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issues, also aiming to offer enhanced and complementary 
properties [1]. An example is the automotive sector, where 
bimetallic tubes are widely employed in exhaust systems to 
withstand high temperatures while maintaining corrosion 
resistance and structural rigidity.

One of the most common materials often used across var-
ious industries, particularly in aerospace and aeronautics, is 
aluminium and its alloys. This metal is usually preferred, 
among others, due to its favorable strength-to-weight ratio. 
Specifically, the 2xxx and 7xxx series aluminium alloys are 
notable for their superior mechanical properties and corro-
sion resistance [2]. In this regard, developing efficient and 
cost-effective manufacturing techniques for bi-metallic alu-
minium tubes has become increasingly important to meet 
industry needs and promote material efficiency.

Currently, various techniques have been explored for 
the fabrication of bimetallic tubes, including conventional 
extrusion [3], the hydroforming technique [4], and magnetic 
pulse cladding [5], etc. These methods primarily rely on 

1  Introduction

In many industrial sectors, the mechanical and thermal prop-
erties of a single material are often insufficient to meet the 
diverse property requirements of a component. Nowadays, 
an increasing demand for bimetallic tubes is visible due to 
the need to address the mechanical properties requirement 
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Abstract
Bimetallic tubes are employed in applications where a single component must satisfy multiple performance requirements, 
for instance, combining high strength with corrosion resistance. In literature, manufacturing processes like rotary pierc-
ing, forward/backward extrusions, and tube cladding have been commonly used to produce high-performance bimetallic 
tubes, typically starting from bulk materials. Moreover, recently, new sustainable processes belonging to the solid-state 
recycling (SSR) category, namely friction stir extrusion (FSE), have also been adopted for tube manufacturing. However, 
both conventional and SSR-based approaches generally rely on multi-step routes involving pre-heating, homogenization, 
or pre-consolidation to obtain workable billets, which increases energy consumption. This study goes beyond the limita-
tions of existing extrusion-based recycling processes, proposing a single-step FSE approach that directly converts AA7075 
and AA2024 aluminum chips into bimetallic tubes, offering a sustainable upcycling pathway without pre-heating or pre-
consolidation stages. Three combinations of rotational speed and axial load were investigated to assess their influence 
on tube quality. The resulting bimetallic tubes were characterized through microstructural and macrostructural analyses, 
which revealed the absence of voids and inclusions at the bonding interface, the material composition, a grain refinement 
(avg. 4.6 μm), and an enhanced hardness (up to 175 HV) under optimal processing conditions. As a matter of fact, this 
process opens new opportunities for the fabrication of bimetallic tubular components, which can be used in electrical, 
structural, lightweight, and corrosion-resistant applications.

Keywords  Bi-metallic · Friction stir extrusion · FEM · Recycling

Received: 27 November 2025 / Accepted: 9 April 2026
© The Author(s) 2026

An improved upcycling approach for producing bimetallic tube via 
friction stir extrusion of aluminium chips

Riccardo Puleo1 · Muhammad Adnan1  · Giuseppe Ingarao1 · Livan Fratini1

1 3

https://doi.org/10.1007/s00170-026-18114-5
http://orcid.org/0009-0000-5926-7701
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-026-18114-5&domain=pdf&date_stamp=2026-4-20


The International Journal of Advanced Manufacturing Technology

mechanical bonding, where interfacial adhesion is achieved 
through plastic deformation induced by applied pressure. 
However, such bonds often exhibit low strength and are 
prone to failure at elevated temperatures. To address these 
limitations and promote atomic-level bonding, advanced 
techniques such as spin bonding [6] and shear-assisted 
extrusion with localized heating have been investigated. 
Although spin bonding can achieve strong metallurgical 
interface bonding, the experimental setup is highly complex, 
resulting in increased manufacturing costs. Explosive clad-
ding has also been employed to fabricate bimetallic tubes 
[7, 8], demonstrating excellent metallurgical bonding at the 
interface. Nonetheless, this method often leads to undesir-
able effects such as non-uniform outer diameters, high sur-
face roughness, and significant safety concerns due to the 
use of explosives. Therefore, there is a clear need to develop 
a cost-effective, safe, and simplified manufacturing process 
capable of producing high-quality bimetallic tubes with reli-
able interfacial strength. Additionally, Ce Ji et al. [9] devel-
oped composite tubes using 45-grade carbon steel and 316 
L stainless steel via a three-roll skew rolling process. Yuling 
Chang et al. [10] fabricated thin-walled Cu/Al composite 
tubes through a spinning process that effectively converted 
plate materials into tubular forms. Bao Wang et al. [11] suc-
cessfully produced Ni/Al composite tubes by layering Ni 
and Al foils, followed by gas expansion and forming. Wei 
Zhang et al. [12] introduced Mg/Al composite tubes using 
a modified hot extrusion method, which involved adjusting 
the die geometry to enhance shear forces and achieve a flat 
bonding interface. However, the extrusion ratio was limited 
to around 7 due to constraints associated with the billet and 
die design.

Recently, driven by the increasing demand for more 
sustainable manufacturing approaches, environmentally 
friendly processing techniques have attracted growing 
interest within the research community. Solid-state recy-
cling (SSR) processes, in particular, have gained significant 
attention as they aim to reduce the environmental impact 
of conventional manufacturing routes by enabling the direct 
recycling of metallic materials. In this context, friction stir-
based processing of metal scraps has been widely inves-
tigated as a valid approach. The effectiveness of friction 
stir processing applied to aluminum machining waste was 
reviewed by Adi et al. [13], who addressed the sustainability 
challenges of aluminum recycling within a circular econ-
omy framework, with particular emphasis on chip consoli-
dation mechanisms and on the factors influencing the final 
density and microstructure of the recycled material.

Among the friction stir-based processes, FSE has emerged 
as an innovative technology in metal recycling, offering 
a sustainable and energy-efficient method for converting 
scrap or waste metal into valuable components [14, 15]. 

While FSE is widely recognized for its application in wire 
production, its potential for manufacturing tubes is increas-
ingly being explored. Literature indicates that most existing 
tube fabrication methods require multiple processing steps, 
typically involving at least one high-temperature operation; 
nevertheless, extrusion remains the most frequently used 
technique [16]. In contrast, the FSE process offers a more 
energy-efficient alternative, requiring fewer steps and lower 
processing temperatures [17]. Despite its advantages, no 
prior research has been reported on the fabrication of bime-
tallic tubes combining aluminium 7xxx and 2xxx series 
alloys using the FSE method. Moreover, the friction stir 
extrusion of tubes has been commonly performed starting 
from a bulk component [18–20] or a pre-consolidation step 
that primarily turns recycling chips into a billet [16], which 
increases the energy demand of the process. Therefore, a 
more sustainable approach that aims to reduce the impact 
on chips recycling and the steps needed for tube production 
is still missing.

For this reason, this study aims to demonstrate the capa-
bility of FSE for directly turning AA2024 and AA7075 recy-
cling chips into high-quality aluminium bimetallic tubes by 
skipping any preliminary pre-consolidation or pre-heating 
step. Specifically, the FSE technique has been adopted to 
fabricate bimetallic tubes consisting of AA7075 as the outer 
tube and AA2024 as the inner tube. The process is struc-
tured in two stages: outer tube production (AA7075) and 
inner tube production (AA2024).

The experimental campaign was performed at 15 kN 
vertical load and three different rotational speeds equal to 
500, 750, and 1000  rpm. The microstructural evolution at 
the bonding interface, along with the mechanical properties 
of the extruded bimetallic tubes, was comprehensively char-
acterized using optical microscopy (OM), scanning electron 
microscopy (SEM), and microhardness testing. The results 
confirmed the feasibility and effectiveness of the FSE pro-
cess in producing multilayered aluminium components with 
refined microstructures and robust interfacial bonding.

2  Experimental procedures

For the outer tube, AA7075 aluminium alloy chips were 
used, whereas AA2024 aluminium alloy chips were con-
sidered for the inner one because of the different material 
ductility. Table 1 shows the chemical compositions of the 
Starting material, i.e., AA7075-T6 and AA2024-T3 alu-
minium alloy, used in this work. The recycling chips were 
produced from the milling operation of AA7075-T6 round 
bar and the turning operation of AA2024-T3 bar. Addition-
ally, the chips were submerged in the acetone for effective 
cleaning before processing.  
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2.1  Experimental campaign

The experimental tests were performed on an ESAB LEGIO 
Friction Stir Welding machine, specifically adapted for pro-
ducing aluminium tubes from recycled chips. The FSE pro-
cess was structured in four different steps: AA7075 chips 
loading, AA7075 tube extrusion, AA2024 chips loading, 
and AA2024 tube extrusion. A schematic diagram of the 
FSE-based bimetallic tube extrusion process is presented in 
Fig. 1.

In the first step, 20 g of AA7075 aluminium alloy chips 
were placed into a custom-designed split die (Fig. 2a), 
which had an internal diameter of 25 mm and a height of 76 
mm. The die was manufactured and securely assembled to 
a backing plate using bolts and nuts. The chips were com-
pacted using a 25 mm diameter flat-head H13 steel tool 
(Fig. 2b) under an axial force of 5 kN. This compaction is 
part of the chips’ preparation and aims to ensure uniform 
density, die filling, and to avoid scattering during extrusion. 

The outer tube was then extruded using a 23 mm diameter 
tool with a 20° conical taper profile (Fig. 2c). It is worth 
mentioning that the conical profile was used instead of a flat 
one to promote smooth material flow and easy tool insertion 
[20]. After the outer tube was extruded, 20 g of AA2024 alu-
minium alloy chips were poured into the internal cavity of 
the previously extruded tube. These chips were compacted 
using a flat tool of 23 mm diameter, again under a force of 5 
kN. The inner tube was then extruded using a 21 mm diam-
eter tool with the same 20° conical taper profile. The tests 
were performed at 15 kN vertical load and three rotational 
speeds equal to 500 (low), 750 (medium), and 1000 (high) 
rpm. The selected ranges of rotational speed and vertical 
force were defined based on a preliminary experimental 
campaign aimed at identifying suitable process parameters 
while ensuring compliance with the machine load capacity, 
particularly with respect to the maximum allowable verti-
cal force. Moreover, the selected rotational speeds pro-
vide a suitable window for investigating the tube bonding 

Table 1  Chemical composition analysis of AA2024-T3 [21] and AA7075-T6 [22] aluminum alloys
Material Al Cu Mn Mg Si Fe Cr Zn
2024-T3 Bal. 4.91 0.54 1.31 0.145 0.31 0.09 0.10
7075-T6 Bal. 1.5 0.3 2.6 0.4 0.5 0.22 5.4

Fig. 1  Schematic diagram of FSE 
bimetallic tube extrusion process: 
AA7075 chips compaction (Step 
1), AA7075 tube extrusion (Step 
2), AA2024 chips loading and 
compaction (Step 3) and AA2024 
tube extrusion (Step 4)
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The grain size was quantified using the mean linear intercept 
technique. For mechanical assessment, Vickers microhard-
ness tests were conducted using a 0.5 kg load and a 15-sec-
ond dwell time. Hardness measurements were taken across 
the wall thickness of the tube, starting from the outer diam-
eter toward the inner surface, at intervals of approximately 
0.2 mm. Each point was tested three times, and the average 
of the results was used to ensure consistency and reliability. 
The flattening test was performed through radial-axis com-
pression using the tensile testing machine Galdabini Qua-
sar 600, at a traverse speed of 2.5 mm/min. This method, 
aligned with ISO 8492 guidelines, enables the assessment of 
radial deformation capacity and stress-strain behavior under 
controlled loading.

2.2  Numerical campaign

A numerical campaign was performed using the commercial 
finite element software SFTC DEFORM 3D. The numeri-
cal setup involves five components: a die, a backing plate, 
two tools, and material chips (Fig. 3). The modelling of the 
chips batch is complex, and for this reason, the aluminium 
chips were considered as a single block porous material, 

behavior, avoiding insufficient chip consolidation at lower 
rotational speeds and hot cracking phenomena at higher 
rotational speeds.

In the current study, the outer layer of the bimetallic 
tube (AA7075) had an average thickness of approximately 
1.0 mm, as well as the inner layer (AA2024). Details of the 
tool geometries are shown in Table 2, while process param-
eters, including rotational speed and axial extrusion force, 
are summarized in Table 3.

It is worth mentioning that for monitoring temperature 
during the extrusion process and for tuning the numerical 
simulations, a K-type thermocouple was inserted into a hole 
drilled at 1/3-height of the die, positioned 1 mm from the 
inner die wall (Fig. 2a, A-A section).

Consequently, the bimetallic tubes were cut longitu-
dinally to the extrusion direction to prepare samples for 
mechanical and microstructural evaluation. The cross-
sections were mounted, ground, and polished, then etched 
with Keller’s reagent (consisting of 2 mL HF, 3 mL HCl, 
5 mL HNO₃, and 190 mL H₂O) to expose their microstruc-
tural details. Optical microscopy (OM), along with SEM 
and EDS, was utilized to study the internal structure and 
elemental distribution, particularly at the bonding interface. 

Table 2  Geometry characterization of tapered tools
Tool Material Uniform shank (Ø) Tool tip Holding shank Tapered length Uniform shank
For AA7075 H-13 tool steel 23 mm 22 mm Ø 30 mm 10 mm 70 mm
For AA2024 H-13 tool steel 21 mm 20 mm Ø 30 mm 10 mm 70 mm

Fig. 2  Sketches of the (a) 
designed die with section, (b) 
compacting tool, and (c) 20° 
tapered tool
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and interface heat transfer coefficients (IHTC) of 11, 45, and 
45 W/mm²/K for the tool-material, die-material, and back-
ing plate-material contacts, respectively. The methodology 
of this numerical calibration has already been applied and 
assessed in the literature [24].

3  Results and discussion

3.1  Macroscopical analysis

Figure 4 depicts the bimetallic tubes fabricated from 
AA7075 and AA2024 aluminum alloy chips using the FSE 
process under various process parameters. All tubes were 
successfully extruded, demonstrating the viability of the 
FSE technique. However, surface quality and material con-
solidation varied with processing conditions.

At the beginning of the process, the material is com-
pressed and heated up thanks to the initial stirring and 
frictional actions of the tool. In these early stages, proper 
process parameters are crucial for obtaining optimal chips 
bonding and high surface quality. In this regard, when the 

following the material formulation of Shima-Oyane [23]. 
Specifically, an initial relative density value of 0.7 was 
assigned to the porous billet, calculated experimentally con-
sidering the mass of the loaded chips and the geometry of 
the die’s chamber. The porous billet was characterized by a 
mesh size of 35,000 elements with a refining mesh window 
close to the tool-material contact (Fig. 3, A-A section).

The other components were considered as rigid mate-
rial made of H-13 steel. The two tools were defined by a 
mesh size of 60,000 elements, while for both the die and 
backing plate, the mesh size was 30,000 elements. A tuning 
approach was performed for calculating the proper thermal 
and frictional coefficients. In this regard, the experimental 
data of the thermocouple were tuned to the numerical one, 
and the following values were obtained: shear factor of 0.2 

Table 3  FSE process parameters and tube material layers disposition
ID Rotational 

speed 
[rpm]

Force 
[kN]

Total tube 
thickness 
[mm]

Outer 
tube

Inner 
tube

ID1 500 15 2 7075 2024
ID2 750 15 2 7075 2024
ID3 1000 15 2 7075 2024

Fig. 4  Macroscopical observa-
tions of bimetallic tubes through 
the FSE process for (a) ID1, (b) 
ID2, and (c) ID3

 

Fig. 3  Numerical setup for the 
FSE bimetallic process and sec-
tion of the parts
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(approximately 0.07  mm). For ID3, the higher rotational 
speed produced excessive heat input, leading to pronounced 
material softening. In these conditions, the reduced effective 
extrusion pressure (softening) combined with the deteriora-
tion of the surface results in an overall increase and vari-
ability of the tube thickness. Despite the observed thickness 
variations, more or less pronounced depending on the case 
study, the tubes did not exhibit any evident ovality.

Concerning the external surface roughness, from a 
qualitative point of view, the resulting surface morphology 
reflects the chip-based nature of the manufacturing process. 
Indeed, when comparing tubes produced from bulk material 
[18–20] with those obtained from chips [16], noticeable dif-
ferences in the external surface can be observed.

3.2  Microstructural investigations

Figure 6 illustrates the cross-sectional microstructure of 
the AA7075/AA2024 bimetallic tube fabricated under dif-
ferent process parameters. In Fig. 6a, corresponding to the 
low rotational speed condition (ID1), insufficient bonding 
is observed at the interface between the two materials. A 
distinct interfacial separation indicates that the heat gener-
ated during the process was insufficient to promote effective 
metal-to-metal bonding. High-magnification imaging of the 
interface further reveals the presence of unbonded regions. 
In contrast, Fig.  6b and c, corresponding to the medium 
(ID2) and high (ID3) rotational speed conditions, show less 
visible surface defects in the cross-section. Especially for 
ID3, the interface appears continuous and free from voids 
or delamination, indicating successful consolidation and the 
formation of a structurally sound bimetallic tube.

At higher magnification (third column of Fig. 6), the 
interfacial bonding between the two alloys is attributed to 
a diffusion-assisted mechanism promoted by severe plastic 
deformation and elevated temperatures generated during 
the FSE process (yellow dashed lines in Fig. 6c). Although 
a quantitative characterization of the interfacial diffusion 
layer was not performed in the present work, the observed 
interfacial morphology is consistent with diffusion-con-
trolled bonding reported for similar FSE-based bimetallic 
tube fabrication processes. In particular, Swarnkar et al. [19] 
demonstrated the formation of micrometrical interdiffusion 
layers and intermetallic compounds through EDS and XRD 
analyses under comparable processing conditions. The 
gradual change in contrast observed within this region in 
the EDS maps further supports the occurrence of interdiffu-
sion phenomena, contributing to effective solid-state bond-
ing without the formation of interfacial defects.

For investigating the microstructure of the bimetallic 
tubes at the interface, SEM analysis was performed. Figure 7 
presents SEM micrographs along with corresponding EDS 

heat generated is too low (ID1, Fig. 4a), a lack of consol-
idation of the first extruded layers is visible near the top 
surface of the tube. On the other hand, at a high rotational 
speed (ID3, Fig. 4c), excessive heat led to early softening 
of the material, which resulted in the surface deteriorating 
and uneven surface roughness in large parts of the extruded 
tube. At a medium rotational speed (ID2, Fig. 4b), optimal 
surface conditions were achieved. At process parameters 
ID2, the tube exhibited a uniform and quite smooth outer 
surface with no visible cracks at the top. Additionally, the 
bottom surface showed no signs of adhesion between the 
backing plate and the workpiece material, indicating effec-
tive material flow. It is worth remarking that the material 
behavior of AA7075 recycling chips plays an important 
role in material bonding; high mechanical properties may 
hinder proper consolidation. Difficulty in chips bonding for 
AA7075 recycling chips was also experienced by Puleo et 
al. [24] in the friction stir consolidation process.

The final length of the bimetallic tube, after trimming 
both top unconsolidated chips and bottom consolidated bil-
let, was approximately 40 mm.

The resulting average thickness of the produced tubes, 
along the radial direction, is represented in Fig. 5. For ID1 
and ID3 (Fig. 5), a non-uniform thickness distribution was 
observed. In the case of ID1, characterized by a low rota-
tional speed and limited heat generation, the material exhib-
its insufficient softening. Under these conditions, the small 
tool eccentricity caused by manual positioning inside the 
chamber was amplified, leading to unstable material flow 
during extrusion. The reduced plasticity increased flow 
resistance and process vibrations, resulting in significant 
thickness variability between the inner and outer tubes. 
On the other hand, ID2 exhibited the most stable extrusion 
conditions, as also suggested by the smoother surface fin-
ish. This demonstrates a balanced thermo-mechanical state 
that promoted a more controlled material flow, leading to 
improved thickness uniformity with a limited deviation 

Fig. 5  Average thickness measurement for both internal and external 
tubes at process windows: ID1, ID2, and ID3. In red, the nominal 
diameter of each tube
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elemental distribution provides strong evidence of alloying 
elements’ diffusion across the interface and metallurgical 
bonding between the two aluminium alloys, processed via 
the FSE process.

Further grain size analysis was performed on the cross-
section of the bimetallic tube to enhance microstructural 
characterization. Quantitative measurements of the grain 
dimension are reported in Fig. 8. Relatively fine grains were 
observed near the outer surface of the AA7075 tube, with 
average values of approximately 4.64 μm for ID1, 4.30 μm 
for ID2, and 4.11 μm for ID3. Moving toward the interface, 
the grain size slightly increases, attaining average values of 
5.65 μm, 4.99 μm, and 4.45 μm, respectively. Finally, near 
the inner surface of the AA2024 tube, a fine and equiaxed 
grain structure is again observed, with average grain sizes 
of 4.60 μm for ID1, 4.53 μm for ID2, and 4.63 μm for ID3.

A similar trend has already been reported during fric-
tion stir back extrusion of AA6063 and magnesium tubes 
by Zhang et al. [25] and Jarrah et al. [26], respectively. In 
both studies, an increase in grain size from the inner to the 

results, focusing on the transition zone between AA2024 
and AA7075, marked by a red dashed line. Figure 7a (ID1), 
at low rotational speed, displays discontinuity and areas 
of insufficient bonding, indicating that the heat generated 
during the process was not adequate to achieve full metal-
lurgical joining. It is important to note that, to enhance the 
visualization of the lack of bonding, the image was acquired 
at a higher magnification than those reported for ID2 and 
ID3 (Fig. 7b and c, respectively). In contrast, the samples 
extruded at medium and high rotational speeds (ID2 and 
ID3) haven’t shown any signs of discontinuity in the tran-
sition region. Additionally, the EDS mapping presented in 
Fig. 7 further validates and supports the quality of the bond. 
In this regard, the images of ID1 clearly delineate the transi-
tion zone between the AA7075 and AA2024 alloys, with an 
elemental distribution that matches the expected chemical 
composition of each material. Specifically, zinc (Zn) was 
predominantly detected in the AA7075 region, while copper 
(Cu) was more concentrated in the AA2024 region. On the 
contrary, ID2 and ID3 show more elemental diffusion. This 

Fig. 6  Microstructure of the 
cross-section of the bonding layer 
in AA7075/2024 bimetallic tube 
prepared by different process 
methods (a) ID1, (b) ID2, and 
(c) ID3
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is forced through the extrusion reduction zone, is subjected 
to high pressure and temperature, which promote dynamic 
recrystallization and grain refinement. Looking at the ID1 
case study, these trends are evident for the AA2024 tube (Fig. 
8). The severe plastic deformation experienced at the inner 
surface enhances recrystallization phenomena, leading to a 
visible grain size reduction. However, this trend is not vis-
ible for the AA7075 tube; the production of the second tube 
(AA2024) thermally affected the microstructure of the first 
one (AA7075), resulting in grain growth, particularly at the 
interface. On the contrary, in the case studies ID2 and ID3, 
due to the limited thickness, the improved processing condi-
tions (higher rpm and stirring) led to a more uniform thermo-
mechanical history, which promoted a more consistent 
recrystallization across the section and, consequently, a more 
homogeneous grain size distribution. Further details on the 
role of the temperature and strain are discussed in Sect. 3.3.

outer surface of the produced tube was observed. A compa-
rable phenomenon was also investigated by Baffari et al. [27] 
during wire production via the FSE process. As stated by the 
authors, the material in direct contact with the tool, which 

Fig. 8  Average grain size of the bimetallic tube evaluated from the 
outer to the inner surface, for each ID

 

Fig. 7  SEM microstructure of the transition zone of the bimetallic tube, along with EDS mapping for (a) ID1, (b) ID2, and (c) ID3
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3.3  Numerical results and microstructural 
comparison

To support the experimental findings, numerical simulations 
were conducted to provide an overview of the temperature 
and strain behavior during FSE tube processing (Fig. 10). In 
this regard, a plot of the temperature and strain profiles at 
the same process time for AA7075 tube production has been 
proposed for case study ID1 (Fig. 10a) and ID3 (Fig. 10b). 
The results reveal that high strain levels occurred both across 

Microstructural images along the radial direction of the 
tube are presented in Fig. 9, acquired from three represen-
tative regions: the outer surface of the AA7075 tube, the 
AA7075/AA2024 interface, and the inner surface of the 
AA2024 tube. The grain size at the inner and outer surfaces 
(first and third columns) appears comparable across all IDs. 
On the other hand, at the interface, the grain size in ID1 
(Fig. 9a) is visibly larger than in ID2 and ID3 (Fig. 9b, c). 
No appreciable differences are observed between ID2 and 
ID3, consistent with the observations in Fig. 8.

Fig. 9  Microstructure of the 
bimetallic tube in the outer 
surface of the AA7075 tube, 
AA7075/AA2024 tube interface, 
and the inner surface of the 
AA2024 tube, for (a) ID1, (b) 
ID2, and (c) ID3. Columns repre-
sent the observation zone, while 
the rows represent the IDs
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point-tracking approach was adopted to track the tempera-
ture evolution of a selected point over the entire process. 
In particular, a point, initially located at the interface of 
the AA7075 extruded tube, was tracked from the consid-
ered process time backward to the beginning of the process 
(Fig. 11).

The point-tracking results showed that, during the FSE 
process, the material in contact with the tool, particularly 
near the extrusion channel, reached the highest tempera-
tures, ranging from 480 to 550  °C (Fig.  12). During the 
AA7075 extrusion stage (Fig. 12a), the tracked point moved 
from the initial position (under the tool) toward the tube 
wall, experiencing a peak temperature of approximately 
400 °C, which lies within the recrystallization temperature 
range for aluminium alloys. Under these conditions, the 
combined effect of high strain and elevated temperature 
promoted recrystallization, resulting in grain refinement of 
the AA7075 alloy. During the production of the AA2024 
tube, point-tracking analysis revealed that the temperature 
at the monitored location increased again to approximately 
350 °C (Fig. 12b), partly due to thermal exchange with the 
already processed AA7075 tube. This secondary tempera-
ture peak, located within the recrystallization range, acted 
as an additional thermal cycle, leading to grain coarsening 
at the interface in both materials. For this reason, the grain 
size in correspondence to the AA7075 inner zone resulted in 
being bigger than the outer (Fig. 9), despite the fact that the 
tool refined the inner portion of the AA7075 tube.

the tube thickness and under the tool. Moreover, the detailed 
cross-sectional view in Fig. 10b indicates that the strain is 
not uniformly distributed through the tube’s thickness; 
instead, it visibly increases from the outer surface toward 
the inner one. This strain distribution demonstrates that the 
tool stirring action is more emphasized at the inner tube’s 
surfaces than the external one, corroborating the observation 
regarding the occurrence of recrystallization phenomena in 
the inner surface, previously discussed. Regarding tempera-
ture profiles, the comparison between ID1 and ID3 revealed 
that ID1 exhibited a lower temperature range (280–350 °C), 
uniformly distributed along the tube. This condition, com-
bined with longer processing times required to achieve the 
final tube length, is responsible for the slight increase in 
grain size observed for ID1 in Fig.  8. Conversely, ID3 is 
characterized by a more localized temperature-affected zone 
(ranging between 300 and 500 °C). As a matter of fact, the 
improved material softening due to the combination of high 
localized temperature and intense strain, induced by mate-
rial stirring, eases the tube production and promotes faster 
thermal dissipation.

Finally, the length and surface quality of the ID3 tube 
clearly demonstrate the process’s stability under appropri-
ate processing conditions, thereby supporting the previous 
considerations.

Numerical simulations were also employed to fur-
ther investigate and explain the grain growth phenomena 
observed at the interface of the bi-metallic tube (Fig. 8). A 

Fig. 10  Temperature and effective 
strain results for (a) ID1 and (b) 
ID3 (with a zoomed view of the 
cross-section)
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Typically, regions containing unbonded or poorly bonded 
chips exhibit lower hardness compared to areas where strong 
metallurgical bonding has occurred. Data shows noticeable 
variation in hardness along different paths across the thick-
ness of the tube. Compared to the average Vickers hard-
ness of the base material, all measured values were higher, 
indicating that the FSE process enhances the mechanical 
properties of the extruded material. A consistent trend was 

3.4  Hardness and mechanical characterization

The mechanical properties of the obtained bimetallic 
tube were investigated through Vickers microhardness 
measurements by performing twelve indentation points 
(Fig. 13b) along the cross-section of the tube and flatten-
ing tests. The results of these measurements are reported 
in Figs. 13a and 14.

Fig. 12  Numerical simulation results: (a) recording point location for temperature acquisition, (b) strain distribution of the cross section of the 
numerical AA7075 tube, and (c) temperature evolution of the extruded tubes, for ID3

 

Fig. 11  Point tracking approach 
from the (a) final position (tube 
extrusion), backward to the (b) 
initial position
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production via FSE, and Shunmugasamy et al. [28] for the 
friction stir extrusion of a magnesium tube.

Additionally, an overall increase in hardness has been 
reported with the increase in rotational speed; at the same 
vertical load, the increase in rotational speed results in an 
increase in frictional heating, which enhances chip consoli-
dation, reduces internal voids, and promotes grain refine-
ment, as already shown in Chap. 3.2.

These observations are consistent with the microstruc-
tural analysis, which demonstrated grain size refinement 
from the AA7075 toward the AA2024 layers of the bimetal-
lic tube. However, in the transition zone between AA7075 

observed for ID1: microhardness values increased progres-
sively from the outer surface toward the inner surface. For 
instance, the hardness at point 1 (outer surface) was 87 HV, 
which increased to 149 HV at point 12 (inner surface). A 
more constant trend was instead noted for other process 
conditions. This improvement aligns with the observations 
made by Baffari et al. [27]. In his work, the authors found 
that after the FSE process, the hardness of the product was 
close to the T3 heat treatment hardness value. The AA7075 
and AA2024-T3 hardness values are typically about 150 
and 145 HV, respectively. A similar constant hardness trend 
was also observed by Zhang et al. [25] during AA6063 tube 

Fig. 14  Flattening test results for 
ID1, ID2, and ID3, normalized 
to the tube length and external 
diameter

 

Fig. 13  (a) Average hardness of 
bimetallic tube for ID1, ID2, and 
ID3, and (b) indentation points 
considered for the hardness 
measurement
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Actually, enhanced microstructural and hardness character-
istics were observed across the thickness of the tube, along 
with a detailed SEM analysis of the bonding quality at the 
tube interface. The key findings are summarized as follows:

	● The results demonstrated that the FSE process is a viable 
method for fabricating bimetallic tubes. Among the eval-
uated conditions, the tube produced at 750 rpm and 15 
kN exhibited superior surface finish, refined microstruc-
ture, enhanced microhardness, and thickness uniformity.

	● Optical microscopy and grain size analysis revealed uni-
formly distributed equiaxed grains, and an overall grad-
ual decrease in grain size was observed toward the inner 
wall, resulting from the tool’s thermal and stirring ac-
tions. Moreover, microstructural analysis confirmed that 
adequate process conditions led to dynamic recrystalli-
zation, resulting in fine-grained structures (avg. 4.62 μm, 
at the outer and inner surface of the bi-metallic tube) and 
effective bonding between dissimilar aluminum alloys, 
thus contributing to improved microhardness.

	● The hardness characterization revealed an overall increase 
from the outer layer (AA7075) to the inner layer (AA2024). 
The average hardness for the AA7075 layer was about 150 
HV, while a value of nearly 160 HV was obtained for the 
AA2024 one. At the interface between the two layers, a 
drop in hardness was observed (around 140 Hv).

	● Numerical simulations showed that the material located 
under the tool and near the extrusion channel experi-
ences high temperatures and strains, conditions that 
promote recrystallization during FSE. Moreover, a point 
tracking approach for temperature monitoring at the 
interface showed that the inner surface of the AA7075 
tube is subjected to a secondary heating effect, due to the 
extrusion of the second tube, which affected the grain 
size at the tube’s interface.

	● SEM and EDS analyses verified the presence of a metal-
to-metal bonded interface at proper process parameters 
(750 rpm − 15 kN and 1000 rpm – 15 kN). The thermal 
and mechanical input during FSE was sufficient to fa-
cilitate elemental diffusion across the interface, leading 
to strong interlayer bonding.

	● Flattening tests reinforced and corroborated the micro-
structural and SEM findings. In particular, these tests re-
vealed that low bonding quality in the 500 rpm – 15 kN 
condition led to delamination phenomena, whereas sound 
interfacial bonding in the 750 rpm – 15 kN and 1000 rpm 
– 15 kN conditions resulted in intra-material damaging.

Further studies will focus on the application of this upcy-
cling route to the manufacturing of tubes made from dif-
ferent aluminium alloys and combinations of dissimilar 
materials.

and AA2024, a localized decrease in microhardness was 
noted. This reduction resulted from variation in grain size 
and minor defects such as porosity or unbonded regions, 
which act as stress concentrators, reducing the overall hard-
ness. Similarly, the external surface of the AA7075 tube 
exhibited low hardness values due to the roughness and 
poor quality of the surface [27], especially for ID1.

This microhardness trend is consistent with the flattening 
test results. Figure 14 reports the force per unit length as a 
function of the “normalized displacement”. In order to enable 
a meaningful comparison among specimens, the applied 
force was divided by the specimen length, thus removing the 
direct geometric dependence on sample height. Additionally, 
the displacement was “normalized” by the initial external 
diameter (constant for all specimens), allowing the deforma-
tion to be expressed as a percentage of the tube diameter and 
ensuring comparison at equivalent flattening levels.

Consistent with the microstructural and microhardness 
observations, ID1 exhibits lower resistance to flattening. 
This behavior can be attributed to insufficient interfacial 
bonding and reduced hardness. In fact, early-stage frac-
ture is observed at low displacements (displacement/diam-
eter ≈ 0.1) and is associated with delamination phenomena. 
After a certain deformation (displacement/diameter ≈ 0.25), 
delamination propagated to multiple locations, ultimately 
leading to tube failure.

On the other hand, the comparison between ID2 and ID3 
revealed, instead, only minor differences in microstructure 
and hardness; however, more pronounced variations were 
observed in terms of external roughness, hot cracking, and 
thickness uniformity, as reported previously. These features 
are evident in Fig. 14, particularly in the force-displacement 
response. Although ID2 exhibits a higher initial load, ID3’s 
improved interfacial bonding yields a more stable response 
in the later stages of deformation, allowing higher displace-
ment and force levels before final collapse. It is worth noting 
that, for both ID2 and ID3, failure did not occur as a result 
of delamination, but rather due to intra-material damage (in 
the case of ID3, within the AA2024 layer). This resulted in 
a smoother force–displacement curve, indicative of effec-
tive interfacial bonding. Overall, considering the combined 
microstructural observations, microhardness distribution, 
and mechanical response under flattening, ID2 represents 
the most balanced processing condition.

4  Conclusion

In this study, it was proved that FSE can be successfully 
applied to produce AA7075/AA2024 bimetallic tubes in a 
single-step process directly from recycled aluminium chips, 
demonstrating the effectiveness of this upcycling route. 
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