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Friction stir welding (FSW) of thick extruded AA6082-T6 aluminum alloy plates presents challenges

in maintaining optimal mechanical and corrosion properties. This study investigated the effects of
incorporating Al,O; interlayer reinforcements on the microstructural, tribological, and corrosion
behaviors of FSW joints. AA6082-T6 plates were friction stir welded with Al,O; interlayer strips at
various levels of 0, 4, 8, and 12 vol%. The resulting joints were characterized using optical microscopy,
electron microscopy, X-ray diffraction, hardness testing, potentiodynamic polarization, and pin-
on-disk wear tests. The Al,O; reinforcement led to grain refinement, increased dislocation density,

and enhanced microstrain in the weld zone. The relative density decreased with an increase in the
Al,O3 content. The Vickers hardness improved systematically across all thicknesses of the reinforced
joints, with the highest values observed in the 12 vol% Al,0; specimen. The corrosion resistance

of the reinforced joints improved significantly, approaching that of the base material. The wear
resistance was enhanced in the reinforced joints with 8 vol% Al,O; specimen consistently showing

the highest enhancement ratios under various load conditions. The incorporation of Al,O; interlayer
reinforcements effectively mitigated the negative effects of FSW on AA6082-T6 joints, enhancing their
microstructural, mechanical, tribological, and corrosion properties. Optimal performance was achieved
with 8 vol% Al,O; reinforcement, balancing improvements in hardness, wear resistance, and corrosion
behavior.

Keywords Friction stir welding, Tribology, Corrosion, AA6082, Alumina reinforcement, Metal matrix
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AA6082-T6 is a heat-treatable aluminum (Al) alloy known for its high strength-to-weight ratio, good corrosion
resistance, and excellent formability. It is widely used in the aerospace, automotive, and structural industries
because of its favorable mechanical properties'Due to its solid-state nature, friction stir welding (FSW) has
emerged as a superior joining technique for Al alloys*-%. FSW is considered an energy-saving, environmentally
friendly, and versatile technology, making it increasingly popular in high-demand fields such as aerospace and
automotive industries. The solid-state nature of FSW minimizes the defects associated with fusion welding,
such as porosity, hot cracking, and structural distortion. This results in improved joint quality, reduced post-
weld processing, and enhanced mechanical properties of the welded structure®”. Furthermore, FSW allows for
joining dissimilar materials, which is particularly beneficial in industries seeking to optimize weight reduction
and fuel efficiency®®. FSW of thick Al plates, particularly AA6082-T6, presents several significant challenges
that have been the focus of ongoing research in the field of materials joining!-!2. One of the primary challenges
in FSW of T6 Al plates is the significant microstructural changes that occur during the welding process. The T6
temper condition, achieved through solution heat treatment and artificial aging, results in a carefully controlled
distribution of strengthening precipitates'®!*. However, thermal cycling and severe plastic deformation during
FSW can significantly alter the microstructure.

The heat generated during FSW can dissolve or coarsen the strengthening precipitates, particularly Mg,Si in
the AA6082-T6 alloy'>-'7. This results in weld zone (WZ) thermal softening and a significant reduction in the
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mechanical strength compared to the base material (BM). Hamada et al.!® impacted thermal cycles during FSW

on the AA6082-T6 alloy. They highlighted how the severe plastic deformation and high heat generated during
FSW led to the dissolution or coarsening of strengthening precipitates, such as Mg,Si, in the WZ, contributing
to thermal softening and reducing the mechanical properties compared to the initial material. In this context,
Tamadon et al.!” discussed how the elevated temperatures during FSW dissolve or coarsen Mg,Si precipitates,
resulting in microstructural degradation and reduced mechanical properties, including hardness. They
underscored the importance of controlling the thermal cycles to mitigate the reduction in the WZ properties.
Adding reinforcements during FSW is an effective approach for enhancing the mechanical, tribological,
and corrosion properties of friction stir welded (FSWed) joints. One widely used strategy involves particle
reinforcement where micro- or nano-scale particles such as Al,Os, TiC, SiC, TiO,, or B,C are incorporated into
the WZ20-24, These particles are typically pre-deposited along the welding path or introduced directly during
the welding process. They enhance the properties of the joint through a dispersion-strengthening mechanism,
acting as barriers to dislocation movement and increasing the hardness and tensile strength of the joint?>~25.
Furthermore, the wear resistance and high-temperature stability of these particles significantly improve
their tribological performance?®?. Another effective strategy is interlayer reinforcement, where a metallic or
composite strip is placed between the plates before welding>*-32. This method ensures uniform distribution
of the reinforcements and can provide multifunctional benefits, including enhanced mechanical strength and
resistance to wear and corrosion3-3°. In this context, Table 1 summarizes previous studies related to the FSW of
Al alloys that applied the interlayer reinforcement strategy to improve the properties of welded joints.

Based on the literature review, a significant research gap exists in the application of ceramic-reinforced
interlayer strips for the FSW of Al alloys. Much of the existing literature focuses on the use of metallic interlayer
strips, such as Cu, Ni, and Al alloys, to improve the joint strength, ductility, and thermal stability. Ceramics,
known for their superior thermal and wear resistance, can offer significant advantages in enhancing joint
performance under extreme service conditions such as abrasive environments. Therefore, the current study
focuses on investigating the role of Al/AL,O; interlayer strips in enhancing the microstructural, tribological, and
corrosion behavior of the WZ structure of thick AA6082-T6 FSW joints. The introduction of these interlayer
strips aims to address the inherent challenges associated with welding thick Al plates, such as microstructural
heterogeneities, reduced wear resistance, and increased susceptibility to corrosion in the WZ. By incorporating
Al/AL,Os; interlayers during the FSW process, this study seeks to evaluate their effectiveness in improving the
microstructure, hardness, and surface durability of joints under abrasive and corrosive conditions. This research
focuses on exploring how these interlayer strips influence the properties of the developed WZ. This includes
analyzing how the presence of AL, O3 particles within the interlayer contributes to modifying the grain structure
and wear resistance through dispersion strengthening and hardness improvement. This study also examined the
ability of the interlayer to enhance corrosion resistance by mitigating galvanic differences and promoting a more
uniform microstructure.

Materials and methods

Joint and reinforcement materials

AA6082-T6 Al alloy plates (Egyptian Al Co., Aswan, Egypt) with dimensions of 200 mm in length, 100 mm in
width, and 12 mm in thick were used in this study, as shown in Fig. 1a. The AA6082-T6 chemical composition
primarily consisted of Al with 0.950% Si, 0.754% Mg, 0.664% Mn, and smaller amounts of Fe, Cu, Ti, Zn, and
Cr. In terms of mechanical performance, AA6082-T6 exhibited an ultimate tensile strength of 332 MPa and
an elongation of approximately 17%. Reinforcement was achieved using an Al,Os (Sigma Aldrich Company,
Cairo, Egypt) interlayer in foil format, as shown in Fig. 2, incorporating ceramic particles with an average size
of <1 um. Various volume fractions (0, 4, 8, and 12 vol% of Al,O; were introduced using a novel interlayer strip
technique to ensure homogeneous distribution throughout the stir zone (SZ) thickness. AA8011-O foil with a
thickness of 11 um was used to encapsulate the Al,Os powder and placed between the plates to reinforce the weld
region. The AA8011-O chemical composition includes approximately 0.7 wt% Si.% Fe and 0.5 wt% Si, and trace
elements such as Mn, Mg, Zn, Ti, and Cu are also present in small amounts, less than 0.5 wt% each.

FSW process

The FSW of AA6082-T6 joints was performed using a conventional FSW tool fabricated from W302 cold-work
steel and heat-treated to 52 HRC hardness. The tool features a tapered grooved pin and concentric circles on
its concave shoulder, as shown in Fig. 1a. The FSW parameters were maintained constant at 600 rpm rotational
speed, 100 mm/min welding speed, and a 2° tilt angle for all the welds. The FSW process was performed using
the FSW machine model EG-FSW-M1, Suez University, Suez, Egypt)3®3°. Table 2 lists the 12 mm AA6082-T6
FSW joint and its corresponding reinforced joints with different Al,O; concentrations.

Refs. | Joint alloy Joints Type of reinforcement | Key results
3 AA6061-T6 Butt Cu interlayer Tensile strength of the Al/Cu/Al 285 MPa is higher than the Al/Al (218 MPa)
. The addition of the Sn interlayer further led to energy savings since the
32
AAS052 Lap Sn interlayer rotational speed required to achieve the higher tensile shear load
31 . . | Applied a 1 mm-wide interlayer improved the tensile strength by 14.1% and
AA2024 Butt AA7075 Stinterlayer rip the failure strain by 53% compared to the joint without interlayer
37 AA7075-T6, AA7475 | Lap joint | SiC, AIZO3 interlayers SiC outperformed AlZO3 in mechanical enhancements
Table 1. Summary of previous studies related to the interlayer strategy for FESW of al alloys.
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Fig. 1. Experimental work sketch of the FSW process for AA6082-T6 reinforced with Al,O, interlayer strips.

Characterization methodology

The AA6082-T6 FSW joints were evaluated through microstructure and phase analyses using X-ray diffraction
(XRD), densification properties, Vickers hardness, corrosion behavior, and wear performance (behavior and
mechanisms). The characterization specimens were extracted from the FSWed joints, as illustrated in Fig. 3.
Cross-sectional specimens were prepared perpendicular to the FSW direction for both macroscopic and
microscopic examinations of the SZ. Figure 2b illustrates the main dimensions of the test samples extracted from
the AA6082-T6 FSWed joints. The specimens underwent standard metallographic preparation, culminating in
a 0.05 pum surface finish. Metallographic analysis was performed using optical microscopy (Olympus BX-51 M)
and field-emission scanning electron microscopy (FE-SEM) (QUANTA FEG 250, FEI Company, Hillsboro, USA)
to examine the distinct microstructure features. Phase analysis of the SZ developed during the FSW process was
conducted using X-ray diffraction (Bruker D8 Advance) with Cu Ka radiation (A =1.5406 A). The diffractometer
was operated at 40 kV and 30 mA, scanning across a 20 range of 20°-80° with a step size of 0.02°. This analysis
aimed to identify the phase transformations and potential intermetallic compound formation within the SZ
(XRD test specimen dimensions; Fig. 1b). The densification properties in terms of relative density and relative
porosity measurements of the WZ of the AA6082-T6 FSWed joints and their corresponding CWZ specimens
CWZ/4, CWZ/8, and CWZ/12 were determined using the Archimedes principle method with distilled water as
the liquid medium, following the JIS R2205-1992 standard. The mechanical property evaluation focused on the
Vickers hardness of the FSWed joint WZ. Vickers hardness measurements of the SZ and adjacent regions were
performed using a digital hardness tester (HWDV-75, TTS Unlimited, Osaka, Japan) under a 200 g load with a
10-second dwell time. The Vickers hardness was measured by collecting eight measurements for each developed
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Fig. 2. (a) Stress-strain curve of AA6082-T6 BM and (b) SEM images of Al O, ceramic particles.

No. | Joint code | Joint plate AL O, concentration (vol%)
1 WZ/0 0
2 CWZ/4 4
12 mm thickness AA6082-T6
3 CWZ/8 8
4 CWZ/12 12

Table 2. Code of FSW AA6082-T6 joint and corresponding reinforced joints with different concentrations of
A1203. WZ weld zone, CWZ composite weld zone.

zone across the welded joints. The interval distance between the middle layer and the upper and lower layers
was 4 mm.

To investigate the corrosion characteristics of the AA6082-T6 BM and WZ of its FSWed joints, electrochemical
testing was conducted according to ASTM G59-97 with a corrosion test specimen surface area of 100 mm?
(Fig. 1b). The methodology involved stabilizing the open-circuit potential (OCP) by immersing the prepared
specimens in a 3.5 wt% NaCl solution for 120 s. The specimens were meticulously prepared and mounted to
ensure uniform exposure and accurate measurements. A three-electrode setup was employed, comprising a
saturated calomel reference electrode, graphite counter electrode, and working electrode (AA6082-T6 and
FSWed joints), which consisted of the working sample with a 1 cm?* exposed surface. The potentiodynamic
polarization technique was utilized to measure the corrosion behavior with a controlled potential sweep from
-2 to +1 V relative to the reference electrode at a scan rate of 0.05 V/s. A potentiostat/galvanostat system
supported by advanced electrochemical analysis software (Versa Studio Electrochemistry software package,
version 2.60.4, Princeton Applied Research, Oak Ridge, TN, USA) was used to record the current-potential data.
The corrosion rate (C.R.) was calculated using established equations, incorporating parameters such as i ..
is the corrosion current density (uA/cm?), W, the equivalent weight of the alloy, p, the density of the material (g/
cm?), and A, the exposed surface area (cm?), as presented in Eq. 1:

K X Qcorr X Wg
o p x A '

CR (1)

The wear behaviors of the AA6082-T6 BM and FSW joints, including those reinforced with Al,Os interlayers,
were evaluated using a pin-on-disk wear test, adhering to the ASTM G99-04 standards. This method allows for
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Fig. 3. Microstructure and grain size average of AA608-T6 BM and corresponding WZ of FSWed joints of (a)
WZ/0, (b) CWZ/4, (c) CWZ/8, and (d) CWZ/12. (e) EDS of the CWZ of the CWZ/12 FSWed joint.

a controlled assessment of wear resistance under varying loads, sliding distances, and speeds. The cylindrical
pin specimens extracted from the welded samples (including the CWZ reinforced with Al,Os interlayers) were
machined to a uniform diameter of 8 mm and a height of 12 mm, as shown in Fig. 2b. The end surfaces were
polished to a surface roughness of Ra=0.2 um to ensure consistent contact conditions during the testing. The
steel disks, which served as counter materials, had a diameter of 50 mm and thickness of 10 mm. These disks
were heat-treated to a hardness of 60 +2 HRC and polished to a surface roughness of Ra=0.1 um to provide a
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consistent counterface for all wear tests. Both the pins and disks were thoroughly cleaned with non-chlorinated
solvents to remove contaminants and then dried to ensure accuracy in wear measurements. The wear tests were
conducted under systematically varied conditions to evaluate the performance across a range of applied loads of
5,10, 20, and 30 N and a sliding distance of 500 m. A consistent relative sliding velocity of 1.1 m/s was maintained
throughout the test. Following the tests, the specimens were removed, cleaned to eliminate debris, and examined
for the wear patterns. The wear behavior of each specimen was calculated using the wear volumetric loss rate
(WV)) (Eq. 2) terms aligned with ASTM G99-04 guidelines. The weight loss of the wear-tested specimens was
also recorded using a high-precision balance (0,0001 g electronic analytical balances, BA-E Series, Lixia District,
Shandong, China), and the W'V, was derived using the material density by applying Archimedes principles.
The wear mechanism of each tested specimen was detected through the worn surface of the wear-tested samples,
which was evaluated using FE-SEM.

M (g)

WV ) = o) x )

x 1000. (2)

Where, WV : Wear volumetricloss rate, M : mass loss, p : density,andS : total slidung distance.

Results and discussions

Microstructure and phase analysis

Figure 3 illustrates the microstructural evolution in the (Fig. 3a) AA6082-T6 BM and various weld zones
of the FSWed joints of (Fig. 3b) WZ/0, (Fig. 3c) CWZ/4, (Fig. 3d) CWZ/8, and (Fig. 3f) CWZ/12 regions.
Furthermore, Fig. 3f shows the EDS of the CWZ/12 FSWed joint. It can be remarked that the microstructural
evolution of AA6082-T6 BM and its corresponding weld zones of FSWed joints revealed distinct characteristics
across different reinforcement levels. For the extruded AA6082-T6 BM, it can be revealed that the BM
exhibited relatively large grains with an average size of around 23.3 pm (Fig. 3a), which is characteristic of the
T6 temper condition in extruded plates. Furthermore, bright regions corresponding to the Mg,Si precipitates
were distributed throughout the BM microstructure. Significant grain refinement occurred upon friction stir
welding without reinforcement, resulting in an average grain size of approximately 7.6 um, as shown in Fig. 3b.
This refinement is attributed to the severe plastic deformation and dynamic recrystallization processes inherent
to FSW*1149 The fine equiaxed grains observed in the WZ/0 sample were a result of the breakdown of the
original grain structure and subsequent recrystallization under the influence of frictional heat and mechanical
stirring*'=%. incorporation of Al,O; reinforcement particles led to notable changes in the microstructural
characteristics. The CWZ/4 joint, which contained 4 vol% Al,Os (Fig. 3¢), displayed an intermediate grain size of
16.7 um with evidence of AL, O; particle distribution throughout the matrix. Similarly, the CWZ/8 joint (Fig. 3d)
exhibited a grain size of 18.2 um, with Al,O; particles visible in the microstructure. The highest reinforcement
level in CWZ/12 (Fig. 3e) resulted in a grain size of approximately 19.8 um, with distinctive features of Al,Os
particle agglomeration sites. Black holes were observed in the microstructure at all reinforcement levels, which
can be attributed to the pullout of Al,Os particles during the metallographic preparation. The microstructural
evolution in the low level of grain coarsening of the CSZ of the FSWed joints exhibited a correlation between
the presence of Al,O; particles and their thermal effects. Al,O; particles in the WZ significantly influenced the
recrystallization mechanisms, serving as nucleation sites for new grains during dynamic recrystallization. This
phenomenon arises from thermal expansion mismatches between Al,O; and the AA6082 matrix, generating
stress-induced dislocations around the particles44’45. In contrast, the grain sizes in the Al,Os-reinforced joints
increased compared to those in WZ/0. This unexpected growth may be attributed to Al,Os particles acting as
localized heat reservoirs due to their lower thermal conductivity: around 237 W/m-K for Al*” and around
30 W/ mK for ALO5*. Such thermal behavior could potentially reduce the dynamic recrystallization (DRX)
driving forces, thereby facilitating post-nucleation grain growth. It can be concluded that the microstructural
evolution from the BM to various weld zones demonstrates the complex interplay between the thermomechanical
effect of the FSW process and the presence of the AL,O; reinforcement. Although the initial FSW process
led to significant grain refinement, the addition of Al,O; particles introduced competing grain pinning and
localized heat generation mechanisms. The EDS analysis results presented in Fig. 3f confirm the presence of
Al,O; particles within the composite weld zone. The elemental composition shown in Fig. 3f reveals a high Al
content of 86.31% with significant O content of 10.68%, which corresponds to the Al,Os reinforcement particles,
along with smaller amounts of 2.44% Mg and 0.57% Si. This elemental distribution confirms the successful
incorporation of the AL,O; reinforcement into the WZ through the interlayer technique.

Figure 4 presents the colored elemental mapping of the composite CWZ/8 for the AA6082-T6 FSWed joint
reinforced with 8 vol% Al,Os. The EDS maps revealed the spatial distributions of key elements, including Al, O,
Mg, and Si. The Al map shows a uniform distribution throughout the matrix, as expected for the AA6082-T6.
Notably, the oxygen map exhibited localized concentrations that correlated with the positions of the Al,Os
particles, as shown in Fig. 4, confirming their presence and distribution within the WZ. The Mg and Si maps
indicate a relatively homogeneous distribution of these alloying elements across the analyzed areas. This
distribution suggests that the FSW process combined with Al,O; reinforcement did not lead to significant
elemental segregation. The presence of Mg and Si is crucial for the formation of strengthening precipitates,
such as Mg,Si, which were observed in the BM microstructure (Fig. 3a) but appeared to be dissolved in the WZ
owing to the thermal cycles during FSW. The high Al content of 88.99 wt% confirms the Al-rich matrix, while
the oxygen content of 7.40 wt% corroborates the presence of Al,Os reinforcement particles. The Mg content was
2.82 wt% and Si content of 0.80 wt% levels (Fig. 4) are consistent with the nominal composition of the AA6082
alloy. EDS mapping and elemental analysis provided additional evidence for the effective incorporation of Al,O;
nanoparticles within the CWZ, supporting the microstructural observations in Fig. 3.
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Fig. 4. Colored elemental mapping of the CWZ of AA6082-T6 FSWed joints reinforced with 8 vol% Al,O,
(CWZ/8).

The XRD results in Fig. 5 demonstrate distinct phase compositions and structural transformations within
the analyzed AA8011-O foil, AA6082-T6 BM, and FSWed joints WZs and their corresponding CWZ of the
CWZ/8 and CWZ/12 specimens. The AA8011-O foil predominantly displayed characteristic Al peaks at 20
values of 38.5°, 44.7°, 65.1°, and 78.2°, along with secondary AL,O; peaks at 26.2° and 68.3°. The presence of an
oxide layer in the AA8011-O foil, as indicated by the distinct Al,O; peaks in the XRD results, was attributed to
the natural passivation of Al. The oxide layer enhances the corrosion resistance by acting as a barrier to further
oxidation and contributes to the compatibility of the AA8011-O foil as a reinforcement material in FSW by
promoting the dispersion of the oxide particles within the WZ. The main peaks observed corresponded to Al
for the AA6082-T6 BM. In addition, minor phases, including Mg,Si (40.1°), AIMnSi (41.7°), AlMn (42.8°), and
Al,Mn (74.4°), were identified, indicating the influence of alloying elements on the microstructure and properties
of the BM. The XRD patterns primarily showed Al peaks with no precipitates in the WZ of the unreinforced
FSW joint (WZ/0). The absence of precipitates in the WZ of the unreinforced FSW joint results from thermal
cycling and severe plastic deformation inherent to the FSW process®>>!. During FSW, elevated temperatures and
dynamic recrystallization can dissolve strengthening precipitates such as Mg,Si in AA6082-T6°%%. However,
incorporating Al,O; interlayers during FSW significantly altered the diffraction patterns of CWZ/8 and CWZ/12.
The unclear presence of Al,O; phases in the CWZ/8 joint, as observed in the XRD patterns, can be attributed
to the insufficient amount of oxide particles incorporated via the interlayer to form detectable phases in CWZ.
At the same time, CWZ/12 revealed pronounced peaks for AL,O; at 26.2°, 35.2°, 37.8°, 43.4°, 52.6°, 57.5°, 66.5°,
and 68.3° indicating a higher degree of reinforcement integration. These results corroborate the efficacy of
the interlayer approach in reinforcing the AA6082-T6 WZ to produce the AA6082-T6 CWZ structure, which
is expected to have a significant impact on the physical, mechanical, tribological, and corrosion properties of
AA6082-T6 FSWed joints.

The evaluation of the crystallite size, dislocation density, and dislocation increment across various regions
of the AA6082-T6 BM and the corresponding WZ of the FSWed joints, including WZ/0, CWZ/4, CWZ/8, and
CWZ/12, describes the effects of Al,O; reinforcement on the microstructural features. The crystallite size (D)
was evaluated using the Williamson-Hall equation (Eq. 3)34-5¢:

_0.9)
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Fig. 5. XRD patterns of the AA8011-O Al foil, AA6082-T6 BM, and WZ of the FSWed joints of WZ/0,
CWZ/8,and CWZ/12.

where { represents the peak width at half-maximum height (FWHM), 0 is the Bragg angle, and X is the X-ray
wavelength (0.1542 nm for Cu Ka radiation). In addition, dislocation density (p,) related to the D can be
calculated using Eq. 4°4-%;

pa=1/D> (4)
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Furthermore, the increment in dislocation density can be calculated using Eq. 5°%%:
Ao gis = MaGbp%. (5)

Where M is the Taylor factor, « is the geometric factor of the Al alloy, G is the shear modulus, b is the Burgers
vector, and p is the dislocation density.

Figure 6 shows the crystallite size in nm, dislocation density in nm™, and dislocation increment in MPa
of the AA6082-T6 BM and the corresponding WZ of the FSWed joints of WZ/0, CWZ/4, CWZ/8, and
CWZ/12. It can be remarked that the results of crystallite size, dislocation density, and dislocation increment
revealed distinct trends across unreinforced and reinforced FSWed joints. As shown in Fig. 6, the crystallite
size in the AA6082-T6 BM was 128.86 nm, indicating a relatively coarse grain structure attributed to the T6
temper condition. In the unreinforced WZ/0, the crystallite size increased to 154.89 nm. The inclusion of Al,O;
interlayers in CWZ/4, CWZ/8, and CWZ/12 resulted in a progressive grain refinement. This trend was most
pronounced in CWZ/12, where the crystallite size reduced to 106.73 nm, exhibiting a dispersion-strengthening
effect of the ceramic particles. The observed grain refinement was consistent with the pinning effect of the Al,O;
particles, which inhibited crystallite growth during recrystallization. For the dislocation density, the AA6082-T6
BM was recorded at 6.02E-5 nm™, and WZ/0, a decrease in dislocation density of 4.16E-5 nm™ was noted.
Furthermore, the dislocation increment exhibited a trend similar to that of dislocation density, as shown in
Fig. 6. A baseline value of 35.64 MPa for the BM was observed, which decreased to 29.65 MPa for WZ/0. The
AA6082-T6 BM exhibited a high dislocation density, corresponding to a high dislocation increment compared
to the unreinforced WZ/0 joint, which was attributed to the initial extrusion and T6 heat treatment processes.
Conversely, the addition of ALLO; to CWZ/4, CWZ/8, and CWZ/12 resulted in an increase in dislocation
density, peaking at 8.77E-5 nm~2 for CWZ/12, as shown in Fig. 6. In addition, the dislocation increments in the
reinforced zones exhibited increasing dislocation increments with increasing Al,Oj; levels in the WZ, with the
highest value of 43.03 MPa recorded for CWZ/12. This trend highlights the role of Al,O; particles in creating
dislocation networks owing to mismatched thermal and mechanical properties at the particle-matrix interface.
In addition, the progressive increase aligns with the interaction between the dislocation motion and dispersed
AL O; particles, which act as barriers and promote the strain hardening.

After bringing p and 0 from the XRD pattern (Fig. 5) and by the linear fitting, as shown in Fig. 7, the
microstrain (g) is the slope of the fitting curve>*. Microstrain analysis revealed distinct variations across
the AA6082-T6 BM and corresponding WZ/0 and CWZ/12 joints. According to the Williamson-Hall plots
presented in Fig. 7, the microstrain for the AA6082-T6 BM was determined to be 0.00181 + 1.67E-5, whereas for
the unreinforced WZ/0 joint, the value decreased to 0.00167 + 1.07E-4. In contrast, the CWZ/12 joint exhibited
an increased microstrain of 0.00196 + 1.90E-4. This relatively high microstrain in the BM can be attributed to the
residual strain induced during the extrusion process and T6 heat treatment of the base plate. In the unreinforced
weld zone of the WZ/0 joint, the microstrain decreased to 0.00167 +1.07E-4, indicating the partial relief of
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Fig. 7. Williamson-Hall plots of the AA6082-T6 BM and the corresponding WZ of the FSWed joints of WZ/0
and CWZ/12.

internal strains during the FSW process. However, the incorporation of Al,O; reinforcement in CWZ/12 led
to a significant increase in the microstrain to 0.00196 + 1.90E-4. This enhanced microstrain correlates with the
reduced crystallite size of 106.73 nm and increased dislocation density of 8.77E-5 nm™ observed in Fig. 7. The
higher microstrain in CWZ/12 can be attributed to the presence of ceramic particles, which create localized
strain fields at the particle-matrix interfaces owing to differences in the thermal and mechanical properties.
The variation in the dislocation density and microstrain characteristics observed between the unreinforced and
reinforced weld zones is anticipated to substantially influence the hardness, electrochemical, and tribological
properties of the respective weld zones.

Densification and hardness analysis

Densification properties

The densification analysis revealed a clear correlation between the Al,O; content and the relative density/
porosity characteristics of the WZ for both the unreinforced WZ/0 and Al,O;-reinforced joints. Figure 8 shows
the densification properties of the WZ for the unreinforced joints of WZ/0 and Al,Os-reinforced joints CWZ/4,
CWZ/8,and CWZ/12.It can be observed that the relative density of the WZ/0 joint was measured at 99.21 +£0.5%,
with a corresponding relative porosity of 0.79+0.40%. This nearly full densification of the unreinforced joints
can be attributed to the effective plastic deformation and material flow during the FSW process without any
reinforcement particles interfering with consolidation?"-*3. However, as the AL,O; content increased, a notable
decrease in the relative density was observed, accompanied by an increase in the porosity. For CWZ/4 (4
vol% Al,Os), the relative density decreased to 96.76 +0.45%, with porosity increasing to 3.24+0.55%. This
trend continued with CWZ/8 (8 vol% Al,Os), where relative density dropped further to 95.26 +0.40%, and
porosity rose to 4.74+0.45%, as shown in Fig. 8. The most significant reduction in densification was recorded
for CWZ/12 (12 vol% Al,Os3), with a relative density of 90.63 +0.60% and porosity of 9.37+0.50%, as shown in
Fig. 8. The decrease in the relative density, combined with the increase in porosity with increasing Al,O; content,
can be attributed to the presence of additional ceramic particles disrupting the plastic flow of the Al matrix
and hampering the forging action under the tool shoulder. These ceramic particles reduce the ease of material
consolidation within the CWZ. As the Al,O; content increased, the likelihood of void formation increased owing
to the inadequate filling of small cavities and the lack of complete bridging between particles in the stirred region,
ultimately translating into lower densification and higher porosity?®-23. However, increasing the Al,O; particle
content led to particle agglomeration. At higher concentrations, particularly in CWZ/12 with 12 vol% ALOs,
the ALO; particles have a greater tendency to cluster together rather than distribute uniformly (Fig. 3e). These
clusters create localized regions where complete material bonding is hindered, resulting in void formation and
decreased density. Furthermore, the significant difference in the physical and mechanical properties between the
AlLO; particles and Al matrix***contributes to the interface-related porosity****. The ceramic particles, which
are much harder and more resistant to deformation than the AA6082 matrix, create stress concentrations at the
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particle-matrix interfaces during the welding process. These stress discontinuities can lead to the formation of
microvoids, particularly evident in the substantial decrease in the relative density to 90.63% for the CWZ/12. The
progressive nature of this density reduction from 99.21% for WZ/0 to 96.76% for CWZ/4, 95.26% for CWZ/8,
and 90.63% for CWZ/12, as shown in Fig. 8, demonstrates that the effect became more pronounced as the
ceramic particle content increased. This trend aligns with the established principles of powder metallurgy and
composite material processing59‘62. It can be concluded that the incorporation of Al,Os; in CWZ/4, CWZ/8,
and CWZ/12 reduced the relative density by 2.47%, 3.98%, and 8.65%, respectively, compared to the WZ of the
unreinforced joint, as shown in Fig. 8.

Hardness properties

The Vickers hardness distributions across different layers of the FSWed zones were systematically evaluated to
assess the influence of the AL, O; reinforcement content on the joints’ mechanical properties. Vickers hardness
measurements were conducted across three distinct layers (upper, middle, and lower) of the WZ for the
unreinforced joints and the CWZ for the reinforced joints CWZ/4, CWZ/8, and CWZ/12, as depicted in Fig. 9.
It can be remarked that the unreinforced joint (WZ/0) exhibited a characteristic hardness gradient across its
thickness, with values ranging from 91.1 HV in the upper layer to 109.5 HV in the lower layer compared to
117.5 HV for the AA6082-T6 BM. These results highlight the intrinsic characteristics of the WZ after FSW. on
the first hand, where thermal softening effects dominate owing to the dissolution of strengthening precipitates,
such as Mg,Si. This trend is consistent with previous studies that observed reduced hardness in the WZ of
AA6082-T6 joints caused by thermal cycling and dynamic recrystallization during FSW'%%. However, the
vertical hardness variation WZ of WZ/0 can be attributed to the inherent thermal gradient and varying degrees
of plastic deformation experienced during FSW. The lower layer demonstrated superior hardness owing to more
effective material consolidation and reduced thermal exposure compared to the upper layer, which experienced
direct contact with the tool shoulder®*%>, The incorporation of Al,O; particles led to a systematic enhancement
in the hardness across all layers. The CWZ/4 specimen, containing 4 vol% Al,Os, showed improved hardness
values of 102.6 HV, 107.6 HV, and 117.7 HV in the upper, middle, and lower layers, respectively. This trend
continued with increasing reinforcement content, reaching higher values in the CWZ/12 specimen, which was
reinforced with 12 vol% Al,Os, which exhibited hardness measurements of 128.3 HV, 130.5 HV, and 132.6 HV
across the three layers. It can be observed that the dominant mechanism controlling the hardness in the CWZ
of the reinforced joints is the presence and distribution of Al,O; particles, rather than precipitates or grain
refinement effects. This is evidenced by the substantial increase in hardness with increasing Al,Os content,
which is related to the increase in dislocation density, as shown in Fig. 6. This trend was corroborated by the
XRD analysis results, which provided an understanding of the microstructural changes that occurred at the
atomic level. The dispersion strengthening effect was evident from the increasing dislocation density values
observed in the XRD analyses. For the unreinforced WZ/0 joint, the dislocation density was measured at 4.16E-
5 nm~2, which increased progressively with the Al,Os; content, reaching 8.77E-5 nm™? for the CWZ/12 joint, as
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shown in Fig. 6. This increase in dislocation density indicates a higher degree of lattice distortion and strain fields
around the AL,O; particles, which effectively impeded dislocation movement. The enhanced dislocation-particle
interactions contributed significantly to the observed hardness improvement. Furthermore, the dislocation
increment, which quantifies the strengthening contribution of dislocations, exhibited a similar upward trend.
The dislocation increment increased from 29.65 MPa in the WZ/0 sample to 43.03 MPa in the CWZ/12 sample
(Fig. 6). This substantial increase in the dislocation increment directly correlates with the hardness enhancement,
as it represents the additional stress required for plastic deformation. In addition, microstrain analysis provides
further evidence of the strengthening mechanisms. The microstrain increased from 0.00167 +1.07E-4 in WZ/0
to 0.00196 +1.90E-4 in CWZ/12, as illustrated in Fig. 6. This increase in microstrain indicates a higher level
of lattice distortion and internal stress in the reinforced specimens, which is consistent with the presence of
dispersed Al,O; particles and their interaction with the Al matrix. The combined effect of these mechanisms
increased the dislocation density, dislocation increment, and microstrain, which explains the systematic
enhancement in the hardness observed across all layers of the reinforced specimen. The progressive increase in
hardness from CWZ/4 to CWZ/12 demonstrates the cumulative strengthening effect achieved by increasing the
volume fraction of AL, O3 particles. It can be concluded that the hardness enhancement ratios reveal a systematic
improvement in the mechanical properties across different layers of the reinforced friction stir welded joints.
Compared with the unreinforced WZ/0 specimen, the CWZ/12 joint exhibited enhancement ratios of 1.41,
1.34, and 1.21 for the upper, middle, and lower layers, respectively. The intermediate compositions showed
progressive improvements, with CWZ/4 displaying enhancement ratios of 1.13, 1.10, and 1.07, whereas CWZ/8
demonstrated higher ratios of 1.32, 1.26, and 1.15 for the corresponding layers, as shown in Fig. 9.

Corrosion analysis
The Potentiodynamic polarization results for the AA6082-T6 BM and the corresponding weld zones of the
FSWed joints, including WZ/0, CWZ/4, CWZ/8, and CWZ/12, are presented in Table 3; Fig. 10. Thei____values

corr

exhibited significant variations across different specimens. The AA6082-T6 BM exhibited a relatively low i of
2.34E-06 A/cm?, indicating good corrosion resistance. However, the unreinforced WZ/0 specimen displayed a
notably higheri__ of 2.62E-05 A/cm? (Table 3), suggesting a decrease in corrosion resistance owing to the FSW.
This increase can be attributed to microstructural changes and the dissolution of the strengthening precipitates
during FSW. Previous studies have revealed that corrosion properties are strongly dependent on the applied
FSW parameters®®~%8. Laska et al.® examined the corrosion properties of the AA6056 FSWed joints under 3.5

wt% NaCl solution and found that corrosion resistance varied substantially based on the processing parameters
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Parameter AAG082-T6 | WZ cwz/a |cwzis | cwz/iz
C"“(‘;\S;O“ current 234E-05 | 2.62E—05 | 1.35E—05 | 2.84E—06 | 2.62E—06
corr
Corrosion current density | » 3455 | 562E—05 | 135605 | 2.84E—06 | 2.62E—06
igpy (Aem?)
Corrosion potential

~1.406 ~1.103 | -0558 |-2034 |-1452
Ecorr (V)
Corrosion rate 0.0765 0.8566 0.4414 0.0929 0.0857

CR (mm/year)

Table 3. Potentiodynamic polarization results of AA608-T6 BM and corresponding WZ of FSWed joints of
WZ/0, CWZ/4, CWZ/8,and CWZ/12.
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Fig. 10. Potentiodynamic polarization plots of the AA608-T6 BM and corresponding WZ of the FSWed joints
of WZ/0, CWZ/4, CWZ/8, and CWZ/12.

employed. When higher welding speeds were used, the WZ pitting attack exhibited more diffuse characteristics
with a reduced pit penetration depth. Conversely, joints produced at lower welding speeds displayed more
concentrated and severe corrosion within the nugget zone than the AA6056 base material. Furthermore, an
investigation by Padovani et al.% for the dissimilar FSW joints between AA2024 and AA7449 aluminum alloys
revealed enhanced susceptibility to pitting corrosion, specifically within the welded region when exposed to 0.1 M
NaCl solution. Interestingly, the incorporation of Al,Os particles led to a progressive improvement in corrosion
resistance. The CWZ/4 specimen with 4 vol% Al,Os, shows areduced i of 1.35E-05 A/cm® compared to WZ/0.

This trend continued with CWZ/8 and CWZ/12, which exhibited even lower i i, values of 2.84E-06 A/cm® and
2.62E-06 A/cm?, respectively. These values are comparable to those of the BM, indicating that the addition of
Al,O; particles effectively mitigated the corrosion susceptibility induced by the FSW process. In addition, the
Ecorr values provide further understanding of the electrochemical behavior of the specimens. The BM exhibited
an Ecorr of -1.406 V, whereas WZ/0 showed a slightly more noble potential of -1.103 V. The CWZ/4 specimen
displayed the noblest Ecorr at -0.558 V, suggesting a significant shift in its electrochemical behavior. However,
CWZ/8 and CWZ/12 exhibited more negative Ecorr values of -2.034 and — 1.452 V, respectively. This non-linear
trend in the Ecorr values indicates complex interactions between the Al,O; particles and the aluminum matrix,
potentially influencing the formation and stability of passive films. The CR data further corroborate the trends
observed in the icorr values. The BM exhibited a low CR of 0.0765 mm/year, which increased significantly
to 0.8566 mm/year for the WZ/0. The addition of Al,O; particles led to a progressive decrease in CR, with
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CWZ/12 showing a rate of 0.0857 mm/year, which is nearly equivalent to that of the BM (Table 3). This trend
demonstrates the effectiveness of the Al,O; reinforcement in enhancing the corrosion resistance of FSW joints.
In the same context, Fig. 10 illustrates the potentiodynamic polarization behaviors of the AA6082-T6 BM and
corresponding weld zones. The polarization curves revealed distinct electrochemical characteristics, with the BM
curve showing a stable passive region, indicative of superior corrosion resistance. The unreinforced WZ/0 curve
demonstrates a higher current density and narrower passive region, corroborating the increased susceptibility
to corrosion owing to microstructural instability. The reinforced zones, particularly CWZ/8 and CWZ/12,
exhibited polarization curves with reduced current densities and extended passive regions, underscoring the role
of Al,Oj; reinforcements in enhancing the corrosion resistance. These results demonstrate that the incorporation
of Al,Os particles, particularly at higher concentrations, effectively counteracts the negative impact of FSW
on the corrosion resistance of the AA6082-T6 joints. This improvement can be attributed to the modification
of the microstructure, the creation of physical barriers to corrosion propagation, and potential changes in the
passive film characteristics. The presence of Al,Oj; particles influenced the distribution and morphology of the
intermetallic compounds, further contributing to the enhanced corrosion resistance. Previous studies have
demonstrated that the AL,O; addition positively influences the corrosion resistance of Al-based composites
by improving microstructural integrity and forming protective oxide layers’®-’2. In this context, Dwivedi and
Sharma”? highlighted the synergistic effects of clay and Al,O; reinforcements on the corrosion properties of Al-
based composites. They concluded that the addition of Al,O; significantly improved the corrosion resistance by
reducing the active surface area exposed to corrosive agents. Furthermore, W. Jiang et al.”? investigated the impact
of Al,O; in cold-sprayed coatings on the microstructure and corrosion behavior on the Al/Al,O5 composite. The
results showed that the Al,Os-enhanced coatings had superior microstructural integrity and corrosion resistance
owing to the uniform distribution of Al,O; particles, which minimized galvanic corrosion and reinforced the Al
matrix. In the current work, it can be remarked that the unreinforced WZ/0 joint exhibited an 11.2 times higher
corrosion rate compared to the AA6082-T6 BM. However, the progressive addition of Al,O; nanoparticles
remarkably improved the corrosion resistance. The corrosion rate decreased systematically with increasing
ALO; content, with CWZ/4 showing a 1.94 times reduction compared to WZ/0, and CWZ/8 achieving a 9.22
times reduction. The most significant improvement was observed for CWZ/12, which demonstrated a 10 times
reduction in the corrosion rate compared with WZ/0. This enhancement brought the corrosion performance of
CWZ/12 remarkably close to that of the base material, with only a 1.12 times higher corrosion rate, indicating
that while FSW initially reduces the corrosion resistance of AA6082-T6 BM, the addition of Al,Oj; particles can
effectively restore and even enhance the corrosion performance to levels comparable to or better than the BM,
as shown in Table 3.

Wear behavior and mechanisms

Wear behavior

The wear behaviors of the AA6082-T6 BM and its corresponding FSWed joints, including those reinforced with
Al,O; interlayers, were systematically evaluated under varying load conditions. Figure 11 presents the WV,
for the BM and WZ of the unreinforced (WZ/0) and reinforced (CWZ/4, CWZ/8, and CWZ/12) joints under
applied loads of 5, 10, 20, and 30 N. The results of the WV}, as shown in Fig. 11, reveal distinct trends in wear
resistance across the different specimens. At the lowest applied load of 5 N, the AA6082-T6 BM exhibiteda WV,
of 20.41E-3 mm®. In comparison, the unreinforced WZ/0 joint exhibited a higher wear volumetric loss rate of
24.41E-3 mm®/m, indicating reduced wear resistance in the weld zone. This difference in wear resistance can
be directly attributed to the variations in hardness between the two regions. The lower hardness of the WZ/0
joint, owing to the dissolution of strengthening precipitates such as Mg,Si during the FSW process, directly
translates to reduced wear resistance, as evidenced by the higher WV]. Softer materials are generally more
susceptible to wear because they offer less resistance to plastic deformation and material removal during wear.
The unreinforced WZ, with its lower hardness, is thus more prone to material loss under applied loads, resulting
in the observed higher WV} compared to the harder base metal. Interestingly, the incorporation of ALLO;
particles led to a significant improvement in the wear resistance. The CWZ/4 joint, containing 4 vol% AlOs,
demonstrated a marked reduction in WV to 11.31E-3 mm®/m under the 5 N load. This trend of enhanced
wear resistance continued with increasing Al,O; content, with CWZ/8 and CWZ/12 exhibiting wear volume
losses of 10.93E-3 mm®/m and 12.06 mm®/m (Fig. 11), respectively, at a 5 N load. As the applied load increased,
a general trend of increasing WV, was observed across all specimens. However, the relative performance of the
reinforced joints compared to that of the BM and unreinforced WZ remained consistent. Under a 10 N load, for
instance, the wear volume loss for the BM increased to 29.81E-3 mm?, while the unreinforced WZ/0 showed a
higher value of 34.52E-3 mm®/m. The reinforced joints continued to demonstrate superior wear resistance, with
CWZ/8 exhibiting the lowest wear volume loss of 13.46E-3 mm?®/m at this load, as depicted in Fig. 11. The wear
behavior under higher loads of 20 N and 30 N followed similar patterns, with the reinforced joints consistently
outperforming the BM and unreinforced WZ joints. However, it is noteworthy that at the highest load of
30 N, the wear resistance of CWZ/12 decreased significantly, with a WV} of 73.78E-3 mm?®/m, approaching
that of the unreinforced WZ/0 of 78.26E-3 mm®/m, as shown in Fig. 11. This behavior of CWZ/12 is strongly
correlated with the densification analysis; CWZ/12 exhibited the highest relative porosity of 9.37 +0.50% (Fig. 8)
among all the WZ of the FSWed joints. This high porosity disrupts the load-bearing capacity of the material
and reduces its wear resistance under high loads. Porosity introduces stress concentration points and weakens
the matrix-reinforcement interface, leading to accelerated material removal during wear testing. The enhanced
wear resistance observed in the AL, O;-reinforced joints can be attributed to several factors. The presence of
hard ceramic particles in the Al matrix acts as an obstacle to plastic deformation and material removal during
the wear process. In addition, the increased dislocation density and strain hardening induced by the Al,O;
particles, as evidenced by the XRD (Figs. 6 and 7) and hardness (Fig. 9) measurements, contributed to the
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overall improvement in wear resistance. It can be concluded that the wear behavior results revealed significant
enhancement ratios for the Al,Os-reinforced FSWed joints compared to the unreinforced WZ/0 joint. Under
a 5 N load, CWZ/4, CWZ/8, and CWZ/12 exhibited enhancement ratios of 2.16, 2.23, and 2.02, respectively.
When the load was increased to 10 N, the enhancement ratios were 1.69, 2.56, and 1.89 for CWZ/4, CWZ/8, and
CWZ/12, respectively. At 20 N, the ratios were 1.74, 2.07, and 1.56, whereas at the highest load of 30 N, they were
1.89, 2.00, and 1.06 for CWZ/4, CWZ/8, and CWZ/12, respectively. Notably, CWZ/8 consistently demonstrated
the highest enhancement ratios under all load conditions, indicating optimal wear resistance.

Wear mechanisms

The wear mechanisms and surface features of the AA6082-T6 base BM and its corresponding FSWed joints
were thoroughly examined using FE-SEM. Figure 12 shows FE-SEM micrographs of the worn surfaces at a
higher wear load of 30 N for (a) AA6082-T6 and the corresponding WZ of the FSWed joints of (b) WZ/0, (c)
CWZ/4, (d) CWZ/8, and (¢) CWZ/12. The worn surface of the AA6082-T6 BM exhibited the characteristics of
adhesive wear, as evidenced by the presence of adhesion marks and debris particles. The surface also exhibited
shallow and wide grooves, indicative of abrasive wear mechanisms, as shown in Fig. 12a. This combination
of adhesive and abrasive wear is typical for Al alloys under sliding conditions, where softer Al can adhere to
the counterface and subsequently be sheared off, whereas harder asperities or wear debris can plow through
the surface. The unreinforced WZ/0 specimen exhibited more severe wear features than the BM. The SEM
micrographs revealed extensive adhesion, severe flake-like debris, and the formation of microcracks. In addition,
delamination was observed, suggesting a fatigue-based wear mechanism (Fig. 12b). With the incorporation of
the Al,O; reinforcement, a notable transition in the wear mechanism was observed. The CWZ/4 specimen,
containing 4 vol% Al,Os, exhibited shallow and wide grooves along with micro-grooves. Interestingly, some
grooves appeared incomplete (Fig. 12c), suggesting that the ceramic particles interrupted the continuity of
the abrasive wear tracks. As the Al,O; content increased to 8 vol% in the CWZ/8 specimen, the wear features
transitioned to micro narrow and shallow grooves (Fig. 12d). Evidence of plastic deformation was also observed,
likely due to the interaction between the harder ceramic particles and softer Al matrix. The presence of ceramic
particles on the worn surface was more pronounced, suggesting their effectiveness in bearing the applied load
and resisting the wear. The CWZ/12 specimen, which had the highest Al,O; content of 12 vol%, displayed
shallow and narrow grooves along with signs of plastic deformation (Fig. 12e). Ceramic particles were visible on
the worn surface, indicating their significant role in modifying wear behavior. The narrower grooves compared
with those in CWZ/4 and CWZ/8 suggest a further reduction in the severity of abrasive wear. These observations

Scientific Reports |

(2025) 15:22437 | https://doi.org/10.1038/s41598-025-03977-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

PD/MNG/

AD: Adhesion

DB: Debris

FD: Flake Debris

MC: Micro Cracks

SG: Shallow Groove

WG: Wide Groove

NG: Narrow Groove

MNG: Micro Narrow Groove
IG: Incomplete Groove

CP: Ceramic particles
DL: Delamination Sliding direction ]

| P = ~3 -
Bt LT

e

SG+WG

- E 7
S e L S
~

Co—%
S0x  16.9mm | 1.66 mm | 30.00kvV | 3.5 | 357

Fig. 12. Wear features of worn surfaces for WZ wear-tested specimens of (a) AA6082-T6 and the
corresponding WZ of the FSWed joints of (b) WZ/0, (c) CWZ/4, (d) CWZ/8, and (e) CWZ/12, at a higher

wear load of 30 N.

collectively demonstrate a progressive transition in the wear mechanisms with an increase in the Al,O; content.
The unreinforced WZ/0 exhibited severe adhesive and fatigue-based wear, whereas the introduction of AL,O;
particles led to a shift towards milder abrasive wear with an increasing resistance to plastic deformation. This
transition can be attributed to several factors: the hard Al,O; particles acted as load-bearing elements, reducing
direct metal-to-metal contact and mitigating adhesive wear. Furthermore, the ceramic particles provided
localized reinforcement, enhancing the overall hardness and wear resistance of CWZ. In addition, as the AL,O,
content increased, the particles formed a more effective barrier against abrasive wear, resulting in narrower and
shallower wear grooves. However, it is important to note that while a higher AL,O5 content generally improves
wear resistance, excessive reinforcement, as in the CWZ/12 joints, may lead to particle clustering and potential
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stress concentration points. This could explain the slight increase in the wear volume loss observed for CWZ/12
under higher loads, as discussed earlier (Fig. 11; wear behavior section).

Conclusion
This study investigated the microstructural, tribological, and corrosion behaviors of AA6082-T6 friction stir
welded joints reinforced with Al,Os interlayer strips. The key findings and their implications are as follows:

« The incorporation of Al,O; particles led to significant grain refinement in the CWZ. The crystallite size de-
creased from 154.89 nm in the unreinforced weld zone of WZ/0 to 106.73 nm in the CWZ/12 zone, indicating
a 31% reduction in the crystallite size. This refinement was accompanied by an increase in the dislocation
density from 4.16E-5 nm™ to 8.77E-5 nm™, representing a 111% increase.

o The hardness of the WZ systematically improved with increasing Al,O; content. The CWZ/12 specimen ex-
hibited hardness values of 128.3 HV, 130.5 HV, and 132.6 HV across the upper, middle, and lower layers, re-
spectively, compared to 91.1 HV, 97.6 HV, and 109.5 HV in the unreinforced WZ/0 specimen. This represents
a significant enhancement of up to 41% in hardness, demonstrating the effectiveness of the Al,Oj; reinforce-
ment in mitigating the typical softening observed in FSWed joints.

« The corrosion resistance of the WZ was significantly improved with the Al,O; reinforcement. The corrosion
rate decreased from 0.8566 mm/y in WZ/0 to 0.0857 mm/y in CWZ/12, approaching the AA6082-T6 BM
corrosion rate of 0.0765 mm/y. This 90% reduction in CR highlights the potential of Al,O; reinforcement to
enhance the durability of FSWed joints in corrosive environments.

o The wear behavior of the reinforced joints showed significant improvement under various load conditions.
Under a 10 N load, the W'V, decreased from 34.52E-3 mm®/m in WZ/0 to 13.46E-3 mm®*/m in CWZ/8, rep-
resenting a 61% reduction. The wear mechanism transitioned from severe adhesive and fatigue-based wear in
the WZ/0 to milder abrasive wear in the reinforced joints, indicating enhanced surface durability.

« While increasing the Al,Os content generally improved the properties, this study identified an optimal rein-
forcement level. The CWZ/8 specimen, containing 8 vol% Al,Os, consistently demonstrated the best overall
performance in terms of wear resistance and balanced improvement in other properties.

This study demonstrates that the strategic incorporation of an AL, O; interlayer reinforcement can effectively
counteract the typical softening and property degradation observed in FSWed joints of AA6082-T6 alloys.
Future research should focus on the following aspects:

o The FSW parameters were optimized in conjunction with Al,O; reinforcement to further enhance the joint
properties.

« Exploration of hybrid reinforcement strategies combining Al,Os with other ceramic or metallic particles to
achieve synergistic property enhancement.
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