solid
Extrusion (CSE) can greatly increase wire productivity and energy effi-
ciency. Widerge and Welo [27] first proposed the concept of the CFSE
process. The created machine’s primary features, which are drawn from
those used for polymer extrusion, can be summed up as follows: The raw
material is conveyed via a motor reducer, which propels a horizontal
screw situated within a heated container; the material is heated
concurrently by frictional forces, deformation forces, and contact with
the machine’s preheated walls. At the end of the screw, another heated
extrusion chamber completes the recycling process, producing a solid
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Fig. 9. The elongation to fracture of the produced wires varies with both the rotational speed of the cochlea and the rotational speed of the tool.

Fig. 10. (a) Micro Hardness results for the tested wires, (b) OM image of the indentations.

wire. Skorpen et al. [28] proposed an empirical model to quantify the
stresses to which the scraps are subjected through the process. Signifi-
cantly, the procedure entails an external heating step along with heating
generated by frictional forces, thus partially reducing the energetic
advantage of the process over other solid-state techniques. Finally, it is
important to note that the material is provided in granular form in both
[27] and [28], necessitating associated treatment when starting from
machining chips. Some of the authors presented the Continuous Friction
Stir Extrusion (CFSE) process [29], designed to overcome the short-
comings of FSE. In this way, it is possible to increase the process pro-
ductivity by obtaining long wires, which are more suitable for many
applications such as the Wire Arc Additive Manufacturing (WAAM)
technology [30]. Indeed, a horizontal screw transports the raw material
in the form of chips, similar to the screw extrusion process. The material
is compressed by the rotating screw until it is extruded from the rotating
head under the appropriate bonding conditions.

Being the CFSE process still relatively new, only a very limited
number of papers is found in the literature, and research is needed to

understand the underlying mechanisms governing their mechanical
performance, thereby facilitating their widespread adoption in diverse
industrial applications requiring high-strength and ductile wire
materials.

In this paper, an experimental campaign was carried out with the aim
to highlight the effect of the main process parameters, i.e. tool rotation
and cochlea rotation, on the mechanical and microstructural properties
of the produced wires. A prototypal machine, previously developed by
some of the authors [29], was partially redesigned and used for the
experiments. A dedicated numerical model was established and used to
highlight the distributions and histories of the main field variables. The
Piwnik-Plata criterion was used to evaluate the soundness of the solid
bonding obtained thus explaining the results obtained during the tensile
tests.
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Fig. 11. Failure mode image and associated SEM image for ID-a, ID-d, and ID-g.

Fig. 12. Longitudinal section of the obtained wires for case studies ID-a, ID-d,
and ID-g.

2. Materials and methods
2.1. Experimental activity

Aluminum alloy A356-T6 was used as the starting material for
Continuous Friction Stir Extrusion (CFSE). Table 1 shows the mechanical
properties and chemical composition of the material used [31,32].
Aluminum-silicon composites are widely used in the automotive in-
dustry not only because they can be effectively cast into complex
structures, but also because of their wear resistance, lightweight, and
good strength. For these reasons, A356-T6 is broadly used in the

production of different automotive parts, such as engine blocks and
wheels [33]. For its distinctive properties, extensive research has been
conducted over the past few years to explore its use in various
manufacturing processes, including Selective Laser Melting (SLM) 3D
printing [34]. In this way, the amount of chips produced by the industry
for this material is considerable.

The sizes and shapes of the chips that were used to perform the
process are highly variable as they are produced by both turning and
milling in different processing conditions (Fig. 1). However, as observed
by Tekkaya et al. [9], extrusion is not affected by the different shapes of
chips of introduced material if the correct pressure, strain, and tem-
perature values are reached.

The CFSE process was carried out on the prototype machine pre-
sented by Buffa et al. [35].

Fig. 2a shows the geometry of the rotating used tool made of H13
steel. The rotating tool has an extrusion hole size of 2.4 mm and an
extrusion channel length of 0.4 mm. Fig. 2b illustrates a redesigned
cochlea (with respect to the one presented in [31]) made of H13 steel.

The redesigned cochlea has a core diameter of 32 mm to ensure
robustness and prevent failure caused by deformations during the pro-
cess. The outer diameter is 42 mm, resulting in an extrusion ratio of
17.5. The redesign of the cochlea was needed to decrease the volume of
material introduced during each cochlea rotation: this was achieved
through a larger core diameter (i.e. 32 mm) compared to the previous
one (i.e. 26 mm). Previous experimental studies have shown that when
the extrusion chamber is set at a fixed dimension of 30 mm and the same
rotation parameters are used as in the present study, the volume of
material introduced exceeds the volume of extruded material. This in-
dicates a need to reassess the extension of the extrusion chamber, as
material accumulation occurs without extrusion. To overcome this
problem, the thread pitch characterizing the cochlea was changed from
16 mm to 12 mm without changing the distance between two adjacent
threads, which is 8 mm.

Fig. 3 shows how the volume of chips introduced decreases with each
rotation of the cochlea.

The relative density (p,) of the chips deposited by simple gravity fall
is 0.44. To determine this value, a cylinder with a diameter of 75 mm
and a height of 95 mm was used, with a volume of 419,697 mm®. The
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Fig. 13. (a) Microstructural analysis with (a.I) Optical microscope 5x (a.II) Optical microscope 20x and (a.III) SEM 2000x, (b) scheme of the analyzed zones, and (c)

average grain size was measured for case studies ID-a, ID-d, and ID-g.

Table 4

ANOVA analysis results for UTS value.
Source DF Adj SS Adj MS F-Value P-Value
® tool 2 35323,2 17661,6 626792,52 0,000000
® cochlea 2 4849,3 2424,6 86048,02 0,000000
 tool* @ cochlea 4 875,2 218,8 7764,61 0,000000
Error 18 0,5 0,0
Total 26 41048,2

chips were deposited by gravity until the cylinder was filled. The ma-
terial introduced into the volume was then weighed. The experiment
was repeated five times and the average weight recorded was 495 g. It is
possible to calculate the mass of chips introduced for each rotation (m,),
considering the density of the A356-T6 (passe.T6), the previously
measured relative density (p;), and the ideal volume (V;) calculated
through CAD techniques.

The actual volume of material introduced for each rotation for the
two geometries, given the discrete nature of the chips (V;) can be
calculated with Eq. 1:

V,— = Vi'ﬂ, (l)

Table 2 shows the ideal volume available for chips (V;), the mass of
chips introduced for each rotation (m,), and the volume occupied by the
chips introduced (V).

Based on the results of a preliminary campaign, aimed at demon-
strating the feasibility of the process and highlighting the role of the

main process parameters [29], three different values of rotation of the
cochlea (84 rpm, 42 rpm, and 21 rpm) and three different values of the
rotation speed of the tool (1600 rpm, 1250 rpm, and 915 rpm) were
selected (Table 3). Three tests were performed for each combination of
process parameters.

All the tests were carried out with a distance between the cochlea
head and the tool equal to 30 mm. The hydraulic system, which causes
longitudinal movement of the cochlea, applied a constant load of 5 kN
during the productive phase. To overcome typical issues during the run-
up phase, a systematic procedure was established (Fig. 4). In particular,
after the introduction of a pre-determined amount of chips (i.e. 55 g),
the cochlea was put in rotation with a speed equal to 10 % of the
assigned speed. At the same time, the tool was put in rotation with the
assigned speed, and a load equal to 50 kN, constant for all the case
studies, was given to the cochlea.

It is worth noting that the start-up load of 50 kN is fundamental to
increasing the relative density of the material confined in the extrusion
chamber, as some of the authors have shown that the extrusion process
starts only when the relative density of the material close to the tool
surface is equal to 1 [11]. After the material reaches the correct condi-
tions of temperature, pressure, and deformation, the start of extrusion is
observed.

A first evaluation of the quality of the product was made by visual
inspection of the outer surface of the extrudates. The longitudinal view
of wires far from the transient start-up zone was analyzed. Specimens
were taken from each wire to evaluate the mechanical properties
through quasi-static tensile tests, following ASTM D2256, using a
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Fig. 14. ANOVA results: interaction between  tool and w cochlea for UTS.

Table 5

ANOVA analysis results for ETF% value.
Source DF Adj SS Adj MS F-Value P-Value
® tool 2 464,187 232,093 17612,48 0,000000
® cochlea 2 36,727 18,363 1393,51 0,000000
® tool* @ cochlea 4 26,633 6658 505,27 0,000000
Error 18 0237 0013
Total 26 527,784

Galdabini Sun 5. Further samples underwent characterization using an
Olympus GX 51 optical microscope (OM) and a Phenom ProX Desktop
was utilized for scanning electron microscopy (SEM) analyses. Micro-
mechanical characterization in terms of microhardness was determined
using a Remet HBV 30. Standard metallographic techniques, such as
polishing (alumina diluted in distilled water) and grounding, were

employed to prepare the samples. The specimens were then etched for
30 s using Weck’s reagent (1 g NaOH, 4 g KMnO4, and 100 ml H,0) to
expose the microstructure. To conduct microhardness testing, a 500 g
weight was used to make an indentation in the center of the wires.
Additionally, four indentations were made at 0.6 mm intervals from the
center, equally spaced on the circumference.

2.2. FEM model

The numerical model of the CFSE process, validated by authors in a
previous paper [35], was established using the commercial software
SFTC DEFORM 3D™. Tool, cochlea, and chamber were modeled as rigid
parts with a mesh of 25,000, 20,000, and 20,000 elements, respectively.
For simplicity, the chips were modeled as a porous billet, characterized
through the Shime and Oyane plastic model, having an initial relative
density of 0.44 and a mesh of 15,000 elements; a refined mesh window

Fig. 15. ANOVA results: interaction between » tool and w cochlea for ETF%.
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Table 6
ANOVA analysis results for central (a) and radial (b) HV value.
a)  Source DF  AdjSsS Adj MS F-Value P-Value
® tool 2 2528,00 1264,00 124873,77 0,000000
® cochlea 2 4166,00 2083,00 205784,85 0,000000
® tool* @ cochlea 4 3050,00 762,50 75329,31 0,000000
Error 18 0,18 0,01
Total 26 9744,18
b)  Source DF  AdjSS Adj MS
® tool 2 2061,25 1030,62 27812,92 0,000000
® cochlea 2 4158,17 2079,08 56107,20 0,000000
® tool* @ cochlea 3603,39 900,85 24310,75 0,000000
Error 18 0,67 0,04
Total 26 9823,47

was generated in the tool-billet surface contact and along the extrusion
hole. A constant shear factor equal to 0.4 was used to model the friction
between the rigid parts and the porous billet [36]. The interface heat
transfer coefficient was considered equal to 11 N/sec/mm/C for the
billet while as the exchange with the environment is concerned, the
temperature and the convection coefficient were imposed equal to 20 °C
and 0.02 N/sec/mm/C, respectively. The process parameters used in the

numerical simulations were defined referring to the experimental tests.
Fig. 5 shows the developed model with the meshed “workpiece” at the
beginning of the simulation.

3. Results and discussion
3.1. Experimental Results

Fig. 6 shows the process window obtained from the proposed
experimental campaign.

As it can be seen, all the combinations of process parameters selected
allowed the production of a wire, case study i being the only exception.
For this condition, the cochlea required an excessive amount of torque,
overcoming the machine’s limiting value. The causes for this behavior
will be discussed in the next paragraphs. For all the sound case studies,
the extrusion process was stopped after that an average wire length of
700 mm was extruded.

Early assessment of product quality is possible by observing the outer
surface of the wires (Fig. 7).

It is possible to notice distortions when the tool rotation increases at
a set cochlea rotation, e.g. when cochlea rotation is equal to 21 rpm

Fig. 16. ANOVA results: interaction between o tool and @ cochlea for (a) central and (b) radial HV.
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Fig. 17. (a) temperature profile in the billet as a function of the distance from the bottom surface of the tool and (b) temperature distribution in a longitudinal section

for case studies ID-a, ID-d, and ID-g.

(Fig. 7a-d-g), or 42 rpm (Fig. 7b-e-h). In turn, with fixed tool rotation of
915 rpm and 1250 rpm, and increasing cochlea rotation, it is possible to
observe a more consistent external surface. Finally, as the tool rotation
increases up to 1600 rpm, an extremely irregular surface as well as the
beginning of hot cracking can be observed (Fig. 7g-h).

First, the mechanical properties of the wires were investigated. Fig. 8
illustrates the Ultimate Tensile Strength (UTS) of the manufactured
wires, correlating with both the rotational speed of the cochlea and the
rotational speed of the rotating die.

As far as the sound extrudates are concerned, it is possible to observe
decreasing UTS values as the rotational speed of the cochlea increases
with fixed tool rotation. This trend holds true for the three considered
tool rotation values. It is also observed that the reduction in UTS is more
significant when the tool rotation increases from 1250 rpm to 1600 rpm.
Moreover, a decreasing trend is also observed for increasing cochlea
rotation with fixed tool rotation. The maximum value of UTS, equal to
122 MPa, corresponds to 77 % of UTS of the as-cast material (A356-F).
As a matter of fact, similarly to FSW, the CFSE process induces a local
thermal treatment of the material resulting in the loss of the initial T6
condition [37]. The maximum value is found for the combination of the
slowest process parameters of the proposed campaign, i.e. tool rotation
of 1200 rpm and cochlea rotation of 21 rpm. As the tool rotation in-
creases, the UTS drastically drops reaching the minimum values with
tool rotation equal to 1600 rpm.

The elongation to fracture was also examined in relation to the
rotational speed of the cochlea and the tool (Fig. 9).

It is seen a similar trend to the one observed for UTS, as a rapid
decrease in the ETF occurs with increasing tool rotation and fixed

cochlea rotation for all the three values considered in this study. As the
best-performing case studies are considered, it is noted that ETF is
higher than the one of the parent materials.

To understand the results and trends obtained during the tensile
tests, further characterization was carried out. Fig. 10 shows, for each
wire produced, the Vickers hardness value measured at the center of the
cross-section and the average value of the hardness measured over a
circumference of a radius of 0.6 mm (indentations are indicated in the
figure).

Consistently with what was found for UTS, decreasing hardness
values are observed as the tool rotation increases with fixed cochlea
rotation. It is also noted that radial hardness is characterized by a higher
variability than the center hardness. This is due to the peculiar material
flow that occurs during the process. Some of the authors have already
demonstrated that a helicoidal material flow takes place caused by
concurrent effects of the tool rotation and the extrusion speed. [27,35].
In this way, the material advancing front moves on a plane with a certain
angle, depending on the considered process parameters, with respect to
the cross-section plane [27,35]. It is also noted that relatively high
hardness is found for the ID-d, ID-g, and ID-h case studies, which, in
turn, are characterized by low UTS and ETF. SEM analyses of the frac-
ture surfaces have been carried out for specimens obtained with
increasing tool rotation and fixed cochlea rotation. Fig. 11 shows the
fracture surfaces of ID-a, ID-d, and ID-g tests.

The ID-a case experienced a ductile fracture, as shown by the pres-
ence of dimples, while the ID-d case showed ductile and brittle fracture
zones and the ID-g case showed an entirely brittle fracture surface.
Additionally, the presence of internal defects in the longitudinal section
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Fig. 18. Comparison of (a) Effective Strain and (b) Effective Strain Rate for Cases ID-a, ID-d, and ID-g.

(Fig. 12), consisting of large void areas (yellow line in Fig. 12), makes
clear why, with increasing tool rotation, high hardness, and low UTS and
ETF are obtained. During the tensile test, the internal cracks propagate
rapidly, resulting in the brittle failure of the cases considered. The causes
for the UTS decrease when tool rotation and cochlea rotation increase
will be discussed in the FEM results section.

Finally, For the same case studies, SEM analysis was conducted to
determine the average grain size (Fig. 13a), through the intercept
method, in both the central area and the external one (Fig. 13b). It is
noted (Fig. 13c) that increasing grain size is obtained with increasing
tool rotation, due to the higher heat input. The external area is char-
acterized by a slightly lower average grain size due to the thermal ex-
change with the tool. It is worth noting that a similar trend, i.e.
increasing average grain size with increasing tool rotation and fixed
cochlea rotation, was found for the other cochlea rotation values.

The obtained results highlighted that the Ultimate Tensile Strength
(UTS) decreases with increasing tool rotation and cochlea rotation.
Notably, the highest value of UTS achieved was approximately 77 % of
that of the parent material in its F state. Additionally, the maximum
Elongation to Failure (ETF) recorded was 11 %, surpassing that of the
parent material. This enhancement in ETF can primarily be attributed to
the formation of recrystallized grains that emerged after the processing
phase, contrasting markedly with the structure of the as-fabricated
parent material. Moreover, the hardness (HV) trends mirrored those of
the UTS. Specifically, at elevated tool rotation speeds, the material ex-
hibits a more brittle behavior. This brittleness is due to the presence of
significant void defects, which, in spite of the corresponding higher HV
values, leads to poor mechanical resistance. Such observations empha-
size the complex interplay between mechanical properties and the pa-
rameters controlling the manufacturing process, revealing crucial
insights into material behavior under varied processing conditions.
What has been found is consistent as it is comparable with the results
observed by Gumaste et al. [22] in the study of continuous extrusion of
feedstock. In order to better highlight the effect of the considered

process parameters and their interaction on the main mechanical
properties, ANOVA analyses were carried out for UTS, ETF, and
microhardness. Table 4 shows the ANOVA analysis results. It is observed
that tool rotation (o tool) and cochlea rotation (» cochlea) have a sig-
nificant impact on UTS, with a p-value much lower than the common
significance level of 0.05. Hence, variations in these parameters deter-
mine a significant difference in UTS levels. Also, the interaction between
® tool and ® cochlea is significant, as demonstrated by the p-value,
indicating that the effect of one factor depends on the level of the other
factor.

Fig. 14 shows the interaction between o tool and o cochlea for UTS.
Non-parallel lines indicate an interaction between the two factors, i.e.
the effect of increasing o cochlea depends on the level of » tool. At low
levels of o tool, UTS is higher with low levels of o cochlea, whereas at
high levels of w tool, UTS is significantly lower for all levels of o cochlea.

Table 5 shows ANOVA analysis results performed on the ETF ob-
tained from the mechanical analysis. The same p-values are obtained for
the three factors. This suggests that there are significant differences in
ETF % for different levels of o tool and o cochlea. The interaction be-
tween o tool and o cochlea is significant, again indicating that the effect
of one factor depends on the level of the other factor.

The non-parallel lines in the interaction plot suggest a significant
interaction between the two factors (Fig. 15). For instance, the effect of
increasing @ cochlea varies depending on the level of ® tool. At lower
levels of w tool, ETF % is higher for lower levels of o cochlea, whereas at
higher levels of o tool, ETF % significantly decreases for all levels of
cochlea. The analyses carried out allowed to assess the high influence of
tool and cochlea rotation on the mechanical integrity of the final wire. In
this way, the correct choice of these process parameters, as well as the
full comprehension of their role in the process mechanics, as it will be
shown in the next paragraph, is crucial to an effective process design.

Finally, Table 6 shows ANOVA analysis results performed on the
central and radial HV values measured. As expected, ® tool and o co-
chlea significantly affect HV with a p-value far below the conventional
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Fig. 19. (a) temperature profile in the billet as a function of the distance from the bottom surface of the tool and (b) temperature distribution in a longitudinal section

for case studies ID-a, ID-b, and ID-c.

significance level of 0.05. The interaction between o tool and ® cochlea
is also significant.

Fig. 16a and b show the interaction between process variables for
central and radial HV, respectively. At lower levels of o tool, central HV
is higher for lower levels of w cochlea, whereas at higher levels of w tool,
central HV significantly decreases for all levels of w cochlea.

3.2. Numerical results

The numerical model was used for a more in-depth understanding of
the mechanical properties trends experimentally obtained, allowing the
analysis of the effect of the process parameters on the main field vari-
ables, i.e. temperature, strain, and strain rate. In particular, it is known
that the effectiveness of solid bonding phenomena can be quantitatively
evaluated through the Piwnik-Plata criterion (Eq. 2) [38], which de-
pends on the temperature and pressure history the material undergoes.

W, = / P g @
of

Where p is the contact pressure at the interface between two adjoining
chips and can be considered as the mean stress in the modeled porous
material; oy is the flow stress of the material in the given temperature,
strain, and strain rate conditions.

Temperatures were calculated along the billet axis during the
extrusion process. Fig. 17 shows the temperature profile in the billet as a
function of the distance from the bottom surface of the tool as well as the
temperature distribution in a longitudinal section, for the case studies
ID-a, ID-d, and ID-g, i.e. for fixed cochlea rotation equal to 21 rpm and

varying tool rotation. As expected, the temperature of the material close
to the bottom surface of the tool increases as the cochlea rotation in-
creases, resulting in a significantly larger Heat Affected Zone (HAZ).

In Fig. 18 a and b it is possible to observe the strain and strain rate
profiles, respectively, calculated at the same points considered for
temperature in Fig. 17a. First, it is noted that, regardless of the consid-
ered tool rotation, the material is affected by the tool rotation in an area
characterized by a height of about 16 mm. For longer distances from the
tool bottom surface, no significant effective strain is calculated.

Then, a slight increase in both strain and strain rate is observed with
increasing tool rotation. The local values of temperature, strain, and
strain rate have been used to calculate the material flow stress for each
point. The values of W obtained for point P (see again Fig. 17a), laying
along the wire axis at the tool bottom surface when the extrusion process
begins, are 3.55 for ID-a, 3.36 for ID-d, and 3.12 for the ID-g case. It is
worth noticing that, in order to calculate these values, the considered
point was tracked during the process recording the history of all the field
variables values, according to the procedure followed in [39,40]. It is
worth noting that the Piwnik-Plata criterion was not implemented
across the entire analysis field. Instead, field variables were obtained for
10 track points, and these variables were then used to evaluate the weld
quality. This approach, focusing on selected track points to derive crit-
ical welding parameters, aligns with methodologies previously utilized
in the analysis of Friction Stir Welding, as detailed in reference [11]. The
experimental and numerical results make clear the decreasing trend
obtained for UTS and ETF with fixed cochlea rotation and increasing tool
rotation. Indeed, with increasing tool rotation, temperature increases,
leading to grain growth. Additionally, with increasing tool rotation, the
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Fig. 20. Comparison of (a) Effective Strain and (b)Effective Strain Rate for Cases ID-a, ID-b, and ID-c.

Fig. 21. (a) consolidated material on the cochlea at the end of the process for failed case study. Temperature distribution calculated in the cochlea during (b) failed

case study and (c) proper cochlea operation.

combined effect of (i) the increasing temperature, resulting in
decreasing material flow stress, and (ii) decreasing stress, results in
lower values of W, i.e. lower solid bonding quality.

A similar approach was followed to investigate the effect of the co-
chlea rotation on the mechanical properties. In Fig. 19, temperature
profiles and distributions are shown for case studies ID-a, ID-b, and ID-c.

It can be seen that temperature gradually increases with decreasing
cochlea rotation. In particular, higher cochlea rotation leads to a higher
extrusion rate. In this way, due to quicker heat dissipation, the material
in the region of the extrusion chamber is colder, and thinner thermal
layers are observed (Fig. 19b).

In Fig. 20 a and b the strain and strain rate profiles, calculated as
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described for Fig. 18, are shown. An increase in the cochlea rotation
results in lower values of strain and strain rate all along the billet axis
(Fig. 18a and b). This is due to the higher extrusion rate caused by the
faster material supply by the cochlea. In this way, a single material
particle rotates less around the billet longitudinal axis and accumulates
less strain. The combined effect of lower temperature, and lower time
results in lower values of the Piwnik-Plata W. The obtained values of W
for point P (Fig. 19a) are 3.55 for ID-a, 3.01 for ID-b, and 2.52 for the ID-
c case, indicating decreasing bonding quality with increasing cochlea
rotation. The reduced material mixing and the lower values of W ob-
tained with higher cochlea rotation can explain the significant drop in
the UTS experimentally observed for any given tool rotation.

The numerical model was used also to understand the reasons for the
failed test ID-i, for which the maximum tool and cochlea rotation values,
among the ones considered in this study, are selected. As the tempera-
ture distribution in the cochlea is observed (Fig. 21 b and c), it is seen
that the cochlea top area, i.e. the one close to the extrusion chamber, has
a higher temperature. This is due to the concurrent effect of the high tool
rotation and high cochlea rotation, whose top surface acts as a “sec-
ondary tool” creating heat by friction. In these conditions, the chips do
not consolidate just close to the tool surface, but consolidation rather
starts close to the cochlea end (Fig. 21a). This creates a “block” to
incoming chips that cannot reach the tool, thus leading to process fail-
ure. When such a condition takes place the torque on the cochlea
measured by the FSE machine increases reaching the machine limit.

4. Summary and conclusions

In this study, A356-T6 aluminum alloy chips were directly recycled
through the CFSE solid-state process. An experimental campaign was
carried out to investigate the effect of the main CFSE process parameters
on the produced wires’ mechanical properties. The experimental
campaign plan included 9 case studies, each involving three levels of
tool rotation and three levels of cochlea rotation. For each case study,
tensile tests, Vickers hardness, fracture surface analysis, internal mate-
rial flow, and average grain size were investigated. A dedicated nu-
merical model, previously validated, was used to predict the distribution
of the main field variables, namely temperature, strain, and strain rate,
to understand the results observed during tensile and microhardness
tests. The Piwnik-Plata criterion was used to numerically predict the
soundness of the solid bonding achieved for each case study.

Based on the obtained results, the following main conclusion can be
drawn:

v Decreasing UTS was obtained with increasing tool rotation and co-
chlea rotation; the maximum UTS obtained was equal to 77 % of the
parent material in the F state; the maximum ETF obtained was equal
to 11 %, which is larger than the one of the parent material. This is
due to the recrystallized grain obtained after the process as compared
to the as-cast parent material structure.

v Anova analyses highlighted the strong influence of each considered
process parameter as well as their interaction on UTS, ETF and
microhardness.

v The HV trend generally follows the UTS one. For large values of tool
rotation, a brittle behavior, characterized by large void defects and
larger HV values, is observed.

v With fixed cochlea rotation, increasing tool rotation leads to both
larger average grain size and lower calculated Piwnik-Plata param-
eter W, indicating lower quality of the solid bonding process
explaining the UTS trend observed experimentally.

v With fixed tool rotation, increasing cochlea rotation leads to both
low values of strain, i.e. material stirring, and higher extrusion rates.
In turn, the latter results in lower process times and hence lower
Piwnik-Plata parameter W.

v For the failed case study ID-i, it was found that the combined effect of
high tool and cochlea rotation caused the chips’ temperature to

increase close to the cochlea. Consequently, material consolidation
occurred in that area creating an obstacle for the incoming chips and
thus leading to cochlea torque increase and process failure.

Although the above analysis and conclusions are for the A356
aluminum alloy, the present experimental and numerical approach can
be used with different chip materials, thus providing an effective tool for
proper CFSE process design. Future work will be focused on the wire
mechanical properties optimization through the use of AI tools on a
wider range of variations of the considered process parameters.
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