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Abstract  Conventional remelting-based methods are 
widely used for recycling aluminium alloys scraps; however, 
these approaches come with significant drawbacks, includ-
ing high energy consumption, permanent material losses, 
reduced purity, and low mechanical properties. To address 
these issues, solid state techniques have emerged over the 
last years as environmentally friendly recycling processes. 
Among them, friction stir extrusion (FSE) has proved to 
be a promising technique for producing wires/rods directly 
from metallic chips. In order to cover the market demand of 
semifinished product shapes, this study explores the possi-
bility to produce aluminium alloys tube directly from chips 
without intermediate steps. This would save energy and 
resources, strengthening the environmental sustainability 
performance of FSE based recycling processes. An experi-
mental and numerical approach is here proposed and the 
impacts of the main process parameters on the microstruc-
tural and mechanical properties of extruded aluminium tubes 
are analyzed. Results revealed that FSE could be used as sole 
process step to produce tubes from chips, and mechanical 
and microstructural analysis showed a substantial increase 
in hardness in correspondence to very fine and equiaxed 
grain structure. Moreover, numerical simulations were used 
to explain the small variations observed in grain size. Lastly, 
the electrical energy demand of this single-step approach 
was compared with that of conventional multi-step routes, 
demonstrating its superior energy efficiency.

Keywords  Friction stir extrusion (FSE) · Tubes · 
Recycling · Extrusion · Mechanical · Microstructure · Solid 
bonding

1  Introduction

Recently, the use of lightweight parts has been increas-
ing with the development of the automotive and aerospace 
industries. The automobile industry has gradually increased 
the use of lightweight materials such as aluminium alloys, 
due to an increase in the restriction of exhaust gas and the 
improvement of the combustion ratio [1]. As a component 
in lightweight aerospace and automobile parts, the produc-
tion of Al tubes with high strength and extrudability, such 
as those needed for door impact beams, seat side rails, and 
hood support, is in demand.

Aluminium production is highly energy-intensive, pri-
marily relying on electrolytic reduction processes that con-
sume large amounts of electricity [2]. Energy costs account 
for 20%–40% of overall production expenses [3]. Conse-
quently, recycling aluminium alloys presents a more sus-
tainable alternative, reducing both energy consumption and 
environmental impact. Studies suggest that aluminium recy-
cling can mitigate up to 94% of the environmental effects 
related to global warming and fossil fuel depletion [2].

Conventional aluminium recycling methods, including 
remelting and recasting, are energy-intensive and lead to 
significant material losses due to oxidation [4]. To address 
these challenges, solid-state recycling (SSR) techniques have 
been developed, which process alloy scraps through plastic 
deformation below the solidus temperature [5]. This method 
drastically reduces energy consumption to just 5% of that 
required by traditional remelting methods and retains up to 
95% of the original material, minimizing losses caused by 
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oxidation, burning, and slag contamination [6]. Within the 
SSR category, it is worth mentioning equal channel angular 
pressing (ECAP) [7], shear assisted processing and extru-
sion (ShAPE) [8], hot extrusion, and hot rolling method [9], 
consolidation [10], forging [9], and sintering [11].

In the literature, friction-based processes, another fam-
ily of processes, namely, belong to the SSR processes. An 
example is the friction stir extrusion (FSE), which is an 
emerging solid-state recycling technique that takes advan-
tage of the process mechanics of friction stir welding (FSW). 
It utilizes frictional heat and mechanical deformation to 
extrude metal, allowing for direct conversion of metal pow-
ders, chips, or billets into high-quality products [6]. FSE has 
gained attention due to its capability to manufacture finished 
or semi-finished products while providing superior material 
properties, such as enhanced strength, structural integrity, 
and corrosion resistance. In fact, FSE effectively addresses 
challenges associated with conventional recycling, such as 
alloy segregation and degradation due to high temperatures 
[12], thus, supporting sustainable manufacturing and circu-
lar economy principles in the metallurgical industry.

A few researchers have investigated FSE techniques for 
recycling lightweight materials. Buffa et al. [13] examined 
how tool rotation and force influenced mechanical properties 
and microhardness in thin aluminium wires, highlighting 
that a tapered shoulder shape improved solid bonding. Baf-
fari et al. [14] explored FSE’s role in reforming aluminium 
chips into metal matrix composites, finding that increased 
reinforcement powder led to intergranular sedimentation and 
cracking. Adnan et al. [15] studied the effect of reinforced 
SiC on the mechanical and microstructural properties of 
aluminium wire extruded by the FSE process. The authors 
found that SiC-reinforced composite wire enhanced proper-
ties compared to the unreinforced wire. Sharifzadeh et al. 
[16] assessed the corrosion resistance and wear properties 
of magnesium rods manufactured through FSE, determining 
that optimal rotational speeds resulted in superior surface 
quality and mechanical strength.

Apart from wire and rod production, the FSE process can 
be effectively implemented for tube production. Milner and 
Abu-Farha [17] examined FSE in lightweight tube manufac-
turing, assessing the impact of process parameters on mag-
nesium tubes’ microstructure. Their results showed that fric-
tion stir extruded samples exhibited a 28% reduction in yield 
strength compared to the base material. Zhang et al. [18] 
studied the effects of the oxide during the FSE of A6061 
aluminium tubes. Behnagh et al. [19] proposed a double-
step tube production via FSE and implemented a numerical 
model to study process mechanics. However, in the consid-
ered papers a homogenization and/or used pre-compaction 
step is needed on the chips before applying the FSE process, 
increasing the energy consumption of the whole process and 
partially losing its advantages over conventional recycling 

routes. It is worth noting that tubes can also be produced 
by other solid state severe plastic deformation (SPD) tech-
niques, such as accumulative spin bonding [20], tube chan-
nel pressing [21], high-pressure tube twisting [22], and 
tubular channel angular pressing [23]. Whalen et al. [24] 
turned AA6063 industrial scrap into consolidated tubes by 
applying a shear-assisted extrusion, studying the integrity 
of the different extruded profiles. Unfortunately, when SPD 
processes are employed for tube production, they require 
substantial amounts of energy. On the other hand, FSE is a 
promising candidate for sustainable tube manufacturing, as it 
potentially can require less time compared to other processes 
by directly turning chips into extruded tubes. However, the 
effectiveness of the process applied directly to the chips, in 
terms of mechanical and microstructural properties of the 
produced tubes, is yet to be proved. As a matter of fact, lim-
ited research was done on FSE process, and most researchers 
first turned chips into compacted billets used as workpieces 
for the actual extrusion of the tubes [19] or started from a 
bulk material [25–27].

The present research aims to produce friction stir 
extruded tubes directly from AA2024-O chips, in order to 
further strengthen the environmentally sustainability perfor-
mance of such process category. The objective is to directly 
convert machining chips into consolidated aluminium tubes, 
eliminating any homogenizing or pre-consolidation steps, 
reducing energy consumption, and maintaining high prod-
uct quality. Both experimental and finite element analysis 
approaches were utilized to examine the process parameters’ 
effects on the mechanical and microstructural properties of 
the tubes produced via FSE. The main aim of the present 
research is to prove that tube can be obtained from chips 
with one single process step. Subsequently, mechanical and 
microstructural characterization is provided to correlate pro-
cess parameters with tube quality. Numerical simulations 
have been implemented for analyzing field variable trends 
and justifying experimental grain size and hardness observa-
tions. Finally, the energy efficiency of the proposed approach 
is proved by measuring its electrical energy demand and 
comparing it with a more traditional two-step approach. 
Overall, this study lays the ground for expanding the solid-
state processes recycling approach towards a wider industrial 
applicability.

2 � Material and method

This study explores the potential of FSE of tubes made from 
AA2024-O aluminium chips. The chips produced had an 
average length ranging from 3.5 mm to 3.8 mm, a width 
of approximately 1.5 mm, and a thickness of 0.1 mm. To 
remove surface contaminants and any residual machining 
oil, a cleaning procedure was performed in accordance with 
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the ASTM G131-96 standard, utilizing acetone for degreas-
ing chips. Moreover, a numerical analysis was conducted to 
examine the evolution of strain and temperature through-
out the process. Lastly, the power required by the process 
was measured to assess the energy consumption of the FSE 
technique.

2.1 � Experimental campaign

The experimental campaign was carried out using the 
ESAB LEGIO friction stir welding machine, which allowed 
force-controlled tool movement. The aluminium chips 

were obtained through a milling process performed on an 
AA2024-O aluminium bar. A fixed mass of 40 g of chips 
was loaded into the die chamber, which had an inner diam-
eter of 25 mm and a height of 76 mm. Two H-13 steel tools 
were employed for the operation: one with a diameter of 25 
mm for compacting the material and another with a diameter 
of 22 mm for extrusion. The complete experimental setup 
is shown in Fig. 1.

The FSE process for tube extrusion consists of two stages: 
chip preparation and extrusion process. At the first stage, the 
chips were pre-compacted up to 35 kN force using a com-
pacting tool in order to adequately fill the die and avoid the 

Fig. 1   a Esab Legio machine for FSE tube extrusion, b aluminium chips used for the experimental campaign, c schematic diagram of the pro-
cess
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dispersion of chips during the extrusion process. Moreover, 
the 35 kN compaction did not affect the extrusion process or 
the produced tube, but it was required to prepare the mate-
rial for the extrusion stage. After this compaction phase, the 
compaction tool was replaced by the extrusion tool. In the 
second stage, the extrusion process is run by varying the 
process parameters as shown in Table 1. At the beginning of 
the extrusion process, the vertical force gradually increases 
by 0.5 kN/s from 5 kN to reach the maximum required force 
for the assigned processing conditions. At the end of the 
extrusion process, the tool automatically reached its initial 
position and the tube was extracted. It is worth remarking 
that a similar setup has been adopted by Behnagh et al. [19] 
and Whalen et al. [24] for extruding tubes (from machining 
chips) via double step friction stir consolidation and ShAPE 
process, respectively. In both cases, a rotating tool and a 
designed die were employed in the process setup.

In order to observe the variation in temperature at various 
processing conditions, a K type thermocouple was placed 
into a hole drilled at 1/3 of the height of the die (from the 
bottom), 1 mm before the inner die wall (see Fig. 2a). As 
reported in Table 1, the experimental plan included three 
different values of tool force (12 kN, 15 kN, and 18 kN) and 
rotational speed (1 000 r/min, 1 500 r/min, and 2 000 r/min). 
Each test combination (“Ci”) was run three times to ensure 
the reliability and consistency of the results.

Temperature monitoring was crucial to prevent the tube 
tool from sticking, which could result in damaging the 
machine and the tube itself, therefore the process stopped 
when the tool displacement reached almost 35 mm which, 
from the experimental campaign, corresponded to a meas-
ured temperature in the range of 370–380 °C. This range of 
the die’s temperature can be assumed as the limit tempera-
ture of the setup proposed.

The selection of these parameters was guided by previ-
ous studies on the FSC and FSE process. Since the optimal 
parameters for achieving sound bonding were identified as 
1 500 r/min and 15 kN, a variation range of ±500 r/min was 

adopted to investigate the influence of temperature input on 
tube production.

Specimens were extracted from each extrudate to assess 
the material properties through mechanical and microstruc-
tural analyses. The specimens were prepared by mounting, 
polishing, and etching using Keller’s reagent, composed of 
2 mL HF, 3 mL HCl, 5 mL HNO₃, and 190 mL H₂O. Con-
cerning the microstructure analysis, the grains were studied 
along the longitudinal section identifying three loci along 
the radius of the tube, specifically near the outer surface, at 
the middle of the tube, and near the inner surface as shown 
in Fig. 2b (letters). The grain size was measured by using 
a GX51 Olympus optical microscope with 100× lens and 
evaluated following the ASTM E112-96 by the ImageJ soft-
ware. For microstructural analysis, an SEM equipped with 
EDS was used to investigate defects within the tubes, surface 
characteristics, and material composition.

For mechanical analysis, Vickers microhardness testing 
was conducted along the longitudinal section of the tubes, 
spanning from the inner to the outer surface, in compliance 
with ISO 6507 standards. A load of 5 N (0.5 kg) was applied 
for 15 s. This procedure provided insights into the material’s 
localized hardness gradients as shown in Fig. 2b (points). To 
evaluate ductility and structural integrity, compression and 
flattening tests were systematically performed. The flattening 
test involved radial-axis compression of tubular specimens 
using a tensile testing apparatus. This method, aligned with 
ISO 8492 guidelines [28], enabled the assessment of radial 
deformation capacity and stress-strain behavior under con-
trolled loading. For this study, specimens measuring 15 mm 

Table 1   Set of process parameter combinations and ID name

ID Rotational speed/ 
(r·min–1)

Vertical load /kN

C1 1 000 12
C2 1 000 15
C3 1 000 18
C4 1 500 12
C5 1 500 15
C6 1 500 18
C7 2 000 12
C8 2 000 15
C9 2 000 18

Fig. 2   Detailed view of a the experimental setup section and b longi-
tudinal section of the billet
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in width were extracted from the extruded tubes and sub-
jected to flattening tests. The quasi-static lateral compression 
tests were performed in compliance with AS 2505.3–2004 
and ISO 8492 standards, utilizing a universal tensile testing 
machine. The top plate was moved at a constant rate of 0.05 
mm/s until reaching the maximum displacement of 20 mm. 
Force and displacement data were recorded at a sampling 
frequency of 10 Hz.

Lastly, an ARNOUX CHAUVIN C.A. 8331 analyser was 
employed to monitor voltage, current, and power profiles 
during operation. This device facilitated precise measure-
ment and comprehensive evaluation of power absorption 
trends.

2.2 � Numerical campaign

The numerical investigation of the tube production process 
was conducted using the commercial finite element software 
SFTC DEFORM 3D. Mirroring the experimental approach, 
the numerical model incorporated four key components, as 
illustrated in Fig. 3a. Three of these components—tool, die, 
and backing plate—were modeled as rigid bodies made of 
H-13 steel, with mesh resolutions of 60 000, 60 000, and 
30 000 elements, respectively. The aluminium chips were 
represented as a compressible rigid-viscoplastic porous bil-
let. The initial relative density of the billet was analytically 
determined to be 0.7 based on the die chamber volume (25 
mm diameter × 76 mm height) and the mass of the loaded 
chips (40 g). Additionally, a mesh window (reduction of 
30%) was employed close to the bottom of the tool to better 
investigate the field variable in this critical zone.

A calibration procedure was performed for the 1 500 
r/min and 15 kN case to identify the optimal shear factor 
by comparing numerical and experimental temperature 
profiles (see Fig. 3b). This tuning approach, already vali-
dated in Refs. [29, 30], aimed to vary the thermal coeffi-
cient until adequate matching was observed. As result of 

the temperature tuning procedure, a shear factor of 0.2 and 
interface heat transfer coefficients (IHTCs), of 11, 45, and 
45 W/(mm2·K) for the billet-tool, billet-die, and billet-back-
ing plate interfaces were selected. The process parameters 
applied during the experimental campaign served as input 
variables for numerical characterization.

3 � Results and discussion

3.1 � Mechanical characterization

For evaluating the mechanical properties of the extruded 
tubes, microhardness tests were conducted along the longi-
tudinal section with equally spaced indentations. The hard-
ness measured at the corresponding observation loci is high-
lighted in Fig. 2, and the resulting average hardness values 
are plotted in Fig. 4. The hardness value increases with the 
increase in processing parameters. The maximum hardness 
value of 147 HV was observed for the sample C8, resulting 
in a 140 % increase (from 61.5 HV to 147 HV) compared 
to the AA2024-O base material. This huge improvement in 
hardness was in accordance with what was revealed by Baf-
fari et al. [31] on AA2050 aluminium friction stir extruded 
wires. In this respect, Baffari et al. [31] observed that the 
hardness of the produced AA2050 wire via FSE was close 
to the hardness of the AA2050 at T3 condition.

The same phenomenon happened here. In fact, the hard-
ness of AA2024-T3 is about 137 HV which is very close 
to the hardness acquired and shown in Fig. 4. Overall, the 
hardness increases with increasing the vertical force. Such 
an effect is more visible when passing from 12 kN to 15 
kN. The impact of force increasing on hardness is less vis-
ible when moving from 15 kN to 18 kN. For the ID C9 
even a slight decreasing trend is visible. This phenomenon is 
related to excessive heat, i.e., high force and rotation speed, 
which results in hot cracks formation and surface melting. 

Fig. 3   a Numerical setup of the FSE of tubes and b temperature tuning of numerical and experimental tests
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On the other hand, the lowest hardness is observed at ID C1, 
which in this case is due to low heat input, resulting in weak 
consolidation and porosity formation phenomena. Regard-
less of the processing parameters, the overall hardness value 
increased with respect to the base material.

To evaluate the deformation behavior of the produced 
aluminium tubes, compression tests were conducted. In 
these tests, the cross-section of the tube was compressed 
among two flat, parallel, and rigid plates. As the top platen 
descended, initial contact with the tube occurred at discrete 
points, as illustrated in Fig. 5a. With the increase of the load, 
the contact regions began to flatten against the plates, caus-
ing the tube to deform showing barreling phenomena until 
reaching its elastic limit. Upon exceeding the elastic limit, 
two plastic hinges were formed (see Fig. 5b), until fracture 
occurred, causing a load drop. The load-displacement curves 
for the three case studies at various rotational speeds (1 000, 
1 500, 2 000 r/min) and under a constant extrusion force of 
15 kN, are shown in Fig. 5c. From the graph it shows that the 
specimen ID C5 represents the maximum compression stress 
compared to IDs C2 and C8 rotation speed specimens. The 
high compression stress in sample ID C5 indicates success-
ful chip bonding and fewer cracks or less porosity formation 
(see Sect. 3.2). Interestingly, similar average hardness values 
were reported in tube manufacturing via FSE of aluminium 
powders by Baffari et al. [32]. In particular, they observed 
an increase in hardness with increasing feed rate, with val-
ues in the range of 130–140 HV, consistent with the results 
shown in Fig. 4.

Flattening tests were also performed and force-displace-
ment curves for tube samples were plotted (see Fig. 6c). 
As well as for the compression test, the case study ID C5 
showed the highest mechanical properties, reflecting high 
flattening stress and effective bonding between chips. On 
the other hand, IDs C2 and C8, which observed porosity and 
hot cracks, showed lower mechanical behavior as it would be 
better explain in microstructural analysis part.

The results on global mechanical properties derived for 
compression and flattening test can be explained by look-
ing at local defects that will be also discussed in Sect. 3.2. 
Overall, it was possible to state that the increase of tool’s 
rotational speed, i.e., ID C9, resulted in the formation of 
hot cracks and increased surface roughness; insufficient heat 
generation at low rotational speed, i.e., ID C1, might result 
in a lack of consolidation and porosity occurrence.

3.2 � Microstructural analysis

In the cross section, different acquisitions were performed 
to characterize the evolution of the grain size along the 
radial direction (see Fig. 7). Results showed that the outer 
and inner regions of the tube were characterized by smaller 
grain size compared to grain size of the middle region. 
This phenomenon is due to the tool stirring action creat-
ing severe plastic deformation and frictional heat, therefore 
the dynamic recrystallization occurs and produces a fine-
grained structure especially in the inner surface. Concerning 
the outer region, the limited grain size is due to the external 
roughness that inhibits the grain growth [31, 32]. In this 
regard, the average grain sizes measured for the case study 
ID C5 were 3.5 µm, 4.4 µm and 3.4 µm for the outer, middle 
and inner regions (see Fig. 7), respectively.

An overview of the longitudinal grain size evolution was 
performed by considering the observation loci reported in 
Fig. 2b. The selected observation loci provide a complete 
view of the grain evolution moving from the billet to the 
wall thickness; therefore it is possible to describe the “story” 
(evolution of the grains) of the material, from the unextruded 
chips to the extruded tube’s wall. Results for case study IDs 
C2 and C5 are reported in Fig. 8. The grains acquired just 
under the tool (positions A and B) were subjected to a ther-
mal coarsening due to the heat and a low level of strain 
(around 6 µm); close to the extrusion channel (C and D), 
material flow had the effect of elongating the grain (around 
8–10 µm) along longitudinal direction. Before extrusion, 

Fig. 4   Hardness results of the 
extruded tube for the 9 cases’ 
study (longitudinal section)
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the material undergoes a consolidation mechanism similar 
to the friction stir consolidation (FSC). In fact, the range 
of grain size values was in accordance with what found by 
Puleo et al. [29]. On the other hand, the material within the 
extrusion channel underwent high pressure and deforma-
tion, showing refined grain size (around 4 µm). After passing 
through reduction zone, the grain size remains essentially 
unchanged along the tube walls (from zone E to zone H).

It is worth mentioning that points C and D show bigger 
grain size for case study IDs C5 than C2 mainly because 
of the different heat conditions. Specifically, the increase 
in rotational speed led to an increase in temperature [33], 
which promoted grain growth. When the material reaches 
the extrusion channel, a refining process starts (as mentioned 
before), but the effect of increased grain size remains vis-
ible along the longitudinal section of the tube. By compar-
ing the microscopic and macroscopic analyses it is clear 
that the hardness results (see Fig. 4) are consistent with the 

microstructural evolution shown in Fig. 8. In particular, the 
fine and equiaxed grains observed for the C5 condition are 
correlated with the increased hardness values measured at 
the same process parameter. In Fig. 8c, the porosity analysis 
of the extruded tubes for case study C5 was conducted using 
optical microscopy. The results indicate a porosity of 1.94 
%, which is relatively low under appropriate rotational speed 
and extrusion force conditions. This reduction in porosity 
can be attributed to effective material plasticization achieved 
at the optimized process parameters, resulting in improved 
mechanical performance and enhanced microstructural 
integrity. Similar porosity values have also been reported 
by Huda and Zaharinie [35] in the extrusion of wire.

Lastly, the AA2024 tubes were sectioned in the longi-
tudinal direction for microstructural evaluation by SEM. 
Through-thickness micrographs of the tube wall are shown 
in Fig. 9. For the case study C1, low heat input, i.e., low tool 
force and rotation is shown in Figs. 9a and b. This is due to 

Fig. 5   a Schematic fixture used for compression test of tubes, b compressed tube for the case study ID C5, c compression test results at three 
case studies (IDs C2, C5, and C8)
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insufficient heat for the chips to plasticize and bond. While 
at optimum rotational speed and force for the case study C5, 
the SEM image of the cross-section of the AA2024 tube is 
shown in Fig. 9c. The specimen exhibits a nearly uniform 
material flow, and a good bonding between aluminum chips 
has been observed, which causes improvement of proper-
ties and reduced porosity. This is due to the sufficient heat 
provided by tool rotational speed and sufficient extrusion 
force causing the extruded material to bond properly, which 
results in defect-free extruded tubes. The EDS mapping 
and analysis of the corresponding case study are shown in 
Fig. 9d. These results are in accordance with the main find-
ings concerning global mechanical properties discussed in 
Sect. 3.1.

3.3 � Numerical results

The numerical simulation is used to provide insight into 
the process’ mechanics and motivate the observed experi-
mental results. The first phenomenon here discussed is the 
change in grain size along radial direction. In Fig. 10, the 
effective strain distribution across the cross-section of the 
tube for case study C5 is reported. It is interesting to notice 

that the recrystallization behavior, previously highlighted 
in Fig. 7, is corroborated by the effective strain evolution 
along the radial direction predicted by numerical simulation; 
the internal section of the tube (directly in contact with the 
tool) undergoes higher strain than the external or middle 
one, resulting in better grain refinement.

Additionally, the evolution of the effective strain from the 
beginning of the process to the end is depicted in Fig. 11. 
In this figure, two main phases were identified to better 
describe the curves: transition phase and steady state phase. 
In this phase, the material enters the clearance between tool 
and die, i.e., the reduction zone; and thanks to high deforma-
tion levels (see strain rate in Fig. 12), it is forced to extrude. 
Once the material reaches the extrusion channel, the strain 
level remains almost unchanged.

A more specific explanation of the grain size distribution 
along the thickness of the tube has been provided by study-
ing the Zener-Hollomon parameter (Z) (see Fig. 12). It is 
known that the average grain size decreases with decreasing 
of the working temperature and increasing of working strain 
rate ( 𝜀̇ ) [34]. According to the Zener-Hollomon formula-
tion (see Eq. (1)), the average grain size decreases when the 
strain rate increases or the temperature decreases.

Fig. 6   a Schematic fixture used for flattening test of tubes, b flattened tube for ID C5, c flattening test results in three case studies (IDs C2, C5, 
and C8)
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where Q is the activation energy [35]; R is the constant of 
the gas; and T is the absolute temperature (K).

Considering as an example the case study C5, in 
Fig. 12, temperature, strain rate and logarithmic Zener-
Hollomon (LogZ) parameter are plotted for 40 s process-
ing time. This figure shows that the temperature increases 
near the reduction zone, where the material undergoes 
high levels of deformation. The combination of high 
strain rate and temperature resulted in a low value of the 
Zener-Hollomon parameter, which was index of big grain 
size (see Eq. (1)).

In Fig. 13, a detailed view has been proposed by vary-
ing the scale value of the Z-parameter. Specifically, in this 
figure, the upper bound and lower bound of the scale were 
set to catch the small variation of the Z-parameter along 

(1)Z = 𝜀̇ exp (Q∕RT), the thickness. The results showed an increase at the exter-
nal surfaces (namely internal and external) while decreas-
ing towards the center of the tube (see Figs. 13a, b).

3.4 � Limit of the process: extrusion velocity reduction

In Fig. 14, the comparison between three different temper-
ature-tool displacement curves has been presented aiming 
to describe the limit of the process. Specifically, three case 
studies were selected to describe the effect of different rota-
tional speeds (IDs C2, C5 and C8) on tube extrusion.

Firstly, looking at the shape of the tool displacement 
curve for case study ID C2 (see Fig. 14a), it is possible to 
note a linear trend. This means that the extrusion rate is quite 
constant. When looking at the tool displacement trend of 
case ID C5 (see Fig. 14b), a different behavior is recorded, 
instead. Specifically, an initial linear trend is visible, at 40 

Fig. 7   Microstructure analysis of the cross section of the case study ID C5 tube a outer, b middle, and c internal surface
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s processing time a slope change occurs, proving an extru-
sion rate decrease. This phenomenon is even more visible 
in Fig. 14c, where the displacement and temperature trend 
for case study ID C8 are reported. From this observation, it 
is possible to state that the process reaches a sort of stuck 
condition when high temperatures are reached. Actually, for 
all the tests, the temperature peak was close to 350 °C but it 
was reached at different process times, while the maximum 
displacement was almost the same.

This might appear counterintuitive, as an increase in 
temperature causes material softening, and thus the extru-
sion conditions should be eased. Nevertheless, this phe-
nomenon is to be attributed to the consolidation level of 
the unextruded chips still in the extrusion chamber rather 
than to the temperature enabled softening effect. In fact, 
the increase in temperature eases the solid bonding occur-
rence of the material still present in the extrusion chamber. 
As a given level of consolidation is reached, the extrusion 

conditions worsen as a higher vertical load should be 
applied to keep the extrusion rate constant. Moreover, the 
faster the temperature increases, the faster the material 
consolidates, and the earlier the extrusion rate reduction 
phenomenon occurs (ID C8, see Fig. 14c). A comparison 
of the temperature profiles for C2, C5 and C8 is proposed 
in Fig. 14d, to better visualize the heating effect of differ-
ent rotational speeds at the same load. In this figure, it is 
clear that higher rotational speed leads to greater tempera-
ture increasing rate, resulting in both excessive consolida-
tion and early process termination.

Figure 15 shows the temperature distributions obtained 
at different rotational speeds within the same process win-
dow. It is clearly visible that higher rotational speeds (see 
Fig. 15c, ID C8) lead to increased temperatures, particularly 
near the extrusion channel. This behavior promotes faster 
material consolidation, but possibly resulting in an earlier 
process interruption.

Fig. 8   a Grain size distribution along the longitudinal section for C5 and C2, b tube longitudinal section of C5 and c porosity evaluation image
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For a better understanding of the phenomenon, the den-
sity evolution during the process has been numerically ana-
lyzed and the results for case study ID C5 are reported in 
Fig. 16. It is possible to notice that the portion of the unex-
truded chips in the extrusion chamber reaches density equal 
to 1 as the processing time increases. After 60 s, the entire 
sample is almost all at density equal to 1.

To further support this finding, solid bonding occurrence 
was investigated in the material chamber zone. The aim 
was to study the consolidation occurrence for the material 
located at the bottom of the extrusion chamber (not extruded 
material) during the tube extrusion process. This study was 
carried out by analyzing the bonding condition with vary-
ing the processing time over a set of 119 observation loci, 

as reported in Fig. 17a. For monitoring the bonding condi-
tion, the Donati and Tomasini criterion was used [36], as it 
was specifically tuned on extrusion process. With such kind 
of approach, the bonding value W in a given observation 
loci is calculated using stress and strain values extracted 
from the numerical simulation, then the value is compared 
with a limit value Wlim. When the bonding value of a point 
is greater than the corresponding bonding limit value, that 
point is considered as consolidated. Wlim value changes with 
material and temperature, and proper bonding limit values 
should be identified for the used material and the recorded 
process temperatures. In this regard, the Wlim expression 
reported in Eq. (2) was used; this expression was calculated 

Fig. 9   a, b SEM images of the cross-section of the sample ID C1, c SEM image of the cross-section of the sample ID C5, d corresponding EDS 
mapping and analysis
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using the data for the AA2024 and the related approach pre-
sented by Puleo et al. [29].

Bonding conditions were evaluated at different process 
times windows, namely 40, 50, 60 and 70 s, the results are 
reported in Figs. 17b–e.

The bonding maps in Fig. 17 revealed that the consolida-
tion phenomenon already began at 40 s. As the process time 
increased, the consolidation front moved downward, result-
ing in almost complete material consolidation at around 70 

(2)W
lim

= −1 × 10−4T + 0.0653.

Fig. 10   Strain plot in the circumferential section of the tube, case study C5

Fig. 11   Strain evolution of the three loci: internal (P1), middle (P2) 
and external (P3) for the case study C5

Fig. 12   Temperature, strain rate and logZ distribution at 40 s for the case study C5
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s. This bonding condition analysis is consistent with what 
above reported concerning density and displacement trends.

As a result of this analysis, different approaches can be 
considered to mitigate the issue presented. Examples include 
the use of an active cooling system or, alternatively, a varia-
ble tool rotational speed. In the first case, the cooling system 
could be integrated into the die setup to control the mate-
rial temperature at the bottom of the die, thereby promot-
ing a slower consolidation of the unprocessed material. The 
second approach focuses on in-process control of the tool’s 
rotational speed, combined with sensors and thermocouples. 

This would enable a real-time adaptive system that modu-
lates the rotational speed (reducing the velocity if too hot 
or increasing if too cold) based on the heat input generated 
by the friction.

3.5 � Electrical energy consumption results

One of the main novelties of the proposed approach con-
cerns the possibility to turn chips directly into tubes by 
one single-step manufacturing approach. Actually, other 
approaches already presented are made of pre-consolidation 

Fig. 13   a Zener-Hollomon parameter distribution at the extrusion channel, b Zener-Hollomon analytical distribution along the external (E), 
middle (M), and internal (I) surface of the extrusion channel

Fig. 14   Temperature versus displacement graph a C2, b C5, c C8 case studies, d comparison of C2, C5 and C8 temperature profiles
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and/or homogenization step prior to the extrusion process. 
The single-step nature of the FSE approach enables energy 
saving, further contributing to reduced environmental impact 
of aluminum-based products. In this section, the electrical 
energy characterization of tube production through FSE is 
provided and compared to that characterizes double steps 
approaches. The electrical energy was measured by means of 

a power and energy quality analyzer, Chauvin Arnoux C.A. 
8331 (sampling rate of 12.8 kHz, results logged and shown 
are for averaged values over one second intervals) connected 
to the machine input. The entire working cycle was moni-
tored from chips compacting up to tool withdraw. The typi-
cal power consumption profile is plotted in Fig. 18a. This 
figure depicts the power consumption of the entire process, 

Fig. 15   Temperature plots for the case study IDs a C2, b C5 and c C8 at the process time window (40 s)

Fig. 16   Density evolution of the case study ID C5 at a 30 s, b 50 s and c 65 s
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starting from the cold pre-compaction at 35 kN (needed for 
ensuring to fill the extrusion chamber) up to the extrusion 
process. This process was carried out by switching from 
a position control phase to force control phase. The first 

one, position control phase, is a brief phase where the tool 
moves downward for a few millimeters (at 5 kN) to ensure 
adequate contact with the material. The second one, force 
control phase, is the actual extrusion process where the force 

Fig. 17   a 119 observation loci at the bottom of the cross section of case study C5 at 60 s; solid bonding occurrence maps b 40 s, c 50 s, d 60 s, 
e 70 s

Fig. 18   a Power consumption profile across processing phases and comparative analysis of the force control window (black dashed window) at 
b 1 000 r/min, c 1 500 r/min and d 2 000 r/min
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increases from 5 kN to the required force (12 kN, 15 kN or 
18 kN) and the tube is extruded. Moreover, the first part of 
the process, namely chip preparation, was the same for each 
test, while the second part, FSE, was characterized by a sim-
ilar shape with different power levels depending on the pro-
cess parameters used. The power absorbed by the machine 
was recorded and plotted against the process time for the 
three considered values of tool rotation (1 000 r/min, 1 500 
r/min, and 2 000 r/min) (see Figs. 18b–d). It is noteworthy 
that variations in force have no significant impact on power 
consumption. However, the processing time decreases (and 
therefore the electrical energy consumed) with an increase 
in tool force and tool rotation. As previously discussed, this 
behavior can be attributed to reduced heat generation at 
lower rotation speed and force, which results in low extru-
sion rate and, consequently, long processing times.

From Fig. 18, it is visible that the power needed for the 
extrusion exhibits a starting increasing trend followed by a 
decreasing trend. The reason behind this phenomenon can be 
attributed to the material flow. Specifically, at the beginning 
of the process, the temperature increases due to the friction 
between the rotating tool and chips. When the material is 
plasticized and extrusion starts, the hot material extrudes 
leaving the cold one behind, which causes a decrease in tem-
perature. At this point, less power is required for extrusion, 
resulting in a comparatively decrease in power.

A further investigation on specific energy consumption 
(SEC) was carried out to quantitatively assess the influence 

of different process parameters. The SEC evaluation was 
performed by considering the same height of tube produced, 
therefore the same mass, as functional unit. Specifically, the 
extrusion speed at steady state was employed to calculate the 
time required for extruding the fixed height of tube. Conse-
quentially, the average energy absorbed was then divided by 
the mass to obtain SEC values. The results are summarized 
in Fig. 19.

From Fig. 19, it can be observed that the process dura-
tion has a stronger effect on SEC than energy consump-
tion. In this regard, comparing the SEC results of 1 000 
r/min samples and the process times (see Fig. 18b), it is 
clear that although the power required for extruding is 
lower for C2, the specific energy consumption is the high-
est due to the process duration. When the process time 
is reduced, the SEC is lower as demonstrated for C4 and 
C7. Additionally, the energy plays a significant role for 
tests with comparable process time (C5 and C6 or C8 and 
C9). In these scenarios, the higher the energy, the higher 
the SEC. Lastly, concerning the comparison among C2, 
C5 and C8 which was proposed in different chapters, it 
was evident that both tube quality obtained in C5 and the 
lower SEC led to regard this parameter combination as the 
optimal solution.

When compared to the conventional remelting process, 
the efficiency of this approach becomes evident. Cooper 
et al. [37] reported that the total primary energy required 
for chip recycling (melting), recovery of melting losses (10% 

Fig. 19   SEC evaluation for all the case study
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of primary aluminum), and extrusion was about 40 MJ/kg. 
These results clearly demonstrate that FSE, at the optimal 
parameters (C5), provides significant energy saving.

In order to provide insight into the single step extrusion 
efficiency in terms of less power demanding, a comparison 
between two scenarios was carried out. Specifically, a case 
study where the tube was directly extruded from chips and 
a case study where the chips were first consolidated into a 
billet and then extruded were studied. For consolidating the 
chips into a billet, a friction stir consolidation process was 
selected. This process is a suitable option because it shares 
the same setup and mechanism and the process dynamics 
of FSE, but no extrusion is provided during FSC. In fact, 
the FSC involves the use of a die, a backing plate and a tool 
which, in this study, were the same of the compacting phase.

The process parameters selected for the billet consolida-
tion were chosen on the basis of previous research [29, 30]; 
specifically, 1 500 r/min (rotational speed) and 15 kN (verti-
cal load) were selected. Results of the comparison between 
the two scenarios applied to the C5 case study are depicted 
in Fig. 20. It is clear that the single step is more energy effi-
cient as the consolidation step is skipped. Moreover, in the 
single step process the material is less consolidated at the 
beginning, resulting in a lower power required for extruding 
the tube. In fact, looking only at the extrusion step, it is pos-
sible to notice that the double step demands a lower power 

level with respect to the single step approach. In conclusion, 
the here proposed single step approach is an environmentally 
friendly solution with respect to the double step as it requires 
both reduced power level and shorter processing time.

Concerning the temperature profiles, the extrusion step 
performed after the FSC process resulted in an excessive 
temperature increase. The recorded temperature trends of 
the entire working cycle of the two approaches are reported, 
as shown in Fig. 20.

4 � Conclusions

The aim of this work was to produce aluminum tubes directly 
from chips using single step FSE process. An experimental 
campaign was performed to successfully produce consoli-
dated tube from AA2024-O aluminum chips under various 
process conditions, and a numerical approach was employed 
to better explore the process mechanics. The mechanical and 
metallurgical properties of the tubes were analyzed, and the 
following conclusions could be drawn.

	 (i)	 This study successfully demonstrated the single-step 
production of aluminum tubes, directly from chips, 
achieving excellent mechanical and microstructural 
properties while ensuring superior energy efficiency 
compared to conventional multi-step routes.

	 (ii)	 The microstructural analysis shows that strong grain 
refinement is obtained with small grain size variation 
in radial direction (average grain size equal to 4): 3.4 
µm close to the inner surface, 4.4 µm at the middle of 
the thickness and 3.5 µm close to the outer surface.

	(iii)	 Defects such as porosity and cracks have been 
observed on low heat input conditions (1 000 r/min-
12 kN). On the contrary, hot cracks phenomena were 
observed at high heat input (2 000 r/min-15 kN). A 
quantitative study demonstrated that the porosity of 
the extruded tube at worst condition (1 000 r/min) 
resulted in 1.8% of porosity.

	(iv)	 Microhardness increased significantly compared to 
the base material (from 61.5 HV to an average 140 
HV). Moreover, it has been observed that the hardness 
increases with increasing the vertical load.

	 (v)	 Compression and flattening tests confirmed that the 
1 500 r/min-15 kN condition yielded the best bond-
ing and mechanical performance, compared to 1 000 
and 2 000 r/min, showing no separation of the layers 
during the flattening of the tubes, and good bonding 
efficacy of the process.

	(vi)	 The numerical simulation corroborated the finding 
concerning grain size. Zener-Hollomon parameter 

Fig. 20   a Power consumption and b temperature comparison 
between double and single step
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was calculated and high Zener-Hollomon values were 
observed at the internal and external surface of the 
tube, which was in accordance with the experimental 
grain size measurements. Moreover, the tool’s stirring 
effect on the recrystallization phenomenon was suc-
cessfully explained and justified by strain study thanks 
to numerical simulations.

	(vii)	 Energy analysis confirmed that the single-step 
approach was more efficient and environmentally 
friendly than the traditional two-step route, as it 
required both reduced power level and shorter pro-
cessing time. Additionally, the FSE revealed an SEC 
of about 15 MJ/kg at C5 conditions, which was lower 
than the traditional melting + extrusion process.

	(viii)	 Experimental and numerical results revealed that 
excessive consolidation of the material in the bottom 
region of the extrusion chamber might represent a 
process limit. A solid bonding analysis demonstrated 
that the unprocessed material was affected by pressure 
and temperature, leading to earlier consolidation. As 
a matter of fact, the required extrusion force increases 
as the material consolidates, leading to an excessive 
temperature increase and a reduction of the extrusion 
rate.

Future work will be performed to improve the FSE setup 
aiming to solve the issue of the excessive temperature 
increase by operating the solutions discussed in this paper. 
Also, the possibility of producing multi-material tubes from 
different aluminum alloy chips will be tested. Lastly, a con-
tinuous FSE process, already explored by authors for wire 
production, will be implemented in tube manufacturing in 
order to propose industrial scale applications.
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