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A B S T R A C T

Friction stir extrusion (FSE), as a promising solid-state chip recycling technique, was employed to produce 
recycled wires from AA 6082 aluminum chips. Al2O3 reinforced and unreinforced wires with different tool ro
tations and vertical downforce were produced. The microstructure and texture evolution were studied using the 
electron backscattered diffraction (EBSD) technique. EBSD orientation maps showed that the microstructures 
developed a bimodal grain structure including fine recrystallized and non-recrystallized elongated grains. Grain 
orientation spread (GOS) EBSD maps demonstrated that the recrystallization was promoted in the presence of 
alumina second-phase nanoparticles. The resultant point-to-point and point-to-origin misorientation angle his
tograms indicated trivial misorientation differences proving the geometric dynamic recrystallization (GDRX) 
occurrence. The presence of loose high-angle grain boundaries (HAGBs) and accumulative misorientation angle 
inside the individual grains confirmed the continuous dynamic recrystallization (CDRX) occurrence. Moreover, 
grain boundary bulging was also visible through the microstructure, proving the activation of discontinuous 
dynamic recrystallization (DDRX). Texture analysis showed that simple a shear texture were introduced in the 
microstructure of the produced wires. The intensity of the obtained textures from the orientation distribution 
function (ODF) suggested that the application of the alumina particles improved the material flow during 
recycling. Micro-hardness measurements revealed that the addition of the alumina particles increased the 
hardness from 90 HV to 119 HV. Tensile testing showed a 20 % higher UTS for wires with alumina powders.

1. Introduction

Friction stir extrusion (FSE) is an innovative solid-state recycling 
technique introduced by THOMAS et al. [1], which produces wires and 
rods using metal chips or solid billets. Generated frictional heat from the 
rotating tool softens the material and severe plastic deformation in
troduces a complex plastic flow and extrudes the softened material as a 
wire out of the chamber. The solid-state nature of this technique allows a 
significant reduction of energy consumption with respect to re-melting 
through conventional techniques, it has been the case study of a 
growing number of researchers in the last few years.

The survey in the literature reveals that most investigations are 
focused on the feasibility of the FSE process. A few studies investigated 
the feasibility of the FSE process in recycling chips of different materials, 
including aluminum alloys and magnesium alloys, with different 

processing parameters [2–8]. Other authors have focused on the simu
lation and numerical modeling of the process [9–15] to better under
stand the complex flow behavior of the material occurring during the 
process and provide design guidelines for the choice of proper process 
parameters. Attempts have been made to study the continuous approach 
of the FSE process [16], while a few studies focused on the corrosion 
behavior of the FSE recycled materials [17,18], the sustainability of the 
process in comparison with other recycling techniques [19], and 
application of second phase particles during the recycling [20]. How
ever initial investigations were important during the development of the 
process, they provided only very limited information on the formation of 
the microstructure using optical microscopy and, as a common outcome, 
they declared that the microstructure is refined through dynamic 
recrystallization during the process.

It has been well documented that the grain refinement during 
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friction stir processing/welding (FSW/P) is dominated by the occur
rence of DRX mechanisms. Continuous DRX (CDRX), discontinuous DRX 
(DDRX), geometric DRX (GDRX), and particle-stimulated nucleation 
(PSN) in metal matrix composites are the most common DRX mecha
nisms observed in FSW/P. [21]. owing to the high stacking fault energy 
(SFE) of aluminum and its alloys, they mainly develop the microstruc
ture through the CDRX mechanism during severe plastic deformation at 
elevated temperatures; however, deformation conditions can activate 
other mechanisms. In this regard, Table 1 provides a brief overview of 
the microstructure formation in aluminum and its alloys during FSW/P.

However, only a few papers can be found in the literature providing a 
more detailed study on the development of the microstructure during 
the friction stir extrusion process. Abdi Behnagh et al. [35] used a 
cellular automaton method to predict the evolution of the microstruc
ture during the FSE process. These researchers suggested discontinuous 
dynamic recrystallization (DDRX) relying on the influence of strain rate 
as a responsible mechanism for the evolution of the microstructure. 
They declared that previous studies showed that lower strain rates 
promote the occurrence of CDRX and higher values induce the DDRX 
phenomenon. Accordingly, the authors claimed that friction stir pro
cessing induces the DDRX phenomenon as it imposes higher strain rates 
on the material while processing. However, additional microstructural 
evidence would be needed to support the above claims fully. Li et al. 
[36] studied the strain and texture of friction-extruded aluminum wires. 
They found that static recrystallization occurs in the region nearer the 
center where the wires experience the highest temperature, evidencing a 
strong <100> recrystallization texture component. They witnessed 
weak marker spiral patterns and minimal in-plane strain in the hottest 
part of the wire. Suhuddin et al. [37] studied the microstructure and 
texture of AA 7075 aluminum alloys during the friction stir extrusion 
process. Based on the microstructural observations, they reported the 
combination of CDRX, geometric dynamic recrystallization (GDRX), and 
slightly accompanied by the DDRX at elevated temperatures occurred as 
responsible mechanisms for grain refinement. The calculated ODF sec
tions revealed that the developed microstructure had simple shear 
texture components.

As a solid-state process with a unique process step, this process can 
successfully produce reinforced wires from scraps. As to the authors’ 
best knowledge, only one paper in the literature describes the micro
structural evolution during the process when reinforcements are added 
to the chips. Recently, Adnan et al. [38] used the FSE process to recycle 
AA 6082 aluminum chips using SiC reinforced particles. They provided 
general information about the process, including mechanical and 
microstructural properties, energy consumption, and weldability of the 
wires. They found that the texture of the evolved material decreased in 
the presence of SiC particles, However, in order to have an in-depth 
study on the microstructural evolution during FSE of reinforced and 
unreinforced wires, and to provide a detailed comparative study among 
the developed textures, especially when the wires’ constituent materials 
are different, appropriate rotations on the pole figures should be applied 
to reach a same frame of reference, i.e., same microscopic coordinate 
system (Shear plane normal (SPN)-Sear direction (SD)) rather than the 
macroscopic deformational coordinate system.

Based on the state of the art provided, it arises that the texture and 

microstructure in FSE have not been properly discovered and need 
further investigation, especially when reinforced particles are added. 
This paper aims to highlight the evolution of the introduced micro
structure and the texture of the aluminum alloy AA6082-T6 with rein
forced Al2O3 Nanoparticles during the friction stir extrusion process, 
exploring the mechanism (s) through which the resultant microstruc
tures are developed. Wires were produced with and without reinforce
ment under different process conditions, and their mechanical and 
micromechanical properties were first evaluated and then related to the 
occurring microstructure highlighting the role of the Al2O3 
nanoparticles.

2. Materials and methods

Aluminum chips were precisely machined from aluminum AA6082- 
T6 rods using a CNC machine. The chips vary in size and shape, with 
lengths ranging from 3.50 to 3.90 mm, width of 1.5 mm, and thickness 
of 0.1 mm. This results in an approximate surface area of 12.34 mm² per 
chip. During the machining process, chips containing surface impurities 
and machining residues were effectively removed in accordance with 
ASTMG131–96 standards, by using acetone. The chips were systemati
cally mixed with a 1 % concentration of nano-Al2O3 powder. The 
chemical compositions of the AA6082 aluminum alloy chips and Al2O3 
nanoparticles are shown in Tables 2 and 3, respectively. Fig. 1 shows the 
SEM micrograph of the reinforced Alumina particles with a 30 nm 
particle size.

Fig. 2 represents a schematic diagram of the FSE process, which is 
utilized to manufacture AA6082-Al₂O₃ reinforced wire. During this 
process, a high-strength steel tool is used to rotate and by stirring action 
plastically deform the material. The heat produced during the process 
softens the material, which subsequently forces the material to flow 
inside the orifice of the tool in the form of wire.

The FSE experiments were performed using an ESAB LEGIO Friction 
Stir Welding (FSW) machine. For the production of reinforced AA6082- 
Al₂O₃ wires, nano-Al₂O₃ powder was integrated into AA6082 aluminum 
chips, as depicted in Fig. 3. Optimized parameters, identified in a pre
vious study [39] were employed to enhance the extrusion rate. The tool 
used for the experimental campaign had a 14.7 mm diameter, 10-degree 
shoulder angle, and 1.6 mm extrusion hole diameter.

Table 4 represents the experimental plan, which investigated the 
variation in tool force and rotational speed. Initial tests assessed Al₂O₃ 
powder concentrations of 1 %, 2 %, and 3 %, showing a reduction in 
extrusion rate as the Al₂O₃ content increased. For consistency, a 1 % 
Al₂O₃ concentration was selected for all subsequent experiments.

The fabricated wires had an average length of approximately 
600 mm. These extruded wires were used for both mechanical testing 
and microstructural analysis. Tensile testing was performed in accor
dance with ASTM D2256 standards with three repetitions for each 
sample. For microstructural examination, wire cross-sections were pre
pared and etched using Weck’s reagent, a solution made from 100 mL of 
water, 1 g of NaOH, and 4 g of KMnO₄, applied for 10–15 s to reveal 
structural details. Additionally, microhardness measurements were 
taken across the wire’s cross-section.

The microstructural evaluation was carried out using a ZEISS SUPRA 
55 SEM equipped with an EDS system to determine the presence and 
distribution of Al₂O₃ particles. Grain refinement was analyzed using an 
EBSD detector integrated with an SEM. The operating conditions 
included an acceleration voltage of 20 kV, a sample tilt angle of 70◦, and 
a working distance of 9 mm. Cross-sectional regions were examined 
with a step size of 0.5 µm. The collected EBSD data was processed using 
the Aztec Crystal software.

Table 1 
Operative dynamic restoration phenomena of different Al alloys during FSW/P.

alloy DRX Mechanism (s) Refs.

AA1050 DDRX/GDRX [22,23]
AA5052 CDRX/DDRX [24]
AA5086 CDRX/DDRX [25,26]
A356 DDRX/GDRX [27,28]
Al− 7Si− 0.3Mg DDRX/GDRX [29,30]
AlSi9Mg DDRX/GDRX [31]
Al− 4Mg− 0.8Sc− 0.08Zr DDRX/ GDRX [32,33]
AA2024/AA6061 CDRX+GDRX [34]

S. Emami et al.                                                                                                                                                                                                                                  CIRP Journal of Manufacturing Science and Technology 61 (2025) 485–496 

486 



3. Results and discussion

3.1. Visual inspections and mechanical testing

A visual examination was first performed on the fabricated wires. 
Fig. 4 displays macroscopic images of the wire surfaces produced under 
different processing conditions. These include high rotational speed and 
force, both with and without powder (P600–21), as well as low rota
tional speed and force without powder (P400-15).

Produced wire at low heat for sample (P400–15) displayed twist and 
extrusion defects, attributed to inadequate heat generation during the 
process. In contrast, higher rotational speeds i.e. (500–600 RPM) 
resulted in defect-free surfaces along the entire wire length. This high
lights the critical role of selecting appropriate process parameters in 
determining the quality of extruded AA6082-Al₂O₃ wires. At lower 
RPMs, inadequate heat generation and poor dispersion of Al₂O₃ particles 
led to particle agglomeration, surface roughness, brittleness, and weak 
aluminum-to-Al₂O₃ bonding. Increasing tool force improved the extru
sion rate and reduced overheating within the matrix. However, initial 
trials revealed that excessive tool rotation caused hot cracking and 
heightened surface roughness, emphasizing the need for optimized 
process parameters.

Tensile testing of the wires was conducted according to ASTM D2256 
standards. Fig. 5 compares the tensile behavior of reinforced wires with 
that produced without Al₂O₃ reinforcement. For the non-reinforced 
samples, The Ultimate tensile strength (UTS) showed a clear depen
dence on extrusion force and rotational speed, increasing as these pa
rameters were raised. The lowest UTS, approximately 54 MPa, was 
recorded for the P400–15 sample, which received minimal heat input. 
On the other hand, samples processed with higher tool forces of 18 kN 
and 21 kN exhibited greater strength, with the highest UTS values for 
the non-reinforced wires, ranging from 190 to 196 MPa, achieved at an 
extrusion force of 21 kN.

With the addition of 1 % Al₂O₃ particle reinforcement, the trend of 
increasing UTS with higher tool forces and rotational speeds continued, 
but the overall tensile strength showed a significant improvement. This 
improvement can be attributed to the effective strength transfer from 
ductile aluminum to the hard Al₂O₃ particles during UTS testing. The 
proper dispersion of Al₂O₃ powder in the wire and strong interfacial 
bonding further contributed to this strength increase. Under optimal 
processing conditions (P500–21), the UTS of the reinforced AA6082- 
Al₂O₃ wire reached 228 MPa, compared to 190 MPa for the non- 
reinforced wire, representing a 20 % increase.

It is important to highlight that the thermal history induced by both 
the machining and FSE processes alters the material’s T6 condition. 
However, the best-performing wires exhibited UTS values close to those 
of the AA6082 alloy in its T4 condition (approximately 205 MPa), which 
lies between the UTS of the O condition (130 MPa) and the T6 condition 
(290 MPa). This indicates that the FSE process functions as a type of 
thermal treatment, producing mechanical properties comparable to the 
base material in its T4 condition.

Microhardness testing was conducted on the cross-section of the 
sample at three distant points starting from the center middle and edge 

Table 2 
Chemical composition of the AA6082 aluminum alloy chips.

Chemical compositions % w/w of AA6082

Al Cr Ti Fe Mg Mn Si Cu Zn

Balance ≤ 0.25 ≤ 0.10 ≤ 0.50 0.6 - 1.2 0.4 - 1.0 0.7 - 1.3 ≤ 0.10 ≤ 0.20

Table 3 
Chemical compositions of the Nano Al2O3 powder.

Chemical compositions % w/w of Nano Al2O3

Al2O3 Ca Fe k Na Mn Si

99.99 % ≤ 1 ≤ 18 ≤ 29 ≤ 35 ≤ 1.2 ≤ 16

Fig. 1. (a) SEM micrograph of the Al2O3 nanoparticles: (b) magnification and dimensions of the particles, (c) EDX analysis.

Fig. 2. A schematic diagram of the FSE process for reinforced Al- Al2O3 
wire production.
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of each extrudate. Fig. 6 shows the average hardness for both reinforced 
AA6082-Al₂O₃ wires and unreinforced AA6082 wires. In the unrein
forced samples, microhardness increased with higher heat input i.e 
higher RPM and force. For example, the hardness value increased from 
71 to 96 HV from unreinforced samples (P400–15 to P600–21) due to 
increasing heat. This trend mirrored the UTS results, with the hardness 
values of these wires approaching those of the base material in its T4 
condition.

Additionally, all samples showed a slight increment in hardness from 
centre to edge of the cross section of wire, due to the forming of 
recrystallized grains near the surface during the process. Finer grains are 
known to improve hardness and strength by hindering dislocation 
movement.

For samples reinforced with 1 % Al₂O₃, a significant increase in 
microhardness was observed across all processing conditions. For 
instance, in sample P600–21, the hardness rose from 90 HV in the un
reinforced wire to 119 HV in the reinforced wire. This represents a 33 % 
increase compared to the unreinforced AA6082 and a 240 % increase 
compared to the base material at AA6082-O state (average 35 HV). This 
increment in hardness is due to the existence of Al₂O₃ nano powders, 
which hinders to dislocation motion and contribute to the enhanced 
hardness.

3.2. Microstructure evolution

3.2.1. Microstructure analysis
Fig. 7 shows phase maps from the cross-section of the produced wires 

Fig. 3. ESAB Machine used in this study: (a) FSE Fixture for wire (b) Extrusion tool (d) Extrusion die containing chips.

Table 4 
Process parameters for FSE.

Processing conditions Tool Rotation [RPM] Force [kN]

P400-15 400 15
P400-18 400 18
P400-21 400 21
P500-15 500 15
P500-18 500 18
P500-21 500 21
P600-15 600 15
P600-18 600 18
P600-21 600 21

Fig. 4. Macroscopic observations of the surface of extruded wire at (a) 
P600–21 without powder (b) P600-21 with Al2O3 powder, and (c) P400-15 with 
Al2O3 powder.

Fig. 5. Tensile test results of the reinforced and unreinforced wires for the 
considered case studies.
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to show the distribution of the incorporated alumina particles. As indi
cated, Al2O3 particles have been distributed uniformly through the 
microstructure of the wire shown in yellow color. The microstructures in 
a longitudinal cross-section of the wires fabricated at 21 KN extrusion 
force and 600 rpm rotational speed are presented in Fig. 8, captured 
from the regions near the edge and the center of the wires. Different 
grain colors are attributed to the crystallographic orientation of the 
constituent grains, which is referenced by the color-coded triangle on 
the grain map. All other orientation maps have been colored following 
the same rule. Regarding the referenced triangle, microstructures are 
mainly composed of 110 and 111 planes, which are colored green and 
blue, respectively. The microstructure shows the formation of bimodal 
grain structures, including mainly large and elongated grains with a few 
fine grains inside. Such a bimodal grain structure has been reported from 
the microstructure of AA 7075 Al Alloy during extrusion [37]. It is clear 
from the figure that the microstructures are partially recrystallized, and 
those obtained from wires with reinforced particles have a more uniform 
grain structure and a higher tendency to replace the elongated grains 
with equiaxed fine grains. This qualitatively demonstrates that the 
second-phase particles accelerated the recrystallization phenomenon 
and introduced microstructures with a more uniform grain size.

Orientation spreads of individual grains were utilized to differentiate 
between recrystallized and deformed regions in resultant microstruc
tures. The grain orientation Spread (GOS) parameter, as an average 
misorientation between all pixels within a grain, is used to analyze and 
distinguish the recrystallized and unrecrystallized regions [40–42]. 
Higher values of this parameter show the presence of a higher amount of 
geometrically necessary dislocation (GND), which in turn implies a 
higher degree of applied deformation in the material, whereas lower 
GOS values result from the recrystallized microstructures with lower 
dislocation content. In this study, the critical GOS value was calculated 

by applying variations in orientation spreads of some deformed and 
elongated grains, based on which a threshold value of 1.5

◦

was deter
mined. Accordingly, Grains with GOS values more than 1.5

◦

have been 
characterized as unrecrystallized, and grains with GOS values lower 
than 1.5

◦

have been considered recrystallized. Fig. 9 shows the Fraction 
of recrystallization in the center and the edge of the wires with and 
without reinforced particles from the samples processed with 600 rpm 
and 21 kN vertical downforce. It is clear from the map that the fraction 
of the recrystallization decreases moving from the center toward the 
edge of the wires. It is indicated that recrystallization has occurred 
uniformly in the presence of alumina particles through the microstruc
ture of the produced wire. It is well-reported that second-phase particles 
can facilitate the recrystallization phenomenon [43]. Grain size mea
surements showed that the average grain size of the developed micro
structure without reinforcing particles is larger than that with reinforced 
particles. It is also seen that the grain size is larger in the center, where 
the material experiences higher temperature, than at the edge of the 
wires, where the material contacts the colder die walls, and the heat 
dissipation is higher. Therefore, the material near the edge of the wires 
has a lower opportunity for grain growth and has smaller grains. Liu 
et al. [44] investigated the influence of nano-sized Al2O3 particles on 
the dynamic recrystallization behavior and microstructure evolution of 
pure copper during the hot deformation process. They indicated that the 
DRX rate of Cu–Al2O3 is initially hindered by the strong pinning effect 
of Al2O3 particles. However, the authors further demonstrated that the 
activation energy and the recrystallization critical strain decreased in 
the presence of Al2O3 nano-sized particles. Additionally, distortion 
zones formed by Al2O3 particles served as potential nucleation sites, 
alongside grain boundaries, for DRX. These particles facilitated the 
transition from LAGBs to HAGBs during high-temperature deformation, 
leading to a more pronounced DRX process. Similarly, Moradi et al. [34]
reported promoted recrystallization through the microstructure of the 
FS welded AA2024/AA6061 dissimilar joints incorporated with SiC 
nanoparticles, evidencing a strong recrystallization textural component.

During thermo-mechanical processing, the microstructure of the 
evolved material is developed mainly through three different recrys
tallization mechanisms, i.e., CDRX, GDRX, and DDRX. CDRX mechanism 
usually occurs homogeneously without recognizable nucleation and 
growth stages in the microstructure of deformed material at elevated 
temperatures. In this mechanism, low-angle grain boundaries (LAGBs) 
tend to be transformed into high-angle grain boundaries (HAGBs) by 
absorbing the lattice dislocations. Through this mechanism, when the 
material is strained, sub-grains neighboring prior grain boundaries 
rotate and develop a misorientation gradient with old grains from the 
center to the edge. The GDRX mechanism is also a continuous 

Fig. 6. (a) Average hardness values of the reinforced and unreinforced wires for the considered case studies (b) Contoured heat map for case study P600–21 with 
powder representing the variation of hardness from center to edge.

Fig. 7. Phase maps from the longitudinal cross-section of the wires with rein
forced particles processed at 600 rpm and 21 KN vertical downforce, a) near the 
center, and b) near the edge of the wires.
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recrystallization process that is usually associated with the serration of 
the grain boundaries. This mechanism generally happens during the 
dynamic recovery process at higher strain conditions. Applied severe 
plastic deformation flattens the individual grains and elongates them 
parallel to the applied stress. As a result of this modification, serrations 
occur on the grain boundaries, the frequency of the constituent HAGBs 
increases, and the distance between the grain boundaries decreases as 
much as the grain boundary serrations equal the thickness of the grains, 
which results in the development of new fine grains in the microstruc
ture. Therefore, the new grains have been formed in the direction of the 
applied strain, and the corresponding misorientation angle through the 
GDRX phenomenon is expected to be trivial [43,45]. CDRX and GDRX 
mechanisms have been reported from the microstructure of the mate
rials with high stacking fault energy (SFE), whereas the DDRX mecha
nism usually occurs in materials with low or medium SFE that have a 
slow recovery process. This mechanism happens through nucleation and 
growth when a critical deformation condition is obtained [45]. How
ever, the refining mechanism is determined mainly by the deformation 
conditions like strain, strain rate, and temperature during the process 
[46]. For example, for the case of Al alloys, which have rather higher 
SFE, besides CDRX and GDRX, the DDRX mechanism has been reported 
during thermo-mechanical processing [47,48], or for the case of 
austenitic stainless steels which have lower SFE and are usually sup
posed to experience discontinuous recrystallization, CDRX has been 
reported from the microstructure of the austenite phase of SAF 2205 
duplex and 304 austenitic stainless steels [49].

Fig. 10 shows misorientation angle changes along the lines depicted 
on inverse pole figure maps. The calculated misorientation over the 
determined fine grains closely matches the misorientation observed 
along the large elongated grains, confirming the GDRX mechanism 
occurrence during the FSE process. However, grain boundary maps from 
the obtained wires reveal that large elongated grains include networks 
of LAGBs which split the large deformed grains into small recrystallized 
grains which are shown in Fig. 9 in red (θ < 10◦ ) and yellow 

(10◦

≤ θ < 15◦ ) colors. The grain boundary map depicts a higher frac
tion of LAGBs interconnected with HAGBs, defined with white arrows. 
This shows that LAGBs tend to increase the misorientation angle and 
transform into HAGBs by absorbing lattice dislocations. It is well-known 
that the continuous rotations of the constituent sub-grains usually occur 
through the CDRX mechanism. Point-to-origin (cumulative) mis
orientations have been obtained over the drawn lines to investigate the 
progressive sub-grain evolution and the influence of deformation on the 
misorientation gradient. Fig. 10 also represents the cumulative misori
entation plots from the interior part of the grains towards the boundary. 
The figure depicts that the misorientation intensifies quickly and crosses 
10 degrees from grain interiors towards the grain boundaries, which 
implies the presence of progressive sub-grain rotations during the pro
cessing. The observed behavior generally occurs in the microstructures 
formed by the CDRX mechanism during the deformations at high tem
peratures [49]. The existence of loose HAGBs interconnected with 
LAGBs with misorientations between 10–15

◦

implies the occurrence of 
the CDRX mechanism (Fig. 11).

While microstructural evidence confirms the CDRX occurrence, there 
is some evidence that the DDRX also occurred in the microstructure 
which can be seen in white circles in the orientation map of Fig. 9. When 
a metallic material is deformed at elevated temperatures, the constituent 
grain boundaries become wavy, implying local migration of the grain 
boundary. This behavior leaves a bulging area along the grain boundary, 
which then turns to a recrystallized grain. This mechanism, which in
cludes nucleation and growth, is known as the DDRX mechanism. 
Nucleation by the DDRX mechanism can also occur by bulging of prior 
boundaries with the development of the twinning or grain sub- 
structures. Boundary bulging generally occurs as a prelude to classical 
dynamic recrystallization [45]. It has been reported that the in
compatibility between the neighboring grains creates some kind of 
fluctuations along the grain boundaries that limit grain boundary ac
tivities like sliding and shearing [50]. This leads to the accumulation of 
dislocations, which in turn, develop sub-grains adjacent to the prior 

Fig. 8. Orientation maps from the longitudinal cross-section of the wires with and without reinforced particles processed at 600 rpm and 21 KN vertical downforce, 
near the center (a and c) and near the edge (b and d).
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Fig. 9. GOS maps indicating the fraction of the recrystallized grains through the microstructure of the wires from longitudinal cross-section with and without 
reinforced particles processed at 600 rpm and 21 KN vertical downforce, near the center (a and c) and near the edge (b and d).

Fig. 10. Misorientation variance along the indicated lines from the inverse pole figure maps indicated in Fig. 6.
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Fig. 11. EBSD data (cumulative misorientations along the defined lines on the orientation map) from wires reinforced with alumina powders processed at 600 rpm- 
21KN vertical downforce.
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boundaries. Due to the progressive straining and partial shearing or 
sliding on the boundaries, local strain gradients were observed along the 
boundaries. Such behavior has also been reported for AA7075 aluminum 
alloy during the friction extrusion process [37].

It is also to be mentioned that particle stimulated nucleation (PSN) 
can also occur during friction stir welding/processing of Al-based MMCs 
[34,51,52], However, it is apparent from the microstructural evidences 
(Figs. 7–9) that no PSN effect is visible through the microstructure of the 
introduced wires as the particle size (approximately 30 nm) is too small, 
and the processing temperature is quite high. This mechanism generally 
occurs when the dislocations accumulate at the particles during defor
mation, i.e., the PSN can only take place if the net stored energy near the 
particles is sufficient. This accumulation only happens around larger 
particles at low processing temperatures. According to Humphreys et al. 
[43], it is nearly impossible for PSN to occur when the particle size falls 
below 1 µm. Moradi et al. [34] incorporated SiC nanoparticles in FSW 
dissimilar joints of AA2024/AA6061. Their results disproved the 
occurrence of the PSN mechanism in the SZ due to the higher degree of 
temperature and smaller particle size. However, they showed the for
mation of some recrystallized grains through the PSN mechanism in the 
thermo-mechanically affected zone (TMAZ) owing to coarse particles 
(larger than 1 µm) and lower temperatures. Therefore, microstructural 
observations show that the fine grains are more likely attributed to the 
Zener pinning effect by the nano-Al2O3 particles, which slowed the grain 
growth of the Al matrix.

3.2.2. Texture analysis
Friction stir extrusion is one of the hot deformation processes, like 

FSW/P, high-pressure torsion (HPT), and friction extrusion (FE), 
through which severe strain and higher strain rates are imposed on the 
material at elevated temperatures. Therefore, the material flow and 

following texture analysis were investigated considering the behavior 
reported for these processes [46,53,54]. Like the friction extrusion 
process, the rotating tool imposes significant shear strain on the material 
during the FSE process [37]. Accordingly, the constituent grains of the 
evolved material are rotated along with the direction of the strain, 
resulting in the development of a preferred orientation in the plasticized 
microstructure. These modifications occur through the easy slip planes. 
These planes rotate and reorient themselves parallel with the shear 
plane [55]. Fig. 12 represents the {100}, {111}, and {110} pole figures 
from different microstructural regions of the produced wires.

Due to the nature of the FSE process [17], the material is rotated and 
translated around the extrusion axis; therefore, the introduced simple 
shear texture components do not occur at the ideal positions of the shear 
textural components and have some deviations. Accordingly, proper 
rotations have been applied to the scans on the common SPN-SD coor
dinate system. Fig. 12 shows the development of shear texture in the 
wires’ microstructure. Shear texture has also been developed in the 
microstructure of the friction-extruded AA7075 aluminum alloy [37]. 
Pole figures suggest that the C component has been formed mostly in the 
central part of the wires, and it tends to decrease moving towards the 
edge of the wire. It further demonstrates that the addition of alumina 
powders assists the material flow, as the intensity of the obtained pole 
figure for the reinforced wires is rather higher than that of the unrein
forced wires. This behavior can be related to the plastic partitioning 
effect of the strain during the processing. The aluminum matrix is softer 
than alumina reinforcement nanoparticles; therefore, during straining at 
high temperatures, strain is accommodated by the softer aluminum 
matrix. Strain localization occurred in the microstructure of SAF 2205 
stainless steel during the FSW process. Emami et al. [56] showed that the 
strain was partitioned more in the softer ferrite rather than the hard 
austenite phase.

Fig. 12. 100, 110, and 111 pole figures indicating the texture of the evolved material processed at 600 rpm and 21 KN vertical downforce: a) center of unreinforced 
wire, b) edge of unreinforced wire, c) center of Al2O3 reinforced wire, and d) edge of Al2O3 reinforced wire.
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Although pole figures are a useful technique to represent the devel
oped texture of the material, the information is still somehow insuffi
cient, as they provide two-dimensional information while the material 
has a three-dimensional entity. This can explain why pole figures are not 
sufficient to properly determine the orientation distribution. The 
orientation distribution function (ODF), which has a three-dimensional 
entity, can be successfully used in these cases. Furthermore, the ideal 
texture components are very close to each other (as indicated in Fig. 12), 
which makes it difficult to investigate the texture changes precisely 
[57]. ODF sections have been calculated from the pole figures to avoid 
any overlap and interference of the components, as depicted in Fig. 13. It 
is very clear from the ODF sections that alumina powders effectively 
influenced the texture and increased the intensity of the resultant 
components in both the center and the edge of the wires. Texture evolves 
through complex interactions between recrystallization and deforma
tion during welding [58], and dynamic recrystallization can complicate 
the interpretation of local textures in relation to the metal’s deformation 
state. However, it has been published that the textures of dynamically 
recrystallized metals typically resemble those of the deformed metals 
[59]. This occurs because recrystallization nuclei originate from the 
deformed and actively deforming grains, resulting in a fine-grained 
structure with a texture closely aligned to that of the deformed mate
rial. ODF sections suggest that the CDRX and GDRX, which mainly occur 
in the microstructure of the evolved material, preserve the shear texture 
components. However, incorporating second-phase particles may in
fluence grain alignment and result in distinct texture patterns. Tiwari 
et al. [58] showed that SiC particles enhanced the development of spe
cific texture components and suppressed others, resulting in distinct 
texture patterns in dissimilar FSW joints of 7075 and 2024 Al alloys. 

They showed that the intensity of the texture decreased, and common 
recrystallization textural components like Cube, P, and Goss emerged 
with the addition of the SiC particles. Adnan et al. [38] also showed that 
the addition of SiC particles during the recycling of aluminum alloy 
AA6082 chips through the friction stir extrusion process reduced the 
texture of the introduced wires.

In the current work, the addition of Al2O3 particles showed peculiar 
behavior. Alumina incorporation increased the intensity of shear com
ponents and reduced the common recrystallization component cube. It 
can be seen that the unreinforced wires developed a cube texture at 
(φ1 = 0◦ , Φ = 0◦ , φ2 = 0◦

) and (φ1 = 90◦ , Φ = 0◦ , φ2 = 0◦

) Euler an
gles. This component is the common recrystallization texture that occurs 
in FCC-structured materials during the annealing process [43]. ODF 
sections further suggest that cube texture occurs only in the center of the 
wires, where the material experiences the highest temperature. ODF 
sections also show that the presence of oxide particles reduces the fre
quency of the cube texture in the center of the wires and increases the 
proportion of deformation textures. In the center of the wire, by the 
addition of alumina particles, the cube component {001}〈100〉 is 
replaced by shear texture components; mainly by C ({001}〈110〉) which 
occurs at (φ1 = 90◦ , Φ = 45◦ , φ2 = 0◦

), (φ1 = 0◦ , Φ = 90◦ , φ2 = 45◦

), 
and (φ1 = 180◦ , Φ = 90◦ , φ2 = 45◦

) and partially with A∗
1 and A∗

2, 
whereas near the edge of the wire, is mainly replaced by A∗

1 and A∗
2 and 

partially with C and B components. Humphreys and Juul Jensen [43]
reported that the recrystallization texture of the Al2O3 containing Al 
alloys preserves the deformation texture. They claimed that the 
dispersion of particles can restrict boundary movement, affecting not 
only common recrystallization kinetics but also the final grain size and 

Fig. 13. Orientation distribution function maps obtained from a,b) center and edge of the unreinforced wire, c,d) center and edge of Al2O3 reinforced wire, and e) 
ODF sections at φ2 = 0◦ and φ2 = 45◦ indicating the ideal shear texture components position.
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texture. It is also to be mentioned that one of the most remarkable as
pects of recrystallization is its ability to alter the texture induced by 
severe deformation, effectively randomizing it [60,61]. The results 
prove that, during the process, recrystallization mainly occurs through 
CDRX and GDRX mechanisms, rather than through static or discontin
uous DRX, as the cube texture component decreases with the addition of 
Al2O3 nano particles. The former tend to retain the simple shear defor
mational textures, while the latter are commonly associated with texture 
randomization.

4. Conclusions

The friction stir extrusion process was conducted to produce recycled 
wires from AA 6082 aluminum chips. Nanosized Al2O3 powder was 
added to assess the possibility of promoting the mechanical properties of 
the produced wires. Microstructure and the texture of the introduced 
wires were studied using the electron backscattered diffraction (EBSD) 
technique. The main findings can be briefly mentioned as follows: 

1. Micro-hardness and tensile assessments indicated that proper process 
parameters resulted in similar behavior of the base material in the T4 
conditions. The application of the alumina particles further 
improved both the UTS and HV.

2. Bimodal grain structures, including fine recrystallized and non- 
recrystallized elongated grains, were developed through the 
microstructures.

3. Grain orientation Spread (GOS) maps showed a high recrystallization 
fraction with alumina second-phase nanoparticles. The resultant 
point-to-point and point-to-origin misorientation histograms showed 
a trivial misorientation difference, which confirmed the GDRX 
occurrence. The presence of loose/incomplete HAGBs and progres
sive accumulation of misorientation angles confirmed the CDRX 
mechanism. Grain boundary bulging was also visible on grain 
orientation maps, proving the activation of discontinuous dynamic 
recrystallization (DDRX).

4. Simple shear textures were developed through the microstructure of 
the produced wires. The orientation distribution function (ODF) 
showed rather severe textures for the wires with alumina particles. 
This behavior implies that the alumina particles improved the flow of 
the material during recycling.
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hard inclusions on microstructural characteristics and textural components during 
dissimilar friction-stir welding of an PM Al–Al2O3–SiC hybrid nanocomposite with 
AA1050 alloy. Sci Technol Weld Join 2017;22(5):412–27. https://doi.org/ 
10.1080/13621718.2016.1251714.

[24] Khodabakhshi F, Simchi A, Kokabi AH, Gerlich AP, Nosko M. Effects of stored 
strain energy on restoration mechanisms and texture components in an 
aluminum–magnesium alloy prepared by friction stir processing. Mater Sci Eng A 
2015;642:204–14. https://doi.org/10.1016/j.msea.2015.07.001.

[25] Nadammal N, Kailas SV, Szpunar J, Suwas S. Development of microstructure and 
texture during single and multiple pass friction stir processing of a strain 
hardenable aluminium alloy. Mater Charact 2018;140:134–46. https://doi.org/ 
10.1016/j.matchar.2018.03.044.

[26] Pradeep S, Pancholi V. Superplastic forming of multipass friction stir processed 
aluminum-magnesium alloy. Metall Mater Trans A 2014;45(13):6207–16. https:// 
doi.org/10.1007/s11661-014-2573-x.

[27] 8 Singh SK, Immanuel RJ, Babu S, Panigrahi SK, Janaki Ram GD. Influence of 
multi-pass friction stir processing on wear behaviour and machinability of an Al-Si 
hypoeutectic A356 alloy. J Mater Process Technol 2016;236:252–62. https://doi. 
org/10.1016/j.jmatprotec.2016.05.019.

S. Emami et al.                                                                                                                                                                                                                                  CIRP Journal of Manufacturing Science and Technology 61 (2025) 485–496 

495 

https://doi.org/10.1016/j.jmatprotec.2010.08.010
https://doi.org/10.1016/j.jmatprotec.2010.08.010
https://doi.org/10.1016/j.jmapro.2017.06.013
https://doi.org/10.1016/j.jmapro.2017.07.010
https://doi.org/10.1016/j.jmapro.2017.07.010
https://doi.org/10.1016/j.jmapro.2018.02.008
https://doi.org/10.1016/j.procir.2019.02.062
https://doi.org/10.1016/j.procir.2019.02.062
https://doi.org/10.21741/9781644902431-115
https://doi.org/10.1016/j.jmatprotec.2017.04.007
https://doi.org/10.21741/9781644903131-75
https://doi.org/10.1007/s40684-023-00573-w
https://doi.org/10.1007/s40571-021-00445-7
https://doi.org/10.1007/s40571-021-00445-7
https://doi.org/10.1007/s11837-022-05604-6
https://doi.org/10.1007/s11837-022-05604-6
https://doi.org/10.1007/s00170-021-07729-5
https://doi.org/10.3390/ma16124375
https://doi.org/10.1016/j.cirpj.2023.01.004
https://doi.org/10.1016/S1003-6326(15)63791-8
https://doi.org/10.1016/S1003-6326(15)63791-8
https://doi.org/10.1016/S1003-6326(19)65067-3
https://doi.org/10.1016/j.jclepro.2023.138132
https://doi.org/10.1016/j.proeng.2017.10.798
https://doi.org/10.1016/j.pmatsci.2024.101330
https://doi.org/10.1016/j.msea.2013.07.062
https://doi.org/10.1080/13621718.2016.1251714
https://doi.org/10.1080/13621718.2016.1251714
https://doi.org/10.1016/j.msea.2015.07.001
https://doi.org/10.1016/j.matchar.2018.03.044
https://doi.org/10.1016/j.matchar.2018.03.044
https://doi.org/10.1007/s11661-014-2573-x
https://doi.org/10.1007/s11661-014-2573-x
https://doi.org/10.1016/j.jmatprotec.2016.05.019
https://doi.org/10.1016/j.jmatprotec.2016.05.019


[28] Ajay Kumar P, Madhu HC, Pariyar A, Perugu CS, Kailas SV, Garg U, Rohatgi P. 
Friction stir processing of squeeze cast A356 with surface compacted graphene 
nanoplatelets (GNPs) for the synthesis of metal matrix composites. Mater Sci Eng A 
2020;769:138517. https://doi.org/10.1016/j.msea.2019.138517.

[29] Guru PR, Khan MD F, Panigrahi SK, Ram GDJ. Enhancing strength, ductility and 
machinability of a Al–Si cast alloy by friction stir processing. J Manuf Process 
2015;18:67–74. https://doi.org/10.1016/j.jmapro.2015.01.005.

[30] Meenia S, Khan MD F, Babu S, Immanuel RJ, Panigrahi SK, Janaki Ram GD. 
Particle refinement and fine-grain formation leading to enhanced mechanical 
behaviour in a hypo-eutectic Al–Si alloy subjected to multi-pass friction stir 
processing. Mater Charact 2016;113:134–43. https://doi.org/10.1016/j. 
matchar.2016.01.011.
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