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Abstract: 

Aluminium and copper (Al-Cu) busbar is widely used as a core component in Lithium-Ion (Li-

ion) batteries. The Al-Cu busbar is challenging to fabricate with the traditional welding processes 

because of its high thermal conductivity. In the present study, the Al-Cu busbar is fabricated using 

the friction stir welding method. The effect of temperature and vibration generated during the 

welding process on the formation of intermetallic compounds (IMCs) is studied by using the 

effective formation model and found that Al2Cu is the first to form at the interface. The IMC 

formation at the joint interface had both detrimental (Al-rich IMC) and beneficial (Cu-rich IMC) 

effects. The presence of detrimental IMCs affects the joint strength of about 36 % as compared to 

the sample with the highest tensile load. The surface electrical conductivity is measured by using 

a Gaussian profile method and found in the range of 0.94 – 5.37 μ Ω·mm. The welded samples 
with the presence of Al2Cu3 and Al4Cu9 IMC at the interface are found to have higher electrical 

conductivity. Interestingly, the sample with a higher tensile load had observed higher electrical 

conductivity due to the formation of Cu-rich IMC, i.e., Al4Cu9. 
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1 Introduction  

Nowadays, the usage of electric vehicles (EVs) rather than internal combustion (IC) engine 

vehicles is scaled up due to their high efficiency, no emission of CO2 gas, reduction of engine 

noise, and low maintenance cost [1]. Considering those many advantages, customers are inclining 

towards the EVs. In earlier days, batteries are used to provide power for all electrical components 

in automobiles [2–4]. But nowadays, research on batteries has been increased to a great extent to 

increase efficiency and specific energy. These days, various types of batteries have been used in 
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EVs, such as lead-acid, nickel-metal hybrid, and lithium-ion battery [5, 6]. The physical quantities 

of the batteries, as stated in Table 1, are capable enough to generate power for running an 

automobile. Lead-acid batteries have a disadvantage of a maximum temperature limit of about 

250C. Due to this constraint, these batteries are exhausted for EVs. The specific energy for NiMH 

battery is comparatively less than Li-ion battery due to less voltage [7]. The energy generated by 

the battery depends on the capacity and the voltage, as shown in Equation 1 [7].  𝐸𝑏 = 𝑐 𝑏 × 𝑣𝑏 , (1) 

where, 𝐸𝑏= Energy, 𝑐 𝑏= Capacity, and 𝑣𝑏= Voltage of the battery 

The Specific energy of the battery can be calculated by using Equation 2 [7].  𝑆𝑒 = 𝐸𝑏𝑢𝑐, (2) 

where, 𝑆𝑒= Specific energy, 𝑢𝑐 = Volume (cylindrical or rectangular shape) of the battery 

Most of the EVs are equipped with cylindrical cells combined with series and parallel, 

schematically shown in Fig 1 [4]. The 𝑆𝑒 is directly proportional to the voltage of the battery where 

volume and capacity of the battery is kept constant. Higher the 𝑣𝑏 , EVs can go faster and they can 

achieve the speed of IC engine vehicles. Among them, lithium-ion batteries are being extensively 

used [8, 9] because of their high specific energy, i.e., nearly 0.36 to 0.875 MJ/kg compared to other 

batteries [4, 8, 10]. 

Table 1: Types of batteries used in EVs, with their physical quantities [4, 8, 10] 

Battery Type Specific energy  

(Wh/Kg) 

Specific density 

(Wh/L) 

Efficiency 

(%) 

Nickel–metal hydride battery (NiMH) 60- 120 140-300 66-92 

Lead acid 33-42 60-110 50-95 

Li-ion battery 100-265 250-693 80-90 

 

These battery cells are combined either in series or parallel to form a battery pack. A bunch of one 

terminal battery cell is connected with another terminal using a busbar to continuously transmit 

current to the electric motor in EVs [4]. The electrical busbar is available in many shapes like 

rectangular, round, and cross-sectional. The busbar is used to achieve the desired voltage and 

responsible for the transmission of power. Generally, electronic materials like copper and 

aluminium have been used to manufacture busbar [11], as shown in Fig. 2. 

Moreover, the battery pack utilizing high efficiency causes some problems like short circuits. 

Many of such failures are observed in the busbar. The failures are mainly due to Kirkendall voids 

formed during improper joining or diffusion of aluminium and copper [12]. Another reason is 

while running the EVs, vibrations are generated during the up and downs, which causes fatigue 

failures in the busbar [13]. The fabrication of a busbar has become a challenge for the automobile 

industry.  
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Fig 1. Schematic of a battery pack 

 

However, the busbar can be fabricated using mechanical fasteners (riveting) and different welding 

methods [14, 15].  Riveting methods are prominently used in battery packs due to easy joining 

dissimilar materials [4]. But the fastening has limitations such as the exposure of the joint interface 

to air leading to accumulation of moisture, which may lead to failure due to thermal defect and 

corrosion persistence for an extended period. The busbar materials need to be welded to reduce 

thermal failures and increase electrical conductivity. Al and Cu, being dissimilar materials have 

different physical properties such as density, melting point, thermal conductivity etc, it is 

challenging  to welded these metals to welded these metals using traditional fusion welding 

methods. High amount of heat is required to weld Al to Cu due to presence of oxides over the Al 

base metal. Fusion welding of Al and Cu result in various problems such as high stress 

concentration, formation of brittle IMCs due to the high heat input. Such IMCs in the weld zone 

affects mechanical and electrical properties, like decreased tensile strength, an increase in 

microhardness, and a reduction of electrical conductivity, respectively [16, 17]. Moreover, the 

welded busbar essentially needs to be defect-free. It must have desirable mechanical, metallurgical, 

and electrical properties to sustain high voltage, temperature, and vibrations during the running of 

the EVs [12].  

Concerning this problem, various advanced joining and welding processes for dissimilar materials, 

i.e., brazing, laser welding, and friction stir welding (FSW), have been used. The direct heat 

exposure in brazing of Al and Cu joints leads to hard and brittle IMC like the Al2Cu phase. As 

stated earlier, brittle IMCs in the welding zone lead to crack initiation at lower tensile or fatigue 

load. To minimize the brittle IMCs, an external filler needs to be added. Filler metal Zn-15Al 

observed the highest shear load [18]. However, extra filler materials in the brazing process increase 

the heat affected zone (HAZ), which will degrade the electric properties. To minimize the HAZ of 

the welded sample, an advance solid-state welding process has emerged. In this regard, laser 

welding has significant importance in the joining of dissimilar combinations. However, laser 

welding has some limitations, i.e., high reflectivity materials like Al are hard to weld. Higher heat 

input is needed for the joining of highly reflective materials. The higher heat input also leads to 

the formation of harder IMCs, i.e., Al2Cu and CuAl, resulting from decreasing in the ultimate 
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tensile strength (UTS) [19]. Researchers have adopted filler materials to enhance the tensile load, 

i.e., AlSi12 and CuSi3, during the welding process [20]. The filler materials decrease the formation 

of harder IMCs by maintaining a uniform distribution of Cu concentration, which leads to the 

formation of Cu-rich IMCs. The laser welds performed with AlSi12 exhibit the highest tensile 

strength compared to CuSi3, where the welded samples without filler material observed the lowest 

tensile strength [20].   

In the current study, the aluminium-copper busbar has been fabricated by using FSW [21, 22]. The 

FSW samples have also been reported to have excellent mechanical properties, i.e., tensile 

strength, fatigue, microhardness, etc., and metallurgical properties, i.e., grain size, corrosion, etc., 

as compared to other solid-state welding processes. This FSW process is done by using friction as 

a heat source created by employing a tool. FSW tool consists of two main parts, i.e., shoulder and 

pin, as shown in Fig 2. The shoulder part creates frictional heat, which causes plastic deformation 

of material [23]. The pin portion stirs the plastically deformed material and leads to material 

mixing between two dissimilar materials and makes joint, as shown in Fig. 3. With the joining of 

Al-Cu, researchers suggested placing Cu below the Al sheets to reduce the tool wear and generate 

more heat at the weld interface [24]. Besides, the diffusion of Cu in Al is more than the Al in Cu 

[25]. 

 

Fig 2. Schematic of FSW of Al-Cu busbar 

The process parameters of FSW are rotational speed (ω), weld speed (v), plunge depth (PD), and 

tilt angle (α). The ω, and v involved in generating heat input and change in α enhance the material 

mixing, which leads to high joint strength. The optimization of process parameters produces a 

sound weld in both similar and dissimilar combinations of joining [22, 26]. Based on heat 

generation IMCs are formed accordingly to the diffusion of aluminium and copper. As temperature 

increases, the reaction between Cu and Al increases, resulting in a higher diffusion rate, leading to 

more IMCs. Generally, IMCs like Al4Cu9, AlCu, and AlCu4 are formed at the weld interface. The 

Al-rich IMCs are harder and brittle leading to lower UTS of welded samples, as mentioned earlier. 

The material mixing plays an important role in reducing the voids in the weld interface [8]. The 

presence of voids at the interface decreases the mechanical strength and leads to thermal failures 
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in the busbar application. However, copper-rich IMCs at the weld interface is highly conductive 

for heat and electricity [8, 12].  During welding of Al and Cu, the weldments exhibit highly reactive 

and fast oxides formation, increasing resistivity.  

In addition to the study of mechanical and metallurgical properties of the weldments, the current 

study also focused on the electrical properties, which are essential for battery applications. 

Electrical resistivity is influenced by the presence of IMC in the welded joints. Hence, the study 

focuses on the effect of IMC on mechanical properties and electrical resistivity. The electrical 

resistivity is measured at different temperatures from 300 K to 345 K.  

2 Materials and methodology 

The busbar is fabricated by joining base materials of pure Al and Cu with the dimensions of 100 

mm x 80 mm. A 3 mm thick Al is milled up to 1 mm at the weld zone and placed over a Cu sheet 

of 2 mm thick in an overlapping configuration, with an overlap distance of 30 mm, as shown 

schematically in Fig. 3. The FSW has been carried out using a tool made of H13 tool steel with a 

shoulder diameter of 16 mm, pin diameter of 5 mm, and a pin height of 1 mm. The process 

parameters used in the welding process are listed in Table 2. The welding experiments have been 

carried out by using an FSW machine (WS004, ETA Bangalore). The thermocouples were 

connected to a data acquisition card (NI 9211) to acquire the temperature signals. Two K-type 

thermocouples were placed 1 mm away from the periphery of the shoulder in both the advancing 

and retreating sides of the weld samples, and the same has been represented in Fig. 3 (a). A 3-axis 

accelerometer (ADXL335) module is placed near the welded sample, and the vibration signals are 

acquired from the sensor by using a microcontroller, as shown in Fig. 3 (a).  

Table 2. Process parameters with sample nomenclature  

Sample nomenclature S1 S2 S3 S4 S5 S6 S7 S8  S9 S10 S11 S12 

ω (rpm)  1600 2400 

v (mm/min) 60 120 200 60 120 200 

PD (mm) 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 
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(a) (b) 

Fig 3. Experimental setup (a) weld schematic, and (b) electrical conductivity  

The UTS of the welded samples is evaluated using a universal tensile machine (Instron, 8862), 

where the base materials Al and Cu have UTS values of 82.01 MPa and 219.9 MPa, respectively. 

The metallurgical characterization of the welded samples was performed by cutting the samples in 

the dimension of 25 mm × 8 mm. The samples were then mounted using a hot mounting press 
(Struers, Citopress). The mounted specimens were polished by using a sample grinding and 

polishing machine (Struers, Labopol 30). The microstructure was found using Leica 

Microsystems, DMi8A) and microhardness using UHL, VMHT 001). The microhardness of the 

base Al and Cu is found to be 68 HV and 95 HV, respectively. The IMCs at the weld interface 

have been identified using an X-Ray diffraction machine (PANalytical B.V, 7602 EA) with Cu 

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

The hardness of IMC is measured by using a nanoindentation instrument (Anton Paar, NHT). The 

electrical resistivity of the welded samples is measured by using a 4-probe electrical conductivity 

setup (Ecopia, 0.545T), as shown in Fig. 3 (b). The electrical resistivity was measured with varying 

temperatures from 300 K to 345 K.  

3 Results and discussion 

3.1 Temperature signals 

The temperature generated during the welding process has a significant effect on the plastic 

deformation and the formation of IMCs at the weld interface. Generally, the plasticity of the steels 

changes little at 600°C, but increases rapidly once the temperature goes above 730°C [27]. which 

concludes an increase in peak temperature increases metal plasticity. Very high plasticity in the 

welded sample leads to poor material mixing, leading to a decrease in weld quality. Similarly, in 

FSW lap joints of AA5083 and SS400, the increase in the diameter of tool pins and tool tilt angle 

results in larger voids along the weld interface [28]. A reduction in peak temperature generation 
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tends to void formation due to a lack of plasticization of materials. Therefore, optimisation of 

process parameters is essential for good quality welds. Fig 4 (a) depicts, at constant ω of 2400 rpm 

with the increase in v from 60 mm/min to 120 mm/min, there is a decrease in temperature, which 

is due to the reduction in the contact time of the tool with a workpiece. A similar result was 

observed from 120 mm/min to 200 mm/min. Fig 4 (a) shows the maximum peak temperature 

attained in sample S11 is faster than samples S9 and S7 due to the quick movement of the tool along 

the welding zone. Fig 4 (b) depicts at a constant v of 60 mm/min and the increase in ω from 1600 

rpm to 2400 rpm  there is nearly 36.5 % increase in temperature due to more frictional heat 

generation. However, Fig 4 (c) shows with the increase in PD, the contact surface area of the tool 

with the workpiece increases, leading to more heat generation. It is also observed that the rise in 

temperature for sample S2 is about 16.9 % as compared to sample S1. 

   
(a) (b) (c) 

Fig 4. Variation of temperature with respect to (a) v at constant ω of 2400 rpm, (b) ω at 

constant v of 60 mm/min, and (c) PD at constant ω of 1600 rpm 

 

The generation of peak temperature has a significant effect on the diffusion of Al and Cu at the 

weld interface. Fig 5 depicts the phase diagram generated by using a Thermocalc software for Al-

Cu, which determines the solubility of Cu in Al. The diffusion of Al-Cu is starting nearly about 

the temperature at 300 oC to from the IMC. The details about the formation of various IMCs and 

corresponding diffusion coefficients are explained in the below sections. 

 
Fig 5. Binary equilibrium phase diagram of Al-Cu determining IMC phases 
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3.2 Vibration signals 

Fig. 6 shows the vibration signal of the FSW process, which has refraction and compression. The 

variation in the vibration signal along the 3 axes has been measured for sample S1. Fig 6 (a) depicts 

vibration along the X-axis, which has more amplitude of vibration than the Y-axis and Z-axis, but 

there is no significant relation with the process. The signal along the Y-axis is represented in Fig 

6 (b), which can only be correlated with the FSW process. Fig 6 (b) is divided into five regions. In 

region 1, the vibration is very low, owing to the machine being in an idle state. Region 2 has higher 

vibration levels due to the plunging of the tool, whereas in region 3, it decreases due to dwelling. 

The vibrations level further increases during the welding operation, which can be observed in 

region 4, and after completion of welding, region 5 depicts the idle condition of the machine. The 

vibration along the Z-axis has no significant correlation with the welding process, and the same is 

illustrated in Fig  6 (c). 

   

(a) (b) (c) 

  
(d) (e) 

Fig 6. The vibration of signals of sample S1 along the 3-axis; (a) X-axis, (b) Y-axis, (c) Z-

axis, vibration signals varying with (d) v, and (e) ω and PD   

 

The variation of vibration intensity with respect to v is shown in Fig 6 (d). The vibration intensity 

of the welding at 50 mm/min is less than 150 mm/min, similarly at 200 mm/min. As mentioned 

earlier, at lower welding speed, the temperature generation is high and leads to softening of the 

material, which reduces the interaction force between tool and workpiece. The decrease in the 

interaction force reduces the vibration intensity. It can be concluded that with the increase in v, the 

intensity of vibration in the welding increases. 
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Similarly, with higher ω, and PD, larger is the heat generation, leading to less vibration, as depicted 

in Fig 6 (e). The change in process parameters influences the intensity of vibration during the 

welding operation. However, higher internal vibrations enhance the Cu to rupture into fragments 

from the interface and mix with the Al matrix at the weld zone. Hence, the vibration generated 

during the welding process also significantly affects the formation of Cu-rich IMCs at the weld 

interface.  

3.3 Weld interface analysis: quantification of elemental composition at the weld zone 

Fig 7 depicts the macro images of all the samples at the weld zone along with an elemental mapping 

analysis and microstructure of Cu at the weld nugget zone. The study results about the weld 

morphology at the welding interface. The formation of hook in the FSW samples is patchy, and 

greater hook size is observed at the AS [29, 30]. Since the plasticized material of Al is flowing 

from AS to the RS, in the course of action, more plastic deformation occurs at the AS. Hence, the 

greater hook size has been observed at the AS. A study on hook formation and its height is needed 

for a good quality weld. The hook height increases with an increase in PD. Fig 7 (a) and (b) show 

the hook height is double i.e., sample S1 (252.6 μm) to sample S2 (518.6 μm). The hook height 
variation in the samples S1 and S2 is mainly due to the excess Cu material penetrating the Al matrix 

because of the forging action on Cu by the FSW tool. The hook height increases with the increase 

in ω at constant PD and v, as shown in Fig 7 (a) and (c). With an increase in ω, the tendency of 

Cu penetration into the Al matrix is higher due to severe plastic deformation at higher 

temperatures. Hence, the hook height is greater for sample S7 (282.2 μm) than sample S1 (252.6 

μm). 

Similarly, with an increase in v, the heat generation decreases, and the penetration of Cu is rigid 

into the Al matrix. Hence the hook height is reduced from sample S7 (282.2 μm) to S9 (247.4 μm) 
and S11 (218.4 μm). Besides, the Cu fragments are detached at the weld interface with an increase 

in v due to insufficient heat generation and improper material mixing. The quantitative study of 

the weld interface is essential for electrical applications, mainly at power transmission. In this 

regard, the weld interface is scanned to get the element composition. Since the diffusion of Al-Cu 

has occurred mainly in the nugget zone hence, the weld nugget zone is considered for the analysis 

by considering a constant 5 mm x 3 mm area for all the samples. The percentage of Al and Cu 

composition is shown in Fig 7 (f), and it is obtained from the elemental mappings as represented 

in Fig 7. At lower ω, the composition of Cu is found to be low due to effective material mixing 

and insufficient heat generation for severe plastic deformation. The presence of more Cu at the 

weld interface determines the good electrical properties for the given weld parameters. The 

samples S8, S7, and S9 have the equivalent Al and Cu percentage in the decreasing order at the weld 

nugget zone. The process parameters of the three welded samples mentioned above are suitable 

for producing a good amount of Cu composition at the interface, which is essential for the busbar 

application. 
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The grain structure effect is mainly due to the cooling gradients obtained during the welding 

process and shown in Fig 4 (a). It also depicts the grain size for the Cu at the welded nugget zone, 

and it is observed that with an increase in v, the grain size decreases. The steeper the cooling 

gradient, the faster is the cooling rate. For Sample S11, the gradient is steeper than Samples S7 and 

S9, as shown in Fig 4 (a). The grain refinement will be faster at a higher cooling rate, leading to 

smaller grain size, i.e., smaller grain boundary, which is advantageous to the electron flow. 

Besides, microstructure images in Fig 7 depict the fragmentation of Cu increases with an increase 

in v, which may enhance the tendency to form the Cu-rich IMC. The sample S7 shows a larger 

grain size due to a slower cooling rate than the sample S1, as shown in Fig 4 (b). 

Similarly, with the increase in PD, the heat generation increases and observes a slower cooling 

rate, leading to an increase in the grain size. The microstructure study of the Cu at the weld 

interface is necessary, where the effect of grain boundary directly impacts the electronic property 

of the welded joint. The grain boundary acts as a potential barrier with a low ionic density, leading 

to restriction in electron flow [31]. Hence, the potential barrier scatters the electrons during the 

conduction, which led to an increase in the electrical resistivity 

  
(a) 

  
(b) 

  
(c) 

  
(d) 
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(e) 

 
(f) 

Fig 7. Weld interface study indicating the nugget zone microstructure for the samples (a) 

S1, (b) S2, (c) S7, (d) S9, (e) S11, and (f) elemental quantification for all the welded samples    

 

The microstructure of the welded samples has a significant effect on microhardness. Thus, the 

average microhardness has been correlated with the average grain size, as depicted in Fig 8 (a). 

the results has been reported [32], the samples with lesser grain size have higher microhardness. 

Fig 8 (b) shows the microhardness for the welded samples measured along the thickness direction 

with varying ω. Fig 8 (b) is divided into 3 zones; zone 1 depicts the hardness of Al in the weld 

nugget, zone 2 refers to the diffusion of the Al-Cu interface, and IMC zone at this weld interface. 

Zone 3 depicts the hardness of Cu. The microhardness of sample S1 is greater than sample S7 due 

to a faster cooling rate at lower ω, leading to higher microhardness.  

Fig 8 (c) and (d) depict the microhardness for the welded samples with varying PD and v, 

respectively. S1 has higher microhardness as compared to S2 due to higher PD. With the increase 

in ω and PD, the heat generation increases, leading to coarsening of grains and a decrease in the 

microhardness. Fig 8 (d) depicts that microhardness increases with an increase in v, which is due 

to the formation of fine grains at the weld interface owing to a faster cooling rate.  

    
(a) (b) (c) (d) 
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Fig 8. (a) Variation of average hardness and grain size, and microhardness variation 

with; (b) ω, (c) PD, and (d) v 

 

3.4 Tensile strength  

The mechanical properties such as UTS depend on hook height and the IMCs phase and 

composition. As mentioned earlier, the formation of IMC is related to the temperature generated 

during the welding processes. In this context, ω and v have a vital role in the formation of IMCs. 

Fig 9 (a) depicts UTS variation for different process parameters, where it is observed that S9 has 

the highest UTS. The variation in the UTS is studied based on the IMC formed at the weld interface 

of Al-Cu. However, both Al and Cu materials have different intermixing rates [33, 34]. The major 

IMCs formed at the interface are AlCu, Al2Cu, Al2Cu3, and Al4Cu9. Among them, Cu-rich IMC is 

favourable for the improvement in joint strength which forms due to a short supply of Al during 

solidification [35, 36]. The ω/v ratio has considerable control over the heat generation. As a result, 

an increase in ω increases frictional heat and initiates effective plastic deformation. Higher v 

generates less heat input, which decreases the diffusion of Al and Cu, leading to the formation of 

Al-rich IMC, where these IMC deteriorates the joint strength. Figs 9 (b), (c), and (d) depict various 

IMC formation by varying v, and it was observed that at lower v, the intensity of IMC peaks was 

higher. The phase formed in S1 at a lower angle was Al2Cu3, as shown in Fig 9 (b), where sufficient 

heat was generated and caused higher diffusion. Still, for samples S3 and S5, the IMC Al2Cu was 

found due to diffusion owing to insufficient heat generation, as represented in Fig 9 (c) and (d). 

Thus, there is a direct relation between the heat input and formation of IMCs, i.e., with an increase 

in ω, there is an increase in IMC formation with higher intensity. A higher UTS of 54 MPa was 

found in the sample S9 due to the formation of Cu-rich IMCs, i.e., Al2Cu3 and Al4Cu9. As 

mentioned earlier, the optimum internal vibrations in the welded samples is generated during 

higher v, assisted to the formation Cu-rich IMC i.e., Al4Cu9 is formed, and the same can be 

observed from Fig 9 (b), (c), and (d). The Al4Cu9 IMC enhances not only the tensile strength but 

also electrical properties, which is discussed in later sections.  

Moreover, the sample with high microhardness at the Al-Cu interface zone exhibits a brittle nature 

and observed lesser UTS. The sample S8 generates a maximum temperature of 579 oC during the 

welding process causes a higher microhardness of  258 HV, which has been observed to have a 

lower UTS of 21.27 MPa. The samples with higher ω  have more plastic deformation leading to 

an increase in 4.78% of UTS for the sample S7 as compared to S1. Similarly, the UTS of sample 

S9 was 26% more than sample S3. As mentioned earlier, more Cu fragments in the Al matrix 

resulted in a decrease in the UTS, where sample S2 observed a reduction in UTS of 39.54% 

compared to S1. Figs 9 (e) and (f) depict the fracture surface of sample S1 and S2, respectively, 

where Fig 9 (f) has more Cu fragments embedded in the matrix, which result in a decreasing tensile 

strength.  
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The fracture morphology of all the welded samples is depicted in Figures 9 (e) to (p). The facture 

joints exhibit tearing ridges, river patterns, ductile cracks, and various dimples like shear and 

equal-axis. In the samples at v of 60 mm/min and 120 mm/min, the quasi-cleavage fractures are 

observed, and the same has been shown in Fig 9 (e), (f), (g), (h), (k), (l), (m) and (n), respectively. 

However, in the FSWed samples with higher v, i.e., at 200 mm/min, the brittle fracture surface 

morphology has been observed and mentioned in Fig 9 (i), (j), and (p), respectively. The sample 

S11 exhibits ductile cracks, which is contradicting the above statement. The heat generated is not 

sufficient for proper plastic deformation of Al and Cu; hence the ductile cracks are initiated, which 

led to intergranular fracture. Fig 9 illustrates the fracture of the Al and Cu welded joints caused by 

stress; accordingly, the formation of dimples varied in the fracture morphology. The sample with 

normal tensile stress observed equal-axis dimples, where the samples undergo shear stress, which 

leads to the formation of shear dimples.  

 
   

(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

    
(i) (j) (k) (l) 

    
(m) (n) (o) (p) 

Fig 9. (a) variation of UTS and variation of XRD with respect to v; (b) 60 mm/min, (c) 120 

mm/min, and (d) 200 mm/min, fratograpy for the samples (e) S1, (f) S2,  (g) S3,  (h) S4,  (i) 

S5,  (j) S6,  (k) S7,  (l) S8,  (m) S9,  (n) S10,  (o) S11,  and (p) S12,    
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3.5 IMC formation and thickness: 

The formation and growth of Al-Cu IMC are mainly due to chemical reaction (thermodynamical 

model) and diffusion (kinetic model) via thermal and mechanical cycles during the welding 

process.  

The sequence of IMC formation has been studied using the thermodynamic model, i.e., effective 

heat of formation (EHF). Additionally, the change in Gibbs energy (∆G) represents the driving force 
for the chemical reaction [37].  ∆G =  ∆H − T ×  ∆S 

(3) 

 

where, ∆G is the Gibbs free energy, ∆H is the enthalpy change, ∆S is entropy change, and T is the 

temperature.  

[37] mentioned in the FSW process, the formation of dynamic recrystallization grains leads to 

severe plastic deformation, generating adiabatic heating near the interface of tool and workpiece. 

Hence, the change in heat transfer is considered as approximately zero. Finally, the change in 

entropy is nearly zero. So, the product of temperature and change in entropy is approximately zero. 

The change in Gibbs energy can be written as a change in enthalpy: 

  ∆G ≈ ∆H (4) 

 

[37] explained EHF model assumes the chemical reaction at an effective concentration of elements 

at the weld interface, where IMC growth occurs.  Hence, the effective heat for the formation of EF 

as  ∆H′(𝑇) has been considered for every IMC formed at the interface. 

 ∆H′(𝑇) = ∆H0(𝑇) × 𝐶𝑒𝐶𝑙  (5) 

 

where, ∆H0(𝑇) is the change in enthalpy or the heat of formation at a given temperature, 𝐶𝑒 is the 

effective concentration of limiting element, and  𝐶𝑙 is the compound concentration of the limiting 

element. 

The ∆H0(𝑇) for different IMCs are calculated, as shown in Equations 6, 7, 8, and 9 using the Gibbs 

free energy curves generated with Themocalc software. The curves are drawn from the software 

by varying temperature from 450 oC to 600 oC. The specified range is considered because for better 

accuracy of the Gibbs free energy, the peak temperature of all the weld samples is lying in the 

temperature mentioned above.    

 ∆H0(𝑇)(𝐴𝑙2𝐶𝑢) =  −14396 + 1.55𝑇 (6) ∆H0(𝑇)(𝐴𝑙𝐶𝑢) =  −21239 + 3.68𝑇 (7) ∆H0(𝑇)(𝐴𝑙2𝐶𝑢3) =  −17354 − 2.84𝑇 (8) 



15 

 

∆H0(𝑇)(𝐴𝑙4𝐶𝑢9) =  −16957 − 2.23𝑇 (9) 

 

  
(a) (b) 

Fig 10. Effective heat of formation at a temperature of 696 K (a) Cu as limiting element, 

(b) Al as limiting element 

 

The ∆H′(𝑇) curves for IMC Al2Cu, AlCu, Al2Cu3, and Al4Cu9 are shown in Fig 10 (a) and (b) at 

a temperature of 696 K (peak temperature for the sample S9). As Cu is a limiting element, the 

Al2Cu IMC is observed at the lowest liquidus zone, so Al2Cu is predicted to be earlier than AlCu, 

using the EHF method. At the same time, Al4Cu9 is found to be formed earlier when Al is a limiting 

element.   

[37] also explained the IMC thickness (𝐿) varies with change in process parameters due to variation 

in the diffusion coefficient (DC) and the time gap (t) when FSW sample temperature is higher than 

required diffusion.  The relation among the three parameters is shown in Equation 10.  

 𝐿 =  (𝐷𝑐𝑡)12  (10) 

 

The L for the welded samples is shown in Fig 11. At constant ω of 1600 rpm, the IMC thickness 

increase by 9.73% and 23.35% with an increase in v, from 60 to 120 mm/min and 120 to 200 

mm/min, respectively. Besides, with an increase in ω, the L increases by 22.75 %. The L increases 

by 13.17%, with an increase in PD of 0.1 mm. The L varies with process parameters due to 

variation of heat generation during the welding process. From Fig 4, it has been observed, with an 

increase in heat input, the L increases. The line scanning at the weld interface has been recorded 

and the same is shown in Fig 11. The IMC zone is validated using the line scan analysis. The IMC 

zone comprises the starting point where Al and Cu profiles are tending to intersect and remain 

constant. The heat generated during the welding process has an impact on the diffusion of Al and 

Cu. In Fig 4 (a), the temperature gradient for the sample S9 is nearly 11 sec above the diffusion 

starting temperature, i.e., 300 oC. The DC for sample S9 is 3.82e-13 m2s-1 found using Equation 10, 

where the t in Equation 10 is considered as 11 sec. The DC  for the IMC formed in sample S9 is 

calculated as mentioned in Table 3.  
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Table 3. The DC for the IMC at the peak temperature generated in the sample S9 

IMC DC (T) (cm2s-1) [38] DC (696 K) (m2s-1) 

Al2Cu 0.56 × 𝑒−30500𝑅𝑇  2.87e-7 

AlCu 2.2 × 𝑒−35500𝑅𝑇  4.76e-7 

Al2Cu3 2.1 × 𝑒−33000𝑅𝑇  7.1e-7 

Al4Cu9 8.5 × 𝑒−32500𝑅𝑇  3.03e-7 

 

Based on the result DC (696 K), the IMC Al2Cu is formed first in the Al side, and Al4Cu9 is formed 

on the Cu side, and with a further diffusion of Al and Cu at the weld interface, the phase AlCu is 

formed at the centre interface of the weld joint. 

  

(a) 

  
(b) 

  
(c) 



17 

 

  
(d) 

  
(e) 

Fig 11. The micrographs images at the weld interface highlighting the IMC thickness and 

IMC zone of the sample, (a) S1, (b) S2, (c) S7, (d) S9, and (e) S11 

3.6 Nanoindentation: 

The hardness at the IMC zone is measured using nanoindentation analysis. The indentation is taken 

in the IMC thickness zone, and Fig 12 depicts the load-displacement plot for all the samples. The 

formation of IMC is more at the weld nugget. Hence, the study focused on the nugget zone. The 

formation of major IMCs is listed in Table 4 according to the intensity obtained from the XRD 

analysis. Table 4 shows that the samples with lower ω have Al2Cu as major IMC. The presence of 

IMC in the weld zone determines the different stress states. Fig 12 depicts those stress states, and 

the plot is categorized into three regions, i.e., 1) R1: tensile stress state (LT), 2) R2: stress-free state 

(LO), and 3) R3: compressive stress state (LC). The Al and samples S1, S2 fall under the R1 region. 

The major IMC found in that sample S1 and S2 is Al-rich (Al2Cu); hence, the IMC also exhibits a 

similar tensile stress state like Al. The samples S3, S4, S5, S7, S8, S9, and S11 show stress-free states 

similar to Cu, and it was found to be significant Cu-rich IMCs. Besides the samples S6, S10, and 

S12 are found with Al4Cu9 as the major IMC, where it undergoes the compressive stress state. 
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Fig 12. The load-displacement curves for the base materials and the welded samples  

 

The deformation resistance of Cu is higher than the Al. Hence, it is observed that at the loading 

condition, the slope of the Cu curve is less than the Al. The lesser the slope, the higher is plastic 

deformation. Fig 12 depicts that all the welded samples are undergoing plastic deformation. 

Samples S10 and S12 are observed to be gone through severe plastic deformation due to higher ω 

and PD. The Vickers hardness (VH) for the IMC is estimated and reported in Table 4. With an 

increase in v and PD, the VH increases due to more Cu fragments in the Al-matrix. At lower ω, it 
has been found that Al-rich IMC (Al2Cu) are found where at higher ω Cu-rich IMC (Al4Cu9) are 

formed. It has been observed that the Al-rich IMC is softer and has lower E.   

A more elastic recovery has been observed in the sample under the compressive stress state, as 

shown in Table 4. Hence, it identified that the Al4Cu9 has higher hardness with less elastic 

deformation. Consequently, it found a higher R-value. The sample S7 and S9 have comparatively 

less VH, which undergoes elastic deformation resulting in less R of 7.3 % and 9.7 %, respectively.  

Table 4. The major IMC formed in all the welded samples, mentioning the Vickers hardness 

(VH), Young's modulus (E), and elastic recovery (R) 

Samples IMC* VH (HV) E (GPa) R (%) 

Cu -- 167.18 127.53 5.55 

Al -- 111.7 105.38 6.89 

S1 Al2Cu; Al2Cu3 216.1 85.39 12.13 

S2 Al2Cu 279.87 113.45 12.76 

S3 Al2Cu; AlCu 223.23 88.75 13.77 

S4 Al2Cu; AlCu 290.13 98.725 15.48 

S5 Al2Cu; Al4Cu9 347.35 90.214 14.38 

S6 Al4Cu9; AlCu 385.31 161.22 16.89 

S7 AlCu; Al4Cu9 241.25 186.83 7.3 
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S8 Al4Cu9; Al2Cu 423.17 121.03 15.5 

S9 Al4Cu9; AlCu 253.78 139.66 9.7 

S10 Al4Cu9 500.08 154.43 16.76 

S11 AlCu 293.63 127.36 12.15 

S12 Al4Cu9 523.44 154.05 17.16 

*First mentioned IMC is found as a significant composition according to the XRD analysis 

3.5 Surface roughness study  

The performance of a busbar depends on the transportation of the charge carrier and the electronic 

parameter of a busbar material. The electronic parameters like Fermi levels, Fermi energy, and 

velocity need to be studied at the weld interface. The Fermi level is the variation of energy levels 

between the highest and lowest levels occupied by charged particles. At the absolute zero 

temperature, the electron attains the highest energy level and that determines the Fermi energy. 

Equation 11 represents the Fermi energy (EF) calculation for a given number of free electrons 

(N/V).   

𝐸𝐹 =  ħ2 𝑚0   (3 𝜋2 𝑁𝑉 )23
 

 

(11) 

where, 𝐸𝐹 = Fermi energy, ħ = Planks constant, 𝑚0 = mass of an electron, 𝑁 = number of particles 

and 𝑉 = volume of the system 

The Fermi velocity is the movement of electrons in the metals with kinetic energy associated with 

a Fermi energy. Equation 12 details the Fermi velocity.  

𝑣𝐹 =  √2 𝐸𝐹 𝑚0  (12) 

where  𝑣𝐹 = Fermi velocity 

The electronic parameters of Cu and Al are mentioned in Table 5. These parameters are used to 

find a relation with the electrical resistivity for an observed root mean square (RMS) surface 

roughness (∆2). Equation 13 represents measuring an extra electrical resistivity (Δρ) using a 
Gaussian profile (𝐺) value obtained for the welded samples as mentioned by [39].  

   Δρ =  9 ħ2∆2 2 𝑞2𝑑  𝐺 (𝜉𝑘𝑓  ,   𝑘𝑓𝑡2 𝑘𝑓) (13) 

where Δρ = extra surface electrical resistivity, ∆2 = RMS roughness, 𝑞 = charge of electron, 𝑑 = 

thickness, 𝐺 = Gaussian constant, 𝑘𝑓𝑡 = Fermi-Thomas wavelength 

Equation 14 represents the calculation of 𝑘𝑓𝑡. 
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   𝑘𝑓𝑡 =  ħ √3 𝑚0𝐾𝐵𝐹𝑇  (14) 

Where 𝐾𝐵 = Boltzman constant, 𝐹𝑇 = Fermi temperature 

Table 5. Electronic parameters Fermi energy (𝑬𝑭), Fermi velocity (𝑭𝒗), Free electron 

number (𝑵/𝑽), Fermi temperature (𝑭𝑻) 

Parameters 𝑬𝑭 (ev) 𝑭𝒗(𝒎/𝒔) 𝑵/𝑽 (𝟏/𝒎𝟑) 𝑭𝑻 (K) 

Al 11.7 2.03e+06 18.1e+28 13.6e+04 

Cu 7 1.57e+06 8.47e+28 8.16e+04 

 

The 𝑘𝑓𝑡 value for the Al and Cu, welded joints have been calculated as 5.34e-11, and the 𝑘𝑓𝑡/2 𝑘𝑓  

is measured as 0.4. The correlation length of the welded samples is measured and found to be 0.5 

μm, i.e., average IMC thickness. The Gaussian constant, as mentioned in Equation 13, has been 

calculated and found to be 0.21, using a model function of the Gaussian profile as shown in Fig 

13.  

 
Fig 13. Gaussian profile for a scattering contribution as a function of 𝝃𝒌𝒇 

The ∆2 for the welded samples is measured by using atomic force microscopy (AFM). The ∆2 is 

majorly dependent on the pit size, peak height, and the maximum number of peaks on the surface. 

Table 6 gives details about the maximum pit height for all the welded samples at the weld interface. 

The pits height defines the contact between the Al and Cu at the interface. It has been observed 

that the welded samples with lower ω have a maximum pit height. Moreover, the variation in 

process parameters differs the pit height, which could affect the electrical properties of the welded 

samples. The greater the pit height, the lesser the connection at the junction of Al and Cu. At lower 

ω, the plastic deformation of the material is less. With an increase in PD, the pit height decreases, 

implying better diffusion between Al and Cu. The samples S9 and S10 have significantly less pit 

height, which indicates the plastic deformation is sufficient and better diffusion of Al and Cu at 

the interface. Besides, the presence of more peaks on the surface increases the capacitive nature, 

where the peaks hold the charge carriers. Moreover, the peak height directly affects the surface 

roughness at the welded interface. Fig 14 depicts the AFM images at the interface of all the welded 

samples with a scan area of 80 X 80 μm and histograms of the height of the peaks existing at the 
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weld surface. The peak height in the weld interface zone is varying from nearly 65 nm to 550 nm. 

The samples S4, S6, S9, and S10, had less average peak height of 68.1, 116, 139, and 120, 

respectively, compared to other samples shown in Table 6. Among these samples, nearly 28 % of 

sample S4 have a peak height within the range of 65 to 74 nm. Similarly, S6  has a 36 % peak height 

in the range of 105 to 140 nm. Samples S9 have 26 % of peak height in the range of 129 nm to 148 

nm, and the 45 % peak height in the sample S10 has within the range of 110 nm to 130 nm. The 

samples S9 and S4 have a significantly lower percentage, which determines the charge storing, i.e., 

capacitive nature is minor, indicating less electrical resistivity. The ∆2  followed an irregular trend 

with the process parameters as mentioned in Table 6, where the sample S4 have a less ∆2 of 7.37 

nm, next to that, S10 and S9  have 8.33 nm and 13.3 nm, respectively.  

The Δρ has been calculated using Equation 13. The obtained resistivity is due to the presence of 

pits, peaks at the weld interface; however, the Δρ will be uniform along the weld joint. From Table 

6, it has been observed that the samples that have less ∆2 have lesser Δρ. The surface resistivity of 

samples S4, S10, and S9 are found to be less, and the samples have good surface conductivity.  

Table 6. Pit height (PTh), the average peak height (Ph), RMS roughness (∆𝟐), and extra 

surface electrical resistivity (𝚫𝛒) for the Al and Cu welded samples 

Samples PTh (nm) Ph (nm) ∆𝟐 (nm) 𝚫𝛒 (μ Ω·mm) 
S1 204 198 22.9 2.96 

S2 194 345 39.3 5.06 

S3 348 299 23.7 3.07 

S4 283 68.1 7.37 0.94 

S5 502 313 32.6 4.22 

S6 239 116 24 3.11 

S7 372 252 35 4.52 

S8 151 484 41.8 5.37 

S9 45.6 139 13.3 1.72 

S10 36.7 120 8.3 1.07 

S11 102 236 32.7 4.28 

S12 77.2 277 23.4 3.02 

 

  
(a) (b) 



22 

 

  
(c) (d) 

  

(e) (f) 

  
(g) (h) 

  

(i) (j) 

  

(k) (l) 

Fig 14. Atomic force microscopy images at the weld interface of Al and Cu for the 

samples, (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7, (h) S8, (i) S9, (j) S10, (k) S11, and (l) 

S12   

  

3.6 Electrical resistivity 

The electrical resistivity of the base materials (Cu and Al) was found to be 1.32E-5 Ω·mm and 

2.72E-5 Ω·mm, respectively. According to electronic theory, the conductivity of metals is the 
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effective number of electrons in a free state and the mean free path of electrons. The free electrons 

in the lattice are the reason for good conductive metals like Ag, Cu, and Al. The mean free path of 

electrons is hindered by alloying, plastic deformation, and IMC formation. With an increase in ω, 

the amount of heat generation increases, leading to the formation of more IMCs, as shown in Fig 

8. Among them, Cu-rich IMCs are responsible for good electric properties. The IMCs had more 

electrical resistivity than Cu and Al metals due to alloying of the compound. Fig 15 (a) depicts the 

welded samples obtained with electrical conductivity at 300 K. The sample S2 and S9 are found 

with lower and higher conductivity of 2.15 E4 S/cm and 3.21 E4 S/cm, respectively. The sample 

S1 and S7 had an electrical resistivity of 3.86 E-5 Ω·mm and 3.98 E-5 Ω·mm, respectively at 300 

K. The sample S7 has higher resistivity due to the formation of larger grain size because of higher 

heat generation during the welding process. The electrical resistivity increases with increasing PD 

where the sample S2 had higher resistivity with 4.45 E-5 Ω·mm than sample S1 with a resistivity 

of 3.86 E-5 Ω·mm. The electrical resistivity has been decreased with an increase in v, which was 

due to less heat generation. The same has been observed for the sample S3 and S5, i.e., 3.62 E-5 

Ω·mm and 3.44 E-5 Ω·mm, respectively. Similarly, the sample S9 had  lower resistivity of 2.93 E-

5 Ω.mm than the sample S11 of 3.75 E-5 Ω·mm. The lower resistivity of sample S9 was observed 

due to the formation of more Cu-rich IMCs, i.e., Al4Cu9 and AlCu. Moreover, sample S9 

experiences a higher intensity of vibrations during the welding process, as shown in Fig 6 (d). The 

optimum heat generation and vibration lead to good material mixing of Cu fragments in Al matrix, 

leading to Cu-rich IMCs. 

Moreover, the sample S9 was observed to be having higher UTS, which is also a defect-free weld, 

i.e., free from voids. The resistivity of the sample S9 had 7.3% more than the resistivity of Al, 

which is near to Al resistivity as compared to other welded samples. Hence this process parameter 

is suitable for the joining of Al-Cu in busbar applications. The main concern about the battery 

application while in running conduction of EVs, the busbars are subjected to heat up to a maximum 

temperature of nearly about 323 K. Hence, the study of resistivity at extreme conditions is 

essential. Thus, the welded samples are tested in a high-temperature resistivity test ranging from 

300 K to 345 K.  

According to electronic theory, with the increase in temperature of a conductor, the vibrations of 

metal ions also increase. These vibrations result in a collision between free electrons and other 

electrons. These collisions decrease the energy of free electrons and make them reach the static 

state of electrons. Hence, the delocalized electrons present in the static state are restricted from 

moving, leading to the rise in the electric resistivity of a conductor. The increase in resistivity with 

an increase in the temperature is the basic property of the conductive materials. Fig 15 (b) 

represents that the electrical resistivity increases with the increase in temperature, indicating the 

welded zone also exhibits conductor behaviour. The samples S2, S3, S5, and S9 had less resistivity 

of 6.66 E-5 Ω·mm, 5.07 E-5 Ω·mm, 4.33 E-5 Ω·mm, and 3.35 E-5 Ω·mm, respectively at a 

temperature of 345 K. Among them, the percentage change in resistivity is lesser for samples S5 
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and S9 is 25.8 %, and 14.7 %, respectively from temperature 300 K to 345 K. Hence, it has been 

concluded that sample S9 has better electrical properties at the higher temperature, which is 

required for battery applications.     

 

  
(a) (b) 

Fig 15. (a) Electrical conductivity of different welded samples at 300 K, and (b) variation 

of electrical resistivity of the welded samples at a different temperature from 300 K to 

345 K 

 

4 Conclusion 

The automobile industry requires a Li-ion battery pack with full efficiency of power supply for 

EVs. Such requirement needs an effective joining of the Al-Cu busbar without defects and voids. 

FSW, being a solid-state joining process, has been used mostly over fusion welding. The weld 

quality is assessed by mechanical and metallurgical investigations like UTS and interface grain 

size, microhardness, IMC thickness, and IMC hardness. The formation of IMCs is affecting the 

mechanical and electrical properties. The following conclusions are drawn as follows:  

1) The Al-Cu busbar fabricated by FSW, with higher ω, experienced a severe plastic deformation, 

which is favourable for Cu-rich IMCs like Al2Cu3 and Al4Cu9, leading to increased joint strength.  

2) The vibrations generated due to higher v leads to the formation of more Al4Cu9 IMC. The Al4Cu9 

IMC is Cu-rich, which enhances not only the tensile strength but also electrical properties.  

3) The samples S9 and S10 has high plastic deformation observed less pit height indicates less RMS 

surface hardenss ∆2 which leads to lesser surface resisitivity Δρ.  
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4) The sample with ω of 2400 rpm, v at 120 mm/min, and a PD of 0.2 mm has been observed to be 

having a maximum UTS due to the formation of Cu-rich IMC. Because of this, it has a lower 

electrical resistivity of 2.93 E-5 Ω.mm due to good mechanical bonding and defect-free weld. 

Moreover, this sample maintained a minor increment of 14.7% in electrical resistivity from room 

temperature to 345 K. 
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Fig 1. Schematic of a battery pack 
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Fig 2. Schematic of FSW of Al-Cu busbar 
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(a) (b) 

Fig 3. Experimental setup (a) weld schematic, and (b) electrical conductivity  
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(a) (b) (c) 

Fig 4. Variation of temperature with respect to (a) v at constant ω of 2400 rpm, (b) ω at 

constant v of 60 mm/min, and (c) PD at constant ω of 1600 rpm 
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Fig 5. Binary equilibrium phase diagram of Al-Cu determining IMC phases 
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(a) (b) (c) 

  
(d) (e) 

Fig 6. The vibration of signals of sample S1 along the 3-axis; (a) X-axis, (b) Y-axis, (c) Z-

axis, vibration signals varying with (d) v, and (e) ω and PD   
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(f) 

Fig 7. Weld interface study indicating the nugget zone microstructure for the samples (a) 

S1, (b) S2, (c) S7, (d) S9, (e) S11, and (f) elemental quantification for all the welded samples    

    
(a) (b) (c) (d) 

Fig 8. (a) Variation of average hardness and grain size, and microhardness variation 

with; (b) ω, (c) PD, and (d) v 
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(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

    
(i) (j) (k) (l) 

    
(m) (n) (o) (p) 

Fig 9. (a) variation of UTS and variation of XRD with respect to v; (b) 60 mm/min, (c) 120 

mm/min, and (d) 200 mm/min, fratograpy for the samples (e) S1, (f) S2,  (g) S3,  (h) S4,  (i) 

S5,  (j) S6,  (k) S7,  (l) S8,  (m) S9,  (n) S10,  (o) S11,  and (p) S12,    
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(a) (b) 

Fig 10. Effective heat of formation at a temperature of 696 K (a) Cu as limiting element, 

(b) Al as limiting element 
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(a) 

  
(b) 

  
(c) 

  
(d) 

  
(e) 

Fig 11. The micrographs images at the weld interface highlighting the IMC thickness and 

IMC zone of the sample, (a) S1, (b) S2, (c) S7, (d) S9, and (e) S11 
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Fig 12. The load-displacement curves for the base materials and the welded samples  
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Fig 13. Gaussian profile for a scattering contribution as a function of 𝝃𝒌𝒇 
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Fig 14. Atomic force microscopy images at the weld interface of Al and Cu for the 

samples, (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7, (h) S8, (i) S9, (j) S10, (k) S11, and (l) 

S12   
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(a) (b) 

Fig 15. (a) Electrical conductivity of different welded samples at 300 K, and (b) variation 

of electrical resistivity of the welded samples at a different temperature from 300 K to 

345 K 

 

 

 

 

 

 

 

 

 

 


