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Abstract. The increasing electrification of transportation demands the 

development of more energy-efficient solutions, where additive 

manufacturing (AM) of electrically conductive components presents new 

opportunities. The design flexibility of AM enables unique innovations; 

however, it also introduces challenges due to additional process 

parameters affecting part production. A key concern in the use of laser 

powder bed fusion of metal (PBF-LB/M) manufactured parts is their 

material properties, which are further influenced by part plane orientation 

during fabrication. Previous research has focused on copper-aluminum 

dissimilar welding, but the specific challenges posed by AM techniques 

have not been fully explored. This study investigates the welding behavior 

concerning resistance and intermetallic layer formation. Nickel-plated 

copper sheet metal samples were welded to AM aluminium samples using 

a continuous wave single-mode fiber laser with scanner optics in a lap 

joint configuration. Before welding, the interface surface of the AM 

samples was machined to exclude the surface roughness variance effect on 

the result. During the experiments, the welding´s optical laser power was 
constant at 2kW and variations were made in welding speed ranging from 

1200 mm/s to 400 mm/s in 200 mm/s increments.  Electrical resistance 

measurements were taken using a high-precision micro resistance meter 

with a 4-wire Kelvin testing method, also hardness testing, tensile testing, 

and energy dispersive spectroscopy (EDS) analysis were conducted. The 

results revealed that intermetallic compounds formed during welding, 

influencing joint properties. At a lower welding speed, more aluminium 

was mixed with copper which led to the weld solidification cracking. The 

optimum welding speed was between 800 and 1000 mm/s for this study 

test setup. 
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1. Introduction 

 

The ongoing electrification of transportation is driving the demand for more energy-efficient and 

compact solutions, particularly in the field of high-power electrical components. Additive 

manufacturing (AM) offers a promising avenue for producing electrically conductive components 
with complex geometries, weight reduction, integrated cooling, and enhanced design flexibility. 

However, while AM opens up new design possibilities, it also introduces significant challenges, 

especially in terms of process reliability, microstructural control, and electrical performance.  

Among AM materials, AlSi10Mg produced by laser powder bed fusion (PBF-LB/M) has 

emerged as a strong candidate for electrical applications due to its favorable combination of 

mechanical strength and electrical conductivity. However, its electrical conductivity is not a fixed 

property. Research indicates that the resistivity of AlSi10Mg varies with build orientation and 

post-processing. Vertically built samples show lower resistivity (average 7.78 μΩ·cm) than 

horizontally built ones (average 9.87 μΩ·cm), while post-heat treatments reduce resistivity by up 

to 33% and eliminate anisotropy caused by build orientation. A major limitation in using AM 

components for electrical applications is the integrity of welded joints. These joints are critical 

for reliable system integration. One recurring issue is the significantly higher pore susceptibility 

in laser-welded PBF-LB/M aluminium compared to conventionally manufactured alloys. [1,2,3] 

In high-performance electrical systems such as battery cells, aluminium (Al) and copper (Cu) 

are widely used due to their excellent conductivity, corrosion resistance, and low weight. 

However, laser welding of dissimilar Al–Cu joints is challenging. The significant differences in 

their physical and thermal properties, such as melting point, thermal conductivity, and thermal 

expansion, lead to welding difficulties. Moreover, the limited solubility of copper in aluminum 

promotes the formation of brittle intermetallic compounds (IMCs), which degrade both the 

mechanical and electrical performance of the joint. A thicker IMC layer further contributes to 

increased brittleness and contact resistance. Controlling process parameters, like welding speed, 

is essential to balance metallurgical bonding while limiting the formation of brittle phases. To 

improve the joining performance of Al and Cu, research indicates that a smaller laser spot 

diameter with lower overall power minimizes the formation of intermetallic compounds by 

providing better control of penetration depth and mixing of base materials. Brittle fracture 

behavior was recorded with the large spot size, while ductile behavior was recorded with the 

smaller one. It also demonstrates that increasing the laser welding speed reduces the amount of 

intermetallic compounds formed and improves the tensile properties of the joint. Previous 

research also shows that the electrical conductivity of a weld cannot necessarily be increased by 

increasing the surface area of the weld; in fact, it may even weaken the conductivity of the joint. 

Weld placements play a more significant role in resistance than increasing the surface area of the 

joint. [4,5,6,7,8,9,10] 

While prior studies have explored Al–Cu dissimilar welding, the resistivity of AM AlSi10Mg, 

and the laser welding behavior of AlSi10Mg separately, this study presents a novel approach by 

integrating all these aspects. The objective is to assess the weldability and intermetallic formation 

of AM-fabricated AlSi10Mg components when joined with nickel-plated copper.  

2. Experimental setup 
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This study uses nickel-plated 0.2 mm thick pure copper (Cu) (9,30 x 40 mm) sheets and powder 

bed fusion (PBF-LB/M) manufactured AlSi10Mg aluminum alloy test samples (Figure 1). These 

AM samples were arranged in a nested configuration with seven distinct build angles. The build 

angles were from -30 to 30 degrees with 10-degree intervals. Test pieces were manufactured 

using an SLM Solutions 280 2.0 TWIN 700W AM machine. According to powder material provider 

SLM Solutions, the powder particle size of the AlSi10Mg material is 20 – 63 µm and in spherical 

shape. The density of the material is ≥ 99.0 – 99.5%.   

For post-processing AM samples were glass bead blasted. To mitigate the influence of surface 

roughness variability on the welding process, 0.2 mm was machined from the weld interface 

surface. 

 
Figure 1. Powder bed fusion (PBF-LB/M) manufactured AlSi10Mg aluminum alloy test sample drawing.  

 Before welding, the electrical resistance of each AM aluminium sample was measured using 

a four-wire Kelvin testing method with a Hioki RM3534 high-precision resistance meter, which 

provides a resolution of 0.01 µΩ. A custom measurement fixture was employed to ensure 

consistent contact and maintain a constant 29 mm spacing between the measurement clip probes 

as shown in figure 2a. Each sample was measured five times, and the average value was calculated 
to assess the impact of build orientation on resistance. 

 

 

Figure 2. Resistance measuring fixture, a) AM sample testing, b) Measurement of welded sample 

Subsequently, copper–aluminium lap joint welds were produced, with the copper sheet 

placed on top of the AM aluminium test samples. Welding was performed using a continuous-

wave IPG YLS-2000SM single-mode fiber laser equipped with Arges Elephant 3D scanner optics. 

The Arges Elephant is a 3D galvanometer scanner featuring a 50 mm aperture and a 60 µm focal 

spot diameter. The laser beam was focused on the top surface of the copper sheet, and no shielding 

gas was used during the welding process. The laser power was kept constant at 2000 W across all 

experiments. Welding speeds ranged from 1200 mm/s to 400 mm/s in 200 mm/s increments. All 

welds followed a circular path with a diameter of 3 mm. Total welding times varied from 23ms to 

48ms including scanner mirror movements before welding. 

In total, 35 welded samples were fabricated, with 7 samples prepared for each of the five 

welding speeds. Each of the seven samples corresponded to a distinct AM build orientation. The 

electrical resistance of the welded joints was measured using the same four-wire method and a 

similar measurement fixture used for the base material, maintaining the 40 mm clip probe 

spacing as shown in figure 2b. 
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Metallographic cross-sections were prepared from each welding speed test set to examine 

the weld interface. Sample selection was based on AM aluminium manufacturing angel so that all 

selected samples were manufactured in a vertical position. These cross-sections were imaged 

using an optical microscope and a Thermo Scientific Apreo S field-emission scanning electron 

microscope (FE-SEM), coupled with an Oxford Instruments UltimMax 100 energy-dispersive X-

ray spectroscopy (EDS) detector for elemental analysis. Vertical microhardness profiles with 0.1 

mm step movement were obtained (HV0.3) from the cross-sections using a Falcon 600 

microhardness tester to evaluate hardness variations across the weld.  

The remaining samples were subjected to tensile testing using a Testometric M350-10CT 

universal testing machine to assess the mechanical performance of the welds. The combined 

results from resistance measurements, SEM/EDS analysis, microhardness testing, and tensile 

testing were used to evaluate the influence of welding parameters and build orientation on the 

quality of the copper–aluminium joints. 

3. Results and discussion 

3.1 Resistance measurements 
Preliminary four-wire micro-resistance measurements conducted on the machined and post-

processed AM test specimens indicated that the build orientation had no significant effect on the 

electrical resistance of the samples. This may be due to the manufacturing angle variance being 

only 30 degrees off vertical and the accuracy of the measurement method was not necessarily 

sufficient to detect differences. A total of seven sets of specimens were measured, each 

representing all of the seven different build orientations. The average resistance values across all 

separate build orientations ranged from 47.1 to 48.1 µΩ with an overall average resistance value 

of 47.4 µΩ (RAL) (standard deviation of 2,2 µΩ) with a 29 mm clip probe measurement distance. 

The lowest recorded individual resistance value was 39.3 µΩ, while the highest was 57.9 µΩ.  

Correspondingly, the resistance of the nickel-plated 0.2 mm thick copper sheet was measured at 

95.6 µΩ (RCU) (standard deviation of 4,3 µΩ) with a 10 mm clip probe measurement distance. If 

we calculate material resistivity based on these measurement values, we get a resistivity value for 

6.54 µΩ · cm aluminium and 1.81 µΩ · cm for copper.  AM aluminium value being higher than pure 

aluminium 2.65 µΩ · cm (at 20°C) but very close to the AlSi10Mg powder data sheet value 6.90 

µΩ · cm. Nickel plated copper sample resistivity value is very close of the resistivity of pure copper 

1.68 µΩ · cm (at 20°C). 

 Micro-resistance measurements over weld joints with different welding speeds resulted 

resistance average values ranging from 174.2 to 182.5 µΩ with an overall average resistance value 

177.5 µΩ (standard deviation of 19,9 µΩ). The highest resistance values were measured with 

welding speed 1200 mm/s 182,5 µΩ and 400 mm/s 181,9 µΩ. With welding speeds 1000mm/s, 

800 mm/s and 600 mm/s the average resistance value per welding speed was 174 µΩ. Figure 3 

shows a schematic of welded sample serial resistance components. If we calculate weld interface 

resistance RAlCu using average values of RCU (95.6 µΩ), RAL (47.4 µΩ), and average values of all weld 

measurements 177.5µΩ we get the resistance value for weld interface 34.5 µΩ. While there is no 

fixed standard exists to compare the measurement results values to industry applications. High-

current applications such as EV busbars typically target joint resistances below 100 μΩ and many 

designs strive for values significantly lower. A 10 μΩ increase at 100 A produces 0.1 W per joint, 

leading to significant cumulative thermal load in multi-joint systems. 
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Figure 3. a) Test welds resistance and tensile shear force results.  b) Serial resistance of on an overlap 

welded sample 

3.2 Microhardness testing 

Microhardness testing  (HV0.3) revealed that the base material hardness of copper was in Vickers 

hardness 74 HV, while the average hardness of the AM aluminium was 120 HV. A vertical hardness 

profile measured along the weld centerline indicated the intermixing of the two metals at all 

welding speeds, forming high-hardness intermetallic compound (IMC) phases. The hardness 

values of these IMC phases in the upper region of the weld varied between 192 and 687 HV. The 

hardness profiles shown in Figure 4 are nearly identical across all welding speeds, with the 

exception of the 1200 mm/s case, where aluminium exhibited less intermixing with copper. The 

hardness values in the lower weld region, even at slower welding speeds with deeper penetration, 

match those of the base aluminum, indicating a lack of material mixing 

 

 
Figure 4. A vertical microhardness (HV0.3) profiles with different welding speeds measured along the 

weld centreline. 

3.3 Tensile testing  

The average tensile strengths at different welding speeds followed a similar trend to that observed 

in the resistance measurements. The lowest tensile strengths were recorded at the highest (1200 

mm/s) and lowest (400 mm/s) welding speeds, with values of 177 N and 121 N, respectively. In 

contrast, intermediate welding speeds of 1000 mm/s, 800 mm/s, and 600 mm/s resulted in 

slightly higher and more consistent ductile tensile strengths: 184 N, 186 N, and 182 N. 

Notably, at 1200 mm/s, the limited fusion and shallow penetration, as seen in the cross-

sectional images (Attachment 1), resulted in weak metallurgical bonding. This structural 

weakness was reflected in tensile testing, where two out of six samples failed below 20 N, and all 

fractures occurred within the weld itself rather than in the base material signaling poor weld 

integrity. 
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3.4 Microstructural and Elemental Analysis of Weld Cross-Sections 

Cross-sectional analysis of Cu–AM Al lap welds produced at five welding speeds (1200–400 

mm/s). At 1200 mm/s, the fusion zone is narrow. The elemental maps show a clear boundary 

between the two materials, and only minor diffusion of elements across the interface is observed 

with minimal intermixing and limited intermetallic compound (IMC) formation. As speed 

decreases to 1000 mm/s, a deeper fusion zone and increased Cu–Al diffusion are observed. At 800 
mm/s, the weld interface shows more uniform mixing, with SEM–EDS confirming strong 

elemental diffusion. Welding at 600 mm/s results in a larger fusion zone with deeper penetration 

and more pronounced IMC formation, particularly at the top weld section. At 400 mm/s, excessive 

heat input leads to deep penetration, extensive Cu–Al mixing, and widespread IMC formation. 

Cracks were observed at 600 and 400 mm/s, initiating at the weld top where temperature 

gradients and IMC growth are highest. These regions also correspond to elevated hardness values, 

indicating brittle microstructures. The results demonstrate that welding speeds below 600 mm/s 

compromise joint integrity due to increased IMC-induced brittleness and crack formation. Thus, 

lower speeds are not recommended for reliable Cu–AM Al joints. 

4. Conclusion 

This study examined lap joint welds between nickel-plated copper and AlSi10Mg aluminum alloy 

samples produced by laser powder bed fusion (PBF-LB/M) using high-speed laser welding. It 

focused on how different welding speeds affect the mechanical, microstructural, and electrical 

properties of the welds. AM AlSi10Mg samples' initial electrical resistance measurements showed 

no significant variation from the additive manufacturing build orientation. However, post-weld 

resistance increased at both low and high welding speeds, correlating with mechanical and 

microstructural changes. Hardness testing revealed hard intermetallic compounds (IMCs) 

forming within the welds, with peak hardness reaching 687 HV at 800 mm/s. Imaging techniques 

showed cracks and brittleness due to excessive intermixing at slower speeds. Tensile strength was 

highest and most consistent at intermediate welding speeds (800–1000 mm/s), reaching 182–

186 N. Speeds outside this range resulted in weaker welds due to poor penetration or brittleness. 

The study concluded that the optimal welding speed with a 2kW laser power range for 

balancing mechanical strength, controlled IMC formation, and electrical performance lies 

between 800 and 1000 mm/s. Future work is suggested to include more localized microscale 

resistance mapping for each IMC phase to understand the weld interface better. 
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