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Abstract

This doctoral dissertation presents the process innovation of Bifocal Hybrid 
Laser Welding (BHLW) and its application for highest quality seams in welding 
of aluminium, zinc-coated steels, and its potential for the welding of other 
materials. Over the last decade a plethora of process models has been conceived 
for fusion welding of aluminium. The respective empirical process models claim 
one of the following mechanisms as the cause for instabilities: intensity 
distribution fluctuations, deformation of the geometry of the keyhole, resonant 
vibrations within the melt pool, or detrimental physical properties of the melt. 
Although these empirical models are hardly senseless, this dissertation shows 
that none fully accounts for the formation of instabilities. State-of-the-art process 
technology for laser welding of aluminium and zinc-coated steels are detailed: 
gas metal arc welding, laser augmented arc welding, and multiple or specifically 
Twin Spot welding. For the last two technologies the results of individual 
benchmark studies are presented to allow for a fair comparison with BHLW for 
the reference alloy used in this dissertation.  

A novel empirical process model for coated materials is developed herein. This 
model is predicated on a new categorisation of welding materials; the traditional 
one – according to their metallurgy – is replaced by one based on laser 
weldability. This new empirical process model rests on two propositions. The 
strata proposition accounts for surface coatings such as zinc and aluminium 
oxide. This proposition is based on an empirical observation previously 
unreported to account for instabilities: obstruction of the keyhole orifice by 
surface oxide of aluminium. The influence of vapour explosions inducing 
instabilities is expressed in the phase transition proposition. The explanatory 
amendments accompanying each individual proposition supply rules for the laser 
welder to design the process to counteract instabilities. The influence of invasive 
process gas shielding causing process pores in laser welding by a straw effect 
within the keyhole leads to a caveat concerning process gas; this caveat is based 
on empirical observations derived from in-situ high-speed x-ray photography. 
Based on these observations, a new empirical process model for laser beam 
welding of aluminium is developed accounting for all hitherto inexplicable 
phenomena for welding in vacuum and with nitrogen as shielding gas. Consistent 
with the empirical data a novel analytical mathematical-physical process model 
for the formation of gas porosity in aluminium is presented to amend the 
mathematical process model developed over the last few decades.  
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In a digression, ancillary technology for BHLW is presented that puts the new 
empirical and mathematical model to the test. To counteract the cause of 
porosity, as described by the gas entrainment caveat, a novel coaxial nozzle 
system for perfect shielding – as to which, if inert gases are used, gas is saved –
during laser welding is introduced. By virtue of this nozzle system pores in 
aluminium can be eliminated, a fact that distinguishes this innovative coaxial 
nozzle system from state-of-the-art nozzles. This experimental result both 
verifies the empirical process model and validates the analytical mathematical-
physical process model. All that is to the good, but note that the nozzle system is 
an innovation in itself as it allows for a minimum reduction of inert gas 
consumption of 60% and carcinogenic NOx-emissions are simultaneously 
extinguished, again, in contrast to state-of-the-art nozzles. This is most welcome 
in light of increasingly stringent European regulation as to occupational exposure 
limits.

Proven process synergies warrant terming BHLW a ‘hybrid’. The doubling of 
process efficiency of BHLW as compared to its constituting laser welding 
processes – namely, HPDL and Nd:YAG laser welding – comes to explain the 
synergies observed in BHLW: increase of welding speed and penetration depth, 
reduction of porosity, and superior surface quality. Advantages of BHLW, not to 
be confused with synergies, and later treated separately, follow: robustness, 
segmentation of seams by avoidance of stop crater cracks, and defect-free seams 
in zinc-coated steels. Flawless welding of zinc-coated steels is a singular 
contribution to production engineering. Later the system technology of BHLW is 
presented. A sustainable prototype optic head was constructed for BHLW to be 
applied in industrial circumstances. The innovations in system technology of the 
optic head are these: easy adjustment of dichroic mirror mount by novel frame-
in-frame gimbal construction and a beam trap utilizing a novel absorptive 
coating.

Filler material is necessary for some alloys of aluminium to avoid hot cracking. 
A novel filler dilution formula is deduced to adjust the process variables and 
filler feed rate to prevent cracks. The application of this filler dilution formula 
establishes that the process technology of BHLW generally reduces the absolute 
crack susceptibility of alloys, which, being sensitive, are otherwise very likely to 
crack due to the heat of laser beam welding. Further, BHLW is the first 
technology truly to ensure a continuous transfer of filler wire without droplet 
formation. In sum, an inexpensive and safe quality control of filler fire supply by 
an indicator current enables the foregoing complex optical signal processing. 
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Finally, the ramifications of the innovative BHLW for production and laser 
industry in Germany are discussed. 
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How to read this dissertation 

This dissertation presents the state-of-the-art of research and technology in such a 
way as to advance modestly the subject by prolegomena on terminology and 
experimental method in welding technology in chapter 2 and by reiterated 
remarks on methodology whenever this is warranted by what is derived from the 
received literature. This knowledge establishes a framework to categorize, 
distinguish, and subsume the plethora of empirical and mathematical process 
models of instabilities found in the literature as described in section 3.1. Each 
empirical model is treated in isolation, and each is shown to be defective. 
However, an empirical process model has to be kept apart from the empirical 
results of its associated process technologies. The model may indeed have been 
misconceived, yet the welding results of a designed process based on its 
technology could surprisingly have their merits. Therefore, the results of process 
technologies are presented separately. In order to compare objectively the 
welding results of these competing technologies to BHLW, individual 
benchmark studies were conducted. In these studies, welding results for arc 
welding, laser augmented gas metal arc welding, and Twin Spot laser welding of 
aluminium were generated for the reference alloy used within this dissertation 
employing the same monitoring and preparation methods and devices as for 
BHLW. Since the reference alloy is an extrusion alloy, hardly any data for the 
reference alloy could be found in the literature. Extrusion alloys are notoriously 
difficult to fusion weld as detailed in paragraph 8.2 due to their susceptibility to 
cracking. EN AW-6060 is a challenging alloy in fusion welding and was not

selected to be the reference alloy to put state-of-the-art process technologies and 
BHLW to a discriminating test but rather to satisfy the requirements of the 
collaborative research centre SFB/TR10. The objective of this SFB, which is 
kindly supported by the German Research Foundation (DFG), was the 
“integration of forming, cutting, and joining for the flexible production of 
lightweight space structures“.

The production of aluminium profiles is an economical and well-established 
industrial process. The creation of value by assembling such profiles to 
lightweight space-frame structures hinges on a flexible joining technology. Laser 
welding can eliminate flanges and satisfies the demand of lightweight 
construction. LBW is evidentially advantageous as a technology for the challenge 
of fusion welding of aluminium. However, the intrinsic problems encountered in 
fusion welding of aluminium must be solved. Although the process technologies 
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of arc welding, laser augmented gas metal arc welding, and Twin Spot laser 
welding are state-of-the-art technologies, the welding results for the reference

alloy and for zinc-coated steels of these technologies are scantly represented in 
the literature. Thus, the results of the benchmark studies of those technologies 
presented in paragraph 3.2 represent an original contribution to the state of 
research of laser beam welding, which is dealt with throughout chapter 3. For the 
remaining process technologies of multiple spot laser welding, oscillation and 
laser stir welding, and beam amplitude modulation welding, which are also 
featured in paragraph 3.2, benchmark studies could not be conducted as these 
technologies were unavailable commercially, the author not excepted. The results 
for other aluminium alloys and zinc-coated steels, other than the reference 
materials considered in this dissertation, are gathered from the literature and 
presented in such a way as to substantiate well-informed speculation regarding 
how the reference materials might behave for these process technologies as 
compared to BHLW. The reader must concur or not with these arguments after 
deliberation. The results of BHLW are briefly stated there and are detailed later, 
in chapters 6 and 7. 

In order to understand the process of BHLW, the constituting processes are 
briefly described. New experimental results are presented to the reader in 
paragraph 4.1, though conduction mode welding (CMW) by high power diode 
lasers (HPDL), keyhole welding by the Nd:YAG laser, and influence of process 
gases have been well researched over the last few decades. Thus, a 
phenomenological account to understand deep penetration welding by BHLW is 
given. The interpretation of this phenomenological evidence represents 
fundamental knowledge for the reader to appreciate the development of a novel 
empirical process for laser beam welding of aluminium and other coated 
materials. This model is encoded in abstract propositions. The experimental 
evidence very briefly rears its head but is later described in detail in chapters 6 
and 7. It is left to the reader to judge whether the new process model ought to be 
accepted. However, as the experimental evidence of the effects of BHLW is 
presented without reference to the model, the merits of BHLW should not called 
into question if the causes thought to arise from the model are overhauled or 
rejected in the future.

Before the results of BHLW are presented a digression on ancillary technology is 
inserted. The reader only interested in the technology of BHLW might skip 
chapter 5, a self-contained discussion of shielding gas nozzle, though the chapter 
does advance welding technology; it is given in the interest of thoroughness. Its 
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results are later quoted in chapters 6 and 7 on the synergies and advantages of 
BHLW. The digression will surely be of interest to the scientific reader.

In chapter 8 the system technology of BHLW is detailed. The continuity of filler 
wire supply is an easy means of quality control of filler transfer, suggesting an 
economic case, which is briefly outlined for the reader’s own appraisal. As most 
chapters on BHLW are interconnected, forward references are in some cases 
unfortunately unavoidable. Results denoted by these references are generally the 
final upshot of a topic; whether or not the reader checks the later pertinent 
chapter immediately, the reader can trust that they will be satisfactorily 
established.
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1 Introduction 

1.1 Lasers are a key technology in the present 

LASER is an acronym for light amplification by stimulated emission of 

radiation. But what is light? Light is the fundamental entity. In one notion, light 

was the first entity to be called into existence: “Let there be light” [GOD, p. 1]. In 

another notion the beginning of the universe was dominated by light or photons 

according to current theories in cosmology [LONGAIR 2003, p. 535].  

More down to earth, lasers constitute a commonplace technology. Whether we 

are conscious or not of their being mundane depends on our understanding of the 

word light in what constitutes a laser. Light designates the visible range of the 

electromagnetic spectrum. Although the first laser ever built by Maiman

[MAIMAN 1961] emitted in the visible range, Albert Einstein’s theory, which 

describes its physical principle, is by no means limited to light but applies to 

radiation in general. In fact, most modern lasers do not emit in the visible part of 

the electromagnetic spectrum. The term ‘laser’ is misleading - it encourages 

misconceptions. Putting aside superficial aspects of the laser’s history militates in 

favour of calling it today what it actually is:

electromagnetic radiation amplification by stimulated emission of radiation,

namely: ERASER. 

The acronym ‘eraser’ is a pun and does not allude to the power of the radiation 

those systems generate, but ‘eraser’ is very descriptive. However, the author will 

regrettably use the nowadays more conventionally acceptable acronym ‘laser’ 

instead of the precise ‘eraser’. The properties of the radiation are characteristic of 

lasers. Their radiation is monochromatic, exhibits little divergence, and is 

temporally and spatially coherent. There are laser systems, which are subsumed 

in this category, whose radiation is neither stimulated nor amplified. Emitting 

semiconductors assembled in high power diode laser are exemplary. LEDs 

should therefore be treated as sources of laser radiation since their radiation is 

monochromatic and shows, within certain limits, reduced divergence. 

Keeping this in mind one should reconsider and, it is hoped, broaden one’s views 

of lasers. Lasers are an integral part of everyday life. Most little flashing lights 
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are actually sources of radiation that have the properties characteristic of lasers. 

They are built into CD players, handyman tools to regulate water levels, and even 

cutting-edge kitchens in London where they are used by prominent gourmet 

chefs [KALWA 2005].  

This is contrary to the use of lasers in films other than documentaries. In science 

fiction and other imaginative works, lasers serve as a symbol of inexplicable 

powers. In Star Wars villains cut other beings heads off with a 'laser sword', and 

James Bond was almost cleaved in half by Goldfinger’s laser. Never mind that in 

reality the Star Wars swords are pyrotechnic effects and that the laser that seared 

through the gilded plate to which 007 was chained was actually an acetylene 

flame. However, though these pictures were fictional at the time they were being 

shot, what they envisaged is reality now. Laser beams have been developed to 

serve as defensive weaponry. Ballistic missiles are to be destroyed in the 

stratosphere by stupendous laser beams. Needless to say, lasers were capable of 

cutting and welding metal just a few years after Goldfinger’s premiere. Seeming 

fantasy can indeed pave the way to the breakthroughs now shaping our reality. 

Such fantasy serendipitously points the way to the innovations shaping our 

reality.

1.2 The future is ‘Laser Age’ 

The history of civilization can be divided by the technology extant in each epoch: 

The Stone Age was followed by the Bronze Age and then the Iron Age. And 

knowledge and technology appear to accelerate as age follows age. The industrial 

revolution was followed comparatively not long thereafter by the Nuclear Age. 

Where are we now going? 

The ages are normally named retrospectively - later generations appraise their 

ancestors’ times based on the decisive advance the impact of which can be said 

to have brought about a revolution. Indeed, such an advance is necessary for us 

to note with clarity the demise or subordination of the old and the dawning of a 

new age. 

Let us consider the current situation and peer into the future in order to guess 

what age our descendants may judge us to have inaugurated. Within a mere six 

years of the new millennium, in 2006, the Nobel Prize for physics honoured 

contributions to the development of laser-based precision spectroscopy including 
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the optical frequency comb technique, the details of which will not herein be 

given [HÄNSCH 2006]. Suffice it to say that the ramifications of Hänsch’s 

findings are obvious to the scientifically informed public. The laser frequency 

comb allows an improvement of at least one order of magnitude in the accuracy 

of time measurements. This will in due course lead to a greatly enhanced insight 

into the physics of our world, as did all previous improvements of accuracy. 

Concurrent with the turn of the century, laser systems capable of output powers 

of several hundred kilowatts were designed. Their funding may have been due 

chiefly to their potential use in preemptive missile defence, but they are put to 

other uses as well. 

At the National Ignition Facility (NIF) of the Lawrence Livermore Laboratory, in 

the American state of California, 192 ultraviolet lasers eventually came to form 

the world’s largest laser [BIBEAU 2006]. This laser has an output power of 1.8 MJ 

which will be deposited into a hohlraum target. By 2010 this deuterium-tritium 

target will be so compressed that it will ignite and burn, which in turn will 

liberate more energy than is required for the laser to ignite the fusion reaction. 

The International Thermonuclear Experimental Reactor (ITER) championed by 

the European Union serves the same objective. Early in the Nuclear Age fission

provided energy to power our civilization. However, fission creates radioactive 

waste and the proliferation of this waste engenders the enormous hazard of the 

potential construction of illicit nuclear weapons. Therefore the nuclear age cast a 

pall from its inception, and, in the current geo-political climate, fraught as it is 

with the possibility of additional crises, one cannot be sure how the Nuclear 

Fission Age will terminate, a fact that confounds an assessment now of 

retrospective judgment decades or centuries in the future. Although nuclear 

fission does allow for the triggering of a fusion reaction in the form of a 

hydrogen bomb, it is clear that this energy can be put to entirely peaceful ends.   

If nuclear fusion can be tamed by a controlled reaction in the National Ignition 

Facility, this would be a scientific achievement unparalleled in world history, one 

comparable only to stupendous leaps in evolution such as the development of 

language. It would potentially transform our world for the better. 

The Club of Rome predicted in 1972 ‘The Limits to Growth' [MEADOWS 1972, 

MEADOWS 1974]. And indeed we are now experiencing scarcity of basic 

commodities with the constant rise in the cost of energy and other resources. An 

inconsumable, virtually infinite, and emission-free source of energy, which is 

precisely what fusion would put at our disposal, would enable humanity to 

commence a new kind of civilization. Energy in the coming Nuclear Fusion Age 
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will not stem from consumption of resources, which are by definition only 

accessible locally or nationally, but will be derived from science, which by 

definition is shared globally. Nuclear fusion will guarantee the welfare of 

humanity for centuries or millennia. This breathtaking accomplishment, being 

potentially enabled by laser technology, would earn our transitory age the 

epithet: Laser Age.

Savour this outcome, because it will solve an immense problem already 

bedevilling the planet: the shortage of energy. 

1.3 Lasers are the key to welding novel materials 

Notwithstanding the decisive contribution lasers can make to civilization’s 

advancement, less ethereally, one has to notice the immediate importance of 

lasers to Germany’s economy. Germany lost out in many areas of technology in 

the past decade or could not capitalize fully on inventions and innovations it 

generated. Laser technology is an exception. Globally Germany is a leader both 

in markets and in technology. Its share of the world’s laser system market is 

about 40%. This is a tremendously enviable situation, which can be retained and 

even expanded. The market research of the Spectaris/VDMA report 2006, 

however, shows that production is outsourced to countries with lower labour 

costs. Innovations are crucial if Germany wants to secure and expand its position. 

However, innovating is in many cases difficult. Take welding, which is an 

ancient technology. In antiquity some regarded Glaukos of Chios to be the 

inventor of welding. He produced a vessel by solid phase joining, that is, by a 

blacksmith hammering two iron pieces together. After that seminal event, 

innovations were extremely slow-paced [AICHELE 2005].

Today welding can be described as the joining of two components by 

coalescence of the surfaces in contact with each other. This coalescence can be 

achieved by melting the two parts together, termed fusion welding, or by bringing 

the two parts together under pressure, perhaps with the application of heat, to 

form a metallic bond across the interface.

This glacial progress is true even in our day. Classical arc welding has 

experienced only small steps forward in the past decade. Electron beam welding 

allowed welding of joints of high aspect ratio (c.f. equation 3.3) in vacuum. The 

advent of high-power laser systems manifested additional progress. In laser 
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welding technology each new laser system available facilitated novel processes. 

For industrial laser welding the following systems were chronologically 

employed: CO2 lasers, Nd:YAG lasers, high power diode lasers (HPDL), and - at 

this writing - disc or fibre laser technology is being considered.

However, for welding, the weldability of the materials to be joined is a 

prerequisite; where it is lacking, even elaborate welding technology seemingly 

cannot compensate. Very much the same holds for any other joining technology; 

indeed, the pivotal point for introduction of new materials into a production chain 

is the joining technology. Unfortunately, this is not always borne in mind when 

novel materials are designed. Semi-finished products, such as sheets or profiles, 

which cannot be joined, can never become products. Adequate joining 

technologies are absent for many materials. Hence, they have been developed in 

vain because they cannot be used. 

This is notable for the application of aluminium in car body manufacturing. 

Forecasts suggest that Europe and North America will retain the biggest shares of 

the global automotive market until 2011 or later. Thus, most car manufacturers 

try to satisfy the demands of both markets to maximize the number of potential 

customers. And most European car producers are as much dependent on their 

North American as on their home markets.

In late 2004 the U.S. Secretary of Transportation proposed a major regulatory 

upgrade in side-impact crash protection for all passenger vehicles [INTERNET 1]. 

Accordingly, Federal Motor Vehicle Safety Standard 214 is about to be 

strengthened with consequent requirements for crashworthiness. Passive security 

systems alone will not meet the demands of this new dispensation. Indisputably 

the space frame and body shell will have to be toughened to absorb the additional 

distortional energies. It seems inevitable that the car chassis will weigh more. 

Europe has bound itself to reduce overall CO2-emissions to fight climate change. 

The 2007 Bali agreement, which followed up on Kyoto, may or may not be 

implemented worldwide: On the one hand, pressure from environmentalist 

groups is formidable; on the other hand, costumers are seeking more economical 

vehicles since fuel prices are high owing both to the high price of oil, now at a 

decade-high, and to petroleum taxes. 

To meet these demands the automotive industry has to pursue two diametrically 

opposed aims. In the USA vehicles need to be much tougher, meaning heavier, 

but, in Europe, lighter, in order to consume less fuel [ZÄH & TRAUTMANN 2005]. 
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Light-weight design and further application of light-weight alloys can deal with 

this predicament by reducing weight as well as increasing strength. Light-weight 

material and design construction can cut the Gordian knot of these seemingly 

contradictory demands. Hence, joining techniques are needed that satisfy the 

requirements of modern vehicle manufacturing [ZÄH & TRAUTMANN 2004].  

These techniques need to be reliable and robust. They need to yield structures 

that can be mass-produced in such a fashion as to ensure quality control that can 

be monitored by sensor systems [ZHAO 1990]. They need to meet the disparate 

expectations of both corporations – which seek profits – and consumers – who 

aspire to thrift. Thus, the new technologies will be scrutinized by manufacturing, 

economics, and sales. 

The objective of this dissertation is to present an innovative process in laser 

technology for robust and stable welding of all alloys of aluminium and of zinc-

coated steels. The process is termed Bifocal Hybrid Laser Welding (BHLW), as 

it utilizes two separate laser sources, namely an Nd:YAG laser and an HPDL. 

These laser sources can be independently focused on different focal planes: the 

system is thus termed bifocal. The lasers interact in the same process zone; 

hence, they constitute a hybrid. Proven synergies are presented to justify 

indisputably the designation of the process as ‘hybrid’, a designation that seems, 

in other contexts, to have been misplaced or which has been used hyperbolically. 

Additionally, advantages of BHLW for process robustness are detailed to 

convince the reader of its unparalleled successes in contrast to other laser 

welding techniques. 
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1.4 Current laser sources and their system properties 

In figure 1.1 the commonly available laser sources for welding are shown. They 

are characterized by their wavelength, which is typical of their laser active 

medium. 

Figure 1.1: Technical digest of laser systems and comparison to a gas metal 

arc welding system 
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For scientific investigations the quality of the beam is of primary interest. It is 

described by the M2 factor: 

q
d

K
M

4

1 02    (Equation 1.1) 

where M2 is the beam quality factor, K is the beam propagation factor ,  is the 

wavelength of the laser (m), d0 is the diameter of the beam at the beam waist (m), 

 is the angle of divergence (mrad),  is Archimedes' or Ludolph’s constant, q is 

the beam parameter product (mm * mrad). The M2 factor is defined for a 

diffraction-limited Gaussian beam [DIN ISO 11146-1]. 

With regards to manufacturing, secondary virtues of individual laser systems 

play a key role. For brevity’s sake only continuous wave (cw-lasers) are 

considered. The CO2 laser can provide multi-kilowatt output powers at excellent 

beam quality. Its wavelength does not permit efficient fibre transmission; mirror 

guiding systems are needed which infringe on flexibility during production when 

flanged to a robot arm. Yet the CO2 laser is the most common laser in 

manufacturing. High power diode lasers are assembled from semiconductor 

LED’s; their wall-plug efficiency is superior as they lack a resonator medium 

which degrades electro-optic efficiency. However, their beam quality is poor. 

The stack by which the LED’s are interconnected can be mounted to a robot arm. 

Such a directly emitting laser permits beam formation - rectangular intensity 

distributions as well as rotationally symmetric intensity distributions in diode 

ring laser setups - according to need. Its radiation can be delivered via a 

fibreoptic cable but only at the cost of a power loss of approximately 25%. The 

Nd:YAG laser is a classical slab laser, which provides superior beam quality at a 

very low wall-plug efficiency and can be easily guided by fibres. Disc and fibre 

laser system were just recently cleared for application in manufacturing. Both 

systems are distinguished by their excellent beam quality and can be delivered by 

fibreoptic cable. A disc laser is scaled in power intervals based on how many 

active discs are combined within the system. A fibre laser is made up of 

individual single or multimode fibre laser modules, whose feeding fibres are 

spliced together to achieve the output power desired. The maximum attainable 

output power and beam parameter product appear to be inversely proportional 

and can be varied within certain limits according to the manufacturing objective. 

The fibre laser is more flexible with regards to selection of beam parameters and 

output powers than the disc laser. The system technology of fibre lasers 

facilitates later up-scaling if necessary.
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