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Abstract 

This study had the purpose to further the use of industrial lasers in the manufacturing of hairpin 
electric motors by optimizing the process of contacting the hairpins. A problem with laser beam 
welding of copper is the porosity created in the process which can lead to increased resistance of 
the welded region along with degraded mechanical properties. By experiment this study aimed to 
find the optimal parameters to reduce the porosity while maintaining all other requirements for 
the weld. The track of achieving a satisfactory simulation was done to minimize the need of 
physical experiments which can be argued as a sustainable development aspect. A set of 
parameters was found that achieved a low volume of pores, a sufficient weld depth and a desirable 
bead geometry. Some pores still remained, mostly at the endpoint of the laser path which could 
be caused by the laser shut-off leading to a keyhole collapse enclosing some pores in that region. 
The simulation showed promising results in welding depth and melt region. Further work on 
ramping the laser power at the endpoint could be beneficial for eliminating the remaining porosity 
as well as refining the simulation in terms of porosity.   
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1 Introduction 

This thesis work studies the complex phenomenon occurring in the weld zone to advance the 
manufacturing technique to be ready for large scale use within the production of hairpin electric 
motors. The welding of hairpins requires a rapid process since many small welds need to be 
produced and the takt time as well as reliability must be considered since there is a large-scale 
production in question. Figure 1 illustrates an unwelded hairpin stator along with two hairpin 
pars, welded and unwelded. 

 

Figure 1: Hairpin stator and hairpins, welded and unwelded (Right image [1]). 

 The field of laser beam welding is a relatively new addition to manufacturing techniques and is 
starting to be considered a viable option in some applications requiring both quality and large 
quantities [2].  

In the manufacturing of new hairpin electric motors, the limited space available for contacting 
creates a problem regarding what method to use. Other work done within the field has concluded 
that laser beam welding is one of the most viable options at present of welding copper hairpins 
[3], [4]. This thesis work focused on finding and optimizing relevant process parameters of Laser 
Beam Welding (LBW) utilizing copper as the material of choice, using both experiment and 
simulation-based approaches. The need for optimizing arises since high porosity leads to e.g., 
increased resistance which is not desirable.  

While laser welding of hairpins is becoming more relevant, the demand for a satisfactory 
simulation is also increasing. This gives the purpose of the work; to increase knowledge about 
simulation of copper hairpin welding, as well as understanding of which process parameters and 
how they affect the welding process. With a satisfactory simulation procedure, the need for 
physical experiments can be reduced and could therefore lead to a more sustainable development 
of the welding process. 
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1.1 Background 

This thesis work was proposed by Volvo Cars with intent on improving and understanding the 
process of laser beam welding of copper hairpins used in electric motors. The thesis work was 
also done in conjunction with the University of Skövde who runs research in the fields of both 
laser beam welding and machining. Volvo Cars public statement that they intend to be a fully 
electric car company by 2030 further solidifies the importance of understanding the processes 
needed to manufacture the electric motors intended for their drivetrain [5]. It is concluded by 
Volvo Cars that LBW is the most promising technology for welding copper hairpins required for 
electric motors, therefore the research question focused on the less researched areas within this 
field. The machines available for use within the project can be seen in Figure 2, more info about 
the machines can be found in appendix I, II, III and IV.  

 

Figure 2: Machines available for use. Left: Laser cell. Up right: CT-scanner. Down right: Disk laser module. 

1.2 Research Question 

The research questions are split into two parts, one regarding physical experiments and one 
regarding simulations. The two main research questions can be summarized accordingly: 

 Can a set of optimized process parameters be found in regard to minimizing porosity, 
achieving a sufficient weld depth and a bead geometry without sharp features? 

 How can multi-physical simulation be used to match experimental results? 
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1.3 Purpose & Goals 

Two main purposes were stated for this project, and they are the following: 

 Find a set of process parameters that create a stable process while achieving low porosity, 
sufficient weld depth and a bead geometry with no sharp features. 

 Understand the set of software settings needed to be able to achieve a realistic simulation 
of copper hairpin welding in terms of porosity, weld depth and bead geometry. 

Two main goals were stated for the project, and they are the following: 

 Find the correlations between the process parameters selected for testing and the 
porosity, weld depth and bead geometry.  

o With this correlation deliver a set of optimized parameters to minimize porosity, 
maximize weld depth and achieve a bead geometry with no sharp features. 

 Provide a simulation of copper hairpin welding that matches to some degree the level of 
porosity, weld depth and bead geometry of the corresponding physical sample. 

A sufficient weld depth in this project would be 3.12 mm since Volvo Cars has specified that the 
cross-sectional area of the weld should be at least 120% of the cross-sectional area of the hairpin. 
Further explanation of how bead geometry is measured and scored can be found later in the 
report. A satisfactory volume of pores would be below 10% of the total melted volume. 

1.4 Limitations 

Below is a list of some limitations to the project: 

 This thesis was conducted over a five-month period, the work was limited to this 
timeframe.  

 Laser beam welding can be performed on a large variety of materials, this study focuses 
only on the copper alloy (Cu-ETP1 CW003A). 

 A limiting aspect to this thesis work is the narrow base of other research material that is 
readily available. Other car manufacturers may possess the information about laser beam 
welding sought for by Volvo Cars but make the decision to not share it based on economic 
interests. 

 Some research has found that shielding gas could help with the stability of the process, 
shielding gas was not tested in this study.  

 The process parameters that can be tested are limited by the capabilities of the machine 
used for the experiments. A TruLaser Cell 3000 in combination with a TruDisk 6001 with 
a maximum power of 6 kW and a laser wavelength of 1030 nm. 

 A programmable focusing optic (PFO 33-2) is used for the experiments. This limits the 
incidence angle that can be tested, the range of motion for the laser and the spot size. 

 The size of pores that can be detected is limited by the CT-scanner used, which is a RX 
Solutions EasyTom with a minimum voxel size of 4 µm. 

 Porosity, weld depth and bead geometry will be evaluated for this thesis work and the 
weld is optimized in regard to these chosen properties.  

 Because Volvo Cars already concluded that LBW is the method to be used for the copper 
hairpins, no other welding methods were analyzed or compared during this work. 
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1.5 Hairpin Electric Motor 

This chapter contains a brief introduction to the electric motor, its history, main principle as well 
as the introduction and benefits of hairpin windings in order to give a basic foundation of 
understanding the reason for this project. 

An electric motor converts electrical energy into mechanical energy and the main components are 
the stator and the rotor. The stator is static in relation to the body where the motor is attached. 
While the rotor is a core inside the stator, rotating by the interaction of the magnetic fields [6]. 
The magnetic field is generated by current flowing through the electric windings within the stator 
and the magnetization within the rotor. See Figure 3 illustrating a hairpin electric motor and its 
main parts in an exploded view.  

 

 

Figure 3: Hairpin motor, exploded view [7]. 

Today the electric motor is an electromagnetic motor, working with the motors magnetic field and 
an electric current in a wire winding, which in turn generates mechanical energy. An 
electromagnetic motor can be of the type alternating current (AC) or direct current (DC). The 
difference between AC & DC is the behavior of the feeding current and how the motor converts 
the either alternating or direct current into mechanical work [8].  

In a harpin electric motor the hairpin conductors can be inserted axially through the stator but 
then needs to be connected, commonly welded together. A radial insertion process historically 
adds a considerable labor cost to the manufacturing. The main benefit with hairpin windings is 
the increased copper fill ratio [9], [3], [10], [11]. Benefits with rectangular wire windings (Hairpin 
windings) are also, a higher torque density, increased efficiency, increased heat dissipation 
between the conductor and the slot, stronger rigidity and increased steadiness, decreased 
vibrations and reduced noise [11]. But it is found that the high-speed current within the 
rectangular wires poses serious challenges. Due to the fact of the high current flow, a higher AC 
copper loss and skin effects appears (where “copper loss” is the loss of energy when flowing 
through a conductor, and “skin effect” is the tendency of current flow to be largest near the surface 
of the conductor).  
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Importance and reliability of the welding and insulation of the conductor are paramount while 
using hairpins instead of stranded windings [11]. What is common in the later research is the 
discussion about the limitations in the manufacture of hairpin windings. The conditions within 
the working zone, during hairpin manufacturing, makes conventional joining technologies 
difficult to apply, partly due to limited space. Laser welding is a hot candidate as a manufacturing 
method [9], [3], [10], [11]. The importance of combining short process times, high reproducibility 
within the production, low heat input to avoid thermal damage and how low contact resistance 
must be achieved within the weld for the manufacturing process to be worth implementing [10]. 

1.6 Research Methodology 

In order to understand the process of this project this chapter describes different research 
methods used in this project. The type of research method needs to be carefully considered to get 
a reliable and valid result [12]. The research method will influence the entire process. A research-
path will be based on the researcher's knowledge and therefore the researcher will have to 
consider and be open to the source of knowledge. Below are the steps used in this project, 
planning a study, literature review, experimental and simulation research, quantitative and 
qualitative methods are also described since they are implemented in the experiments and 
simulation. 

Planning a study: Since engineers are trained to solve problems, a common engineering mistake 
is to start solving the problem before defining the purpose and research question [13]. The study 
should be designed to enable engineers reaching the purpose and answering the research 
question.  

The research methods used within this thesis is presented below, see Figure 4, illustrating the 
different research methods and their correlation. Initially, a literature review was conducted 
which laid a foundation that resulted in experimental and simulation research. 

 

Figure 4: Research methods. 

Literature review: To be able to contribute to the development of knowledge in an area, it is 
important to know what knowledge already exists [14]. Therefore, it is important to familiarize 
yourself with the current state of knowledge. A survey of relevant and current literature is called 
a literature review and includes the review and results of the articles. In a survey, one often wants 
to identify the research front. A literature review should be structured and follow a general 
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process. Some steps are: First specify the purpose of the survey, identify suitable keywords, 
formulate criteria for inclusion and exclusion of literature, select search tools, formulate, and 
conduct searches, general review, in-depth review, create overview, analyze content and present 
results. 

A source should be criticized to validate the information presented. To properly criticize some 
topics are to be considered, source of information, publication, authors, contents, time referring 
to primary sources are preferred. Some questions to answer when critiquing sources are the 
following: 

 Where is the documentation to be found? In what type of database is the document to be 
found?  

 What type of publication is the document from? (Book/Journal) 
 Is the aim of the document relevant, factual or opinion forming? Is the author's viewpoint 

objective? 
 When and where was the document published? Does it matter in which time this kind of 

information was published? 

Research can be qualitative, quantitative or both. Since this project uses both methods, they are 
described as follows: 

Quantitative method: Objective method based on mathematics rather than personal feelings and 
opinions [12]. The sampling is random or non-random where numbers are important. Data is 
collected using highly structured questionnaires, where the data is analyzed using statistical 
calculations. The results are to a greater degree superficial but more generalizable with exact 
numerical results.  

Quantitative properties are independent of how the researcher perceives them [14]. Quantitative 
methods often obtain a high level of standardization, which also results in limited flexibility. 
Quantitative research methods use statistical methods for processing and analyzing data. 

Qualitative method: A subjective method based on inductive reasoning, where conclusions are 
based on a specific set of observations rather than numerical results [12]. A qualitative approach 
works with values such as beliefs, attitudes, representations, relationships, practices, and 
behaviors. The data collection is less structured observation and/or interviews. Qualitative 
research is criticized in the aspects of small scale, biased and lacking rigor but when performed 
properly these aspects shall be eliminated. The reliability of qualitative research relies on the 
genuineness and honesty of the data collection.  

Experimental and simulation research has been used during this project, and an explanation of 
these concepts are explained below: 

Experimental research: Experimental research is a quantitative research method and aims to 
isolate investigation into a physical situation, which allows investigation of the variance of 
possible constituent parameters in a specific process [15].  

Experiments can be used to study relations under pure conditions, test theory predictions as well 
as refining theories to help build theoretical systems. The number of variables may vary in an 
experiment, if one variable is measured in different levels it is often referred as on-variable-at-a-
time (OVAT). A risk with performing OVAT experiments is that interactions between different 
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factors do not appear. This study used factorial experiments to enable the discovery of 
interactions between factors. The complexity increases rapidly when adding different factors. 
Adding to experiments there are also pre-experiments that refers to a preliminary study to 
identify possible relationships in an early stage [13]. 

Simulation research: Simulation research is a structured replication of real-world environments 
or events with the purpose of exploring complicated relations and vigorous interactions [16]. 
With increasing computational power and developed simulation software, simulation today is 
feasible to a greater extent, which can provide a more accurate representation of the real world. 
The weaknesses of simulation can be summarized as, the completeness of simulation input 
information, the precision of the real-world replication, cost and processability of the simulation 
and the programmed spontaneity of simulation situations. The input data has a considerable effect 
on the precision of the outcome. 

When using a suitable simulation model, the simulation can be used to improve, optimize or 
explain real-world complications [14]. Simulation has come to replace physical models. But a 
simulation can never come to replace empirical testing, and a simulation needs to be ensured that 
simulation results correspond with empirical observations. 

1.7 Project Management 

Different types of project management may grant different outcomes for this project, the agile 
method has been the main approach during this study. Below is an explanation of project 
management and the different approaches.  

A project can be defined as a process with a start and an end [17]. With a more detailed project 
plan a higher degree of control can be exercised on the project’s day to day work. To describe a 
project as a process has the purpose to ensure governance and management. A pilot study was 
initially performed during this study, and the importance of this is strengthened by [17]. With the 
project model responsibility, goals and demands become measurable. A common project has some 
mandatory control documents, such as project description, project plan and final report [17].  

A project can be managed in different ways. For example, with strict planning or with a more agile 
approach. Where a more agile approach is based on values, attitudes, and principles [17]. The agile 
approach describes how work is to be organized in a more changing world. It is about adapting 
the method to the conditions for the project. Agile project management combines project 
methodology with any agile method. Where the agile methods are used to the greatest extent 
during the implementation phase. 

Agile methods cannot be completely defined. Agile development consists of iterative time boxes 
with customizable planning that supports evolving delivery [18]. It summarizes and practices 
agility and rapid response to change. 

1.8 Sustainability 

This section will describe the three main pillars of sustainability with the intention of creating an 
understanding of how they are interconnected. The section will also present some of the global 
goals to lay a foundation for how these are linked to this project. This section will be 
interconnected in the end of the report. 
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There are three E's of sustainability in regards to the Brundtland commission which were the first 
to put these ideas into words [19]. The three pillars are environment, economy, and equity. The 
pillars are often called by other names but usually refer to the same model of thought. The 
knowledge about sustainability is constantly increasing amongst the population and companies 
and are increasingly implemented into our social systems. 

An essential idea here is that the work should be focused on all three pillars and the improvements 
on one pillar should not cause detriment to another [20]. A common model to describe the relation 
between these three pillars can be seen in Figure 5. 

 

Figure 5: Model of sustainability. 

United Nations members adopted the 2030 agenda in 2015 for sustainable development. The 
purpose of agenda 2030 is: “provides a shared blueprint for peace and prosperity for people and the 
planet, now and into the future” [21]. The agenda 2030 is divided into 17 sustainable development 
goals (SDGs) and below follows some of the global goals [21]. These are later discussed in the 
report in connection to this study. 

SDG 3: “Good health and well-being” to “ensure healthy lives and to promote well-being for 
all at all ages” 

SDG 5: “Gender equality” to “achieve gender equality and empower all women and girls” 

SDG 7: “Affordable and clean energy” is partly aiming for accessing electricity in poorer 
countries but also increasing the energy efficiency. Where the 7.3 target is “By 
2030, double the global rate of improvement in energy efficiency” 

SDG 9: “Industry, innovation and infrastructure” to “build resilient infrastructure, promote 
inclusive and sustainable industrialization and foster innovation” 

SDG 12: “Responsible consumption and production” to “ensure sustainable consumption and 
production patterns” 

1.8.1 Environmental 

The environmental pillar generally attracts the most attention. This aspect of sustainability is 
most thought of when companies or projects limit their carbon footprint, waste created and its 
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general impact on the environment. A key aspect of the environmental pillar is “Sustainable 
biological resource use”, an example of this could be to limit the number of fish extracted from the 
ocean to let the population maintain a relatively even size [19]. An example of environmental 
thinking within this project is to contribute to the electrification of the automotive industry and 
the phasing out of combustion engines. 

1.8.2 Economy 

The economic pillar is the most well understood by businesses and corporations. To keep 
operating the business must be profitable. One important aspect of this pillar is that profit must 
not come at a detriment to any of the other two pillars. One economic aspect of this project is to 
create a stable and reliable process which would lead to fewer scrapped parts and less economic 
loss. 

1.8.3 Equity 

The equity pillar, often also called the social pillar, is partially built on a concept that is still under 
development: social license to operate (SLO). The SLO is based on the approval in the eyes of the 
beholder. A business must gain approval from its employees, stakeholders, and the general public 
to be regarded as socially sustainable [22]. 

With the public mind increasingly conscious about how our choices impact sustainability, a 
person is less likely to buy a product from a business not nurturing their SLO. This ties all the three 
pillars together, to obtain a SLO a business must act sustainably regarding the environment as 
well as  its stakeholders. Following this sustainable operation and good public relations often 
comes profit as people and other businesses are more likely to deal with a business which holds 
a SLO. 

1.8.4 Ethics 

The ethical aspects that may be present in this project will be discussed at the end of the report 
and this chapter summarizes general ethical issues regarding the engineering and research role.  

In all professions and also in engineering from a research perspective, ethical aspects need to be 
considered. Ethical aspects also apply to a degree project, to be performed in an ethical manner 
[14]. There are different types of ethics, where two of them are consequence ethics and duty 
ethics. The definition of consequence ethics could be measured as the consequences of the 
developed technology and not the intentions when the technology was being developed. Duty 
ethics is instead focused on actions and their inherent goodness or badness.  

Research ethics relates to values and norms the researchers are expected to follow in their 
professional activities [14]. A couple of reasons to consider ethics when performing research is to 
enable society to trust the results, and to protect the researcher. Research ethics concerns ethical 
obligations in relation to the researcher, the motivation of the researcher and how the research is 
carried out. Considering the ethical aspects of something requires that we assign a value to what 
we discuss the ethical aspect of. Professional ethics is needed, where an example is to review a 
scientific article without taking the author into account. Professional ethics concerns the 
profession and the professional role. 
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Engineering ethics, engineers develop solutions responding to society and industrial needs and 
are therefore in need of taking technical-ethical issues into consideration. A developed product 
may have many uses, areas that help people and the environment, but may also be used to harm 
and exercise power. Does this mean that the technology is bad, or that the person who developed 
the technology is bad? These are questions that arise when reflecting on engineering ethics. There 
are different codes of conduct in different countries. The World Federation of Engineering 
Organization (WFEO) specifies four main themes of ethical engineering practices, where the four 
themes aim to, “Show integrity”, “Practice the profession in a competent manner”, “Show 
leadership” and “Protect both natural as well as artificial environments''. WFEO’s codes of conduct 
goes in line with the Swedish code of honor for engineers. 

1.9 General Structure 

Each section of the report will consist of a brief explanation detailing the broad coverage of the 
following text: this was done to let the reader easily understand the content of a section. Following 
the introduction the theoretical frame of reference is presented giving further understanding to 
the project where key concepts and some history and techniques are discussed. Thereafter the 
literature review is presented. The literature review was conducted to get a clear understanding 
of the research that has been done in the field of LBW and adjacent fields. The literature review 
summarizes the research and brings up key findings that will be referred to later in the thesis.  
 
In the following section the method used for the practical experiments is detailed and motivated, 
this includes what parameters were tested as well as the evaluation method for the 
experiments. The next sections, which is implementation and results, presents the findings of the 
experiments and includes the parameters used alongside the resulting weld. The implementation 
and results of the simulation track is also described. The following two sections are discussion 
and conclusions where the results are evaluated and discussed, then seeing what conclusions that 
could be drawn based on them. The sustainable development and ethical aspects are also 
discussed. Finally, some future work/recommendations are presented. 
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2 Theoretical Frame of Reference 

Below follows the theoretical frame of reference which explains the concepts, tools and terms 
used within the project, and certain overarching principles are also explained to provide an 
increased understanding of the project as a whole. The theoretical frame of reference should 
provide a solid foundation to the workflow and facilitate the question of which tools and methods 
are suitable in different scenarios. In Figure 6 the core concepts that are used in this project can 
be seen. The workflow of the experimental track is accordingly: Initially a Design of Experiment 
(DoE) is defined, thereafter the welding of the samples is performed followed by a Computed 
Tomography Scan (CT-scan). 

 

Figure 6: Core concepts used. 

2.1 Laser 

In this chapter an introduction to laser and laser welding is presented. The main history, different 
laser types and its applications are topics of interest. Laser is an acronym for light amplification 
by stimulated emission of radiation [23]. Laser welding is increasing in its use, application, and 
development [4].  

The principles of light beams were first discovered by Albert Einstein in 1917 but were practically 
realized first in 1960. A laser generates lightwaves based on atomic and quantumphysical effects, 
and the laser beam is an intensely coherent amount of light. The photon emission is generated by 
electrons dropping from a higher energy level, down to its ground energy state within an atom, 
and thereby emitting energy in the form of photons [24]. 

An external power source energizes the atoms within the laser medium so that the electrons move 
to a higher state. The system feeding energy to the atoms can be of optical, mechanical or a 
chemical principle. When the electron thereafter drops to its ground energy state it emits a photon 
with a certain wavelength that is specific to the laser medium, and thereby the frequency of the 
laser is determined by the medium.  

Laser can be applied in many areas such as cutting, drilling, marking, welding but also within 
additive manufacturing [25]. The laser process is versatile but also has its limits. A limitation 
within laser beam machining (LBM) is that the method is sensitive to reflection [26]. Further in 
the report this issue will be discussed. The LBM method has a relatively small heat affected zone 
(HAZ) [27]. The workpiece materials properties such as diffusivity which depends on the thermal 
conductivity, also affects the size of the HAZ [28]. HAZ is the un-molten zone in the material whose 
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physical properties change due to the altered heat induced by the welding operation [29]. A low 
HAZ is one of the advantages within LBM. See Figure 7 illustrating the heat affected zone. 

 

Figure 7: Illustration of Heat Affected Zone (HAZ). 

The high energy density of a laser beam can be matched with an electron beam and is much higher 
than for arc or plasma, the welding speeds are also generally higher. Laser beam machining has 
its applications within aerospace, biomedical, automobile, manufacturing, electronics industry 
and micro- electro-mechanical systems [25]. 

The common laser materials/medium are categorized to be solid state lasers, gas lasers, dye lasers 
and semiconductor lasers [23]. Solid state lasers use a solid medium to emit photons [30]. Nd:YAG 
laser and YAG lasers are examples of solid-state lasers.  

2.1.1 Disk Lasers 

Disc lasers are a type of solid-state laser. The first industrial disk laser was available in 2003, and 
the concept of disk laser was first invented in the 1990s [31]. A disc laser contains a thin disk of 
crystalline Yb:YAG as its medium and has an efficiency between 15-25% with a current maximum 
power up to 16 kW. 

A disc laser can be applied with a remote laser welding or laser scanner welding adapter [31]. A 
programmable focusing optics (PFO) scanner system enables fast material processing within a 
limited volume. See Figure 8 illustrating the PFO principle and the volume of application. The laser 
beam is positioned in X and Y directions by the rotatable mirrors and a lens is adjusting focal 
positioning in the Z direction. 
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Figure 8: PFO principle, laser beam welding [31]. 

A PFO can be attached to a robotic system enabling,  so-called “welding-on-the-fly”, achieving fast 
material processing on a bigger workpiece [31]. The remote laser process enables laser-on times 
up to 90% compared to conventional laser welding applications with a laser-on time of about 30-
40%. 

2.1.2 Laser Beam Welding 

Laser beam welding was initially proposed as a technique in the beginning of 1960s [31]. With its 
advantages of high energy density, deep penetration depth, good flexibility, and high precision. 
Welding is one of the most versatile and realistic joining methods, applicable to products in the 
industrial field. LBW is recognized as an advanced material joining process. Metal plates up to 50 
mm thick can be welded together depending on the mechanical properties of the workpiece 
material.  

Lasers can be categorized as pulsed wave or continuous wave (PW or CW). The pulse shaping is a 
rising and falling in power, with the purpose of reducing porosity and spatter. A pulsed laser wave 
can be of either sinusoidal or a rectangular distribution, where a typical pulse time is 1-20 msec. 
(see Figure 9). 

 

Figure 9: Continuous wave and Pulse duty cycle [32].  

The high energy density within LBW, can form a deep narrow keyhole during the welding process. 
When applying a laser beam onto the surface of the workpiece, the workpiece absorbs the energy, 
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and the surface temperature rises when the laser energy converts to thermal energy. The 
absorption factor increases with rising surface temperature and is further increased when the 
workpiece material melts. If a laser beam continues to act on the surface, a keyhole is created due 
to evaporation causing a recoil pressure. See Figure 10 illustrating a laser beam keyhole and its 
phenomena.  

 

 

 

 

 

Figure 10: Weldzone/keyhole, laser beam welding [31]. 

When a keyhole is formed the laser absorption is further increased because of the geometry of the 
keyhole, which causes multiple reflections inside the keyhole. The high recoil pressure can easily 
cause spatter, sending molten material outside the inlet of the keyhole. The keyhole needs to be 
stabilized to prevent spatter and minimize porosity. If a keyhole depth is larger than the 
circumference the keyhole tends to close during the welding path, which is called the Rayleigh 
instability [31]. 

2.1.3 Process Parameters 

This section will detail the process parameters involved in LBW of copper hairpins. Some 
parameters are dependent on the selected machine or processes leading up to the actual welding, 
all will be explained but a larger focus will lay on those that can be controlled within the LBW 
machine. First individual parameters are described, then combined parameters, and lastly the 
input parameters. 

Laser power: How deep the weld penetrates can be affected by adjusting the laser power if the 
beam diameter is constant. Laser power is usually in the range of 1 - 10 kW for industrial lasers 
[9]. Blue and green lasers are not yet as powerful and usually lie below 3 kW in power [33]. 

Spot size: Spot size can be described as: area of the laser beam contacting the workpiece. The spot 
size can usually be adjusted by changing the collimation lens length or the focal lens length. The 
spot size is often denoted as the diameter of the laser beam at the focal point. This parameter also 
influences the penetration depth in conjunction with laser power [9]. 
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Feed rate: The feed rate can be described as the speed that the laser point moves along the 
workpiece surface. At low feed rates the melt pool becomes large and depends on surface tension 
to hold together, if disturbed or surface tension breaks melt ejections can be observed.  

At higher feed rates the melt pool is narrower and more elongated behind the laser point, this can 
be beneficial in terms of reducing porosity within the weld. The longer tail of the melt pool means 
that the solidification front trails further behind the laser point, allowing pores that form in the 
bottom of the keyhole to rise out of the melt pool [34]. 

Laser path geometry: When welding copper hairpins the shape of the weld bead as well as the 
penetration depth can be affected by the path geometry [9], [3], [10], [4]. 

The largest benefit from using other geometries than a straight line occurs when a small gap exists 
between the two hairpins. An elliptical path as an example can lead to a more stable process even 
when this gap exists [4]. See Figure 11 illustrating three different laser path geometries. 

 

Figure 11: Laser path geometry. 

Path length: How long the path is, influences the total energy input to the workpiece. If a path is 
repeated multiple times the path length must be multiplied by the number of repeats. 

Incidence angle: The angle at which the laser beam hits the workpiece (see Figure 12). A 
simulation study by Lin et.al [34] found that the incidence angle can affect the melt pool dynamics 
in terms of keyhole stability. A higher incidence angle also leads to a lower penetration depth if 
the other process parameters are unchanged.  

 

Figure 12: Incidence angle. 
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Modulated signal shape / Frequency: Pulsed lasers can be modulated with different signal 
shapes such as square wave or sine wave to control the power output. The frequency of the signals 
can also be altered. A study found that modulating the laser power can have a positive effect on 
keyhole stability [35].  

Modulated laser path: This parameter is often referred to as wobbling. There are many different 
oscillation geometries such as circular, infinity shape and linear, see Figure 13 for an example of 
circular wobbling. The wobbling occurs along the main laser path. 

 

Figure 13: Circular wobbling [36]. 

Focal position: The laser beam is focused into a focal point and the focal position refers to the 
relation between this focal point and the workpiece surface. The focal point can be placed below 
the workpiece surface (negative defocusing) or above the workpiece surface (positive 
defocusing). Some indications have been found that negative defocusing is beneficial in terms of 
reducing spatter without affecting the properties of the contact [4]. See Figure 14, illustrating focal 
position. 

 

Figure 14: Focal position. 

Shielding gas: Shielding gas is used to limit the interactions between the workpiece and 
surrounding atmosphere. It is used in a directed flow of gas over the weld zone. The use of 
shielding gas can affect the formation of plasma in the weld zone. Green laser's interaction with 
the copper vapor leads to a larger plasma plume just above the keyhole which in turn leads to 
seam irregularities and less penetration. The same plasma plume was not observed for IR lasers 
[37]. This indicates that shielding gas might only be needed with some wavelengths when welding 
copper.    
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Absorptivity: This parameter could be called semi-controllable. The process of LBW is highly 
dependent on light being absorbed by the workpiece and the efficiency of the process is tied to 
this parameter. When welding copper the absorptivity is highly dependent on the wavelength of 
the laser, which is considered an ingoing parameter that cannot be changed. Keyhole welding 
allows for a way to decouple the dependence of absorptivity and wavelength, within the keyhole 
multiple reflections occur and the absorptivity sees little difference for long or short wavelengths 
[38]. Conduction welding is still highly dependent on the absorptivity and shorter wavelengths 
can greatly increase the efficiency of this type of process.  
 
Power density: This parameter is a combination of laser power and spot size, usually unit 
[MW/cm2]. The power density influences the penetration depth of the weld.  

Energy density: A combination of power density, feed rate and path lengths. This parameter 
describes how much energy is put into the workpiece, unit: [MJ/cm2]. One thing not considered 
by this parameter is the absorptivity, so only the energy supplied by the laser beam is described, 
not the amount of energy absorbed by the workpiece. 

Wavelength: For this study the wavelength is considered an ingoing parameter into the process, 
new machines can be purchased with other wavelengths, but this creates a large financial 
hurdle. The wavelength of the laser influences the absorptivity of the workpiece. When welding 
copper the absorption percentage of a brilliant green laser is about 40%, comparatively an IR laser 
achieves around 6% [33]. This large difference is mainly seen when performing conduction 
welding, when keyhole welding the absorption is driven by the multiple reflections within the 
keyhole. 

Beam quality: This is often measured in terms of beam propagation ratio, also referred to as M2. 
This parameter indicates how tightly the laser beam can be focused when compared with a TEM00 
beam (also referred to as a diffraction limited gaussian beam). For a detailed explanation see [39]. 

Residual insulation: When welding copper hairpins the workpiece material has an insulating 
surface which needs to be removed before the welding process. This process can leave behind 
residues on the surface of the hairpin, this often leads to pores forming as well as melt ejections 
[4]. 

Offset between hairpins: Some variance in the process can sometimes lead to a small gap 
between the two hairpins being welded. This gap can affect the weld bead geometry as well as the 
penetration depth. Using different laser path geometry can help reduce the effect the gap has on 
the stability of the process [4]. 

Surface geometry: Depending on, if the hairpins are cut or machined the surface that gets welded 
might be chamfered. The material flow in the weld zone gets affected by the geometry of the 
surface and most studies are based on a flat surface [4]. 

2.2 Computed Tomography Scan 

This section examines the history and current applications of X-rays (Energetic High-Frequency 
Electromagnetic Radiation), and more specifically their use within the imaging method Computed 
Tomography (CT) scanning. Within this project CT-scanning was used to analyze the welds for 
porosity. 
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Since the discovery of X-rays in 1895 by Wilhelm Conrad Röntgen [40], the practice has grown 
significantly and are today used for a wide range of applications in fields such as medical, 
industrial and astronomy. The focus of this section is CT-scanning in the context of industrial use 
with the focus of inspecting welds.  

The development of CT-scanners was mainly driven by the need of performing nondestructive 
observations on the human body. G. N. Hounsfield pioneered the method of CT-scanning in his 
1973 paper “Computerized transverse axial scanning (tomography)”.  The method of CT-scanning 
is a further development of X-ray imaging which lets the user collect more information from the 
limited amount of radiation that is allowed to pass through a human body [41]. A CT-scanner 
works by imaging small slices of the object at different angles and reconstructing the slices into a 
3D representation; a more detailed explanation of the principles can be found in [42]. 

The main use case when it comes to CT-scanners in industrial applications is quality assurance or 
flaw detection where nondestructive observations can be made [43]. The ability to capture both 
internal and external geometry also lets CT-scanners recreate a detailed 3D representation of a 
real object. This has been used in a study to create a detailed finite element analysis of a part 
where all internal defects over a certain size were included to get a more realistic analysis [44]. 

A more specific use of CT-scanners is the estimation of porosity within a material, this can be used 
for many different applications. This method has also been used to estimate porosity within rock 
samples, but the same method can be used to estimate porosity within any material [45].   

2.3 Simulation of LBW 

In order to understand the simulation track of this project, this section describes the simulation 
process and the related physical phenomenon. When it comes to simulating the complex dynamics 
in the weld zone there are a few programs available to use. This section will focus on Flow-3D 
Weld [46], as well as the general principles and simplifications used within the computational 
models.  

There are two main models used to simulate the weld zone, thermo-mechanical and multi-physical, 
both will be presented along with their benefits and drawbacks. 

In the thermo-mechanical model, many assumptions are made to reduce the size of the simulation. 
As a heat source a volumetric shape is used to approximate the heat generated by the laser. Both 
gas and liquid flow is neglected, that means the simulation only solves a conductive heat transfer 
and mechanical problem. The mechanical part of the problem involves the elastic, plastic and 
thermal strain within the body. The main drawback of the simplifications made in the thermo-
mechanical model is the lack of accuracy of the heat source and further study is needed for this 
model to better represent reality [47]. 

The other main simulation model is the multi-physical approach where more of the interactions 
in the weld zone are considered. In this method there are two main approaches to compute the 
laser beam. The first method is by electro-magnetic simulation in a finite element model, a 
problem that arises with this method is the mesh size needs to be smaller than the beam's 
wavelength which leads to very long computational times [47]. 
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A less computationally heavy method to model the laser beam is the ray tracing method where 
the beam is assumed to consist of a finite number of rays. For this method each of the rays’ 
reflections are calculated and the resulting heat transfer. This multi-physical approach also 
usually takes fluid and gas flow into consideration, this leads to more complex and large 
simulations, but the result often approximates reality better than the thermo-mechanical model 
[47]. 

2.4 Design of Experiments 

For this project a Design of Experiments (DoE) was performed to evaluate quantitative data. 
Below follows some general information of DoE as well as the specific DoE method used for this 
project. 

DoE is a technique used for exploring new processes as well as gaining increased knowledge of 
existing processes, thereafter, followed by optimization. DoE has not been a favored technique for 
today’s engineers or managers because of the high required involvement and the statistical 
approach [48]. 

To increase the insight and knowledge about various manufacturing processes experiments are 
performed this also increases the product/process quality. An example, within a welding process 
where the primary concern of interest often is the welding strength [48]. Through scientific 
experiments the parameters affecting the strength the most, can be detected and derived. The 
experiment can also predict the supposed outcome during certain conditions. Examples of input 
parameters can be, welding speed, voltage, welding time, weld position, etcetera. Where the 
outcome parameter in this case is the strength of the weld. Today a common approach is OVAT 
which refers to analyzing one parameter while keeping the other parameters fixed. This method 
is time consuming, needs guessing and is limited in its transparency which makes it unreliable. 
The purpose of conducting a thoroughly planned designed experiment is to understand which 
variables within a process that affects the performance the most. Industrial experiment involves 
a sequence of activities [48]: 

 Hypothesis – an assumption that motivates the experiment 
 Experiment – a series of tests conducted to investigate the hypothesis 
 Analysis – understanding the nature of data and performing statistical analysis of the 

collected data from the experiment 
 Interpretation – understanding the results of the experimental analysis 
 Conclusion – stating whether the original set hypothesis is true or false. Very often more 

experiments are to be performed to test the hypothesis and sometimes we establish a 
new hypothesis that requires more experiments. 

Some of the process variables in real life are easy to control, while some normal situations can be 
regarded as more difficult. This is to be taken in consideration when variation is detected within 
the process. By mastering the controllable variables, the contributions to deviations from the 
uncontrollable variables reduces. There are several types of DoE’s with different approaches, each 
with differing complexity, benefits and disadvantages. Some of the different types of DoE’s can be 
divided into the groups such as Single Factor Design, Factorial Design, Two-Level, Fractional 
Factorial Design etcetera, [49]. The objective can either be to find linear or curved relationships 
between the parameters.   
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2.4.1 Box-Behnken Design  

Within this project a Box-Behnken Design (BBD) was performed in order to find non-linear 
correlations between different process parameters while performing the laser beam weld of the 
copper hairpins. Box-Behnken designs are an experimental design for response surface 
methodology. Performing a BBD at least three levels of the factors are needed, where the design 
should fit a quadratic model. See Figure 15 illustrating the factor-space of a three-factor BBD, 
where every “dot” represents a specific set-up of factors for each respective test. To perform a 
three-factorial BBD 15 runs are needed, 12 runs for the outer test, and three replicated tests of 
the center point [2].  

 

Figure 15: Box-Behnken Design [50]. 

The other main type of response surface design is Center Composite Designs (CCD). The 
advantages of BBD compared to CCDs are that the factors only need to be varied over three levels, 
which make the experiment less costly [50]. Another benefit is that BBD usually needs fewer total 
runs compared to CCDs. A three factor CCD needs 20 runs. A disadvantage of BBD is that it cannot 
be built up from a 2k design which standard CCDs can.  

Box-Behnken Design is an alternative to 3k factorial designs [51]. The BBD is formed by combining 
2k factorial with incomplete block design. Where the design makes efficient use of the 
experimental units. A 3k factorial needs 27 runs to fill a three-factor design. According to [52] a 
three factor BBD provides sufficient  information to fit 10 coefficients of the quadratic polynomial. 
But worth noting is that BBD lacks the edge-points where the result may be misleading, see Figure 
15 that the corner of the cube lacks black dots. 

The response of the variables is statistically approximated between the dependent variables. This 
is a regression of the quadratic approximation (1) gained from the equation below.  

𝑌 = 𝛽 + 𝛽 𝑋 + 𝛽 𝑋 + 𝛽 𝑋 𝑋               (1) 

The predicted response, (Y) values are obtained by the second-order polynomial model in (1), and 
where Xi are the different factors. 
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3 Literature Review 

Initially a structured literature review was conducted according to the methods presented in [13]. 
The purpose of the literature review was to expand the knowledge, understand the challenges, 
and find out what has already been established in selected areas. The selected areas were laser 
welding, copper hairpin welding, simulation, CT scan and execution of experiments which were 
also some of the selected keywords in the literature study. The search for relevant literature 
yielded many different articles with mixed relevance as well as quality. The search also revealed 
researchers experienced within the field. The latest research was chosen primarily as the area is 
still relatively unexplored, most articles are published from within one to five years ago. To find 
relevant literature only academic databases have been used to ensure the quality of this study. 
Within the initial amount of literature, the most relevant articles and books were selected and 
then a structuring and coupling was created between the literature. Thereafter, an in-depth 
review was conducted, and the relevant information was summarized as a basis for further work. 
The most relevant findings of the literature review are summarized in chapter 3.5. 

3.1 Copper Hairpin Welding 

This chapter explains copper welding using a laser beam. No other welding methods will be 
presented. Important properties and the effects of the interaction between the copper and the 
beam will be explained. Important aspects in the performance of hairpin welding will also be 
explained. See Figure 16 illustrating two welded hairpin pairs. 

 

Figure 16: Example of two welded hairpin pairs. 

Tobias Glaessel, in his book “Prozessketten zum Laserstrahlschweißen von flachleiterbasierten 
Formspulenwicklungen für automobile Traktionsantriebe” [4], describes the process chain of laser 
beam welding of hairpin windings, along with other information about the process. Below is a 
summary of Glaessel’s findings and discussions relevant for this study. 

Due to the material behavior of the enameled copper, the high number of contacting points, poor 
accessibility, demanding mechanical and electrical requirements the non-contacting laser welding 
technology shows potential. This is because LBW features short cycle times and high 
reproducibility. Only powerful enough infrared lasers were available, capable of performing 
required keyhole depths, when the book was developed. This was due to copper having 
challenging material behavior of high thermal conductivity, poor absorption and the tendency of 
spatter and formation of pores. The circumstances further deteriorate with the pre-existing 
insulations of the hairpins. There are multiple process parameters being examined within the 
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book, and it is deduced that these three input parameters are the most influencing 
interdependencies with respect to the electrical properties of the contact: 

 Offset between conductors resulting from assembly/clamping process 
 Residual insulation resulting from the skinning process. 
 Depth of chamfers from the cutting process. 

To achieve a good electrical property a high weld penetration depth and few pores is to be 
accomplished. Additionally, damages on surrounding equipment resulting from spatter or a direct 
contact with laser radiation is to be prevented. Some of the conclusions, regarding the connection 
quality, made within the book is: 

 It is explained that, to increase the quality of the weldseam additional lines can be added 
to the feed movement.  

 To prevent insulation damages a reduction of the geometry of the feed movement to about 
75% of the conductor’s width is preferred.  

 Ramping of laser power does not reduce the development of pores but does lower spatter 
formation. 

 Process stability can be increased by circular spacial power modulation as well as reduced 
spatter formation but may increase the conductor resistance to some extent.  

 Spatter formation is reduced by lowering the focal plane inside the workpiece without 
impacting the contact properties. 

 A low beam waist diameter worsens the process stability but can decrease the resistance. 
 The removal of insulation is to be performed without any remains. 
 An increased surface roughness shows increased reflection unlike oxidation which shows 

no effect on the reflection. 
 If a cutting process leaves any chamfers of the hairpins, they will affect the contacting 

process in terms of material flow during the welding process. 
 A big offset between the conductors before the welding process causes disadvantages, but 

the negative effect is minimized by a spacial power modulation.  
 Spatter formation is reduced by process gases. 

The laser beam welding process was compared to resistance pressure welding, ultrasonic welding 
and resistance brazing. The comparison revealed that LBW shows both shortest process time and 
a higher process stability than the compared processes. LBW is also distinguished by not receiving 
any thermal damage of the insulation or leaving any distinct deformation. The LBW process 
reached the lowest cost for the contacting process. 

3.2 Process Parameters 

The importance of adjusting the process parameters when laser welding is presented in many 
different studies, this section will go over some of the results presented in those studies. 

In one study, the absorption of energy based on the wavelength of the laser was tested [33]. Only 
two different wavelengths were tested, 515 nm (Brilliant Green) and 1030 nm (Infrared). The 
results from this study showed that the green laser had a much higher absorption when the copper 
was both in its solid and liquid state compared to the infrared. Another interesting observation 
was that the absorptivity when using the green laser decreased when the material went through 
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phase change from solid to liquid, the opposite was seen for the infrared where absorptivity 
increased when the copper transitioned from solid to liquid. Although the absorptivity of the 
green laser is higher it must be mentioned that the development of high-power infrared lasers is 
far ahead of the green in terms of maximum power output.  

A similar study examined the differences between the green and infrared lasers when welding 
99,90% pure copper (Cu-ETP) with or without shielding gas (nitrogen) [37]. The results for the 
infrared laser in terms of weld depth showed no clear difference for the case with or without 
shielding gas, contrary the green laser saw an increase in weld depth of 70% when shielding gas 
was used. One conclusion that was drawn is that the green laser's interaction with the copper 
vapor leads to a larger plasma plume just above the keyhole which in turn leads to seam 
irregularities and less penetration. 

Another study found indications that laser power, feed rate and pulse rate are the most important 
process parameters to consider when welding copper [2]. In [9], they instead defined energy 
density [J/cm2] as a key factor, which is a combination of laser power, spot size, speed, and path 
length. A range for the energy density was defined between 8 - 18 MJ/cm2, the parameters that 
were changed to achieve different energy density was output power and feed-rate. The result from 
the study indicates that an energy density of between 11 - 12 MJ/cm2 achieves the best weld 
results regarding reducing porosity, increasing tensile strength and obtaining a desirable fusion 
zone shape. The laser that was used had a wavelength of 1070 nm and was of the type continuous 
wave (CW) with a theoretical spot size of 68 μm. 

A study also examines the effect of laser power modulation in copper welding [35]. Their study 
used an infrared laser at a wavelength of 1030 nm with a maximum power output of 5 kW and 
used a focus diameter of 100 μm, the incidence angle of the laser was set to 18°.  The study first 
analyzed the effect of feed rate on melt ejections (spatter) at a constant laser power of 1.5 kW and 
found that the melt ejections decreased as the feed rate increased. The energy density is not 
mentioned in their study but for the selected values of power: 1.5 kW and spot diameter: 100 μm 
the power density was calculated to be around 19 MW/cm2. The path length used for all tests were 
80 mm and feeds varied between 2 - 8 m/min , for these values the energy density for the welds 
were calculated to vary between 11.4 - 45.6 MJ/cm2 and similar to the study [9], the best results 
were achieved around 12 MJ/cm2. In [35] the study by modulating the laser frequency with a 
constant power: 1.5 kW and feed: 6 m/min as well as the same spot diameter of 100 μm. Without 
modulating the laser power these parameters lead to an energy density of 15.2 MJ/cm2 which 
resulted in a weld with many melt ejections. The laser power was then sinusoidally modulated at 
1500 W +/- 750 W between 0 - 600 Hz which results in the same energy density. The results with 
least melt ejections were achieved with a frequency between 400 - 600 Hz for Cu-ETP. At this 
frequency the number of pores increased but the overall weld quality was said to increase since 
the study regarded melt ejections as worse than pores. A suggestion was given for further studies 
to look at optimizing the shape of the modulated signal. 

The effect pulse duty cycle has on weld quality was tested in study [32]. The modulated signal 
shape used was a square wave, the maximum power used was modified to maintain the same 
energy density for different values of the duty cycle. The frequency used was 100 Hz and values 
between 50 - 100% were tested for the duty cycle. It was seen that porosity in the weld decreased 
when the duty cycle went down from 100 to 70% and then started increasing again as the duty 
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cycle approached 50%. A conclusion that was drawn from this is, there exists an optimal value for 
the combination of frequency and duty cycle in modulated pulse laser welding. 

Another process parameter of interest was studied by [36], the study examined different 
oscillation patterns on a weld, also known as wobbling. The study concluded that all oscillation 
patterns tested were better than a straight line in terms of weld quality, the best weld was 
achieved with a circular motion of the laser along the weld path.  

How incidence angle of the laser had an effect on porosity within the weld was tested by [34]. A 
range of angles from -15° to 45° were tested. In both simulation and experimental results, the 
porosity decreased as the incidence angle increased (positive), see chapter 2.1.3 Process 
Parameters for an explanation of incidence angle. This can be explained by the forces acting within 
the keyhole, the recoil pressure and gravity become more aligned as the incidence angle increases 
so as they work together to form a laminar flow from the front of the molten pool towards the 
solidification front. 

3.3 Design of Experiments 

The importance and need of DoE within the manufacturing industry is emphasized in study [53]. 
The authors explain how engineers frequently employ the activity of primitive experiments, and 
within the paper a study is presented, of how seldom DoE is conducted as a method of performing 
experiments. The authors conclude that the use of DoE is needed to increase the effectiveness of 
the performer and the efficiency of their processes.  

An example of a DoE approach can be seen in study [54]. They examined four input process 
parameters and five responses when performing a laser beam weld (LBW) using a wobbling laser 
spot on a titanium alloy. The input parameters were laser power, wobble frequency, focus 
position, number or rotations. While the output parameter was penetration, HAZ, width, area of 
fusion zone and hardness. In order to analyze so many input and output parameters and their 
relationship, the use of a DoE was essential. A multi-level full factorial design was selected and 
resulted in several conclusions, which also gave an optimized setup of the process parameter. 

3.4 Pre-Existing Experiments   

Before this thesis was initiated, the University of Skövde carried out various experiments on laser 
beam welding of copper hairpins. These experiments were conducted in order to examine the 
outcome of porosity, resistance and welding depth in correlation to input process parameters 
geometry, power and number of turns. The purpose of the University of Skövde’s experiment was 
to find a good welding setup but also to increase knowledge about the process and the machine. 
An elliptical curve of the laser beam, with a feed of 100 mm/s, and no shielding gas was used 
during these experiments. Multiple powers from 1400W to 6000W were analyzed with one to five 
turns made with the ellipse. The samples were analyzed using metallographic investigation and 
CT scanning resulting in a visualization of the porosity and HAZ. See Figure 17 illustrating an 
analyzed sample. 
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Figure 17: Illustration of a sample analyzed by University of Skövde. 

The result from their study shows an increasing welding depth with increasing laser power, while 
the number of turns does not significantly affect the welding depth. With increasing welding 
depth, the resistance decreases as expected. All examined samples show some amount of porosity, 
except for those who did not penetrate the surface. 

3.5 Conclusion of Literature Review 

Below are the most important conclusions that the literature review resulted in. The summary is 
linked to the project's limitations, conclusions outside the limitations can also be drawn but are 
not discussed here. The conclusion is summarized in four categories, Copper hairpin welding using 
laser beam, Process parameters, DoE and Simulation. Where Process parameters summarizes the 
best setup of process parameters in certain similar studies. 
 
Copper hairpin welding using laser beam 
According to recent research, laser welding is suitable for copper hairpin welding, where high 
laser power and the high thermal conductivity are the main challenges [3] , [2]. To sustain a stable 
process, high welding speed and high power is beneficial (A stable process can be defined as: to 
keep an open keyhole, quiescent flow, enabling for bubbles to escape) [34], [2]. Local evaporation 
at the front wall of the inner part of the keyhole is mainly the cause of keyhole instability [32], and 
the keyhole tends to collapse in the middle [55]. In order to stabilize the keyhole, laser power 
modulation can be implemented which also reduces variability in penetration depth, but can also 
increase the penetration depth [32], [35], [2]. Further, laser power modulation has a positive 
influence on weld quality in copper but may increase formation of pores [35]. To overcome 
porosity formation an optimized modulation shape is to be implemented. [35]. Another study 
claims a controlled pulse waveform, with longer pulse duration is effective in order to remove 
remaining porosity [56]. 
 
Using prepulsing, both absorptivity and welding stability is increased, and  the IR laser power can 
be reduced by up to 40% (prepulsing: a short extra pulse, nano second, with a lower wavelength, 
smaller spot size resulting in a higher energy density) [57].  
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In order to gain a higher weld depth a negative focus is beneficial [10], [2], [54]. To gain an 
increased process stability, wobbling can be implemented where laser power and wobbling 
frequency is of great importance in terms of HAZ, weld width and microhardness [54]. Within 
wobbling, higher laser power leads to higher number of melt ejections, where higher welding 
speed leads to decreased number of spatter, whereas beam oscillation frequency has a minor 
effect on the spatter formation [58]. 
 
Using green lasers has higher absorption and the threshold power for deep penetration can 
significantly be reduced. But for deep penetration welding the advantages of using green lasers is 
not significant. Green laser creates a narrower keyhole compared with infrared laser [33]. 
 
In copper hairpin welding there is a direct correlation between the welding depth and resistance 
[3], [4]. Deep penetration threshold for copper could be described by laser power per focal 
diameter [37]. Another way to increase the absorption of the laser beam is to preheat the 
workpiece [2]. 
 
Process parameter: Some important conclusions are presented below and the related process 
parameters that achieved those results. For a more complete view of the experiments see the 
referred articles.  

 Maximum weld depth of 4,1mm was achieved when laser welding copper hairpins ( , 1&2 
lines 2750 W, Line 3 5500 W, Feed: 90mm/s, spot size: 255um, focal length: 255 mm) See [3] 
for a detailed explanation of the process parameters. 

 Local power modulation (wobbling) leads to reduces spatter formation (77%) (Sinus, 
Power: 7kW, f=600Hz, v=25mm/s, Amp=1,25mm) [10]. 

 Temporal power modulation is better than CW (Best result: Sinus, Power: 6,5kW, f=500Hz, 
Amp 10% of power, v=65mm/s, spot size: 255um, focal length: 255 mm) [10]. 

 Energy density in the range of 11-12MJ/cm2 generates best results in hairpin welding, 
with a maximum penetration depth of 3 mm ( Spot size: 68 um, Focal length: 163mm, 
Power: 2,5kW, feed: 150mm/s, rectangular path with lines inside, Wavelength: 1070nm, 
Path length: ca 24mm) High laser power and high laser speed gave best results within the 
defined energy density range [9]. 

 12 500 W/mm was concluded to be the threshold for deep penetration welding for 
infrared lasers (Power/spot diameter, feed=167mm/s) [37]. Study [33] indirectly supports 
this by finding the same value of 12 500 W/mm but with feed-rates of between 17 – 267 
mm/s. 

 
Design of Experiment: Some engineering studies used DoE to analyze their experiments which 
was beneficial for the outcome, and using a DoE requires a certain level of knowledge. According 
to some authors the DoE gave important insights on the effects of the main parameters and their 
corresponding interactions [3], [54], [58]. Engineering fields increase the quality of research using 
DoE [53]. 
 
Simulation: With regard to simulation, the literature review can be summarized as evidence that 
it is possible to achieve a simulation with satisfactory results compared with experimental data 
[55]. Thermo-mechanical model uses some approximations for thermal field and Multi-physical 
simulation is more accurate but the time for the simulation increases [47]. How the model is 
structured has a decisive effect on the outcome, an example of this is how the plasma plume is 
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modeled which affects the upper part of the molten pool [55]. Simulation of laser welding shows 
that the laser beam mainly shines at the front of the keyhole wall at high welding speeds. High 
welding speed and high power generates a long and large molten pool behind the keyhole which 
is beneficial for keeping the keyhole open and allows bubbles to escape [34]. While using low 
welding speed and low welding power gives a small keyhole opening and a small molten pool 
behind the keyhole with a more turbulent flow, causing the keyhole to collapse [34]. The laser 
beam inclination angle determines the orientation of the keyhole and the flow changes when a 
change in inclination angle occurs. At an inclination angle of 45° there is a laminar flow instead of 
vortex flow to be observed in the rear molten pool, suppressing pore formation due to gravity and 
recoil pressure working in similar directions [34]. 
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4 Method 

The methods that have been used in this study have been chosen based on the theory, which to a 
large extent originates from previously published research within the same area. The overall 
method consists of two tracks. The experimental track and a simulation track. See Figure 18, 
illustrating the overall method and each track. 

 

Figure 18: General method. 

The experimental track: Initially, a decision of laser path geometry was defined. Thereafter, three 
different cases were defined which were tested as a preliminary experiment. After that, the results 
from these three cases were analyzed, which then formed the basis for which case that would be 
chosen to be further analyzed. For the cases selected, the process parameters to be analyzed were 
then defined. Once the process parameters were defined, a DoE was specified to find the 
relationship of the different process parameters in relation to porosity. Finally, the results were 
evaluated and summarized. 

The simulation track: The simulation track is more of an iterative process where complexity is 
added to the simulation after which the simulation results converge with the experimental results, 
in terms of volumetric porosity, weld depth and bead geometry. First, a preliminary experiment 
was conducted, thereafter a corresponding simulation. These were then compared and evaluated 
in terms of porosity, weld depth and bead geometry 

If the simulation were significantly similar to the experiment a complexity was added to the next 
iteration. If not, the simulation properties are to be updated in hope of reaching convergence in 
similarities. The iterative process of the simulation track proceeds until the end of the project, 
adding complexity to the simulation model to make the simulation as similar to the final 
experiment as possible. 
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4.1 Characterization Techniques 

For this project a few different characterization techniques were implemented to supplement 
each other. This section details how the inspections were performed and with what tools. 

4.1.1 Computed Tomography Scan 

The welded samples were scanned in the CT-scanner with a voxel size of about 44 µm, this is also 
the size of the smallest pores detectable. The program VGStudio Max [59] was used to analyze the 
data from the CT-scan, using the function VGEasy Pore to detect and estimate the volume of the 
pores. 

 

Figure 19: VGStudio Max pores visual representation. 

From the pore analysis a number of voxels per pore was acquired, this information was exported 
to an Excel [60] sheet. The total volume of the pores in a single weld was then calculated based on 
the number of porosity voxels in the weld and the size of a voxel.  The CT-scan is also used for 
measuring an approximated weld depth. Based on the location of the lowest pore and the air gap 
visible between the hairpins a measurement can be made. 

4.1.2 Visual Inspection 

The geometry of the bead was characterized with a number from 1 to 3 using a visual inspection. 
The specification for these ratings is presented below with 2 being the desirable outcome: 
 

1. The bead still has sharp features. 
2. Good bead shape with no overmelting or sharp edges. 
3. Too much material melted creating an overhang of the bead. 

 
 
The bead geometry was estimated for the purpose of being able to compare the results with the 
usefulness of the welding result. These ratings can be considered subjective assessment. 
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4.1.3 Metallographic Investigation 

Within this project some hairpins were examined using metallographic investigation. This was 
performed in the following steps, initially a milling was performed followed by a four-step 
grinding, two-step polishing and a final etching. Thereafter an inspection is performed using a 
microscope. In Table 1 below, the grinding steps are presented: 

Table 1: Grinding steps. 

Step Surface Grit Lubricant RPM Time [min] 
Plane grinding SiC-paper 320 Water 150 As needed 
Finish grinding 1 SiC-paper 800 Water 150 1 
Finish grinding 2 SiC-paper 1200 Water 150 1 
Finish grinding 3 SiC-paper 4000 Water 150 1 

 
The two polishing steps are presented in Table 2 below: 

Table 2: Polishing steps 

Step Surface Suspension RPM Time [min] 
Diamond polishing MD-Mol DiaPro Mol 150 1 
Oxide polishing OP-Chem Iron (III) nitrate 150 4 

 
Finally, an etching is performed for 10 seconds, where the specimens are immersed into a solution 
of 500 ml distilled water, 100 ml hydrochloride acid (32%) and 32 g of iron (III) chloride. After a 
cleaning in distilled water the specimens are ready to be inspected using a microscope, where 
taking measurements were possible. 

4.1.4 High-Speed Video 

A high-speed video was used in order to capture of the welding process which allows for closer 
inspection of the dynamics. The camera used was Photron Nova S16 and during the inspection. A 
framerate of 6500 images/s and a resolution of 1024x1024 was used. This high-speed video could 
be used to calculate the actual process times by counting the number of frames when the laser is 
active. 

4.2 Preliminary Experiments 

Based on the findings made in the literature review three different cases to be tested were defined. 
The geometry for the path was chosen to be an ellipse based on both other studies and the 
previous experiments conducted by the University of Skövde. The parameters were defined so the 
laser should introduce around the same total energy into the weld, which was based on the 
previous experiments and literature review.  

 Case 1 was based on the findings that high feed rates in combination with high power 
leads to good welds regarding mechanical and electromechanical properties. 

 Case 2 was designed to analyze the effect of power modulation on the resulting weld. 
 Case 3 intended to analyze the effects of wobbling using the same elliptical path 

geometry.  
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The three cases contain a broad spread of parameter values intended to give clarity to which case 
shows the most initial promise. The procedure for these preliminary experiments consists of three 
steps. First the hairpins are welded in the LBW machine and are visually inspected. The second 
step consists of CT-scanning the weld to determine the porosity within the weld, in this step a few 
welds are also chosen to inspect further.  

4.3 Main Experiment 

For the main experiment the best case in terms of porosity, from the preliminary experiments are 
chosen. The process parameters to be varied in the main experiment are chosen based on the 
findings from the preliminary experiments in combination with theory and previous experiments 
done by the University of Skövde. This main experiment was based on a DoE approach to find 
relations between the process parameters. A decision was made to keep the energy output from 
the laser constant. This was achieved by altering the number of geometry repetitions the laser 
makes in the ellipse shape. 
 
The chosen variables to study were laser power, feed rate and path geometry. Figure 20 illustrates 
in the horizontal direction the input variables that can be changed from within the machine. The 
vertical direction shows the indirectly editable variables, where change must occur before the 
actual process, these will not be actively changed. The output variables porosity, weld depth and 
bead geometry are the ones studied in this project, many others exist. 

 

Figure 20: Process parameters. Horizontal, input and output. Vertical, fixed inputs. 

In performing DoE, the Box-Behnke method was used in order to find the response of output 
variables. To implement Box-Behnke, the Minitab [61] software was used. Minitab is used for data 
analysis, statistics and optimization among other uses. Based on the three process parameters 
three values for each parameter is chosen, Minitab selects a combination of parameters for 
optimal statistical significance. After the experiments Minitab calculated the function describing 
the response in relation to the input variables based on equation (1) see chapter 2.4.1 Box-
Behnken Design. The optimal input variables can then be calculated based on the response 
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function. The output variables optimized for in this study is the porosity, weld depth and bead 
geometry.  

4.4 Simulation 

The simulation track is performed as previously mentioned as an iterative process, where 
complexity is added gradually as the results of the simulation mimic the experimental results. The 
software used in the simulation is Flow 3D. The iterative process includes expanding knowledge 
of the software as well as the physical process. Initially in the project, documented lectures were 
given of Flow 3D and various welding processes. While the project continues, the knowledge 
about the process and the software was supplemented with the help of these lectures and by 
seeking information from other sources, such as a contact at Flow 3D. The high-speed video was 
also used to analyze the simulations accuracy, by looking at the simulation and high-speed video 
side by side a direct comparison could be made. 
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5 Implementation 

After the introduction phase of the project, both experimental and simulation tracks of the project 
began in parallel. Initially the laser path geometry was defined. The literature review and previous 
competence is underlying for the decisions made regarding the geometry. The process parameters 
feed-rate and power were chosen based on the literature review and the indication that they had 
a strong correlation with porosity. The sub process parameter of path geometry, ellipse width, has 
been researched before by [4]. It was only in relation to resistance and melt ejection, to broaden 
the field it was decided to study this parameter in relation to porosity. 

Preliminary experiments were performed and laid the foundation for the main experiments. The 
main experiments were performed, characterized and evaluated and finally generated a 
relationship between different process parameters in relation to porosity. 

The simulation track was started as a simple model to gradually increase the complexity in order 
to imitate the final experiments in terms of execution. The main goals for the result of the 
simulation were to mimic the total volumetric porosity, the weld depth and bead geometry of the 
experiments. The secondary goals were to mimic spatter formation and material flow. 

5.1 Pre-conditions 

Within this chapter the pre-conditions are presented. The fixed machine properties as well as the 
material properties of the conductor are presented below. The material used in the experiments 
is ‘Cu-ETP1 CW003A’, below are some material properties presented that were used during this 
projects simulation track, see Table 3. All material properties are found in reference [62]. Some 
material properties are temperature dependent, the right column in the table indicates if there is 
a graph in appendix V detailing the correlation. 

Table 3: Material properties (Pure copper). 

Properties Unit Value Table* 
Density at 298.15 °K g/cm3 8.93  
Viscosity at 1357.85 °K g/cm*s 0.0437  
Thermal conductivity (298.15 °K) cm*g/s3 * °K 4 e+7  
Specific heat (298.15 °K) cm2/s2 * °K 3.85 e+6  
Melting/freezing energy coefficient kJ/kg 134  
Vaporization energy coefficient kJ/kg 5069  
Fluid absorption rate at 1000 °K unitless 0.07  
Liquidus temperature °K 1357.85  
Solidus temperature °K 1347.45  
Latent heat of solidification cm2/s2 2.087 e+9  
Surface tension coefficient at 1357.85 °K g/s2 1304  
Saturation pressure g/cm*s2 1.013 e+6  
Saturation temperature °K 2835  
Latent heat of vaporization cm2/s2 4.727 e+10  

* Graphs of material properties in appendix V 
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The laser system used had a maximum power of 6 kW, wavelength of 1030 nm, focal length of 255 
mm and a spot size of 170 µm. For a full list of machine properties, see appendix I,II and III. The 
CT-scanner used can be found in appendix IV. 

5.2 Preliminary Experiments 

Before any preliminary experiments were performed, an estimate was made of the amount of 
energy required to melt a sufficient amount of copper. This calculation was made to give an 
indication of the magnitude of energy required to be emitted by the laser. Figure 21 illustrates a 
generalized approximation of the volume needed to be molten in order to provide a sufficient 
weld. Worth noting is that the welding depth in this estimate is equal to r in Figure 21. 

 

Figure 21: Hairpin approximated melt volume. 

Where the mass of the approximate melting volume is calculated according to (2): 

𝑚 = 𝑙𝜌 (2) 

Where m is the mass, r is the radius of approximate half circle, l is the length of hairpin, 𝜌 is the 
density. The heat energy needed to heat the approximate mass is calculated with (3): 

𝑄 = 𝑚𝑐∆𝑇  (3) 

Where 𝑄 is the heat energy, m is the mass, c is the specific heat energy and ∆𝑇 is the change in 
temperature. In order to melt the heated material volume, further heat energy is needed to 
overcome the phase change. The energy needed is calculated by (4): 

𝑄 = 𝑚𝐿   (4) 

Where 𝑄 is the melting/freezing energy, m is the mass and 𝐿  is the melting/freezing heat 

coefficient. With equation (2) together with equation (3) and data from Table 3, gives an 
approximate heat energy needed of 155J to heat the approximated volume displayed in Figure 21 
up to its melting point. With equation (4) the energy needed for the material volume to overcome 
the melting point is calculated to 51J. This gives a total energy needed of approximately 206J. 

Based on study [33] and [37], keyhole welding can be reached above 12 500 W/mm (Power/spot 
diameter) with a feed-rate between 17-267 mm/s. Study [33] compared different types of copper 
alloys and found the solid-state absorption to be around 5%, heat conduction absorption to be 
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around 10% and keyhole absorption to be around 65 %. If keyhole welding is assumed, a 
minimum of around 317J is needed to be emitted by the laser. Worth noting, is that keyhole 
welding is not immediately achieved. This is further strengthened by the high-speed video later 
presented in the report. The total absorption is certainly lower than the presented value of 65%, 
also some energy will travel to other areas of the hairpin. The laser output energy was also 
compared with similar studies, and when calculated were close to the one calculated above.  

With cases found within the literature review three preliminary cases were developed. The total 
energy laser output was based on promising results found in the articles as well as the total energy 
output from the pre-existing experiments [4]. Below follows the process parameters used for the 
preliminary experiments (see Table 4). 

Table 4: Process parameters for preliminary experiments. 

Process Parameter Case 1 Case 2 Case 3 
Feed rate [mm/s] 1000 90 100 
Average power [W] 6000 2610 6000 
Spot diameter [µm] 170 170 170 
Total path length [mm] 131.6 26.32 13.16 
Geometry repetition [pcs] 20 4 2 
Time [s] 0.22 0.58 0.14 
Total energy [J] 1320 1514 840 

 

The geometry used for the laser path in both the experiment and simulation is an approximated 
ellipse with 12 points (see Figure 22). The points on the lower arc of the ellipse are mirrored from 
the upper arc points over the x-axis. The distance between point [D] and its mirror point for the 
preliminary tests was set to 1 mm. The laser follows the points in a clockwise direction starting at 
point [A]. 

 

Figure 22: Approximated ellipse path. 

A fixture was used to clamp the hairpins into place and a second fixture to clamp everything to the 
work surface (see Figure 23). 
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Figure 23: Fixture, preliminary experiments. 

Case 1: For the first case all process parameters were easily set on the machine and the testing 
ensued. Three pins were welded using the process parameters defined in Table 4 for case 1. One 
difference is that on pin 1 a test of the geometry was run at a power of 250 W to make sure the 
vision system accurately found the origin point and ran the correct geometry path (see Figure 24). 

 

Figure 24: Vision system finding origin based on pin locations. 
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Case 2: The aim for this case was to test power modulation, the knowledge on this subject in terms 
of machine operation was poor. The intended average power for this test was 4 kW but the 
resulting average power turned out to be 2.61 kW. Only one pin was welded with this set of 
parameters. 

Case 3: Five welds were completed for the third case with some variety on the parameters. On pin 
5 a test run of the wobble laser path was completed with a power of 250 W. The pins 8-10 used 
an offset for the origin point of 0.2 mm (-x direction, see Figure 22). For pin 9 an error in the 
machine aborted the weld early. Pin 10 was run at a speed of 200 mm/s with all other process 
parameters left unchanged. 

5.3 Main Experiment 

The selection of the preliminary case resulted in case 1, and to further analyze this case, three 
different process parameters were chosen to be analyzed linked to porosity, weld depth and bead 
geometry. The experiments were performed in different steps, first the execution of the welding, 
then the sample is characterized using different techniques, and finally the sample is evaluated 
using statistical analysis. In the top three rows of Table 5 the range of process parameters used 
within the Box-Behnke method is presented. The input space is limited to this range of values. 

Table 5: Process parameter range for Box-Behnke. 

 Low Medium High 
Power [W] 4000 5000 6000 
Feed-rate [mm/s] 500 1000 1500 
Ellipse width [mm] 1 2 3 
(Ellipse path length [mm]) 6,54 7,75 9,25 

(Ellipse visualization) 

   
 
The decision to narrow down the input space was based on the literature review and to avoid 
testing parameters sets that others has shown to be suboptimal. High welding speeds and high 
welding power was concluded to be beneficial for a stable process within the literature review. 
Therefor the higher range of power, based on the capabilities of the machine was defined. The 
feed rates were defined based on the studies in [4] and the results from the preliminary 
experiment. 

5.3.1 Welding Tests 

The main experiments were conducted in three rounds of 10 welds per run. The reason for 
splitting up the tests was that the fixture used could only hold 10 samples (see Figure 23). The 
fixture was not perfect, and some samples had a gap between them which must be considered in 
the results. All samples were machined to achieve a level surface between the two hairpins. For 
the tests to be consistent the time between machining and welding needed to be constant. The 
parameters for the machine needed to be manually set between each run. When inputting the 
ellipse geometry and feed-rate the machine calculated the time it would take to run this geometry, 
based on this given time the number of laps needed to reach 1320 J was calculated. To further 
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analyze the stability of the process, another 10 samples were welded after evaluating the results 
of the first 30 welds. These 10 samples were all completed with the same process parameters. 

5.3.2 Computed Tomography Scan 

Directly after the samples were welded, they were placed in the CT-scanner for analysis. For each 
of the three sets of 10 samples the same voxel size was used to get a comparable result, the voxel 
size used was 44 µm. The full scan takes a few hours but could be done overnight so the scans 
were started at the end of workdays. 

5.3.3 Evaluation 

To be able to evaluate the results from the CT-scan the resulting files were imported to VGStudio 
Max where they were reconstructed into a 3D representation of the slices. A porosity analysis was 
then completed with the function VGEasyPore which finds the pores and their corresponding 
volume. The next step was calculating the total volume of pores in each of the samples as well as 
the welding depth and bead geometry score then inputting that data into Minitab where the 
evaluation of the samples were done using the Box-Behnken method. 

5.4 Simulation procedure 

To create a multi-physical simulation in Weld 3D first a mesh needed to be created enclosing the 
simulations bounds. The boundary conditions were then defined, in this project atmospheric 
pressure was used surrounding the hairpins. The geometry of the hairpins was then defined 
within the mesh region, leaving enough space for the bead to form. The laser was set according to 
the laser machines defined parameters, see Appendix I,II,III. A focal distance of 255 mm was 
defined and a spot radius of 170 µm. The power output and laser path were set according to the 
parameters of the corresponding physical experiment. The material data of pure copper within 
the software was selected. The void pointer was set to atmospheric pressure and a temperature 
of 20 °C. The desired outputs of the simulation were then selected. The Weld 3D file was saved 
and exported to Flow 3D were the simulation was performed. 
 
The simulation track began with the hairpins being modeled as one, and a simple straight laser 
beam moving across the middle line of this body. Initially larger mesh elements of 0.06 mm were 
used to reduce the simulation times. In later iterations, the complexity was increased by adjusting 
the path of the laser beam to an ellipse. Then the size of the mesh was lowered to 0.05 mm to get 
a more accurate result (See Figure 25, to the left for the final mesh). The hairpins were later 
separated into individual bodies and an air gap of 0.05 mm was introduced between them. Since 
0.05 mm was the approximate mean gap value during the execution of the experiments.  
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Figure 25: Mesh & laser distribution. 

The physics needed for welding simulations is; Heat transfer, Phase change, Solidification, 
Viscosity, Evaporation pressure and Surface tension [62]. These physics was entered using material 
data handed from Weld 3D and also described in Table 3 and Appendix V – Material Properties. 
 
Additional physics was also needed and implemented into the model. The following parameters 
are for the last iteration. The laser beam motion was specified using the ellipse illustrated earlier 
in Figure 22. The laser heat flux distribution was set according to Figure 25, right. Multiple 
reflections were enabled and set to a maximum of 7 reflections. Upward vapor pressure was also 
enabled according to the default settings for copper in the software.   
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6 Analysis and Results 

Within this chapter the analysis and results of the preliminary experiments, main experiments 
and simulations are presented. 

6.1 Preliminary Experiments 

The preliminary experiments gave some good insights in what parameters yielded a good result 
in terms of low porosity and sufficient weld depth. All process parameters used for the tests can 
be found in the subsection 5.2 under implementation. In Figure 26, the resulting welds and CT-
scans of the preliminary samples can be observed. 

 

Figure 26: Preliminary experiments, top: physical weld, bottom: CT-scan of physical weld. 

An inspection of the weld depth on the pins in Table 6 using the CT-scan showed a weld depth of 
above 3.12 mm for all those pins. Further inspection would be needed to verify the weld depth 
but for the preliminary experiments this was decided to suffice. Only the pins where the 
experiment had proceeded as planned were analyzed for porosity, see implementation chapter 
for details on the failed welds. The CT-scan used a voxel size of 44 µm för the preliminary scans, 
the volume of the pores was calculated by the analysis program. See Table 6 for the results of the 
selected relevant pins. Pin number 10 used an increased feed-rate of 200 mm/s, this was done to 
increase the understanding of wobbling at higher speeds. 

Table 6: Preliminary experiments, result. 

Case Pin Number Number of Pores  
[pcs] 

Volume of Pores  
[mm3] 

1 2 5 0.025 
1 3 12 0.450 
3 6 54 2.347 
3 7 63 1.070 
3 8 29 1.644 
3* 10 10 0.906 

* Increased feed-rate (200 mm/s) 
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Based on the volume and number of pores, pins 2 and 3 were the best in the preliminary 
experiments, both of these pins were welded with case 1. See Figure 27 displaying a more detailed 
view of pins 2 and 3. Note that pin 3 contains a bit of copper spatter from pin 4.  

 

 

Figure 27: Preliminary experiments Pins 2 and 3, top: physical weld, bottom: CT-scan of physical weld. 

Since case 1 yielded the best results in regard to the measured outputs this was the selected case 
to be used in the main part of the experiment. 

6.2 Main Experiment 

In this section the results from the main experiment are presented. In Table 7 the results from all 
samples welded can be seen with their corresponding process parameters, the three rightmost 
columns represent the porosity, weld depth and bead geometry score. See 4.1 Characterization 
Techniques for how the results are evaluated. 
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Table 7: Welded samples, results. 

Sample 
Power 

[W] 
Feed-rate 

[mm/s] 
Ellipse width 

[mm] 
Porosity 
[mm3] 

Weld depth 
[mm] 

Bead score 
[1-3] 

1 4000 500 2 0.07778 3.13 3 
2 6000 500 2 0.49081 4.22 3 
3 4000 1500 2 0.00907 1.54 1 
4 6000 1500 2 0.86839 2.46 1 
5 4000 1000 1 0.07484 2.41 1 
6 6000 1000 1 0.14708 3.28 1 
7 4000 1000 3 0.06955 1.64 1 
8 6000 1000 3 0.17119 3.09 2 
9 5000 500 1 0.36733 4.11 3 

10 5000 1500 1 0.06594 2.63 1 
11 5000 500 3 0.25796 3.40 3 
12 5000 1500 3 0.01075 1.93 1 
13 5000 1000 2 0.21773 2.76 1 
14 5000 1000 2 1.07747 2.67 1 
15 5000 1000 2 0.26443 2.73 1 
16 4000 500 2 0.42580 3.37 2 
17 6000 500 2 1.31712 3.92 3 
18 4000 1500 2 0.00546 1.32 1 
19 6000 1500 2 0.46763 2.38 1 
20 4000 1000 1 0.01537 1.94 1 
21 6000 1000 1 0.08602 3.33 1 
22 4000 1000 3 0.01613 1.11 1 
23 6000 1000 3 0.25931 3.24 2 
24 5000 500 1 1.24110 3.99 3 
25 5000 1500 1 0.38573 2.53 1 
26 5000 500 3 0.96944 3.32 3 
27 5000 1500 3 0.39035 1.60 1 
28 5000 1000 2 0.13020 2.61 1 
29 5000 1000 2 0.39052 2.38 1 
30 5000 1000 2 0.01562 2.58 1 

 
After entering all the results regarding porosity, weld depth and bead geometry score into Minitab 
the resulting response equation was calculated based on equation (1). With this equation relating 
the process parameters to the different responses, an optimal set of process parameters could be 
calculated. See Appendix VI – Box-Behnken for the respective outcome parameter equation. The 
set of parameters was optimized for minimum porosity, maximum weld depth and a target value 
of 2 for bead geometry score, where all outcome parameters were weighted equally. The resulting 
optimal parameters can be seen in Table 8. See all resulting solutions in Appendix VI – Box-
Behnken. The first solution had the best combination of the predicted responses. A welding depth 
higher than 3,12 mm, bead geometry score near 2 and a comparatively low porosity. Note that 
due to acceleration in the laser machine, the actual average speed is closer to 470 mm/s even 
though 700 mm/s is input in the machine. 

Table 8: Optimized process parameters. 

Power [W] 6000 

Feed-rate [mm/s] 700 

Ellipse width [mm] 1 

Number of turns [pcs] 16 
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Based on the results from the 30 welds a confidence interval (CI) of 95 % was calculated for the 
response of the optimized parameters (see Table 9). The large range seen in the confidence 
intervals could be a result of the low sample size or instability of the process. 
 

Table 9: Multiple response prediction, Box-Behnken. 

Response Fit 95% CI StDev 
Porosity volume [mm3] 0,509 (0,024; 0,993) 0,242 

Welding depth [mm] 3,796 (3,486; 4,106) 0,155 

Bead geometry [1-3] 2,000 (1,704; 2,296) 0,148 

 
To further analyze the stability of the process another 10 weld samples were completed, five with 
the set of optimized parameters. The remaining five samples tested 17 and 18 turns instead of 16 
to verify that the optimal amount of melted material had been achieved with the optimized 
parameters.  

 

Figure 28: Stability of process testing, physical samples. 

Seen in Figure 28, samples 1-5 has a lower amount of overhang compared with samples 6-10 
which can be expected since a higher amount of energy is input into those samples. A higher 
number of turns was tested in order to see if it would change the bead shape significantly. In 
Figure 29, the before and after of samples 1-5 can be seen. As can be observed most of them have 
a gap, the gaps are about 0,2 mm. This probably has an effect on the resulting weld which is also 
observed by [4]. 
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Figure 29: Stability of process testing, sample 1-5 (Power: 6000 W, Feed-rate: 700 mm/s, Ellipse width: 1 mm, Number of 
turns: 16). 

Below in Table 10 the mean for porosity volume, weld depth and bead geometry can be seen for 
the samples 1-5 of Figure 29. This was done to assure that the mean and interval matched with 
the initial DoE and the predicted intervals as seen in Table 9. To see a more detailed explanation 
of how this was calculated, see Appendix VII – Statistical Calculation. It can be observed that the 
standard deviation is far lower in the later five samples compared with the initial DoE. The mean 
porosity for the later samples all landed in the lower end of the CI of the DoE, contrary the weld 
depth landed in the upper range of the CI, which is above the required 3,12 mm. 

Table 10: Stability of process testing, results. 

Response n Mean 95% CI StDev 
Porosity volume [mm3] 5 0,264 (0,020; 0,509) 0,197 

Welding depth [mm] 5 4,072 (3,935; 4,209) 0,110 

Bead geometry [1-3] 5 2,000 (2,000; 2,000) 0,000 

 

In order to verify that the measurement of weld depth within the CT-scan is accurate three 
samples were selected for a metallographic investigation (see chapter 4.1.3 Metallographic 
Investigation, for the process). The CT-scan measurement was compared to the measurement 
taken on the three physical samples (see Figure 30) and a maximum deviation of approximately 
4% was observed, this was concluded to be an acceptable deviation.  

The three investigated samples are with the same power but with different ellipse width. The left 
sample are with ellipse width 1 mm, the middle with ellipse width 2 mm, and to the right there is 
a sample with ellipse width 3 mm. The difference in shape of the molten material for the different 
ellipse widths can be observed. The 1 mm ellipse makes the melt region more concentrated in the 
middle of the hairpins and creates a deeper channel down, shaped as an arrowhead. As the ellipse 
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width increases the melt front becomes increasingly horizontal with less concentrated melt in the 
middle. 

 

Figure 30: Weld depth verification. Left - Sample 6; Middle - Sample 2; Right - Sample 8. 

Below in Table 11 the results for the optimized welds can be seen. The pore volume was compared 
with the total relative volume of melted copper. The cross-section with the largest area of pores 
was compared with the cross-section of the melted area. As seen the relative porosity in terms of 
volume is low when compared to acceptable standards from the laser manufacturer. An 
acceptable value below 10-20% porosity of the total melted volume is defined. The cross-sectional 
porosity area is calculated according to ISO standard SS-EN ISO 13919-2:2021 [63]. 

Table 11: Porosity results of optimized welds. 

Sample 
Pore volume 

[mm3] 
Approximated 
melt volume 

[mm3] 

Pore volume / 
melt volume  

[%] 

Pore area 
[mm2] 

Cross sectional 
area  

[mm2] 

Pore area / 
Cross section 

[%] 

1 0,322 62 0,52 0,44 15,6 2,82 

2 0,173 62 0,28 0,34 15,6 2,18 

3 0,577 62 0,93 0,50 15,6 3,21 

4 0,182 62 0,29 0,28 15,6 1,79 

5 0,067 62 0,11 0,07 15,6 0,45 

 

In Figure 31 screenshots of the welding process filmed with a high-speed camera can be observed, 
the first 6 images represent the time that the laser is active (images 1-6, 0.224 s). The last 3 images 
show the hardening process after the laser is shut off (images 7-9, approximately 0.5 s). This was 
done to increase the understanding of the weld process and allow for comparison with 
simulations later in the study. The high-speed video allowed for observations regarding spatter, 
in the filmed sample 8 spatter occurred before the weld bead had formed. 
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Figure 31: Screenshots of high-speed video, sample 8 (6000W, 1000 mm/s, Ellipse width 3 mm, 16 turns). 

6.3 Simulation 

The simulations have followed the process described in the method where iteratively the 
complexity of the simulation was increased. As the iterations grew in number no pores were 
observed, the focus was instead shifted into making the weld bead in the simulation closely 
represent reality. A total number of 12 iterations was performed in order to replicate the 
experimental procedure of the hairpins. The first iterations mainly focused on understanding the 
program and how to set all the important parameters. The simulation times ranged between 8 
hours up to 4 days. 
 
The simulation as well as the high-speed video (See Figure 31) shows the benefit of keeping the 
ellipse somewhat inside of the outer region of the hairpins to allow for a greater weld depth 
without the melt bead flowing over (see Figure 32).  
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Figure 32: Screenshots of simulation, sample 6 parameters (6000W, 1000 mm/s, Ellipse width 1 mm, 20 turns). 

If the welding path was closer to the edges, the molten pool would reach the outer region earlier 
in the process and risk the melt to flow over. Tendencies for overflow can be observed in Figure 
31 where a wider ellipse width was used, and the molten material is more widespread over the 
top surface. 

When comparing the simulation and metallography of sample 6 (See Figure 33), similarities could 
be seen regarding both the melt region shape, weld depth and sharp features of the weld bead. 
The porosity was not captured in that simulation. When comparing the weld depth between the 
simulation and metallographic investigation a difference of about 7% was observed. This 
discrepancy could be caused by the heat dependent absorption model used which may not fully 
represent the real-world conditions. 

 

 

Figure 33: Comparison simulation and metallography, sample 6 (6000W, 1000 mm/s Ellipse width 1 mm). 
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During the work collaboration with the developers of Flow 3D and Weld 3D has taken place and 
improvements to the model used to capture pores has been made. With the latest version of the 
simulation software some pores were captured using the models created during this work, see 
Figure 34. 

 

Figure 34: Simulation model with pore. 
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7 Discussion 

In this chapter the method, project development and results are discussed and evaluated. Finally, 
the sustainable development of the project as well as the future of the process is discussed.  

 
The goals stated in the beginning of the project were the following: 

 Find the correlations between the process parameters selected for testing and the 
porosity, weld depth and bead geometry.  

o With this correlation deliver a set of optimized parameters to minimize porosity, 
maximize weld depth and achieve a bead geometry with no sharp features. 

 Provide a simulation of copper hairpin welding that matches to some degree the level of 
porosity, weld depth and bead geometry of the corresponding  physical sample. 

 
It could be argued that both goals were fulfilled but the second goal was only partly achieved. As 
for the first goal it was achieved, there is now a greater understanding of how power, feed-rate 
and ellipse width affects the results in terms of porosity, weld depth and bead geometry. An 
optimized set of parameters has also been achieved and tested with promising results. For the 
optimized parameters pores were mostly observed at the shut-off point for the laser, this could 
be due to the instant power drop leading to a keyhole collapse which traps the pores in the end of 
the weld sequence. A possible solution to remove this last remaining porosity could be to ramp 
down the power at the end of the weld sequence to allow for a gradual closing of the keyhole.   

 
The simulations came close both in terms of weld depth and bead geometry to the physical 
experiments but completely failed to capture the porosity. One possible aspect of the simulation 
that could be the reason for seeing no pores is the lack of imperfections implemented. In the 
simulation pure copper is assumed with no material imperfections, no surface oxidation is 
considered, the rough machined surface of the hairpin is also perfectly flat in the simulation. 

7.1 Method & Results 

This project used an agile approach to planning and a framework of deadlines that needed to be 
met. This method has proven successful in this project due to the individual responsibilities taken, 
allowing for a more versatile time management strategy. The type of project planning could be a 
problem if the individual motivation was lacking, which could require a more strict and structured 
planning method. 

 
A description of the project and its goals were created early on and has been used as a guide during 
the progress and adapted as needed. This document has proven useful many times during the 
project when guidance was needed. 
 
A literature review of around 30 articles was conducted and where a lot of information was 
collected and summarized. This laid a solid foundation for the initial phase of the project and how 
the method was formed. The importance of choice of method and the consequences of it are 
highlighted by [14]. A lot of useful information was found early on in the project. For a project 
with more time the review could be scaled up further and include more aspects such as the impact 
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of input parameters. Another area that could have used more focus is what mechanical properties 
that are of importance for copper hairpins when they operate within the stator.  
 
The same author appears in some research, this could be positive since the person is treated as an 
expert, but the results and statements could be shaped by this person's own opinions. This was 
discovered and taken into consideration during the summary of the literature review. Some of the 
studies found in the literature review did not include enough data to replicate the experiments, 
this made it difficult to compare some studies since they did not include the same process 
parameters. 
 
Preliminary Experiments: At the beginning of the project, it was discussed to investigate the 
cases: wobbling, modulated signal shape and elliptical laser path, as research on these process 
parameters could make contributions to the research area. However, as it was established early 
on, during the preliminary experiments, that the authors and machine operators did not possess 
sufficient knowledge about wobbling and modulated signal shape, it was decided not to 
investigate it further. It is worth discussing whether this decision was made a little too quickly 
and whether these cases could have been mastered with more time and focus. It is probable that 
good results can be achieved with all cases, but the choice of carrying out preliminary experiments 
can perhaps be motivated by the need to understand the limitations of the machine as well as the 
operators. A pilot study is of great importance for a thesis study [17].  
 
In terms of weld depth and bead geometry the wobbling results were promising. The choice to 
proceed with the case that gave the best results in terms of porosity in the preliminary 
experiments significantly shaped the remaining investigation. The process parameter spot size 
was also discussed for research, but since the laser had an attached PFO a non-linear DoE was not 
able to be performed since the PFO is limited to only two different spot sizes and a non-linear DoE 
requires three test points for each process parameter. 
 
Design of Experiment: Previous experiments have used the DoE approach, which supports that 
the method was worth implementing. These experiments support that the engineering field needs 
DoE and is appropriate when investigating quantitative data [3], [53], [54], [58]. Worth noting is 
that bead geometry is a qualitative measure and could be affected by the author's opinions.  
 
Using a DoE instead of an OVAT method made it possible to find a more complex relationship 
between different parameters. Having instead implemented an OVAT method would have 
resulted in more experiments needed to be performed to find the relevant correlations. In this 
project a Box-Behnken design was used in order to make it possible to find non-linear correlation 
between process parameters. But it is worth discussing whether a linear design, like 2k could have 
been used instead in order to analyze more process parameters. The use of Box-Behnken with an 
analysis of three process parameters with two replicates required 30 samples, like the main case 
for this study. A 2k analysis of five process parameters could have been performed with one 
replicate requiring 32 samples. The use of a Box-Behnken design made it possible to find the non-
linear relationship between the ellipse width and the porosity which would not have been 
possible with 2k. With more time, an initial linear analysis of several process parameters could 
have added knowledge about the effect on the process for each process parameter. 
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Main Experiment: Previous research has been focusing on power and feed-rate, and this study 
strengthens these findings, that high welding depth and keyhole stability is achieved with the 
combination of high power and high feed-rate. As this had already been established, it did not 
increase knowledge of the research area, but it gave a practical understanding to the client. The 
process parameter that contributed to the research area was the impact of the ellipse width on 
porosity, welding depth and bead geometry.  
 
One important aspect to consider is that by inputting 1000 mm/s in the machine, the actual 
average speed is far lower due to acceleration in the machine, around 600 mm/s for the selected 
geometry. An impact this had on the project is that the calculated times that were based on feed-
rate and path length were incorrect, these times instead needed to be looked up in the machines 
software where the acceleration is considered. If this had been missed the total energy output 
would have been incorrect.   
 
The decision to conduct all experiments with the same total energy output from the laser was 
done after the preliminary experiments were completed. This has led to the results being tied to 
this specific energy and we have only optimized the parameters with this constraint considered. 
An important thing to consider is that the selected energy output may not be the best or only 
viable energy, we have clearly seen that the amount of melted material can be different even if the 
same energy is output from the laser. If there is a lower amount of energy that can achieve the 
same resulting weld this would be both economically and environmentally beneficial. The mean 
weld depth found with the optimized parameters was about 4 mm, this is well above the required 
3.12 mm and a process could most likely be found that required less energy but still achieves the 
needed depth. 
 
The measured porosity needs to be in relation to something such as total melted volume. 
Otherwise, when optimizing for minimum porosity the result would yield a weld with 0 W since 
this yields no porosity. This did not have a large effect on this study since the total amount of 
energy output from the laser was locked to a certain value. The amount of melted volume was 
considered for the last samples welded with the optimized parameters. If the simulation track had 
come closer to matching reality a measurement of melted volume could have been made from the 
simulations. 
 
Shielding gas was not considered during this thesis and needs more research. Which was also 
presented by [47]. Studying shielding gas may increase the research value. However, the impact 
of shielding gas when implementing infrared lasers was shown to make no significant difference 
according to [37]. 
 
Since the welding process is so complex and many error-factors exist, it is hard to determine if the 
results can be trusted or not. Some potential error sources include: 

 The time between machining the hairpins and the welding could not be kept constant. 
 Potential contamination of the weld surface. 
 The fixture was not always sufficient in holding the hairpins closely together, for some 

samples there exists a gap between the hairpins. 
 The acceleration in the machine leads to variation of the actual path compared with the 

path input in the machine. 



University of Skövde  School of Engineering Science 

52 

 The machining process led to variation in the surface of the hairpins which could have an 
effect on the process. 

 How the results are evaluated could be a potential error source, especially the weld depth 
which is determined from the CT-scan and could be affected by human error. 

 For some samples the variation in machining surface led to the vision system not picking 
up the surfaces and manual targeting needed to be done. This could also be a source of 
variation. 

 An offset of the center point was done in the preliminary experiments due to observations 
of the melt bead being biased towards one side of the hairpins. This offset was used for all 
samples in the main experiment but is an important consideration. 

 
Characterization Techniques: The implementation of CT-scanners in the project has allowed for 
internal inspections of the welds which has proven beneficial in understanding the process. The 
voxel size used allowed the imaging of pores down to 44 µm, the machine is capable of voxel sizes 
down to 4 µm but that would require scanning one hairpin at a time and with the time constraints 
in place this was not possible. With more time available even smaller pores may have been 
detected, it is though unclear if these smaller pores would have any significant effect on the 
properties of the weld.   
 
The method for inspecting the bead geometry and scoring it is subjective and based on the 
author's assessment which could have an impact on the validity of the study. One way to improve 
this method could be to have more people make the assessment and find the mean value over a 
larger population of scores. Another possible fault with the method is the low number of ratings 
used, only 1-3. A larger rating scale could have been beneficial in finding smaller differences 
between the hairpins, some welds had many sharp features while others only had one or two. To 
let an image recognition software detect sharp corners would be an alternative to the subjective 
scoring used in this project. 
 
Metallographic investigation allowed for a detailed inspection of the HAZ, weld depth and grain 
formations. This also verified the other method for measuring weld depth with the CT-scan to be 
accurate to within about 4%. The effect of the ellipse width on the melt region was also observed, 
which was not apparent in the CT-scan. One limiting factor of the metallographic investigation is 
that only one cross-section can be observed. 
 
Simulation: For the simulation track the agile method has been diligently used since many 
unforeseen obstacles occurred, such as network and power issues. The performed simulation 
showed high similarities of welding depth and bead geometry. One aspect that the simulation 
completely failed to capture was the porosity within the weld. The failure to capture porosity 
could partly be due to the source code of the simulation model. During this project an ongoing 
discussion with the developers of Weld 3D has taken place, with intent to further the 
understanding of the simulation process. With the latest version of the program, not yet released, 
pores were captured in the simulations created during this project. 
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7.2 Sustainable Development 

This project includes sustainable development, as it focuses on developing an optimized solution 
for welding in an electric motor, as well as developing a functional simulation model for the very 
same process. 

 
A simulation model, which gives satisfactory results compared to real experiments can be used to 
further optimize process parameters to further tune the process. Which in turn can increase 
sustainability in terms of process stability, time and energy consumption. 

7.2.1 Environmental 

This project is in line with SDG9, which includes sustainable transport. If an efficient electric 
motor can be manufactured with low energy consumption, the possibilities for sustainable 
transport increase. But it is also worth discussing whether electrification is the whole answer 
towards sustainability. Other possibilities to electrification within the automotive industry are 
discussed, such as biofuels and hydrogen. The question regarding where the energy powering the 
laser, CT-scan, simulation computer etc. comes from, is worth asking in terms of environmental 
aspects. As well as how much energy the CT-scan and simulations consume. The goal SDG7 states 
that we should strive for clean energy as well as constantly increase energy efficiency. Future 
work should include optimizing the process parameters in terms of energy used for the welding. 

 
The goal SDG12 describes how we should strive for sustainable resource use and consumption. In 
terms of this project a production process with high reproducibility was strived for, which would 
result in less products needing to be scrapped. 

 
Green lasers have a higher absorption when welding copper and the threshold power for deep 
penetration can significantly be reduced [33]. But for deep penetration welding the advantages of 
using green lasers is not significant. Green laser creates a narrower keyhole compared with 
infrared laser. In order to determine whether an investment of a green laser is beneficial in terms 
of economy and environmental aspects, thorough evaluation is needed.  

7.2.2 Economy 

The economic aspects of this project are mostly linked to future economic interests. The goal to 
find parameters that fulfill all requirements and produce a reliable process would be economically 
beneficial for Volvo Cars if implemented in a production line in the future. Less products that need 
to be scrapped lead to less money required to be spent handling the waste and purchasing new 
materials. It is also important that the process has a low takt time which could allow for less LBW 
machines to be purchased to meet the production requirements. Using lasers requires large 
economical investments and can be a limitation for small businesses.   

7.2.3 Equity 

Good health and wellbeing are the definition of SDG3. One aspect to be considered is the noise 
level produced by the LBW machine, which sometimes was experienced as uncomfortable and 
hearing protection should be considered when operating the machine. High power laser light 
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must always be taken with extreme caution since exposure could cause serious harm, especially 
to eyes. Therefore, education in the operation and safety of the machine is paramount. Laser beam 
welding and simulation is gender neutral processes which is in line with SDG5. 

7.2.4 Ethics 

Regarding ethics and this project, one can start by raising the questions: Is the result of this project 
ethically justifiable? What can the results of this project be used for? What was the purpose of the 
project? Has the project been carried out with the aim of maximizing the total good, as mentioned 
in chapter 1.8.4 and [14]. Can the result be used for another, non-ethical purpose? When 
answering these kinds of questions, ethical aspects may arise.  

 
The project is carried out with the aim of broadening the area of knowledge around pore 
formation in copper and copper hairpins in laser welding. This is largely to provide a basis for 
developing a good process in the manufacture of future generations of electric motors. It means 
that the results of the project will be used for this very purpose. What is worth discussing is that 
porosity may not fully represent what a good weld means. 

 
The project is also being implemented with the aim of expanding the research area around 
simulation of pore formation in copper during laser welding. The higher purpose of simulation is 
not to have to perform physical experiments to find better solutions to the actual execution. It can 
save on both environment, cost and time to perform simulations instead of physical experiments. 

 
From both ethical aspects, consequence ethics and duty ethics, mentioned in chapter 1.8.4, the 
purpose and hopefully the consequence of the research can be considered ethically defensible. 
Another aspect worth mentioning is that the design of the project does not affect or depend on 
either background or gender. No personal data is treated during this project, therefore this thesis 
is not concerned by GDPR. 
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8 Conclusions  

Below is a summary of the conclusions found during this project: 
 

 A maximum weld depth of 4.22 mm was achieved which is similar to that of study [3]. 
 High feed-rate and power combined is shown to be beneficial for reducing porosity while 

maintaining a weld depth of above 3.12 mm. 
 A narrow ellipse width is beneficial for achieving both a high weld depth and satisfactory 

bead geometry. 
 With constant energy, feed-rate has the highest influence on bead geometry. 
 Lower feed-rate and higher power leads to a greater melt of the bead, even though the 

total energy output of the laser is constant for all tests. 
 Estimating welding depth with CT-scan is similar to metallographic investigation. 
 Higher feed-rate gives higher amount of spatter. 
 Pores are mostly found at the bottom of the melt pool close to the gap between the 

hairpins. Pores are also found at the shut-off point of the laser where the keyhole likely 
collapses and encapsules the pores. 

 By using DoE design Box-Behnken, a set of optimized process parameters could be found 
with relatively few weld samples. 

 Simulation achieved a high degree of similarity with real world experiments regarding 
both visual appearance of the melt region and weld depth. The weld depth in the 
simulation was within 7% of the actual weld depth. 
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9 Future Work 

For future studies a more comprehensive investigation that includes more of the process 
parameters and also a broader range of the individual parameters is recommended. This would 
undoubtedly be a very time-consuming process since so many process parameters exist. 

 
An interesting new technology that would be suited for future studies is the BrightLine adapter 
from Trumpf. This adapter is said to reduce the formation of pores as well as spatter in laser beam 
welding by having two fiber cores that allows for a more controllable distribution of the power 
within the laser spot. 

 
Studies that investigate how green lasers can be implemented within copper hairpin welding 
would also be beneficial to the field. A suggestion is to look at how green and infrared lasers can 
be combined to maximize efficiency. The green laser could be used to achieve a keyhole with less 
energy required and then switch over to the infrared when the absorption is already high based 
on the keyhole state of welding.    

 
Further studies investigating the effects of shielding gas would be very interesting. A better 
understanding of how to simulate the behaviors of shielding gas is also needed. A study on skin 
effect, porosity and their relation would also contribute to the field. 

 
Studies on how to implement machine learning into the process would be an interesting field of 
study. When simulations of the LBW process reach a state that closely represents reality, machine 
learning algorithms could be trained in a combination of simulations and real-world tests. This 
would be done so they can understand the process and find the root causes of production 
problems and then adjust accordingly. 

 
Within the performed experiments a center offset of 0,2 mm has been implemented in order to 
center the molten flow on top of the hairpins. Further simulation investigation can increase the 
understanding of how the molten flow behaves during the process. 

 
Further studies on how to simulate the LBW process in general is also needed. A better 
understanding of the complex behaviors in the weld zone would be required to achieve a 
simulation matching reality. Achieving this simulation could lead to a reduction of resources spent 
in physical experiments. A further analysis of how the laser shut off is influencing pore formation 
is recommended since a tendency of pore formation is at the end of the laser beam path. If pore 
formation at this point could be prevented with a slower laser shut off the process could obtain a 
lower number of pores. 

 
The future of automotive manufacturing is dependent on the development of production 
processes fulfilling the sustainability and manufacturing goals, which will decide the future of 
hairpin technology within electric mobility.  
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Appendices 

Appendix I – TruLaser Cell 3000 

 
  



University of Skövde  School of Engineering Science 

1 

Appendix II – TruDisk 6001 
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Appendix III – PFO 33-2 
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Appendix IV – RX CT-scan 

 
  



University of Skövde  School of Engineering Science 

1 

Appendix V – Material Properties 
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Appendix VI – Box-Behnken 

In this appendix the Box-Behnken response optimization, generated from software Minitab is 
summarized. Below follows the predicted solutions for minimizing the pore volume, maximizing 
the welding depth and a bead score of 2, all outcome parameters with the same weighing and 
importance. The respectively regression equation for each outcome parameter is also displayed. 
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Appendix VII – Statistical Calculation 

In this appendix, the statistical calculation of the final five samples is calculated. In table below the 
result for the final five samples can be seen. With this data the mean value, variance and upper 
and lower limit was calculated using equations (1),(2) and (3), where the equations are from [64]. 

Final five samples, results 

Sample 
Power 

[W] 
Feed-rate 

[mm/s] 
Ellipse width 

[mm] 
Porosity 
[mm3] 

Weld depth 
[mm] 

Bead score 
[1-3] 

1 6000 700 1 0,32189 3,93 2 
2 6000 700 1 0,17279 4,02 2 
3 6000 700 1 0,57725 4,05 2 
4 6000 700 1 0,18220 4,15 2 
5 6000 700 1 0,06728 4,21 2 

 

Equation (1), calculates the mean value 

x  
∑

  (1) 

Equation (2), variance 

𝑠 =
∑( x  )

  (2) 

Equation (3), calculation of upper and lower limit for a specific threshold value 

x  ±𝑡 , / √
  (3) 

Using the figure below, the t-value can be found. In this case f-1 is equal to 4 and 𝛼/2 used was 
2,5% giving a t-value of 2.78. 

 
t-values [64] 

The results mean value, standard deviation and upper & lower limit, for each outcome, porosity, 
welding dept and bead score can be seen below. 

Stability of process testing, results. 

Response n Mean 95% CI StDev 
Porosity volume [mm3] 5 0,264 (0,020; 0,509) 0,197 

Welding depth [mm] 5 4,072 (3,935; 4,209) 0,110 

Bead geometry [1-3] 5 2,000 (2,000; 2,000) 0,000 

 


