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The increasing number of electric vehicles (EV) introduces a need for advancements in 

battery technology, particularly in the welding of battery pack assemblies. The aim of this 

bachelor’s thesis is to characterize aluminium-to-aluminium (Al-to-Al) welds used 

predominantly in EV battery packs. Laser beam welding (LBW) is chosen as the primary 

welding method for these types of joints representing busbar-to-tab connections. LBW has 

many beneficial attributes like small heat input and fast welding speed that make it suitable 

for this type of application. The thesis determines how variations in LBW parameters, in this 

case the scanning amplitude and laser power, affect the mechanical strength and weld 

morphology in this type of connection.  

Experiments were made using 1050-grade aluminum, chosen for its low impurity suitable 

for LBW applications. The welds were tested using a tensile testing machine and optical 

microscopy for the morphology of the welds. The results demonstrated that increased 

scanning amplitude improves tensile strength of the weld upon a certain value, while higher 

laser power can lead to excessive penetration especially with lower scanning amplitudes, 

leading to worse weld quality. 

The findings of this thesis were in line with the literature regarding LBW of battery packs 

and contribute to finding suitable parameters for LBW of Al-to-Al connections ensuring 

quality welds that in the end enhance safety and performance of EV batteries. 
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Sähköajoneuvojen määrän lisääntyminen luo tarpeen akkukennoteknologian kehitykselle, 

erityisesti akkujen kokoonpanoon liittyvien hitsausmenetelmien osalta. Tämä 

kandidaatintyö keskittyy alumiinihitsien karakterisointiin, ja erityisesti laserhitsauksen 

käyttöön akun kokoojakisko- ja laippaliitoksissa näissä akkupaketeissa. Työssä selvitetään, 

kuinka laserhitsausparametrien, kuten skanneriamplitudin ja laserin tehon vaihtelu vaikuttaa 

tällaisen liitoksen mekaaniseen lujuuteen ja hitsin morfologiaan, ja miten nämä tulokset 

liittyvät toisiinsa. 

Kokeet suoritettiin käyttämällä 1050-laatuluokan alumiinia, joka valittiin sen 

laserhitsaukseen soveltuvan puhtauden   vuoksi. Hitseille suoritettiin vetolujuuskokeet sekä 

niiden morfologiaa tutkittiin optisella mikroskoopilla. Tulokset osoittivat, että 

skannausamplitudin lisääminen parantaa hitsin vetolujuutta tiettyyn arvoon asti, kun taas 

korkeampi laserin teho voi johtaa liialliseen läpäisyyn erityisesti pienemmillä 

skannausamplitudeilla, mikä heikentää hitsin laatua. 

Kandidaatintyön tulokset olivat linjassa saatavilla olevan kirjallisuuden kanssa ja ne 

edistävät parametrien optimointia alumiiniliitoksissa, mikä varmistaa laadukkaat hitsit, jotka 

loppujen lopuksi parantavat sähköautojen akkujen turvallisuutta ja suorituskykyä. 
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1. Introduction 

Electric vehicles (EVs) have become increasingly popular in recent years. This is happening 

in part because of global warming that has put the use of non-renewable energy in question 

because of the carbon dioxide (CO2) emissions linked to its usage. Under these 

circumstances new legislation has been put into place towards the use of internal combustion 

engines (ICEs) in vehicles in the transport sector to limit the emissions (Eskander and 

Fankhauser, 2020). Also, in the past few years gasoline and diesel prices have become higher 

to consumers around the world due to higher cost of crude oil, which has led to more demand 

for a cleaner alternative to internal combustion engine vehicles (ICEV). As the automotive 

industry is adjusting to this big global change, finding efficient and reliable technical 

solutions to make EVs a feasible option to ICEVs is important. Many industrialized countries 

in the world are aiming to reach carbon neutrality by the year 2050 (Schreyer et al., 2020). 

Therefore, it is expected that the number of electric vehicles will significantly increase in the 

coming years.   

The most common type of battery used in EVs is lithium-ion (Li-ion) due to its power density 

and longevity (Feng et al., 2023). Despite its popularity, there are many requirements for a 

lithium-ion battery pack to be suitable for an EV. One critical aspect in the manufacturing 

process is the welding of the battery pack and the quality of the welds. Within this context 

are many variables affecting the welding outcome such as laser power, laser beam spot size, 

beam shape, welding speed, scanning amplitude and frequency. The type of Al used and 

thickness of it is also a major focus, which both are specified in the methods of this thesis.  

However, there may be situations where the welding test conducted in the LUT laser lab 

leads to results significantly different from those found in the literature, arising from the 

differences in testing parameters and materials. Considering the fragile properties of Al 

metal, the human factor plays an important role during the testing. Therefore, it is important 

to be cautious when handling test pieces to ensure consistent and accurate results. 

The main objective of this bachelor's thesis is to determine how different laser parameters, 

in this case the laser power and scanning amplitude, affect the mechanical strength of an 

overlapping Al busbar-to-tab weld in this type of battery. The results of this testing will help 

manufacture a mechanically robust weld between the battery cell terminal and the busbar in 
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EVs. As a sub-goal, the aim is to investigate how the morphology of the Al weld correlates 

with the tested mechanical strength. The research questions are the following: 

- How does changing laser beam amplitude and power affect the tensile strength of 

welds? 

- How does weld morphology correlate with tensile strength?  

To answer these questions the thesis will be organized using literature review and laboratory 

testing of the welds to determine where there is space for improvement in the laser welding 

process of Al-to-Al busbar connections in an EV battery pack. The literature review is used 

to identify different types of battery pack welding and to see what benefits and challenges 

laser welding has in comparison to the other welding types. Core terminology related to the 

laser welding of aluminum busbars is explored, especially what kind of impact changing 

laser power and amplitude along other parameters have on the heat input and thus the heat-

affected zone (HAZ).  

The review continues to the challenges surrounding how porosities affect the mechanical 

strength and potential implications of this data on the reliability of the final product, that is 

an EV battery pack. In the materials and methods section the type of Al material used for 

welding for this thesis is introduced as well as the equipment used to conduct the mechanical 

tests and inspect the welding outcome. After that the testing is conducted with different laser 

parameter combinations with variable laser power and scanning amplitude, and the resulting 

data is processed and displayed in the experimentation section alongside a comparison with 

results from the literature. Lastly, the results, differences in results from the literature and 

focuses on future work regarding this subject are discussed. 
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2. Literature survey 

In this chapter the different areas of interest regarding EVs, and the laser welding of lithium-

ion battery packs will be reviewed starting from the structure of a battery pack and focusing 

into the specifics of laser welding the cells of the battery pack modules into the busbars 

connecting them. The applicability of Al as a material for use in busbar connections is also 

reviewed. 

 

2.1. The structure of an EV battery pack 

An EV battery pack is the core component of EVs, storing all electrical energy that powers 

the motors in an EV. The pack is formed of several components that together make the pack 

work and enable power delivery. Generally, an EV battery pack is structured in three main 

levels which are the cell level, module level and pack level in that hierarchical order (Das et 

al., 2018), which structure is illustrated in Figure 1 below. As stated in the introduction, Li-

ion cells with various chemistries are the dominant battery technology due to their high 

energy density and long lifespan (Feng et al., 2023). Each cell type has a positive electrode 

(cathode), a negative electrode (anode), and an electrolyte separating them. During operation 

of an EV, ions flow between the electrodes in the battery cells, generating electricity for 

motors. This action forms the basis for the functioning of the battery pack. 
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Figure 1. A diagram illustrating battery pack structure and joining requirements (Zwicker et 

al., 2020) 

 

(Feng et al., 2023) states, that different cell types used in manufacturing battery packs 

include cylindrical, prismatic and pouch cells as seen in Figure 2, which are then configured 

in the most suitable way. This configuration comes down to two important features of a 

battery pack, power and capacity. According to (Feng et al., 2023), small capacity cells like 

cylindrical cells can be connected in parallel to form big capacity modules that are then 

connected in series, while larger capacity cells like prismatic cells can be connected in series 

to form modules.  

In these commonly used three cell types, different materials are used in the outer casing. The 

material of the cell casing is relevant for LBW, because the battery tab material is usually 

the same material as the casing. In cylindrical cells the hard casing is made of steel, whereas 

in pouch and prismatic cells the material choice is usually Al, and for prismatic cells 

sometimes steel (Wilke, Kaas and Peuker, 2023). The difference in pouch cells casing to 

prismatic and cylindrical cells is that pouch cell casing consists of multilayer aluminium 

composite foils that makes the casing structure “soft” (Baazouzi et al., 2023). And according 

to (Maddipatla, Kong and Pecht, 2024), for cylindrical cells the steel casing can be nickel-
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coated to enhance corrosion resistance. Serial connections are used between battery cells to 

improve the packs power delivery whereas parallel connections produce the highest possible 

capacity  (Zwicker et al., 2020). Both types of connection configurations are shown in Figure 

3. 

 

  

Figure 2. Different types of battery cells (Cicconi, Landi and Germani, 2017) 

 

The connection between the cells and the modules as well as between modules is made by 

different types of busbars. Busbars are flat conductors, typically made from aluminum or 

copper due to their lightweight properties and good electrical conductivity (Feng et al., 

2023). They act as the longer electrical connections within the pack, collecting electrical 

current from multiple cells and distributing it throughout the pack. Busbars can have various 

configurations depending on the design requirements of the battery pack. 
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Figure 3. Prismatic and cylindrical cells in module and pack configurations  (Zwicker et al., 

2020) 

 

Battery tabs are thin connectors welded to the terminals of individual battery cells. They 

connect the cells anodes and cathodes to the busbar, forming the electrical circuit within the 

pack. Tabs are typically made from a similar material like copper or aluminum as the busbars 

to ensure good electrical conductivity and mechanical strength. Lately the use of aluminum 

in busbars has been in more consideration due to its low cost and weight compared to copper 

(Kumar, Masters and Das, 2021). 

A battery management system (BMS) is put on battery packs to regulate the functioning of 

the battery. BMS is an electronic system that contains the smart data processing electronics 

of the pack. Physically it is often located on top of the pack on either end. It continuously 

monitors the voltage, current, temperature, and health of each cell (Ramkumar et al., 2022). 

This monitoring ensures safe and efficient operation of the entire battery pack by regulating 

charging and discharging cycles, balancing cell voltages, and preventing overheating thus 

being an important part of the battery pack. In Figure 4, a prismatic cell battery pack 

consisting of 17 modules can be seen as a whole assembly including the BMS on top.  
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Figure 4. Exploded view of a battery pack on EV chassis (Adobe Stock @chesky, modified) 

 

The battery modules are housed between plates typically made of steel.  Then the modules 

together are fixed to a structural frame that protects them from physical damage, vibrations, 

environmental factors, and potential hazards like fire. The specific arrangement of cells, 

busbars, and tabs in the battery pack varies depending on factors such as the battery pack's 

desired voltage, capacity, and power output. 

 

2.2. Types of welding used in battery pack manufacturing 

In manufacturing Li-Ion battery packs, many different welding types are used for joining 

different battery components. According to Feng et al. (2023), the most common types of 

welding in battery manufacturing include friction stir welding (FSW), tungsten inert gas 

welding (TIGW), ultrasonic welding (UW), resistance spot welding (RSW) and laser 

welding. In addition to welding there are many ways to mechanically join components and 

in context of battery manufacturing these are often used to join prismatic cells where nuts 
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and bolts are used to ease maintenance of the battery modules (Feng et al., 2023). Of these, 

RSW, UW and LW are the most applicable welding methods for joining batteries to various 

types of busbars. 

RSW is a widely used technology for joining metallic components. During RSW, a high 

current is passed through the overlapping areas of the workpieces, generating localized heat 

that melts the material and forms a weld. Pressure is applied during welding to ensure good 

contact and a strong joint. According to (Zwicker et al., 2020), RSW has a noticeably lower 

heat input compared to laser and ultrasonic welding. RSW is a fast and cost-effective process 

suitable for welding similar metals like aluminum tabs to aluminum busbars. However, 

precise control of welding parameters is important to avoid excessive heat input, which can 

damage the battery cells or weaken the weld joint. 

UW as a welding technique utilizes high-frequency mechanical vibrations to create a solid-

state weld at the interface of the workpieces. The vibrations create frictional heat and 

localized plastic deformation, allowing for intermetallic diffusion and bonding. UW is 

particularly suited for joining dissimilar metals. However, it requires clean and smooth 

surfaces for good bonding. 

LBW utilizes a focused laser beam to melt the materials at the joint. It offers many 

advantages for battery pack applications such as high precision and low HAZ. The focused 

laser beam allows for precise control of the heat input, minimizing the risk of damage to 

surrounding components like battery cells and by adjusting parameters of the laser beam, the 

weld dimensions can be adjusted to better suit the application. When beam oscillation was 

added to LBW, it was found that it produced a more stable weld pool and as a result a higher 

quality weld compared to LBW without oscillation (Kang and Shin, 2021). The advantages 

and disadvantages of each type of welding are displayed in Table 1. 
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Table 1. Pros and cons of three different welding methods used in battery manufacturing. 

(Sadeghian and Iqbal, 2022) 

Type of welding Pros (+) Cons (-) 

Laser beam welding (LBW) - High energy 

efficiency 

- Narrow HAZ 

- Welds have great 

mechanical and 

electrical properties 

- Challenging with 

dissimilar materials 

Ultrasonic welding (UW) - High quality welds 

without major defects 

- Good for welding 

dissimilar metals 

- Vibration can 

damage structural 

integrity of 

cylindrical and 

prismatic cells 

- Limited to lap joints 

Resistance spot welding 

(RSW) 

- Small HAZ with low-

conductive materials 

- Not suitable for high-

conductive materials 

like aluminum and 

copper 

 

As seen in Table 1 above, LBW suits the strict requirements of EV battery applications due 

to its narrow HAZ and high efficiency. It’s also well suited for automation with many 

different variable welding parameters that can be optimized for each type of process. 

Another advantage compared to welding types like UW and RSW is the ability to weld joints 

from larger distances, also known as remote welding, allowing lowering processing time. 

One useful parameter among many is LBWs customizable weld shapes that allow to 

maximize structural integrity (Hong and Shin, 2017). 
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2.3.  Laser welding of busbars and tab to busbar-connections 

In LBW, parameters of the laser beam allow for precise control of the heat input, minimizing 

the risk of damage to surrounding components like temperature-sensitive battery cells. This 

control enables consistent welding quality with minimal defects, like weld porosity and 

cracking (Feng et al., 2023). LBW can be used to join a wide range of materials, including 

similar and dissimilar metals commonly encountered in battery packs. This allows for 

joining aluminum busbars to aluminum tabs, as well as welding aluminum tabs to copper 

busbars when required. LBW can also produce clean welds with little oxidation. This is 

important for maintaining good electrical conductivity at the joint interface, ensuring 

efficient power transfer within the battery pack. These sensitive connections between battery 

tabs and busbars can be seen in Figure 5. 

  

 

Figure 5.  Tab-to-busbar joints in pouch and cylindrical cells. (Kumar, Masters and Das, 

2021) 

 

LBW is used for all types of battery cells in automotive applications to join the cells to 

battery pack modules. (Stock et al., 2023) found, that for a Tesla Model 3 EVs prismatic 

battery seen in Figure 6, both the joints of tabs to the terminal and the connection of the 

busbars to the cell terminal were produced using LBW. They were also welded using a 

circular weld shape seen in Figure 7. 

The LBW process for busbar-to-tab connections in EV battery packs involves the following 

steps: 
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1. Surface Preparation: The surfaces of the busbar and tab to be joined are cleaned and 

de-greased to ensure minimal impurities in the weld zone. 

2. Positioning and Clamping: The busbar and tab are precisely positioned and clamped 

together to maintain proper alignment during welding. 

3. LBW: The laser beam is directed at the joint interface, melting the material and 

creating a weld pool. Parameters such as travel speed, power, spot size and focal 

plane are adjusted to optimize the welding process. 

4. Solidification: The molten metal rapidly cools and solidifies, forming the weld joint. 

Process parameters such as laser power, welding speed, wobble amplitude and beam 

size are carefully controlled to achieve the desired weld characteristics. During 

solidification of the metal, cracking and porosity can form in the HAZ.  

5. Inspection: The completed weld joint is inspected visually and undergoes testing to 

ensure weld quality. This includes checking the weld mechanical strength, electrical 

conductivity and metallurgical inspection for defects. 

 

 

Figure 6. Laser welded tab-to-lid connection inside an automotive prismatic battery cell 

(Stock et al., 2023) (Modified) 
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Fiber lasers are the most common type used for LBW in EV battery packs. This is because 

they offer high beam quality, efficient power delivery, and the ability to transmit the beam 

through a fiber optic cable, providing flexibility for automated welding systems widely used 

in automotive manufacturing. Several other laser welding strategies can be used for busbar-

to-tab connections. These include types like spatial and temporal beam shaping, short 

wavelength laser (Green / Blue), use of interlayer material such as Ni, oscillation / wobbling 

of the laser beam and pulsed laser beam. (Kaufmann et. al. 2024) used green laser for LBW 

of Cu to improve beam absorption. 

According to the usage, these can be further categorized into pulsed laser welding and 

continuous wave (CW) laser welding (Katayama, 2013). The specific technique chosen 

depends on factors like material thickness, reflectivity, desired weld depth, and joining 

geometries. For example, laser wobble welding, that is also CW-welding, is often used for 

LBW in battery tab welding to control the welding depth (Kumar, Masters and Das, 2021). 

 

 

Figure 7. Different welding shapes used in tab-to-busbar LBW. 

 

2.4.  Materials used in interconnections 

The materials used in EV battery pack joints play an important role in ensuring efficient 

electrical conductivity, mechanical strength, and overall performance of the battery pack. 
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In busbars, Al and Cu are the most widely used material for busbars due to their combination 

of good electrical conductivity. Al and Cu can be used in busbars for applications that require 

good electrical conductivity and low weight (Kumar, Masters and Das, 2021). Battery tabs 

that are made from the same material as the busbars to ensure greatest quality weld, as (Feng 

et al., 2023) found that dissimilar metal welding like Al-to-Cu and Al-to-Steel has shown to 

produce intermetallic compounds (IMC) that weaken the weld quality by introduced weld 

defects without proper welding parameters. According to (Feng et al., 2023), there is no 

systematic approach to reducing these IMC’s. This is problematic due to the quality 

requirements for a tab-to-busbar weld to ensure safety and reliability of the battery pack and 

additional research is needed in this regard. 

 

2.5.  Importance of using Al in battery packs and the challenges associated with 

laser welding Al 

Al has become a critical material in battery pack interconnections for EVs due to several key 

advantages. Al offers good electrical conductivity, enabling efficient current flow within the 

battery pack, which translates to better overall battery performance. It is a lightweight 

material compared to other popular options like Cu which contributes to a lighter overall 

battery pack weight, therefore improving EV efficiency and usable range. 

Contributing to performance and efficiency aluminum has its strengths there too being 

highly thermally conductive. This means that battery pack designs can be made simpler with 

less need to think of complicated cooling solutions and the fear of thermal runaway caused 

by excessive temperature in the battery cells. 

Al is a relatively cost-effective material compared to Cu, making it a good choice for battery 

pack manufacturers in the economic scope of things. In addition, Al is highly recyclable, 

which aligns with the growing focus on sustainability in EV manufacturing and the ideology 

behind it within the automotive industry. This is because by decreasing production of new 

aluminum, it cuts away a major source of energy consumption in Al’s life cycle. According 

to (Rombach, 2013), aluminium recycling saves 95% of the primary invested energy. 
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When looking at Al from the material properties side of things, it is a promising solution for 

many battery pack use cases. As with other joining methods, it doesn’t come without 

problems, as introducing LBW of Al to the manufacturing phase brings many variables into 

play.  

A key challenge regarding LBW of Al is the formation of pores and cracks along with other 

defects. According to (Hong and Shin, 2017), Al is susceptible to forming porosity and 

solidification cracking due to high thermal expansion. This cracking is caused by thermal 

tensile strains in the metal in its lower ductility state, that exceed the endurance limit. Smaller 

porosity in Al welds is due to hydrogen bubbles getting trapped in the weld pool, and larger 

porosity in the range of 300–600 μm is caused by keyhole instabilities. Pores can decrease 

or in some cases increase the welds mechanical strength, and the uncertainty of this differing 

result is the defining factor why decreasing their size and appearance altogether is beneficial 

by changing various parameters in the LBW process.  

 

 

Figure 8. Laser welded Al busbar-to-tab joint with visible cracks in morphology (Kumar, 

Masters and Das, 2021) (Modified) 

 

Another challenge in this process is the high reflectivity of Al, which makes it more difficult 

to effectively weld. The difficulty comes from the nature of the laser beam hitting the metal 

surface, which introduces back reflection back to the LBW equipment, which can even 
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damage it. Thus, in LBW the weld head is aligned in a small angle that changes the direction 

of the back reflection. The drawback of this approach is reduced power density of the 

welding spot followed by reduced heat input. This change of angle requires well specified 

parameters to maintain good weld result through testing. (Alfieri, Caiazzo and Sergi, 2014) 

found, that tilting the laser head in the axis of welding direction prevents back reflections 

entering the optics train and the introduced angle has been reported to possibly improving 

penetration depth and bead width. 

 

3. Materials and methods 

In this chapter the materials used for testing specimens are presented, as well as the types of 

equipment used in lap testing of the specimens from laser welding to tensile testing and 

finally preparation of the samples for cross sectional inspection of the welds. 

 

3.1.  Al material used 

Aluminium is a popular choice of material for assemblies like a battery pack due to its light 

weight and good electrical conductivity. There are various types of Al used for this kind of 

application with varying levels of additional metals mixed with the Al that change its 

properties and those different types are characterized by grades. The usual choice in 

application like battery pack conductors is 1xxx-series Al. It is at minimum 99% Al and is 

considered “pure”. From that series the 1050-grade Al, where number “5” stands for the first 

decimal of the aluminum content percentage, was chosen for this thesis to ensure optimal 

weldability and electrical conductivity of the weld. Although it is not the strongest aluminum 

alloy, it was chosen for its use in industrial battery applications that benefit more from the 

other properties of this alloy (Kumar, Masters and Das, 2021). 
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Table 2. Composition and properties of Al 1050. (Kumar, Masters and Das, 2021) 

Material Chemical 

composition 

(wt%) 

Electrical properties Mechanical 

properties 

Aluminum 

(Al) 

Si < 0.25, 

Fe < 0.40, 

Cu < 0.05, 

Mn < 0.05, 

Mg < 0.05, 

Zn < 0.07, 

Ti < 0.05, 

Al balance 

99.50, Others 

0.03 

ρ = 2.8 × 10−8 Ω.m TS = 90 MPa, 

YS = 75 MPa, 

SS = 70 MPa, 

λ = 229 W/m.K, 

MT = 645 °C, 

α = 24 × 10−6 °C−1 

 

 

3.2. Laser welding equipment 

The LBW of the overlapping Al-busbars was done using a six-axis Kuka robot arm. IPG 

YLS fiber laser with maximum power of 10 kW was used as the laser source. The laser head 

was equipped with an ILV brand linear scanning optic. The parameters used for welding are 

displayed in Table 3. To mitigate the effect of laser back reflection, the welding head was 

tilted approximately five degrees as seen in figure 6. 
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Table 3. Fixed and variable parameters used in LBW for this testing. 

Fixed Variable 

Weld speed = 167 mm/s Power = 0.8 kW, 1.0 kW, 1.5 kW 

Spot size = 200 µm Amplitude = 0.2 mm to 1.2 mm 

 

 

Figure 9. Laser welding equipment used to weld the test specimens. 
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Figure 10. Diagram of the LBW setup. 

 

The parameters for the LBW equipment were chosen based on the preliminary studies 

conducted at the LUT laser lab for similar materials and thickness pertaining to similar 

applications. Further adjustment of the parameters was done by doing a few preliminary test 

runs with different laser power and oscillation amplitude combinations before welding the 

actual specimens. 

 

3.3. Tensile testing machine 

After welding the busbars, they were tested in LUT laboratory for tensile strength with a 

tensile testing machine made by MTS. The sensor and accessories used were rated for 10 kN 

which was still accurate enough for testing with loads under one kilonewton, being suitable 
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for the testing done for this thesis. The testing speed was approximately 0.2 mm/s and each 

test specimen was clamped tightly to eliminate any slip during testing. 

 

 

Figure 11. MTS tensile testing machine with a test specimen attached. 

 

3.4. Equipment for preparation of samples 

A third of the total welded specimens were prepared for metallurgical characterization of the 

weld cross section. The specimens were first cut perpendicular to the weld seam using a low-

speed precision saw to reveal the cross section of the weld. Before grinding they were 

mounted into plastic with Struers CitoPress 15. The mounted specimens were then grinded 

progressing from 800 grit to 2000 grit grinding paper using a Struers Tegramin 30 

metallographic polishing machine, like the one displayed in figure 8. Same machine was 
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used to then progress further into polishing with DP Mol of 1µm to prepare a smooth surface. 

Mirror surface finishing was done using OP-S of 0.25 µm. The etching process was done 

using Keller’s reagent mixture to expose the defects in the weld by inducing visual contrast 

in the differently reacting surfaces.  

 

 

Figure 12. Struers Tegramin 30 metallographic polishing machine. 

(https://nano.ceitec.cz/grinder-polisher-tegramin-30-tegramin/) 

 

An optical microscope was used to inspect each test specimen after etching, to find defects 

like porosity and crack formation throughout the weld cross-section. The microscope was 

digital, and the images of each specimen were saved digitally for a more thorough analysis.  

 

https://nano.ceitec.cz/grinder-polisher-tegramin-30-tegramin/
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4. Experimentation and results 

In this chapter the different types of experiments performed on the welded test specimens 

are reviewed in more detail with result data, and the correlations between tensile testing and 

weld morphology are presented and compared to similar results from the literature. 

 

4.1. Tensile testing for different laser parameters 

The tensile tests were done for two thirds of the total specimens, so for each parameter set 

there were two specimens left. In Table 3 the test results are shown in the order they were 

laser welded. The tensile testing was done in a random specimen order and the data was 

reorganized to match the welding order. 
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Table 4. Tensile testing results for test specimens with different parameters. 

 

 

The tensile testing data and graphs show similarities between different laser powers with a 

distinct drop in load capacity with maximum amplitude in specimens welded with 0,8 kW 

Sample Max load 

(N) 

Power 

(kW) 

Amplitude 

(mm) 

2,1 701 1,5 0,2 

2,2 639 1,5 0,2 

3,1 712 1,5 0,5 

3,2 695 1,5 0,5 

4,1 700 1,5 0,9 

4,2 713 1,5 0,9 

5,1 689 1,5 1,2 

5,2 643 1,5 1,2 

6,1 724 1,0 0,2 

6,2 723 1,0 0,2 

7,1 714 1,0 0,5 

7,2 741 1,0 0,5 

8,1 734 1,0 0,9 

8,2 777 1,0 0,9 

9,1 792 1,0 1,2 

9,2 750 1,0 1,2 

10,1 636 0,8 0,2 

10,2 720 0,8 0,2 

11,1 728 0,8 0,5 

11,2 733 0,8 0,5 

12,1 743 0,8 0,9 

12,2 468 0,8 0,9 

13,1 728 0,8 1,2 

13,2 642 0,8 1,2 
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Figure 13a. Results with power of 1,5 kW. 

Figure 13b. Results with power of 1,0 kW. 

Figure 13c. Results with power of 0,8 kW. 
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and 1,5 kW laser power. (Kumar, Masters and Das, 2021) found this same trend with 1,8 

mm thick similar Al tab-to-busbar joint, where the average maximum load of 400-450 N 

started to decrease after a threshold point when increasing laser power. In this thesis the 

reverse effect is achieved by an increase in amplitude as the effect in weld depth is inverse.  

Figure 13a. shows the maximum load under stress with 1,5 kW laser power was achieved 

with amplitude of 0,5 mm. After that peak the load shows a downward trend that is in line 

with findings in literature. A similar peak and dip are seen in Figure 13c, where amplitude 

of 0,9 mm resulted in the greatest load under stress. In Figure 13b this visible peak is not 

achieved with the amplitude range used in testing, and it implies that testing for power of 

1,0 kW should be done with greater amplitude values to achieve the same result as the other 

powers. The greatest load under stress of 792 N was achieved with 1,0 kW power and 1,2 

mm. This load corresponds to tensile stress of 52,8 MPa. The graph in Figure 13b also 

suggests that loads greater than 800 N under stress are possible with greater amplitudes. 

 

4.2. Optical microscopy analysis for weld defects 

Optical microscopy was done for the remaining one third of the specimens, which means 

that the data is not directly comparable with the tensile strength tests because of variations 

between specimens in the same parameter set. In the optical microscopy of the welds there 

are noticeable differences in the size of HAZ and amount of weld penetration. In Table 5, 

specimen number 4.3 welded with 1,5 kW laser power and 1,2 mm amplitude shows a large 

hydrogen pore in the HAZ and there is significant amount of weld penetration which is not 

ideal for battery busbar tab applications. Specimen 9.3 shows more manageable weld 

penetration with 1 kW laser power and 1,2 mm amplitude with no visible defects in the HAZ.  

 

 

 

 

 



30 
 

 

 

Table 5. Optical microscopy weld specimens with laser power and amplitude as variables. 

Each specimen is labelled under the corresponding figure. 

Amplitude (mm), Power (kW) 

 0,8 kW 1,0 kW 1,5 kW 

 

 

0,2 

mm 

10.3 6.3 2.3 

 

 

0,5 

mm 

11.3 7.3 3.3 

 

 

0,9 

mm 

12.3 8.3 4.3 

 

 

1,2 

mm 

13.3 9.3 5.3 

 

Visual inspection of the weld microscopy reveals that specimens welded with 0,8 kW power 

show inconsistent weld penetration. When welding with this power it was noticed that the 

initial formation of weld pool was inconsistent and required several tries to achieve a 
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successful weld. According to the head of LUT laser lab, this was due to back reflection 

from the reflective Al surface which led to insufficient heat input in the weld area. 

As the weld depth across specimens is inconsistent and for majority of the specimens the 

weld depth exceeds the thickness, it is not possible to make reliable conclusions only based 

on that data. Weld width was measured using a computer program ImageJ by calibrating the 

images of specimens with the known thickness of 1 mm and then measuring the weld pool 

width using a line measuring tool parallel to the specimen surface. The resulting widths from 

this analysis have been plotted to a graph in Figure 9 below. In the graph, specimens welded 

with amplitudes of 0,2 mm were not considered for powers of 0,8 kW and 1,0 kW due to 

bad weld quality based on weld morphology. 

 

 

Figure 14. Correlation between laser amplitude and weld width with laser power. 

 

According to Figure 9, welding width increases with increasing amplitude, and increased 

laser power also increases weld width, which is expected due to the increased heat energy in 

the weld area leading to greater HAZ and thus weld size.  
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4.3. Correlation of tensile strength and weld morphology 

For this thesis the correlations are found keeping in mind that there is variation between the 

different testing results because of variability on millimeter level in clamping accuracy and 

the dimensions of the overlapping busbar joint.  

As seen from the tensile testing results in Table 3, differences between various specimens in 

terms of load capacity are small relative to the total load, and those small differences alone 

are not enough to make conclusions about the effect of changing LBW parameters like laser 

power and scanning amplitude.  

The biggest change that can be seen affecting the strength of the welds in a reasonably 

predictable manner is the change of scanning amplitude in the welding process. Scanning 

amplitude directly influences the HAZ area and thus decreases heat input in the weld, 

resulting in a shallower weld. For laser powers of 1 kW and 0,8 kW, the best result in terms 

of tensile strength was achieved by using 1,2 mm amplitude. Weld morphology analysis 

shows that the weld width is also the greatest with the maximum amplitude of 1,2 mm. 

 

5. Discussions 

The research questions for this thesis were:  

- How does changing laser beam amplitude and power affect the tensile strength of 

welds? 

- How does weld morphology correlate with tensile strength?  

To answer these questions laboratory testing was done for the Al specimens, first welding 

them correctly with predetermined power and beam scanning amplitude. After welding the 

specimens were tested for tensile strength and different specimens were analyzed with 

optical microscopy. 

The tensile testing results indicate that the chosen parameters were suitable but not optimal 

for LBW of busbar-to-tab joints. Many specimens showed too much weld penetration across 
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different amplitudes and powers. The maximum loads under stress were still promising and 

aligned with the literature showing the importance of weld depth for the durability of these 

joints. 

For battery pack use cases, it is important to control weld depth to ensure that the laser weld 

doesn’t come contact with battery chemistry by penetrating the battery tab, as it leads to 

potential failures in operation of the battery pack (Feng et al., 2023).  For this reason, welding 

depth should be considered an important factor when looking for parameter optimization in 

busbar-to-tab welds.  

Weld morphology introduces a couple key findings. Firstly, increased laser power increases 

weld width along with increased amplitude. Secondly, there is a noticeable decrease in weld 

depth that is visually seen with increasing laser amplitude, that is also supported by findings 

in literature.  

The reason for changing amplitude not predictably affecting tensile strength in specimens 

welded with 1,5 kW laser power can be seen from the optical microscopy images of 

specimens labelled 2-5.3. All these images show a welded seam with full penetration of the 

whole joint. This suggests that the common denominator in the welds tensile strength is the 

depth of weld seam. That is, if all weld defects between all specimens are assumed the same 

or they are minimal in the HAZ, which is a reasonable assumption based on the optical 

microscopy imagery that shows consistently uniform HAZ in majority of specimens.  

The same effect is visible when inspecting the results for laser power of 0,8 kW. There is 

the inconsistency in load value data in Table 3, that suggests that this power level is not 

enough to provide needed weld depth consistently with larger scanning amplitudes. This 

kind of inconsistency is not ideal for automated processes like LBW of busbar tabs and 

suggests that for lower LBW power, the scanning amplitude must be increased and vice 

versa to achieve optimal results in terms of tensile strength for overlapping Al-to-Al busbar 

welds. 

The results from this thesis show that LBW of Al busbar-to-tab joints benefits from 

optimizing welding parameters like laser power and scanning amplitude. Small changes in 

laser scanning amplitude had noticeable changes in weld depth, when laser power was low 

enough to not penetrate the whole joint. 
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In this thesis, the main limiting factor for testing was time available for testing the specimens, 

which limited comparison to existing literature demonstrating the use of wider range of 

scanning shapes and other LBW parameters. The results from this testing support the 

findings in the literature and further research is required to find optimized parameters for Al-

to-Al LBW, that also consider other requirements for a battery pack connection like 

electrical resistance. 

 

6. Conclusions and future work 

This thesis’ testing results demonstrated that laser scanning amplitude and laser power have 

a noticeable impact on the tensile strength and weld morphology of aluminum-to-aluminum 

busbars in EV battery packs. More accurately the results indicated that higher scanning 

amplitudes combined with low to moderate laser power, that in this thesis were 0,8 kW and 

1,0 kW, produced stronger welds with more suitable penetration for EV battery use cases. 

These findings suggest that the optimization of laser parameters is vital for ensuring good 

mechanical properties of aluminum-to-aluminum welds in EV battery packs.  

Further research work is needed regarding laser welding of aluminum-to-aluminum 

connections in battery packs, introducing a wider range of laser welding parameters such as 

beam focus and welding speed would help optimize the welding process further. Including 

different scanning shape geometries and beam shapes into testing will also give relevant data 

to reveal areas for improvement. Welding and testing of dissimilar metal connections in EV 

batteries could also be implemented in future work due to the popularity of these types of 

connections. Another relevant study area is the long-term effects of different weld defects 

on durability of the EV battery pack in real world operating conditions that includes testing 

for mechanical vibrations, thermal cycling of the weld joints and environmental exposure to 

validate the suitability of different welding parameters. These results would serve as 

guidelines for laser welding processes used in automotive battery manufacturing. 
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Appendices 

 

Appendix 1. Screenshot of ImageJ software with a yellow measurement line and toolbar. 

 


