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Abstract 

This study compares friction-stir spot welds (FSSW) of pure Al to Cu, with and without 

graphene interlayer (GL), for tensile load and electrical conductivity (σ). The weld interface of 

Al-Cu fabricated without a GL is found with brittle intermetallic compounds (IMC) like Al2Cu. 

The presence of brittle IMCs significantly affects the tensile load and σ.  In contrast, the sample 

with GL suppresses the brittle IMCs and enhances the formation of Al4C3 IMC. The presence of 

Al4C3 strengthens the weld joint by 26.94 % concerning the without GL samples. Further, it was 

observed that thinner and high-density twins are formed in the samples with GL. The formation 

of thinner deformation twins is also possible for increased tensile load and σ. The thicker twins 

in the samples without GL inhibit the electron flow and increase electrical resistivity. The 

molecular dynamics (MD) simulation was performed to study the in-situ formation of deformed 

twins. In addition, the MD simulation provides insight into the influence of graphene during the 

formation of IMCs based on diffusion coefficients of individual atoms. The σ of the Al-Cu joint 

can be estimated using a cluster Nernst-Einstein equation, which is dependent on the diffusion 

coefficient obtained from MD simulation. 
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1. Introduction 

As energy exhaustion and global climate change increase, the automotive industry is looking for 

alternative energy sources. Consequently, electric vehicles (EVs) have become a prominent 

automobile industry solution [1]. Lithium-ion (Li-ion) batteries are frequently used in EVs due to 

high energy, power density, and less self-discharge characteristics [2,3]. Typically, a Li-ion 

battery pack consists of several cells connected by welding the current collectors and busbars 

with a current collector to form a series and parallel cell combinations, respectively [4–6]. 

However, the current collectors are designed to be dissimilar combinations due to the difference 

in oxidation potentials at the cathode and anode. A Li-ion battery cathode and anode potential 

range from  ~3 to 4.5 V vs. Li/Li
+
 and ~0.01 to 2.5 V vs. Li/Li

+
, respectively [7,8]. Aluminum 

(Al) with a higher oxidation potential is used as a cathode current collector, while copper (Cu) 

with a lower potential is used as an anode current collector [9]. Moreover, Al and Cu are highly 

conductive materials of electricity. Based on these observations, many researchers consider Al 

and Cu materials as current collectors. A challenge in the battery pack fabrication is the joining 

of current collectors due to their dissimilar material combinations [4,6]. A major problem 

associated with joining dissimilar materials is the difference in melting points. Other issues 

include crack formation, unbonded interfaces, brittle intermetallic compounds (IMC), 

metallurgical defects, etc. [10–12]. These defects lead to an energy loss in batteries and even 

result in battery failure.  Because of their different melting points and chemical properties, 

dissimilar metals exhibit poor fusion weldability. The Al-Cu joints manufactured using fusion 

welding had inadequate bonding and poor electrical properties due to the oxide layers formed on 

the Al substrate [13]. Although Al and Cu welding pose slightly different challenges for all 

welding processes, the main problem is the formation of brittle IMCs during welding [14]. High 

heat input during fusion welding results in the formation of more Al2Cu IMC. In order to reduce 

the formation of brittle IMCs, research towards solid-state joining is increased. 

The authors suggest that solid-state welding is superior to other fusion welding techniques 

because of reduced thermal defects, crack formation and reduces brittle IMC formation during Al 

and Cu joining [15–17]. A few solid-state welding methods include ultrasonic welding, diffusion 
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welding, and friction stir spot welding (FSSW). In addition to solid-state welding, other welding 

techniques like resistance spot welding and laser beam welding are prominently used in Li-ion 

battery manufacturing [18]. Due to significant research and development on dissimilar materials 

joining, FSSW has gained significant importance in industries. By optimizing FSSW process 

parameters, it is possible to obtain high-quality Al-Cu dissimilar joints with reduced IMC 

formation and increased mechanical and electrical properties. Shiraly et al. [19] stated the tensile 

failure load was found to be influenced by the stirring zone length. However, it did not examine 

the effect of metallurgical bonding and the IMC formation at Al-Cu interfaces [19].  Though the 

FSSW technique reduces the IMC formation compared to fusion joining methods, it is 

challenging to completely eliminate them as Al and copper have negative mixing of enthalpy, 

which results in the formation of IMCs in the joint. In addition, the IMCs are formed by mixing 

detached Cu particles embedded in the Al matrix [20]. The IMCs like Al2Cu, AlCu, and Al4Cu9 

are observed in the case of the FSSW of Al and Cu [4,21]. In response to the brittle IMCs 

presence in between the Al–Cu interface, FSSW has been developed for dissimilar material 

joining with introducing an interlayer in minimizing the formation of more brittle IMCs. 

The interlayers like zinc (Zn) [22,23], and Titanium (Ti) [23], etc., are used to enhance the 

mechanical properties during Al-Cu FSSW conditions. The samples welded with Ti and Zn 

interlayers have obtained higher ultimate tensile strength (UTS) values and reduced the 

formation of brittle IMCs compared to the FSSW of Al-Cu samples. The decrease in the 

formation of IMCs in the nugget zone (NZ) is due to the Ti interlayer acting as a diffusion layer. 

In contrast, the Zn interlayer behaves as an alloying element [23]. The Zn has a high affinity with 

Cu and forms CuZn5 and Al4.2Cu3.2Zn0.7 (τ′) IMCs [24]. Although Zn interlayers enhance 

mechanical strength, it has not been used as an interlayer to improve the electrical properties of a 

weld joint due to lower electrical conductivity. In this regard, the authors used graphene as an 

important alternative interlayer due to its higher strength, thermal conductivity, and σ as 

compared to other interlayer materials [25,26]. Montazerian et al. [27] introduced the graphene 

nanoparticles in the weld interface and observed an increase in the tensile load and a ~40 % 

decrease in electrical resistivity. During the welding process, submicron size fragmented 

graphene particles can impinge on grain boundaries and reduce grain size, which improves 

mechanical properties [27]. The graphene material is effective in barricading against the 

migration of dislocations to enhance the tensile load. Moreover, graphene improves the mixing 
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of materials at optimum temperature and reduces the formation of voids in the weld NZ. The 

mechanical and electrical properties are further explained based on twins formation. A simple 

analysis of energy can be used to examine twinning's origin. A face-centered cubic (FCC) metals 

with low stacking-fault energy exhibit significant deformation twin structures. In order to form a 

twin boundary, there needs to be a single plane of atoms between two non-mixing phases. 

During aging treatment, the precipitates inhibit the movement of twin boundaries and increase 

the strength of the matrix. The decrease in solute content, i.e., an increase in twin density in the 

welded sample during the process had a positive effect on the electrical properties [28]. To 

estimate the IMC formation and deformation twins in the sample required several post-

processing techniques. Zhang et al. [29] used Molecular dynamic (MD) simulation to interpret 

the microscopic changes in the system during the application of process conditions.    

The MD simulation reveals the evolution of microstructure, which interprets the mechanism of 

FSSW on a microscopic level. The MD simulation can be used to investigate microstructure 

variations, diffusion behavior, and IMC formation concerning the given welding 

conditions [30]. Chen et al., studied the MD simulation between Cu/Ag diffusion bonding and 

observed an amorphous interfacial region. The increase in diffusion pressure results in the 

formation of a thicker weld interface zone [31]. The metallurgical phenomenon at the Al-Cu 

joint interface in the MD simulation found that dislocation accumulation resulted in forming a 

transition layer with amorphous nanocrystalline phases [21]. The diffusivity of Cu into the Al is 

directly dependent on the rise in temperature [32]. There is no significant study done on the MD 

simulation of Al-Cu FSSW with graphene as an interlayer. However, the effect of graphene in 

the metal composite using MD is studied. Accordingly, Zhang et al., stated graphene boundaries 

with Cu nanocomposite exhibit the highest strength and strain hardening capacity compared to 

non-crystalline/Cu. By substituting graphene boundaries, conventional grain boundaries are 

refused to self-deformation and show the high strength resulting from intragranular dislocation 

mediated processes [29]. Generally, to obtain the σ of an Al-Cu joint, a 4-probe electrical 

conductivity post-analysis is needed to be performed [4]. Using the diffusion coefficients 

obtained from the MD simulation, the σ of an FSSW can be determined using a Nernst-Einstein 

(NE) equation. However, NE is restricted to measure a individual atoms/ion conductivity. In this 

regard, a cluster Nernst-Einstein equation is developed, where atoms/ions form clusters, and the 

σ is measured based on the diffusivity [33].  
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The present study investigates the mechanical properties, metallurgical characterization, and 

electrical properties of FSSWed dissimilar Al-Cu welds. In addition, the effect of GL at the weld 

interface is explicitly studied by electron back-scattered diffraction (EBSD) and transmission 

electron microscopy (TEM) analyses. The MD simulations are performed for the FSSW 

conditions to learn critical insights on the formation of IMCs, deformation twins, diffusion 

behavior of atoms, and σ of the welding joints. Further, the obtained σ from the MD simulations 

are studied using the bonding mechanism and further correlated with X-ray photoelectron 

spectroscopy (XPS).  

2. Experimental and simulation procedure 

The Al-Cu welding has been performed using a linear FSW machine (WS004, ETA 

Technologies Bangalore). The base materials of 500 μm thick pure Cu are placed over the 500 

μm thick pure Al in a lap welding configuration, as shown in Fig. 1 (c). The oxide layer over the 

Al substrate is removed using manual polishing with a 220 grid size. In addition, three 

experiments are performed using the GL in between Al and Cu. The graphene used in the current 

study is commercially procured from United-Nanotech Pvt. Ltd., India,  and is mixed with a 

polyvinyl alcohol (Sigma-Aldrich, Germany) in order to obtain an even coating over the Al 

substrate as shown in Fig. 1(b). In order to remove solvent traces from the coating, the coated 

sample is placed in a vacuum furnace for 1 h at 100 ºC. Then a coating of ~150 μm graphene 

layer is applied on Al substrate using a tape casting method as depicted in Fig. 1 (b). Table 1 lists 

the process parameters employed, in which the plunge depth and the dwell time are kept constant 

for all weld samples at 0.2 mm and 15 seconds, respectively. For each condition of the process 

parameters, three welds are performed and the results are correlated with the reproducibility of 

the welded samples. 

Table 1. Process parameters with the sample nomenclature  

Sample 

nomenclature 

Without GL With GL 

S500 S1500 S2500 SGL-500 S GL-1500 S GL-2500 

Rotational speed 

ω (rpm) 
500 1500 2500 500 1500 2500 
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FSSW is performed using an H13 grade steel tool with an 8 mm shoulder diameter, 3 mm pin 

diameter, and 0.4 mm pin height as shown in Fig. 1 (c). The temperature variation due to the 

process parameters of the weld joints has been captured using a thermal imaging camera (E95, 

Flir). Fig. 1 (d), illustrate the thermal vision space created by the thermal imaging camera during 

the weld process. The spot welded samples are cut in a dimesion of 100 mm X 10 mm as showin 

in Fig. 1 (c). Further, the welded samples are subjected to tensile testing using (ZwickRoell, 

Kappa 100 SS-CF testing machine). The tensile load of base Al is found to be 1355.6 N. The 

cross-section of Al-Cu welded samples are cut with a dimesions of 8 mm X 1 mm and mounted 

using a hot mounting press (Struers, Citopress) to perform the metallurgical characterizations. 

The sample used for the characterization was obtained from the weld interface, as shown in Fig. 

1 (e). Mounted samples are polished with 300 to 3000 grit size emery paper, and finally the 

samples are polished with diamond polish whose particles have a size of 1 μm. The IMC at the 

joint interface are studied using X-Ray diffraction (PANalytical B.V, 7602 EA) with Cu source 

and maintaining a voltage of 40 kV and current of 40 mA within a range from 20° to 120°. The 

electrical resistivity has been measured with a 4-probe electrical conductivity setup (Ecopia, 

0.545T). In order to obtain an accurate electrical resistance value, the sample dimensions are fed 

into the 4-probe setup. By reciprocating the resistance values, the electrical conductivity of the 

welded samples is calculated. To analyze the welded samples microstructure, scanning electron 

microscopy (Zeiss, Merlin) was used for obtaining graphene layer structure as shown in Fig. 1 

and also perform the EBSD analysis. In an EBSD analysis, a focused ion beam is used to 

measure the microstructure of the welded sample. To obtain a fine polish, weld samples are 

polished up to 80 μm in size and then subjected to low-energy Ar
+
 ion beam milling up to 2-3 

hours maintained at 6 KeV until a perforation is evident on the surface of the sample. After, the 

formation of IMCs has been analyzed using TEM (JEM 2100F, JEOL). XPS analyses 

(PHI5000VersaProbe III, ULVAC-PHI, Inc) was performed at 0.2 kV voltage and 100 mA 

current to study the chemical composition and evaluate the oxidation state of the elements 

present in the weld interface.   
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Fig 1. Schematic of an experimental and characterization procedure  

MD simulations for the samples without and with GL is performed using large-scale 

atomic/molecular massively parallel simulator (LAMMPS) packages. The interatomic interaction 

of Al and Cu is defined using an embedded atom method potential (EAM) [21], the interaction 

between the carbon (C) atoms is defined using Airebo potentials [34], and interaction between 

Al-C-Cu is specified using a 12-6-Lennard-Jones (LJ) potential, as shown in Table 2 [35,36].  

Table 2. 12-6-LJ potentials   

Atoms interactions Energy, ε (eV) Distance (Å) 

Al-Al 0.05 2.85 

Cu-Cu 0.0168 2.2 

Al-C 0.035 3.013 

Cu-C 0.02578 3.08 

The simulation box size for without and with GL is 51.6 Å × 108.46 Å × 108.46 Å
 
and 27.94 

Å × 18.68 Å × 51.18 Å, respectively. The simulation box size is chosen arbitrary to determine 

the group of atoms and to optimise the simulation time. The x-y-z planes are considered as a 

periodic boundary condition in the whole MD simulation. During the solid-solid interface in the 

FSSW process, the heat applied in each simulation is done using a Nose-Hoover thermostat at a 

specific temperature of 300 K and a time step of 1 fs. The initial velocity is set to obey the 

Gaussian distribution for Al, Cu, and C atoms.  

3. Results and discussions 
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3.1. Temperature and axial force  

Figs. 2 (a) and (b) illustrate the frictional heat generated during the Al-Cu welded samples 

without and with GL, respectively. The temperature generation for sample S2500 (527.64 
0
C) is 

lower than for sample SGL-2500 (439.76 
0
C). The decrease in temperature is due to the presence of 

a GL. Since graphene is a high thermally conductive material, it absorbs the heat generated 

during the welding process. Fig. 2 (c) depicts, with an increase in ω, the frictional heat 

generation increases with an increase in temperature at the weld NZ [12]. However, the samples 

with GL observed less temperature than the samples without GL, as shown in Fig. 2 (c). The 

temperature generation during the FSSW has a direct impact on the axial load experienced by the 

tool. Figs. 2 (d) and (e) show the variation of axial force for different weld samples. As shown in 

Fig. 2 (d), the force plot has been divided into two sections. Initially, the increased force is due to 

tool plunging and constant fluctuations in force, which is due to the dwelling period. The 

welding process experiences a high amount of axial force when plunging into the Cu sheet and 

whereas the force slightly reduces when it enters into the Al sheets. The results show that with an 

increase in ω, the axial force decreases. The average axial force values for the samples S500, S1500, 

and S2500 are 740.78 N, 582.73 N, and 368.81 N, respectively. In higher ω, frictional heat 

generation is higher, resulting in a decrease in axial force [11]. Fig. 2 (e) illustrates the variation 

of axial force in the welded samples with GL. The existance of GL where the tool penetrates into 

the work piece exerting a high axial load due to the presence of harder material at the weld 

interface. Because of this, the variation in tool plunging stage cannot be observed effectively. 

The average axial force for the samples SGL-500, S GL-1500,, and S GL-2500,  is 1038.73 N, 837.75 N, 

and 712.09 N, respectively. The temperature and axial force that has been acquired from the 

experimental FSSW process, is used to perform the MD simulations as discussed in later section. 
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(a) (b) 

  

(c) (d) 
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(e) 

Fig. 2. Thermal imaging camera data for the welded samples: (a) S2500, (b) SGL-2500, and (c) 

variation of temperature with process parameters, variation of axial force, (d) without GL 

and (e) with GL 

3.2. Tensile and IMC analyses  

A monotonic tensile test is performed to analyze the possible impact of GL on the welded joints. 

Fig. 3 (a) presents the tensile load (P) – displacement (Δ) curves of the FSSW of Al-Cu with and 

without GL. Qualitatively, P – Δ curves are observed: the displacement for samples without GL, 

S500 and S2500 are nearly about ~ 2 mm, whereas sample S1500 is ~ 1.4 mm. However, it exhibits a 

higher tensile load. The Δ  for the samples with GL, S GL-500, and S GL-2500,, were observed ~ 1.15 

mm, and sample S GL-1500, has a higher displacement of ~ 2.3 mm than all other samples. 

Irrespective of Δ, S1500 found a higher joint efficiency of 66.39 % to base Al than S500 and S2500. 

At the same time, S GL-1500, exhibited a higher tensile load among all other samples with a joint 

efficiency of 84.28 %. Both with and without GL, the intermediate process parameter ω of 1500 

rpm exhibits higher tensile load due to the optimal frictional heat generation that results in good 

material mixing and minimization of IMC formation. Fig. 3 (b) illustrates the failure morphology 

where it can be noticed that for a lower Δ, shear failure occurs in the samples. At a higher Δ, the 

samples experience a discontinuous hook displacement of Al and Cu. The macrostructure of 

facture surface of samples S1500 and SGL-1500 are depicted in Fig. 3 (b). The Al content in the 

interface varies for samples with and without GL. Due to the diffusion of graphene in the Al 

matrix, sample SGL-1500 exhibits high Al material over the Cu.  The sample S1500 exhibits shear 

failure and observes a dimple over the fracture surface. The sample SGL-1500 exhibits ductile 

failure leaving cleavages and dimples on the fracture surface.  
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(a) 

 

(b) 

  

(c) (d) 
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(e) 

Fig. 3. (a) Variation of tensile load, (b) fracture morphology of all the FSSW joint, XRD 

analysis of (c) without GL, (d) with GL and (e) crystal structures of major IMCs along with 

the slip plains 

Figs. 3 (c) and (d) describe the formation of IMC at particular 2θ angles. Generally, the 

difference in the formation of IMCs among the samples is due to variation in temperature 

generation [37] and plastic deformation [38]. Among the samples without a GL, two major and 

two minor IMCs are found, i.e., Al2Cu, Al4Cu9, and AlCu, Al2Cu3, respectively. Fig. 3 (c) shows 

S1500 observed with a higher intensity of Cu-rich IMCs γ-Al4Cu9 (113) and brittle θ-Al2Cu (002) 

IMC peaks compared to other S500 and S2500. Fig. 3 (d) depicts the sample SGL-1500  observed the 

γ-Al4Cu9 and Al4C3 as the two main IMCs among the welded samples with GL. Fig. 3 (e) 

illustrates the crystal structure of major IMCs formed during the joining process. Different IMCs 

can be distinguished from each other based on their shapes, sizes, and lattice planes in high 

resolution transmission microscopy images, as described in later sections.  

The tensile properties of Al-Cu FSSW mainly depend on the generated temperature and axial 

load conditions. The variation in the process parameters to obtain a optimum heat generation and 

stirring action in the FSSW, intensifies the material mixing, resulting in a greater surface contact 

area and shorter diffusion path in the weldments [39]. The IMC formation at the interface is also 

responsible for the tensile load of a weld joint. During FSSW, higher densities of vacancies are 

developed in the Al-Cu weld interface, which enhances the kinetics of diffusion and results in the 

formation of IMCs [40]. However, S1500 with a higher intensity of Al4Cu9 exhibits a higher 

tensile load, and the presence of Al2Cu IMC results in shear failure among the without GL 

samples [41]. The fracture occurs near the boundary of Al2Cu, and AlCu attributes the shear 

                  



13 
 

failure in sample S1500. The shear failure occurs due to the different lattice structures of Al2Cu 

(tetragonal) and AlCu (either monoclinic, orthorhombic) IMCs [41]. However, a maximum 

tensile load in sample SGL-1500 is observed compared to all the six welded samples due to the 

formation of rich Al4C3 and Al4Cu9 IMCs. As mentioned earlier, Al4Cu9 resists the crack 

propagation, but this would not reduce Al-rich IMC. The restraining effect of Al4C3 in the Al 

matrix reduces the Al grain growth and Al-rich IMC, i.e., Al2Cu and AlCu formation during the 

welding process [42]. Hence, these conditions lead to improved tensile load for sample SGL-1500. 

The thickness of Al4Cu9 is more significant than the Al2Cu as the crystal structure is more 

extensive for Al4Cu9, as shown in Fig. 3 (e). The coherence between the Al4Cu9 and Al-Cu 

matrix is much better than the Al2Cu and AlCu. The cohesive nature of Al4Cu9 resists the crack 

propagation in the weld zone, which leads to a better tensile load. The increase in diffusivity of 

Al is due to severe plastic deformation and lesser atomic size of Cu, which facilitate the Al atoms 

to penetrate the Cu-matrix, resulting in the formation of γ-Al4Cu9 [21,43]. The penetration of Cu 

into Al is less, which might have led to the formation of θ-Al2Cu at the interface. For a higher Δ, 

as depicted in Fig. 3 (a), the samples S1500 and SGL-1500 experience a discontinuous hook 

displacement of Al and Cu, which exhibits a shear failure with dimples and a ductile failure 

leaving cleavages and dimples on the fractured surface, respectively.  In addition, as shown in 

Fig. 2 (e), at lower ω, a large amount of axial force is generated due to more number of 

nucleation sites at the weld interface. Wang et al. [44] stated that the dispersion of harder 

particles like graphene into the ductile matrix causes dislocations to prevent void formation. The 

dislocations accumulated at the Al-Cu interface lead to an increase in work hardening, and thus, 

the maximum tensile load is observed compared to samples without a GL [44]. Further, it has 

been observed that dislocations are activated and accumulated near the interface between Al and 

Cu, increasing plastic strain. It confirms severe plastic deformation and diffusion of carbon into 

the Al-Cu matrix from more carbon-based IMCs. 

3.3. TEM analysis 

Figs. 4 and 5 illustrate TEM images of Al-Cu weld interface without and with GL, respectively. 

From Fig. 4 (a), it has been observed that dislocations are activated and accumulated near the 

interface between Al and Cu. Fig. 4 (b) illustrates the formation of eutectic Al2Cu and Al4Cu9 

IMC near the Al and Cu-side, respectively, during the FSSW condition. As Al2Cu has a smaller 
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crystal structure than Al4Cu9, the size of the IMCs can be distinguished in the microscope images 

as shown in Fig. 4 (b). The Al4Cu9 is formed due to the localized mixing of Al and Cu in a solid 

state. Fig. 4 (c) illustrates that the twins are nucleated at the grain boundary and situated in the 

Cu-matrix [45]. As shown in Fig. 4 (d), the TEM image depicts high-density edge dislocations of 

size 0.79 nm and are prevalent along the (001) slip plane with FCC grains, indicating that the 

dislocations are nucleated. A selective area diffraction (SAED) pattern shown in Fig. 4 (e) 

suggests the interface has FCC structures corresponding to Cu atoms.   

 

Fig. 4.  TEM images of (a) Al-Cu interface with dislocations, (b) Al2Cu, and Al4Cu9 IMCs 

pinned into the Al matrix, (c) Twin formation in Cu matrix, and (d-e) HRTEM image along 

with SAED patterns identifying FCC grains   

The interaction of Al and carbon at a frictional heat, i.e., 300 
0
C - 600 

0
C range, results in the 

formation of Al4C3 IMC. In addition, during the formation of Al4C3, it consumes available Al 

leading to enhanced interfacial bonding between Al and Cu [46]. However, Fig. 3 (d) depicts the 

XRD plot of FSSW of Al-Cu with and without GL, where the sample SGL-1500 depicts the 

formation of more Al4C3 IMC and less Al2Cu IMC compared to other welded samples. This is 
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due to an initial stirring action of the FSSW tool fragments the graphene layer and disperse the 

particles into the Al-matrix. Accordingly, the TEM bright-field characterization is carried out at 

the weld interface and the images are shown in Fig. 5 (a-d).  Most of the C atoms are distributed 

along the Al grain boundaries, schematically shown in Fig. 1 and validated with the TEM 

analysis as shown in Fig. 5. However, in Al microstructure, few atoms are scattered due to grain 

boundary migration. Additionally, the presence of GL at the interface, increases the more 

nucleation sites ascompared to samples without GL. This results in severe plastic deformation 

and higher dislocation density, i.e., accumulation of dislocations in the weld zone, as depicted in 

Fig. 5 (c), and thus advantageous to improve strength in sample SGL-1500. The carbon usually 

shows less contrast present near the grain boundary of Al, as shown in Fig. 5 (a-b). The Al4C3 

IMC is formed with sufficient heat and the required amount of available Al at the weld interface 

[47]. However, the Al4C3 IMCin the Al-matrix is illustrated in Fig. 5 (b-c). Researchers have 

stated that Al4C3 is formed during the composite of Al and graphene. They found that a rod-like 

structure is present within the Al-matrix, and was further analyzed using HRTEM [48]. Fig. 5 (d) 

depicts the formation of thinner/high-density twins in the Cu-matrix. Moreover, higher twin 

density is observed for the sample with GL compared to without graphene samples. The details 

of formation of twins is explained in later section. The HRTEM images illustrate the size of the 

dislocation of 0.83 nm along the [003] slip plane, as shown in Fig. 5 (e). They indicate the 

presence of more nucleation sites than sample S1500. Fig. 5 (f) illustrates the SAED patterns over 

the selected area showing an amorphous ring with crystalline (FCC) structure, concluding the 

presence of Al4C3 IMC [46,49,50]. 
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Fig. 5. TEM images of Al-Cu with graphene as interlayer (a) illustrate the grain boundaries 

and C particles, (b) formation of high dislocation density and Al4C3, (c) rod-like structures 

of Al4C3, (d) Twins formation, and (e-f) HRTEM and SAED patterns for the Al4C3 IMC  

3.4. Diffusion and twins formation phenomenon 

MD simulations are carried out to measure the diffusion coefficients of Al, Cu, and C and twin 

formation under FSSW conditions. Figs. 6 (a-b) illustrate the MD simulation box of Al-Cu 

without and with GL, respectively. It has been observed that the graphene atoms are in 

hexagonal ring structures which defines graphene and stacked between Al and Cu atoms as 

shown in Fig. 6 (b). MD simulations are performed on welded samples with maximum tensile 

load, which consider as optimised process parameter condition to analyze the diffusion 

mechanisms in FSSW of Al-Cu joining. The MD simulations are performed with FSSW process 

conditions, i.e., a gradual increase in temperature at a rate of 10 K/ps (picosecond) from 300 K to 

the maximum temperature of 747.15 K and 658.89 K for samples S1500 and SGL-1500, respectively. 

A canonical ensemble NVT mole (N), volume (V), and temperature (T) has been used. The axial 

load from the experiment is converted into compressive strain rates. Axial stress is determined 
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by dividing the axial load with the tool's area of contact on the sample. The compressive strain 

rate is then found by dividing the axial stress by the elastic modulus of the sample. Accordingly 

the compressive starin rates are 1.24 E-3 s
-1

 and 2.47 E-3 s
-1

 for the samples S1500 and SGL-1500, 

respectively. The strain values are fed into the MD simulation with the increasing temperature. 

After that, the whole system is cooled to 300 K at a cooling rate of 10 K/ps. Further, the output 

obtained from the simulation is analyzed using a modifier adaptive common neighbour analysis 

(a-CAN) in OVITO software. The a-CAN distinguishes various crystalline structure formations 

during FSSW of Al-Cu with and without GL [51]. 

  

(a) (b) 

Fig. 6. Initial orientation of (a) Al and Cu atoms without GL, and (b) Al and Cu atoms with 

GL  

The mean square displacement (MSD) of Al-Cu and C atoms are calculated using LAMMPS 

software. This has been done to measure the movement of atoms during FSSW conditions. Every 

1000 steps, MSD data is collected to determine the mutual diffusion of atoms at the interface. 

Equation 1 calculates the MSD [52]. 

    〈|  (    )    ( )|
 〉,    ( ) 

 

where   ( ) is the instantaneous particle at the i
th

 position, t is the lag time, and 〈 〉 is the 

ensemble average. 

Al and Cu diffusion coefficients ( ) are calculated using the Einstein equation in accordance 

with their positions over time, as shown in Equation 2 [52]. 
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Initially, FCC structured Al and Cu atoms are placed one over the other, and the FSSW condition 

is applied to the system. The MSD of FCC metals occurs due to a coherent interface. Fig. 7 (a) 

illustrates the interaction between the Al-Cu interface, and the MSD curves are plotted using the 

values obtained from the system. The diffusivity of atoms is determined by measuring the 

change in the slope of the MSD curves. The movement of atoms takes place only when there is a 

change in slope of MSD curve is non-zero, where the transfer of energy takes place due to 

interactions of Al and Cu atoms. The the diffusion coefficient of Al (Dal) and the diffusion 

coefficient of Cu (Dcu) values were obtained from the simulation results based on the calculation 

represented in equation 2, accordingly the DAl and DCu are 7.37 E-8 cm
2
/sec and 3.24 E-8 

cm
2
/sec, respectively. In addition, the presence of a graphene layer at the Al-Cu interface during 

the FSSW condition decreased the diffusivity of Al and Cu [21]. Fig. 7 (b) shows, the DAl, DCu, 

and DC is calculated to be 3.22 E-8 cm
2
/sec, 1.125 E-8 cm

2
/sec, and 0.195 E-8 cm

2
/sec, 

respectively. Moreover, the presence of graphene initiates the formation of the rod-like Al4C3 

structures towards the Al matrix, as illustrated in Fig. 7 (b). Hence the diffusivity of Al and Cu is 

decreased by 43.69 % and 34.72 %, respectively. The reduction in diffusivity results in the lesser 

Al-rich IMC formation.   

 

(a) 
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(b) 

Fig. 7.  (a) Interfacial bonding of Al and Cu along with the MSD curves of Al and Cu and 

identification of twin and IMC formations at the Al-Cu matrix for the sample S1500 and (b) 

interfacial bonding with graphene as interlayer along with MSD curves for Al, Cu, and C and 

formation of thin twin and Al4C3 IMC in the Cu and Al matrix, for the sample SGL-1500 

respectively. 

The FCC material like Cu with lower stacking fault energy (SFE) has a tendency of twinning 

occurs in the metal matrix [53]. The twin boundary density increases with a decrease in twin 

thickness. Fig. 7 (a) shows the thicker twin boundary in sample S1500 compared to sample SGL-

1500. Whereas sample SGL-1500 has a high twin boundary density, as depicted in Fig. 7 (b). 

However, the number of twin grains increases with an increase in deformation strain and 

eventually saturates once the strain exceeds an accumulated capacity during the welding process. 

The presence of high dislocation density in sample SGL-1500 resists the twin growth, leading to 

thinner twins towards the Cu-side of the weld interface [54–56]. Moreover, the presence of 

dislocations in the Al-Cu metal matrix hinders the expansion of twins; hence the thickness of 

twins is smaller in sample SGL-1500. 

3.5. Electrical resistivity 

3.5.1 Experimental study 

Initially, the electrical resistivity of the FSSW joints decreases for ω from 500 rpm to 1500 rpm 

and increases for 2500 rpm in both with and without GL conditions, as shown in Fig. 8 (a). At 
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lower ω, very less amount of heat is generated due to the presence of Cu sheet placed over the Al 

sheet as depicted in Fig. 1. This kind of weld configuration conducts more heat rapidly, resulting 

in a lack of frictional heat at the joint interface. The variation in heat generation will  effect the 

electrical resisitivity of the weld samples. Based on that, Fig. 8 (a) shows samples S1500 and SGL-

1500 exhibit lower electrical resistivity among other welded samples respective to with and 

without GL. Despite this, the welded samples with other process parameter conditions have 

higher electrical resistivity than the base material due to the formation of Al-rich IMC at the 

weld interface. Moreover, the electrical resisitivity for samples S1500 and SGL-1500 are found to be 

73.3 % and 26.2 % high resistive than Al base material. At lower ω leads to poor material 

mixing, which intends to increase in electrical resisitivity. In contrast, at higher ω, the weldments 

experience excess plastic deformation, increasing the number of electron-scattering dislocations 

in the weld interface, which leads to increase in electrical resistivity of the weld samples. In 

addition, the electrical resistivity of the weld joints depends on the formation of Al-rich IMCs at 

the interface and variation in the grain size due to change in process parameters. Previously, the 

IMC study has been done by using XRD analyses and the grain size of Al for samples S1500 and 

SGL-1500 are analyzed using EBSD analyses. Fig. 8 (a) shows a larger elongated grain size of 

20.21 μm at the NZ for sample S1500. In contrast, sample SGL-1500 had a smaller grain size of 4.07 

μm at the NZ, as shown in Fig. 8 (b). The energy dispersive X-ray analysis (EDAX) analysis is 

performed to confirm the impinging of C particles near the grain boundary, as illustrated in Fig. 

8 (b).  

 

(a) 
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(b) 

 

(c) 

Fig. 8. (a) Variation in the electrical resistivity with different process parameters, EBSD 

analyses of Al at the weld nugget zone of samples (b) S1500 and (c) SGL-1500 and also 

showing the presence of carbon near the grain boundaries. 

Generally, the tensile load and σ of welded samples show a trade-off behaviour [49]. The 

samples with lower tensile load should exhibit higher σ. Accordingly, it is expected that the 

samples without GL would have lower electrical resistivity. However, it has been found that the 

samples with GL had a lower electrical resistivity than other samples. The presence of GL 

increases the number of nucleation sites during welding, which results in a decrease in brittle 

IMC formation. Accordingly, the electrical resisitivity of sample SGL-1500, as shown in Fig. 8 is 

decreased mainly due to the formation of Al4C3 (110) IMC towards Al-matrix. This inhibits the 

formation of detrimental, non-conductive Al-rich IMC during the FSSW. The presence of a 

significant amount of Al4C3 IMCs actively participates in electron mobility. However, the 

electron mobility of graphene is much higher, which is in the range of 0.5 m
2
/V.s – 2.5 m

2
/V.s 

than Al base metal (0.0013 m
2
/V.s) [57]. The decreased electrical resistivity for the sample with 

GL is due to a decrease in the formation of Al-rich IMCs in the weld NZ. In addition to the type 

of IMC formation, grain boundary formation also has significant importance in variation in σ. As 
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mentioned earlier, the presence of graphene increases the nucleation sites, and the pinning of 

carbon near grain boundaries, as shown in Fig. 5 (a), inhibits grain growth, i.e., hindering grain 

boundary migration. Hence, less grain size is obtained for sample SGL-1500 as compared to S1500. 

Increasing the grain boundary density reduces the electrical resistivity of polycrystalline grains 

[58,59]. Due to the presence of polycrystalline material within the Al grains, i.e., graphene 

particles, the dislocations within the grains are lessened, resulting in an increase in electron flow, 

which in turn decreases electrical resisitivity. 

3.2.2 Simulation study 

The Nernst-Einstein (NE) equation measures the σ from the atomic diffusion coefficient. The 

implementation of NE required individual atomic diffusivity, and no atomic interactions are 

needed. Hence a new model, i.e., cluster Nernst-Einstein (cNE) [33] has been introduced for a 

system with interactions between the atoms. The σ of a given system is computed using a cNE, 

as mentioned in Equation 3.  

 

      
  

     
∑∑      

    

 

   

 

   

 

 

   ( ) 

Where      is the cluster-NE conductivity,   is the charge,    is a Boltzmann constant,   is 

volume,   is temperature,   is a diffusion coefficient of atoms,   is a charge of the atoms, and   

is the number of cations and anions present in the system.  

However,      has a direct dependency on diffusion coefficients and concentrations of elements. 

The cNE model is able to detect the in-situ      during the FSSW condition. Fig. 9 depicts the 

     of sample S1500 and SGL-1500 and observed a linear increase in conductivity according to the 

change in time. Among them, sample SGL-1500 exhibits a 56.25 % higher      compared to 

sample S1500. The increase in      is further investigated with the XPS analysis to understand the 

atoms interaction during FSSW it has been detailed more in the supplementary document. Fig. 9 

shows the mechanism of cNE for Al-Cu and Al-Cu-C interactions. In the welded sample with 

Al-Cu, the interactions between Al-Al or Al-Cu are made with Cu/Al to form a cluster, and then 

this cluster will not interact with any other individual atoms or cluster. Hence, free-moving 
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clusters are available with Al-Cu to transport the electrons, similar to actual experimentation 

conditions [33].  

   

Fig. 9. The σ plot with an increase in the cooling time illustrating the cluster Nernst-

Einstein conductivity mechanism  

The interactions between Al-Cu-C are further analyzed, as shown in Fig. 8. Generally, the 

binding energy has a direct proportionality with temperature. As mentioned earlier, the heat 

generation is less for sample SGL-1500 compared to sample S1500. The σ obtained from the MD 

simulation illustrates an increase in time, i.e., cooling time. In addition, an increased σ in sample 

SGL-1500 is likely due to an increase in nucleation sites at the weld interface caused by the 

presence of carbon atoms towards Al-side. For FCC alloys, decreased temperature and an 

increase in strain rate also lead to increased twin nucleation. Moreover, twin growth is controlled 

by the deformation strain rate and temperature [61,62]. Twin growth occurs when two 

dislocations cross-slip onto successive (001) and (003) planes for the samples with and without 

GL, as depicted in Figs. 3 (c) and 3 (e), respectively. Experimentally, the increase in nucleation 

with the presence of graphene increases the deformation strain increasing the joint strength. 

Hence, sample S1500 exhibits a lower tensile load. Fig. 7 (a), thicker twin boundaries are depicted 

in sample S1500 compared to sample SGL-1500. However, the number of twin grains increases with 

an increase in deformation strain and eventually saturates once the strain exceeds an accumulated 

capacity during the welding process. The presence of high dislocation density in sample SGL-1500 
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resists the twin growth, leading to thinner twins towards the Cu-side of the weld interface [54–

56]. Moreover, the presence of dislocations in the Al-Cu metal matrix hinders the expansion of 

twins; hence the thickness of twins is smaller in sample SGL-1500. Hence, it concludes that sample 

SGL-1500 has a high twin boundary density, resulting in higher tensile load and σ [63].  

4. Conclusion 

A study of the effect of graphene on tensile load and electrical resistivity is conducted on FSSW 

dissimilar Cu-Al joints. TEM, EBSD analyses, and MD simulations are performed to gain 

insights into the welding process. The maximum tensile load is achieved for a graphene-induced 

Al-Cu dissimilar FSSW. The presence of graphene increases the nucleation site at the interface, 

which causes severe plastic deformation resulting in smaller grain size and increased mechanical 

strength. Further, the fractographic results for the samples with and without GL show the shear 

mode of failure and quasi-cleavage fractures, respectively, in the loading direction. Moreover, in 

FSSW of Al-Cu, the interfacial microstructure analyses revealed that the formation of Al2Cu and 

AlCu deteriorates the joint strength in the sample without a GL. In contrast, the presence of 

graphene inhibits the formation of Al2Cu, where C consumes the available Al to form Al4C3. The 

Al4C3 IMC is beneficial to reduce the formation of brittle IMCs at the weld interface. The 

presence of Al4C3 IMC decreases the electrical resistivity of the weld sample. Additionally, MD 

simulations provide insight into the in situ diffusion of atoms, where Al is profoundly diffused 

into the Cu atoms to form Al-rich IMCs at the interface. The presence of graphene decreases the 

diffusion coefficient of Al by 43.69 %, which illustrates the reduction in the formation of Al-rich 

IMCs. The results show that the FSSW for Al-Cu joints can be simply performed over Li-ion 

batteries.   
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