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Abstract
Friction stir welding (FSW) represents a solid-state weldingmethod renowned for producing high-
quality joints, particularly in aluminum alloys. This study focuses on enhancingweld strength in the
aerospace alloy AA6082-T6. The research involved conducting experiments to create FSW joints in
AA6082-T6 by incorporating graphene nanoplatelets (GNPs) and copper asfillermaterials. Various
characteristics of the joints, includingmicrohardness, tensile strength, wear resistance, and corrosion
behavior, weremeticulously investigated. The experimental findings demonstrated that AA6082-T6
joints reinforcedwithGNPs exhibited significantly higherweld strength than conventional joints.
This improvement can be attributed to the superior bonding and reinforcing effects of GNPswithin
the aluminummatrix. Furthermore, theGNPs incorporated joints displayed enhanced electrochemi-
cal andwear properties. This innovative approach in FSWpresents a promising avenue for enhancing
weld strength across diverse alloys through the integration of different reinforcementmaterials.

1. Introduction

Aluminum-magnesium-silicon alloys, particularly the AA6082-T6 variant, are highly valued in the aerospace
sector for fabricating contemporary components such as seats, fuselage tanks, wings, andmissile parts [1–3].
TheAA6082-T6 alloy is prominently employed in Boeing aircraft structures due to its superior properties [4, 5],
characterized by excellent strength and formability. However, conventional weldingmethods like tungsten inert
gas (TIG) andmetal inert gas (MIG) often lead to defects such as porosity, cracks, slag inclusions, and surface
irregularities. As a result, the effectiveness of weld joints decreases [6, 7]. Thus, these technologies are insufficient
for welding aluminumalloys.

To address these challenges, researchers have turned to the friction stir welding (FSW) technique. A novel
solid-state joining technique patented by TheWelding Institute (TWI)U.K. in 1991 [8]. Friction stir processing
(FSP) is a surfacemodification technique developed based on FSW [9]. This innovative approach has enabled the
creation of aluminummatrix composites (AMCs) using various reinforcements such as silicon carbide (SiC),
tungsten carbide (WC), boron carbide (B4C), titanium carbide (TiC), aluminumoxide (Al2O3), titanium
diboride (TiB2), carbon nanotubes (CNTs), and graphene nanoplatelets (GNPs) [10, 11]. GNPs, renowned for
enhancingmaterial strengthwhile reducingweight, offer superiormechanical properties as compared to
conventionalmicro reinforcements [12, 13]. Recently, nano reinforcements like carbon nanotubes (CNTs) and
graphene nanoplatelets (GNPs) are gaining attention due to their superior properties. GNPs provide a larger
surface area and better bonding between grain boundaries. Specifically, GNPs offer greater strength and
flexibility. In an aluminummatrix, they induce new deformation patterns like grain sliding and bridging. This
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differs from composites with CNTs and ceramic reinforcements [14]. Notably, GNPs have been reported to
contribute to a 20% reduction in fuel consumption in Boeing 787 applications [15], thanks to their high tensile
strength, excellent electrical conductivity, and favorable thermal properties, whichmake themviablematerials
for several applications [16]. TheGNPs are effectively contributing toweight reduction and, therefore, lowering
fuel consumption, which are critical objectives inmodern aviation [17]. They can effectively be utilized to
decrease theweight of existing fuselage tanks for space programs and commercial aircraft such as Jet Eclipse.

In recent decades, considerable research interest has focused on investigating themechanical and
microstructural properties of friction stir welded (FSWed) joints, between similar and dissimilar alloys, with
particular relevance to aircraft applications. Several noteworthy studies are discussed here. Sunil et al [18] used
stir casting to create AA6061/GNPs composites and observed highermicrohardness compared to unreinforced
AA6061. Yijun et al [19] explored friction stir processing (FSP) of graphene/aluminum composites via in situ
exfoliation, observing a 15%hardness improvement and confirming strongGNP-aluminumbonding through
transmission electronmicroscopy (TEM). Sung et al [20] investigated AA5052-H32/AA6061-T4 dissimilar
alloys reinforcedwith graphite powder, detectingGNPs in the nugget zone via Raman spectroscopy.
Khodabakhshi et al [21] studied AA5052/GNPs FSP, notingGNPs secondary phase formationwithinweld
nuggets and achieving significant enhancements in joint tensile strength (220%) and hardness (55%) after
multiple passes. Shuai et al [22] observed graphene nanosheets forming an interlayer in FSWofAA2014/GNPs,
resulting in 31%higher tensile strength and 20% improved fracture toughness. Overall, these studies underscore
the beneficial role of GNPs in enhancing theweld strength of aluminumalloys. Researchers have also studied the
use of copper and observed the formation of intermetallic compounds (IMCs) in the nugget zone, which leads to
improved tensile strength and hardness. Here are some key findings from the literature: Syahid et al [23] found
that adding 0.5%GNPs during friction stir welding (FSW) of copper/aluminumalloys resulted in a 15%
increase in shear strength and a 46% increase in joint hardness. Sinha et al [24] identified IMCs such as AlCu,
Al4Cu9, Al2Cu, andAl2Cu3 at the interface and in the nugget zone of Al/Cu joints.Muthu et al [25] observed
higher tensile strength inAl/CuFSW joints due to the dispersion strengthening of copper in the nugget zone,
with IMCs like Al2Cu, AlCu, andAl4Cu9 present. Carvalho et al [26] reportedmicrostructural changes in the
nugget zone of Al/Cu joints due to plastic deformation, leading to increased hardness from IMCs formation.
Lastly, Galvao et al [27] investigatedAl/Cu alloys in FSWand found a lamellar structure rich inAl/Cu in the
nugget zone, with IMCs such as CuAl2 andCu9Al4 enhancing joint efficiency. However, the systematic
investigation into FSWcharacteristics of AA6082-T6/GNPs andAA6082-T6/Cu joints remains limited.
Therefore, this current work aims to develop a novel approach to enhance theweld strength inAA6082-T6 using
GNPs andCufiller, investigating themechanical,microstructural, wear, and electrochemical corrosion
behaviors of the FSWed joints. It could emphasize the study’s uniqueness, objectives, and potential influence on
relevant industries.

2. Experimental procedure

In this research, an aluminumalloy of AA6082-T6 is utilized as the experimentalmaterial, sized at 100× 50×
6mm3. Thematerial was procured fromAdnanoTechnology Private Limited, Shivamogga, India. Tables 1 and 2
present the chemical composition andmechanical properties of AA6082-T6, respectively. The graphene
nanoplatelets (GNPs) are used asfillermaterial for the FSWprocess.Microscopic images of theGNPs, captured
using a Scanning electronmicroscope (SEM) [Model: TESCANVEGA3LMU], are shown infigures 1(a) and (b)
atmagnifications of 5000X and 35000X, highlighting theirmorphology. TheGNPs are composed ofmultilayer
graphene sheets with a platelet structure,measuring 3 to 4 nm in thickness and approximately 1 to 5 μmin

Table 1.Chemical composition of AA6082-T6 alloy.

Elements Mg Cu Si Mn Fe Zn Cr Ti Mn Al

Weight% 0.77 0.03 0.91 0.61 0.21 0.04 0.02 0.04 0.61 Remaining

Table 2.Mechanical properties of AA6082-T6 alloy.

Yield strength Ultimate tensile strength Elongation

(MPa) (MPa) (%)

152 460 21
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length, as depicted infigure 1. They appear inwrinkled, curled, and overlapping forms, as illustrated infigure 1.
Individual graphene layers are visible under a low accelerating voltage of 0.5 to 2.0 kV. The SEMalso includes
energy dispersive x-ray spectroscopy (EDS) to examine the elemental composition of theGNPs, as displayed in
figure 1(c). Figure 2 presents the x-ray diffraction (XRD) pattern, obtained using a PANanalytical X’Pert3
Powder, which provides insights into the structural characteristics of theGNPs. TheXRD analysis aids in
determining the crystal structure and composition of thematerial, with diffraction peaks at 26.5°, 43.2°, 54.8°,
and 72.1°, indicative of theGNPs’ composition [13].

A conventionalmillingmachine (Model: UFI, RVMachine Tools Pvt. Ltd)was used, as shown infigure 3(a).
Thewelding tool employedwith a square pin ismade ofH13 tool steel,measuring 6mmon each side, with a
length of 5.8mmand shoulder diameter of 20mm, as depicted infigure 3(b). TheWear test and tensile test setup
are shown infigures 3(c) and (d), respectively.Microstructural characteristics were examined using optical
microscopy (OM), SEM, andTEManalysis. Themicrostructure samples were initially polished using silicon
carbide (SiC) emery sheets of varying grades: 100, 200, 300, and 400 μm. Following this, alumina (Al2O3) powder
with a size of 1 μmwas used for polishing. The samples were then polishedwith a diamond paste of¼ μmsize
and diamond spray to achieve amirrorfinish. Finally, the polished samples were etched for 15 s inKeller’s
reagent (190ml ofH2O, 5ml ofHNO3, 3ml ofHCl, and 2ml ofHF) to reveal their surfacemorphologies.
Vickersmicrohardness analysis (Model:WilsonVH1102)was performed using a 1 kgf load and a dwell time of
10 s with aVickers indenter. Samples for themicrohardness test were prepared following ASTME384–11E1
standards, and the tensile test was performed using a TUF-C-1000 kNmachine in accordancewithASTME8
standards. The electrochemical corrosion studywas performed at room temperature using 3.5wt%ofNaCl
solution, and an analysis of electrochemical parameters was carried out using ZSimpWin software. Additionally,
TEManalysis (Model: TitanThemis 300 kVFEI Thermo)was conducted to examine themicrostructural

Figure 1. SEMphotomicrographs ofGNPs at (a) 5 kx; (b) 35 kx ; (c)EDS of GNPs.

3
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features at the nanoscale, enabling detailed observation of dislocations in thewelded regions. TEM specimens
were sliced to 60 nm thickness using the focused ion beam (FIB) technique, placed into 3mmdiameter holders,
and then prepared in a 25%HNO3methanol solution at−30°Cusing the twin jet electropolishing technique.
Furthermore, a pin-on-disc wear setup (Model: DucomTR20LE)was utilized for the experimental
investigation.

Figure 2.XRDpattern ofGNPs.

Figure 3.Experiments are carried out at (a) FSW setup; (b) FSW tool; (c)Pin on disc wear test setup; (d)Tensile test setup.

4
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This study explores twonovel approaches aimed at enhancing theweld strength of aluminumalloys through
the integration of fillermaterials during FSW. In thefirst approach, 4mmdiameter cylindrical holes were drilled
into the base plate, andGNPswere utilized as the fillermaterial, illustrated infigure 4(a). The second approach
involved drilling holes of 3mm in diameter and 15mmdeep into the base plate in the transverse direction, with
copper billets used as the fillermaterial, as shown infigure 4(b). Additionally, tensile samples were prepared
according toASTME08M specifications [28], as shown infigure 5. Three tensile test samples were used for each
conditionwith a strain rate of 0.02 s-1. A series of trial-and-error experiments were performed to determine the
optimal process parameters for the FSWof the proposedmaterials. Various combinations of process parameters
were tested, and significant FSWdefects were noted, as illustrated in figure 6.However, using a tool rotational
speed of 1200 rpmand a traverse speed of 31mmmin−1 resulted in defect-free joints. Consequently, themain
FSWexperiments were carried outwith these parameters. The obtained FSWed joints are depicted infigure 7.

3. Results and discussion

3.1.Microstructure characteristics
SEMphotomicrographs andEDS spectra of AA6082-T6/GNPs andAA6082-T6/Cu joint cross-sections are
depicted infigures 8 and 9, respectively. In typical FSW joints, four distinct zones are identified, namely, the
nugget zone (NZ), thermo-mechanically affected zone (TMAZ), heat-affected zone (HAZ), and basematerial
(BM), illustrated infigures 7 and 8. In themicrostructure of the basematerial zone, an area free of GNPs and the
presence of precipitates is evident, as shown infigures 8(a) and 9(a). During the FSWprocess, theGNPs
experience significantflow stress due to the stirring action of the tool, leading to their uniformdistribution
within theweld nugget, as observed infigure 8(c). The presence of GNPswithin theweld nugget region is

Figure 4.Novel routes of FSW for incorporating (a)GNPs; (b)Cubillets (All dimensions are inmm).

5
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Figure 5.Tensile test specimens as per ASTME08M (All dimensions are inmm).

Figure 6.Various defects are observed inweld joints.

Figure 7. Fabricated FSW joints of (a) and (b) illustrates basematerial; (c)AA6082-T6/Cu joint; (d)AA6082-T6/GNPs joint.

6
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confirmed by EDS analysis. However, inHAZ, inadequate heat generation affectsmaterial plasticity, coarser
grains, and the formation of porosity observed infigures 8(d) and 9(d).

The cross-section of AA6082-T6/Cu joint, the thermo-mechanically affected zone (TMAZ), reveals varying
copper content, as depicted infigure 9(b), which is attributed to insufficient dynamic recrystallization (DRX). In
the nugget zone, the EDS analysis confirms the presence of intermetallic compounds (IMCs), as shown in
figure 9(c) [29]. The FSW joint demonstrates the presence of IMCs such as Al2Cu3, which contribute to bonding
between the two alloys. Further, SEMmicrographs, as depicted infigure 9(d), reveal small voids or cavities
indicating porosity formation in theHAZdue to inadequatematerial flowor trapped gases.

Further, TEMmicrographs of the FSW joint cross-section are depicted infigure 10, confirming the presence
ofGNPs in the nugget zone. TheGNPs are composed of carbon atoms bound by relatively weak van derWaals
forces and possess an interlayer shear strength of 0.47MPa. Aluminumexhibits a higher interlayer shear
strength thanGNPs, aiding in achieving the critical threshold of 0.47MPa during plastic deformation [30],
thereby facilitating better integration ofGNPswith aluminum, as shown infigure 10(a). The distinct boundaries
betweenmatrix andGNPs reinforcement are observed. Fine-sizedGNPs are predominantly found inNZ.
Moreover, the precipitates are also observed in aluminumalloy. Similarly,figure 10(b) reveals the presence of
precipitates observed in the edge dislocation.

Figure 8. SEM/EDS photomicrographs of AA6082-T6/GNPs joint at (a)BM; (b)TMAZ; (c)NZ; (d)HAZ.

7

Mater. Res. Express 11 (2024) 106519 RBiradar et al



Figure 9. SEM/EDS photomicrographs of AA6082-T6/Cu joints at (a)BM; (b)TMAZ; (c)NZ; (d)HAZ.

Figure 10.TEMbrightfield images of the interface region illustrate (a)AA6082-T6/GNPs joint; (b)AA6082-T6/Cu joint.

8
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Bright-field TEM images of AA6082-T6/GNPs andAA6082-T6/Cu joints are exhibited infigures 11 and 13,
respectively. Figure 11(a) illustrates the dispersion ofGNPs. In contrast, figure 11(b) showsGNPs embedded
along the grain boundaries, induced by high-density dislocation due to varying coefficient of expansion between
the aluminumalloy andGNPs. The grain refinementmechanism contributes to alloy strengthening, facilitated
by the pinning effect caused byGNPs nucleation [18, 31]. High-resolution TEM (HRTEM) observation analyzes
the nanocluster of GNPs. Figure 11(c) reveals high-density edge dislocations and slip planes (001)within face-
centered cubic (FCC) grains, indicating nucleated dislocation. A selective area electron diffraction (SAED)
pattern infigure 11(d) confirms the presence of FCC structures. TheGNPs exhibit straight atomic layers (>50
layers) and are bondedwith a semi-coherent structure in an aluminum interface and free fromporosity or void
in the formation of IMCs region [32]. Further, the elemental distributionwas confirmed using a high-angle
annular darkfield (HAADF) image, as shown infigure 12 for AA6082-T6/GNPs joint exhibits elements like Al,
Mg, Si, andC.

Effective dispersion of copper into aluminumalloy is evident, as depicted infigure 13(a), with a
corresponding view of grains and grain boundaries shown infigure 13(b). Further, figure 13(c) illustrates the
interface between the basematerial and nugget zone, highlighting the formation of Al2Cu IMCs. TheHRTEM
imagery and SAEDpattern are shown infigure 13(d). The elemental distributionmap of FSWed joints reveals
the presence of various elements such as Al,Mg, Si, C, Cr,Mn, K, Ti, Ni, andCu [10, 33]. This elemental
distributionwas confirmed using a high-angle annular dark field (HAADF) image, as illustrated infigures 12 and
14 for AA6082-T6/GNPs andAA6082-T6/Cu joints, showing the presence of Al,Mg, Si, andCu elements in the
Cu added joint.

3.2.Microhardness characteristics
Vickersmicrohardness testingwas conducted on the cross-section of FSWed joints. The basematerial exhibits a
hardness of 109HV.However, post-FSW, the hardness decreases due to thermal gradient variations. Figure 15
illustrates a typical ‘W’ shaped plot representing the hardness distribution across the FSWed joint. In the nugget
zone, the hardness value effectively decreased due to the thermal softening of thematerial. TheAA6082-T6/
GNPs joint 66HV andAA6082-T6/Cu joint 65HV are achieved. These hardness results align closely with
microstructural characteristics discussed in section 3.1. Similar findings were reported byWang et al [22], which
attributed to lower hardness in the nugget zone due tometallurgical transactions occurring in the nugget zone.

Figure 11.Bright-field TEM images of AA6082-T6/GNPs joint. (a) and (b) illustrate the presence ofGNPs at grain boundaries;
(c) formation of high energy dislocation; (d)HRTEMwith SAEDpatterns for FCC grains.
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Figure 12.Elemental distributionmap of AA6082-T6/GNPs joint.

Figure 13.Bright field TEM images of AA6082-T6/Cu joint. (a) and (b) illustrate the grain boundaries and dispersion of Cu;
(c) interface region between BMandNZ; (d)HRTEM image and SAEDpattern for Al2Cu.

10
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This led to sudden decreases in hardness as compared to basematerial. The severe plastic deformation induced
by the stirring action of the FSW tool also contributes to the decreases inweld nuggets [10, 34].

3.3. Tensile characterization
The transverse tensile properties of FSWed joints were evaluated at room temperature using a computer-
integrated universal testingmachine (UTM). The study focused on determining the ultimate tensile strength
(UTS) and yield strength (YS) of basematerial and FSWed joints. The stress–strain curve of differentmaterials is
depicted infigure 16. The FSWed joints exhibit lower strength compared to the basematerial due to the
metallurgical transformation that occurs during the FSWprocess. The tensile properties correlate well with the
microstructure and hardness characteristics of the joints, as shown in figures 8 and 9. The pinning effect of GNPs
at grain boundaries exhibited infigure 11, contributed to increased YS andUTS, resulting in a 21%

Figure 14.Elemental distributionmap of AA6082-T6/Cu joint.

Figure 15.Microhardness in FSWed joint cross-section.
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improvement in joint efficiency for AA6082-T6/GNPs joints as compared toAA6082-T6/Cu joints. Fracture
within theHAZ region indicates weaker strength formation due to coarser grain formation. Table 3 summarizes
the tensile results and joint efficiency of basematerial and FSWed joints. Similar findings reported elsewhere
indicate the enhanced strength due to uniformdispersion ofGNPs and increased ductility due to good bonding
between the aluminumandGNPs [32, 35].

3.4.Wear performance
Thewear rate, coefficient of friction (COF), and frictional force of basematerial and FSWed joints were
investigated using a pin-on-disc setup. Thewear track diameter wasmaintained at 120mm, and each test was
performed for 10 min. Figure 17(a) depicts thewear behavior of basematerial and FSWed joints under a
constant speed of 300 rpm across different loads ranging from10N to 40N [36, 37]. Thewear rate is increased
for the AA6082-T6/Cu joint, from38 μmto 13 μmdue tomaterial softening. In contrast, the basematerial
AA6082-T6 exhibits a lowerwear rate, reducing from33 μmto 10 μmwith increasing load from10N to 40N;
theGNPs-added joint produces aminimumwear rate compared to theCu-added joint. Similar results were
observed inAA7075/GNPs composites, where thewear rate and coefficient of friction (COF) decreased
compared to the basematerial, attributed to the uniform dispersion ofGNPs [38]. Researchers also noted
improvedwear resistance inAA6082 alloywithGNPs due to their even distribution [39].

A higher frictional forcewas observed in the AA6082-T6/Cu joint, increasing from4.64N to 13.79N. In
contrast, theAA6082-T6/GNPs joint and FSWAA6082-T6 exhibit frictional forces ranging from3.63N to
12.73N and 2.99N to 11.39N, respectively, as depicted infigure 17(b). Similar results are reported in the FSWof
AA6061/GNPs composites obtained for improvedwear resistance [40]. The friction andwear characteristics of
two-phase self-lubricating composites, such as Al/GNP composites, are complex and dependent on the applied
load. Thewear rate gradually decreases for FSWedAA6082-T6 and basematerial from36 μmto 12 μmand 33
μmto 10.9 μm, respectively. Likewise, theAA6082/Graphene composite shows a reduction inwear rate, which
is due to the self-lubricating properties of graphene [41]. TheAlSi18CuNiMg alloy, reinforcedwithGNPs and
CNTs, demonstrated improvedwear performance attributed to the better dispersion of the carbonaceous
reinforcements [42].

Figures 18(a)–(d) depict the COF values over time for basematerial and FSWed joints.Whereas
Figures 19(a)–(b) present the average specificwear rate andCOF values. These COF curves illustrate the
evolution of COFduring dry sliding tests. Initially, basematerial and FSWedAA6082-T6 samples exhibit high

Figure 16.Engineering stress–strain diagram.

Table 3.Tensile properties of basematerial and FSWed joints.

Sample name UTS (MPa) Elongation (%) Joint efficiency (%)

AA6082-T6 460 21.35 —

FSWedAA6082-T6 424 16.12 92.17

FSWedAA6082-T6/GNPs 412 9.8 89.56

FSWedAA6082-T6/Cu 316 4.6 68.69
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COF values. Over time, theCOF gradually decreases, stabilizing joints with addedGNPs andCu. TheCOF
maximum for the FSWedAA6082-T6 joint represents 0.75, whereas the basematerial produces a lowerCOFof
0.68. It’s attributed to the increased incorporation ofGNPs in aluminum,which leads to a reduction in
microhardness.

3.5. Electrochemical analysis
The electrochemical characteristics of basematerial and FSWed joints were investigated at room temperature
using the following techniques: open circuit potential (OCP), anodic polarization, and electrochemical
impedance spectroscopy (EIS). Thesemethodswere employed to elucidate the electron charge transfer

Figure 17.Graphs showing for a constant speed of 300 rpm. (a)Wear rate versus load; (b) frictional force versus load.

Figure 18.Coefficient of friction for (a)AA6082-T6; (b) FSWAA6082-T6; (c) FSWAA6082-T6/Cu; (d) FSWAA6082-T6/GNPs.
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mechanisms in the presence of a liquid electrolyte solution [43]. The formation of anodic and cathodic surfaces
plays a crucial role in influencing the corrosion rate. Advancedmicroscopic probing techniques coupledwith
electrochemical impedance and polarization provide valuable insights into localized corrosion phenomena.

3.5.1. Open circuit potential (OCP) and potentiodynamicmeasurements
The FSW sampleswere utilized as working electrodes, and tests were conducted on 3.5wt%ofNaCl solution at
25 °C [44]. The variation of open circuit potential (OCP) over time is illustrated infigure 20(a). Upon immersion
in the electrolyte solution, the corrosive effect of the salt solution becomes evident for bothAA6082-T6/GNPs
andAA6082-T6/Cu joints. LowerOCP values were observed in FSWed joints as compared to basematerial
AA6082-T6. TheAA6082-T6/Cu joint exhibits a stable potential value compared toAA6082-T6 andAA6082-
T6/GNPs joints. This indicates that a better corrosion resistance of the AA6082-T6/Cu joint is formed.
Potentiodynamic anodic polarizationwas performed starting fromOCP to assess the polarization behavior,
corrosion potential (Ecorr), and current density (Icorr) of each sample. Figure 20(b) displays the cyclic
voltammogram curve, covering a potential range from−1.56 to 0.4 V.During anodic polarization, the faradaic
current increased exponentially with rising anodic potential, indicating increased oxidation current. The Ecorr
value is higher for AA6082-T6/Cu and lower for FSWedAA6082-T6, suggesting that AA6082-T6/Cu ismore
susceptible to oxidative dissolution in the neutral electrolyte solution.However, FSWedAA6082-T6 and
AA6082-T6/GNPs joints exhibit good corrosion resistance.

Specifically, the AA6082-T6/Cu joint shows a relatively high corrosion current of 5.2× 10–3 A cm−2 at 0.4
V. Similarly, theAA6082-T6/GNPs joint exhibits a corrosion current of 3.1× 10–3 A cm−2 at 0.4 V,while
FSWedAA6082-T6 produces a corrosion current of 2.8× 10–3 A cm−2 at 0.4V.

Figure 19.Variation of (a) specificwear rate; (b) the average COF values of various samples.

Figure 20. (a)Variation ofOCP versus time curves in 3.5wt%NaCl; (b) cyclic voltammograms curve.
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3.5.2. Electrochemical impedance spectroscopy (EIS) analysis.
This techniquewas employed to evaluate the corrosion resistance of AA6082-T6, AA6082-T6/GNPs, and
AA6082-T6/Cu joints using a three-electrode cell configuration. Impedance frequencies were analyzed at a

Figure 21. (a)EISNyquist plot; (b)Bode plot for AA6082-T6, AA6082-T6/GNPs, andAA6082-T6/Cu joint.

Figure 22. Fractography images of (a) and (b) basematerial; (c) and (d)AA6082-T6/GNPs joint; (e) and (f)AA6082-T6/Cu joint.
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corrosion potential of−0.4V, which significantly influences interfacial charge transfer and surface stability in
both basematerial and FSWed samples. The Electrochemical Impedance Spectroscopy (EIS)Nyquist plots are
shown infigure 21(a). It exhibits higher frequencies indicative of interfacial charge transfer under constant phase
elements [45]. The basematerial exhibits a higher curvature at high frequencies due to its greater surface
roughness. The sequence of curvature diameters in theNyquist plot is AA6082-T6/Cu joint »AA6082-T6/
GNPs joint> FSWedAA6082-T6, reflecting varying charge transfer resistances to corrosion. AA6082-T6/GNPs
show less corrosion resistance thanAA6082-T6/Cu joint, with less effective interfacial charge transfer but good
corrosion stability. Additionally, Bode plots shown infigure 21(b) indicate the corrosion layer forms
homogeneously on the surface of FSWed joints but it is less resistant than the basematerial.

3.6. Fractography analysis
SEM fractography of the basematerial and FSWed joint is depicted infigure 22. The basematerial and reinforced
GNPs joint exhibit a ductilemode of fracture. Figures 22(a)–(b) showdimples and tearing edges of ductile
fractures. Further, theGNPs added joint exhibits dimples infine-sized and smallmicrovoids that are evident on
the crack surface of the joint, as illustrated infigures 22(c)–(d). The occurrence of these dimples indicates the
enhancement in ductility of theweld joints and betterflowof the plasticizedmaterial [46]. Fracture of the tensile
specimens occurred in the heat-affected zone (HAZ), which is aweaker area, as shown infigures 22(e)–(f). In
contrast, figure 22(e)-(f) illustratesmicrocracks and pore formation in copper-added joints. The presence offlat
facets with relative dimples suggests a brittlemode of fracture in the nugget region [47].

4. Conclusions

In conclusion, friction stir welding has proven effective in achieving robust joints in bothAA6082-T6/GNPs
andAA6082-T6/Cumaterials. The innovative welding approaches employed in this study have resulted in
improved joint characteristics. Particularly, AA6082-T6 joints reinforcedwithGNPs demonstrate higherweld
hardness and joint efficiency than their counterparts, benefiting from the superior properties and effective
bonding ofGNPswith aluminum. Theweld nugget exhibits a uniformly distributed graphene platelet structure
facilitated by the stirring action of the FSW tool, enhancingmaterial flow and increasingwear resistance in
AA6082-T6/GNPs joints. Additionally, electrochemical corrosion studies indicated stable potential values for
AA6082-T6/Cu joints. The proposedmethod of incorporatingGNPs along the FSW line has led to a 21%
enhancement in theweld strength of AA6082-T6. This novel welding technique holds promise for thewelding
industry in achieving superior FSW joints for various aluminumalloys.
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