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project (VINNOVA/Jernkontoret no. 34013), I learned how to weld stainless steel tubes in 
close cooperation with Swerea KIMAB AB. In the final stages of my research I was involved
in the PROLAS-project (EU-Interreg IVA North no.304-58-11), focusing on improving the 
weld quality in high strength steel. I would like to give thanks to the financers supporting the 
work here in Luleå and also to all the people I worked with in these different projects. 

I would like to thank all my colleagues in the “laser-group” here at LTU for interesting 
discussions and collaboration. A special thank you goes to Tore Silver for sharing an office 
with me for five years. My distant companion PhD-students Rickard Olsson and Peter 
Haglund deserve special thanks for their teamwork. I also like to thank Dr. Per Gren and Prof. 
Mikael Sjödahl at the Division of Fluid and Experimental Mechanics for their help with the 
high speed cameras (and holography). Finally I would like to thank all the friends I got to 
know here in Luleå during the last five years. I won’t name you by name, but if you know me, 
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Ingemar Eriksson
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Abstract

Laser welding is often considered a new and exotic manufacturing method even though it has 
been used in industrial applications for nearly fifty years. In the early years only a few special 
applications justified the high investment cost involved, but as the price of the laser sources 
has reduced, industrial interest in laser welding has increased. 

As different weld situations have appeared, involving new materials etc. there is an increasing 
need to understand the weld process on a fundamental level, especially for the newer, high 
power and high quality 1µm laser sources (Disk laser, Fiber laser). Laser welding sometimes 
involves production limitations that are caused by the process itself, not the laser source. 
Weld defects such as humping or severe spattering can make the weld quality unacceptable 
and more knowledge of the physics involved in defect generation is needed.  

In this thesis high speed imaging is used as a method of acquiring fundamental knowledge
about laser welding. Modern digital high speed cameras in combination with powerful laser 
illumination provide a clear and detailed view of the actual weld process. The information in
these high speed videos provides a possibility to see how the process behaves. Just as a slow 
motion goal camera helps the referees to rule accurately in an athletic event, the high speed 
cameras can help laser welding researchers to improve their fundamental understanding.             

This thesis is composed of seven publications in scientific journals which are thematically 
linked by their focus on high speed imaging analysis of laser welding. 

In two shorter letters, new measurement methods are presented. In the first case a streak 
image method is utilized to measure the fluid flow velocity on the keyhole front, and in the 
second a pulsed digital holography method was employed to measure deformation during 
laser spot welding. The streak image method is further developed in two subsequent papers to 
confirm and quantify the downward flow on the keyhole front during high speed welding. 

In the three additional papers both new and previously known laser welding phenomena are 
analyzed by high speed imaging. The first of these papers discusses the correlation between 
the size of the vapor plume above the keyhole and the signal acquired by a commercial “laser 
weld monitoring” system. The next paper gives practical guidelines on how to choose
parameters in a laser hybrid welding system, and the final paper discusses conditions under 
which surface tension effects can produce a self-sustaining hole in the melt pool that might 
produce defects in the weld.
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Introduction
1 Organization of this thesis
This doctoral thesis is composed of seven scientific publications concerning high speed 
imaging analysis of laser welding. The papers have somewhat different thematic profiles as 
seen in table 1. The papers are appended in chronological order, and the first five are 
published in journals. The sixth paper is a conference contribution published in Physics 
Procedia. The seventh and last paper has been submitted for publication in a scientific journal, 
but was not published before the printing of the thesis.

The introduction of the thesis starts with an overview of the papers and a list of additional 
publications by the author which are not included in this thesis. This is followed by the 
motivation for the research and the methodology.

Next there is a brief introduction to laser welding, high speed imaging and holography to give 
the reader a better understanding of the research subject. It is not intended as a scientific 
contribution but as a reference frame to help understand the contribution of the seven papers. 

After the introduction to the subject, summaries of the papers have been included. These are
followed by a general overview of the thesis and some thoughts on possible future research in 
the subject.

Table 1. Thematic profile of papers A-G which comprise this thesis

Paper A B C D E F G

Method development x X X x
Frame rate 40 kfps 180 kfps 180 kfps 1kfps 180kfps 4kfps 10kfps
Laser illumination - 810nm - 532nm - 810nm 810nm
Streak photography X X x
Evaluation of imaging results X X X X X
Correlation with monitoring X
Melt flow analysis X X
Process parameter study X X X
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Description of the papers in the thesis 
All seven papers deal with high speed imaging of the laser welding process. In all cases I 
carried out the experiments (with some help and advice), and I am responsible for most of the 
analysis of the experimental results. As first author, I also carried out a great deal of the 
writing of the papers.

Paper A investigates the correlation between optical emissions from laser weld zones at
different wavelengths. The results may explain some of the difficulties behind online 
monitoring with photodiodes. The work provides evidence that a lot of the noise in the signals 
is correlated and originates from the hot plume of vapor ejected from the keyhole.

Paper B is a fast-track letter. It introduces a new streak photography method to measure the
fluid flow inside the laser welding keyhole.

Paper C uses the method developed in Paper B. By systematic experiments the flow 
velocities within the keyhole were mapped. The laser power density was found to be a major 
factor controlling flow velocity.

Paper D is another fast-track letter. It presents an innovative method to measure deformation 
fields during laser welding. Here the high speed camera is not directly observing the process, 
instead it is used in an advanced optical setup creating a high speed pulsed digital holography.     

Paper E is an expansion of Papers B and C. The analysis of the high speed images is 
extended with PIV (particle image velocimetry) analyses that give a 2-D velocity field. Also 
some simple models are used to calculate the melt film thickness on the keyhole front and 
compare theoretical velocity on the keyhole wall with measured velocity.

Paper F is a conference paper for the LiM conference in Munich. It discusses guidelines for
laser hybrid welding. In this paper high speed imaging is utilized to aid the understanding of 
the effect of different parameters on the weld process.

Paper G is a development of a previously co-authored letter concerning catenoid shaped 
keyholes. When the melt pool in thin section welding is wide enough there is a possibility to 
form a surface tension stabilized keyhole with the shape of a catenoid. This paper discusses 
the geometrical constraints of this effect and compares measurements of cross sections and 
high speed videos with theoretical catenoid shapes.  
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2 Motivation of the research

The main objective of the research carried out during my five years in Luleå has been to 
acquire and spread fundamental knowledge about the laser welding process.

Laser welding has huge industrial possibilities and there is considerable industrial motivation 
behind the research. Much of my research has been financially supported by industrial 
interests and carried out in close cooperation with different Swedish industries. Industry is 
often interested in slightly different aspects of laser welding than those which are purely 
scientific; also there can be some concerns about confidentiality. Therefore not all of the 
research results have been suitable for scientific publication. 

The first project I was involved in (DATLAS) aimed at a better understanding of photodiode 
based laser weld monitoring. One result from this project was Paper A where one of the
aspects of monitoring was examined; the source of the signals. Also during this project the 
streak image method (Paper B) was developed. When examining blowouts in zinc-coated 
steel a clear downward fluid flow was observed on the keyhole front, and a method to 
measure the flow velocity was developed. 

In the next project (Fibertube Advanced) the focus was on improving the quality of laser 
welds in stainless steel tubes. One goal was to examine the source of root side spatter. Here 
the streak image method was used to quantify the downward fluid flow on the keyhole front 
(Paper C & E), which is believed to have a substantial impact on the root side spatter.

Paper D started from a PhD-course in modern experimental measurement techniques. The
developed method has been used in collaboration with my colleague Peter Haglund to make a
larger measurement series. He is currently working on a FEM-model and will compare 
measured values with simulated estimations in a future publication. 

Paper F is an attempt to introduce basic guidelines for laser hybrid welding; it is part of the 
PROLAS project where laser welding of high strength steel is investigated. 

The idea for the research in Paper G started as a faulty experiment together with Peter 
Haglund. The goal was to reduce the deformation in thin plate butt joints in zirconium. Trials 
with pulsed quasi-CW welding produced a faulty weld with holes in the weld seam, but 
analysis of the high speed images showed interesting surface tension phenomena. Later on it 
was decided to continue this research track and examine the surface tension effect in thin plate 
welding more thoroughly, which resulted in a new laser welding technique.
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3 Methodological approach

My research has not been motivated by a single large research question. It has been a search
for little pieces in a much larger puzzle. The overall goal of the research has been to improve 
the general understanding of the laser welding process.

There has been a desire to develop new methods to collect quantitative measurements of the 
laser weld process with high speed cameras. Not only to observe the process but to get actual 
measurements that can give quantitative information. 

One of the best methods to acquire and spread information of a complex process is to use 
photography, or as in this case high speed photography. By taking photographs of an event it 
is possible to provide proof in a manner that is easy for the human mind to understand and 
accept.   

The research presented in this thesis has often originated from an industrial question, but 
during the examination of that question some other unexpected issue appeared during the 
analysis of the high speed images. This new question was then examined further and 
eventually published in a scientific journal. 

The seven papers in this thesis are based on the high speed imaging technique, where different
phenomena of laser welding have been directly observed in ‘slow motion’. Usually high 
speed imaging is used as a highly valuable source for qualitative observation of phenomena.
This has led to important discoveries, but quantitative evaluation of the images is more 
unusual. One main approach of my research is the quantitative evaluation of high speed 
images. This means that the setup of the high speed camera is not only intended to make 
qualitative images, but also that something should be measured from the images in a later 
stage.
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4 Laser welding
Light Amplification by Stimulated Emission of Radiation or LASER is a method of 
generating light. We are surrounded by lasers in our daily life. CD/DVD players and 
telecommunication fibers use lasers to transfer information.  Lasers are also popular in 
surgical applications; for example laser eye surgery. Another area for laser application is in 
the manufacturing of thin film solar cells where femtosecond laser pulses are utilized to 
separate the individual solar cells in a large panel. These are all low/moderate power lasers
applications, but when focused, a laser can be used to generate very high power densities -
several MW per cm2. As a comparison the reactors at the Forsmark nuclear power plant 
produce approximately 1000MW each - so a high power laser is capable of producing a power 
density equal to a short circuit of a Forsmark reactor within an area the size of this page! This 
high power density can be utilized in almost any application imaginable but the largest market 
for high power lasers at the moment is laser cutting. 

As welding is essentially the art of controlled melting, and lasers are a powerful heat source, 
laser welding is an obvious application. In this Doctoral thesis I will discuss only welding of 
metal (steel), but lasers can also be used to weld plastic and glass.

Laser welding is commonly divided into two different types. First there is conduction-limited
laser welding (<105W/cm2), where heat is transported by conduction. This gives a smooth 
weld bead with a maximum width to depth ratio close to 1. Often it can be hard to see the 
difference between a conduction limited laser weld and a GTAW (Gas Tungsten Arc Weld -
also known as TIG or Tungsten Inert Gas) weld (figure 1). As the investment cost of a laser is 
in the region of 100 times higher than a TIG machine, conduction laser welding is not very
common.

Figure 1.  Schematic weld sketch for three different techniques 

The second type of laser welding is keyhole laser welding (>106W/cm2). When the power 
density is high enough, the laser light starts to evaporate the metal, creating an evaporation 
pressure. As the molten metal is pushed away by the vapor, a small dimple is created in the 
melt pool. This concave structure concentrates the laser irradiation towards the center and 
builds up a higher pressure. After a very short amount of time (~1ms) a deep hole is drilled 
into the melt. This “keyhole” enables the process to produce welds with high width to depth 
ratios (figure 2) and a continuous weld seam is created by moving the keyhole through the 
material.

     TIG               MIG             Laser keyhole
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Figure 2. Cross section of 16mm deep laser weld.

Laser keyhole welding is usually autogenous, which means that no additional filler material is 
added to the weld process and the resulting weld has the same composition as the base 
material.

To be able to weld there is a need to increase the temperature in the melt to well over the melt 
temperature and, as laser welding is a fast process, and there is little time to conduct heat to 
the sounding material, there will be a very rapid cooling of the fusion zone. This can 
sometimes be a problem, i.e. in carbon steel there is a risk of martensite formation (hardening).
Thus the weld zone can have very different properties than the base material due to phase 
transformations during cooling.  

When no material is added there cannot be a wide gap in the joint prior to welding. If the gap 
is too wide there will be an under-fill of the weld and in extreme cases the laser might pass 
through the gap between the workpieces without interacting. A rough “rule of thumb” is that 
weld gaps should be less than 0.2mm to produce a good weld. Compared to other welding 
methods these tolerance demands are much higher and extra machining can sometimes be 
necessary. To overcome this problem, filler material can be added to the weld. There are 
several methods of doing this; One is to simply feed a wire of the desired material into the 
melt pool. Another method is to combine the laser weld process with gas metal arc welding 
(GMAW) commonly known as MIG (figure 1). The GMAW process provides filler material 
and also some energy making it possible to weld faster/deeper. This, so called laser hybrid 
welding (figure 3), is discussed in paper F of this thesis. The combined process not only 
involves all the adjustable welding parameters from each process, but new parameters as 
beam-arc distance are also introduced, and this can make it rather time consuming to find 
welding parameters that produce a good weld quality weld.

Figure 3. Setup of laser hybrid welding.
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4.1 Early research in laser welding
In 1917 Albert Einstein described negative absorption, or Stimulated Emission of Radiation 
(the SER in LASER). This negative absorption was confirmed to exist experimentally in 1928, 
but in was not until 1960 that the first functional laser was built by Maiman [1]. After this 
laser development exploded, with the development of dozens of different laser types within a 
few years. This first laser was a pulsed ruby laser, but later the same year HeNe gas lasers 
were manufactured. The HeNe laser was the first laser to be sold commercially (1961 by 
Spectra-Physics). These first lasers had power levels of a few mW, and were mainly used in 
measurement applications. A laser has monochromatic and coherent light and these properties 
make it ideal for interferometric measurements. As different laser types developed and power 
levels increased, new areas of application were discovered. In 1967 a 300W CO2 laser was 
used to cut 1mm mild steel plates assisted by an oxygen jet (which added heat by oxidizing
the steel). In 1972 a 20kW gas dynamic CO2 laser developed for the American air force was 
capable of welding 20mm stainless steel [2]. Although it was much too expensive for industry,
it showed the capability of high power lasers. In 1979 the first high power CO2 laser arrived 
to Luleå (figure 4) and the research could begin. 

Figure 4. The first CO2 laser in Luleå, operated by my colleague Greger Wiklund.

The two main types of industrial laser have, for a long time, been the CO2 gas-laser and the 
Nd:YAG solid-state rod laser. The CO2 laser has a wavelength of 10.6µm and has been the 
main work-horse in the fields of cutting and welding. The Nd:YAG laser was first used only 
in pulsed operation but, as the wavelength of 1064nm enables the use of optical fibers to 
guide the laser light in a flexible manner, high power continuous wave (cw) Nd:YAG lasers 
were developed. The optical fiber enables the use of robots to guide the light, a desired 
property in welding of car bodies.  

Today there are more options on the laser market. The Disk-laser is a flattened variant of the 
classical Nd:YAG rod and power levels up to 16kW are marketed by Trumpf [3]. Also there 
are several manufacturers of fiber lasers, which are, in effect, a stretched version of the 
original Nd:YAG rod. Powers up to 50kW are offered by IPG [4].
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Both Yb:glass fiber-lasers (1070nm) and Yb:YAG disk-lasers (1030nm) have a wavelength 
close to the Nd:YAG rod-laser (1064nm) and are often called 1µm lasers, and they all have 
similar characteristics as far as welding is concerned. For plastic welding diode lasers have
been the most natural choice for a long time due to their attractive price. As the power and 
beam quality increases, diode lasers will probably become a competitive power source for 
metal welding. There are some problems to produce single emitter laser diodes with very high 
power. Therefore high power diode lasers often have several low power laser diodes with
slightly different wavelengths and the light is combined into a single laser beam using a
wavelength multiplexer. Laserline [5] offers a 15kW diode laser with a wavelength range of
900-1070nm and a beam parameter product of 100mm*mrad (~12.5 times worse than the 
disk- lasers 8mm*mrad).

The development of robot guided laser welding in the 1980’s in the automotive industry 
eventually lead towards a need for automated monitoring of the laser welding process. The 
initial solution was to copy the way humans monitor the process (figure 5) by observing the 
sound and optical emissions from the process interaction area. This was quite easy to 
implement by mounting microphones [6], spectrometers [7,8] or photodiode [9] in the 
proximity of the weld interaction area. Slightly more complicated systems utilizing dual 
wavelength IR and UV [10] and positioning the sensors after the optical fiber [11] were also 
developed later. Paper A in this thesis discusses some of the problems with photodiode based 
monitoring of laser welding. This paper shows that a substantial amount of the recorded 
signals are generated from the plume of hot metal vapor and smoke escaping from the weld 
keyhole. 

Figure 5. Greger Wiklund observing the laser in 1982
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4.2 Commercially available online monitoring systems
Today several online monitoring systems for laser welding are commercially available [12-
14]. Most of these devices monitor only optical emissions from the process, as sound 
monitoring in an industrial environment is unpractical. Light is monitored either by using 
photo-diodes that monitor different wavelengths, or by imaging devices (CCD/CMOS-
cameras). With 1µm wavelength lasers, glass transmits the laser light (glass absorbs 10.6µm 
light). This makes it possible to use glass fibers for transporting the laser light, with glass 
lenses for focusing. Also it is possible to coat a glass plate to transmit the laser light but 
reflect other wavelengths. This principle is utilized in several of the commercially available 
systems for process monitoring.

In figure 6 the high power (multi kilowatt) laser light is transmitted through a “folding mirror” 
(which is transparent to the laser wavelength) towards the focusing lens that focuses the laser 
beam on the weld zone. The light emitted from the weld process is captured by the same 
focusing lens and reflected by the folding mirror towards some sort of sensor. This sensor 
could be a camera or an array of photodiodes. The coaxial setup makes it easy to align the 
sensors. In paper A a sensor type with three photodiodes was examined. Different 
wavelengths were registered by the photodiodes, and there was a possibility to fit an aperture 
in front of the diode. The three sensors in paper A were a P-sensor (~600nm-400nm) aimed to 
monitor plasma activity, a T-sensor (~1100nm-1800nm) acting as an IR detector 
(temperature) and an R-sensor with a narrow band pass filter at the laser wavelength. The R-
sensor monitors the reflected light from the weld process and can be used as an indicator if 
conduction welding or keyhole welding is used. 

The signals from the diodes are sampled and processed in a computer. In practice the systems 
sold today are of the ‘golden template’ type. The monitoring system records the values from 
the sensors during welding. After a large number of good welds, a golden template signal is 
created (often the mean signal). Afterwards the monitoring simply compares the current 
sensor signal with the golden template, if the difference is too big an alarm is triggered. One
problem with this technique is that it requires a long learning period for the monitoring system
so it is not suitable for small batch production.

Figure 6. Schematic sensor setup in a 3-wavelength photodiode system [Paper A]
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4.3 Research in on-line laser weld monitoring
Laser weld monitoring is an area of active research and a review of the subject can be found 
in the comprehensive literature survey completed by colleagues at Luleå University of 
Technology [15,16]. Many research groups in different countries are active in laser weld 
monitoring; some of them are listed in Table 2. In the last few years, the emerging CMOS-
camera technology has enabled real time image monitoring of the weld process [17-19]. A
better understanding of the physics in the laser weld process [20,21], together with more 
powerful hardware [22] will make it possible to implement frequency analysis [23] and 
spectroscopic [24] weld monitoring in industrial applications in the future. To improve the 
possibility to monitor the laser weld process there is a need to have fundamental knowledge of 
the process. Here high speed imaging can be a very useful tool as seen in Paper A. This paper 
shows that there is a strong correlation between the random fluctuations of the vapor plume 
above the keyhole and the signals produced by the P-sensor and T-sensor. As the vapor plume 
fluctuations have only limited correlation to the weld quality the usefulness of the sensors is
limited.

Table 2. Recent publications with online monitoring of laser processing.
Ref First author Country Laser Material Detector Year
[25] Sibillano Italy CO2 Stainless steel Spectrometer 2012
[26] Jäger Germany YAG Steel Camera 2009
[27] Kim South Korea YAG Steel/Aluminum Camera 2012
[28] Chen China CO2 Stainless steel Spectrometer 2012
[29] Kawahito Japan YAG Titanium Photodiode 2009
[30] Kong USA YAG Zn coated steel Spectrometer 2012
[31] Doubenskaia France YAG Iron powder Pyrometer / 

Camera
2012

[32] Heralic Sweden YAG Titanium Camera 2010
[33] Stritt Germany YAG Aluminum Photodiode 2011
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5 Modeling laser welding

As long as laser keyhole welding has been around, different mathematical models have been 
trying to explain the process. As the laser beam welding is similar to electron beam welding, 
some models even existed before laser keyhole welding. When modeling a process there are 
two different approaches to solve the problem. Either simplify the process to physical 
phenomena that can be solved analytically, or model the entire problem and solve it 
numerically. The analytical solution is an exact answer to a simplified question, whereas the 
numerical solution gives an approximated answer to a more realistic question. Often a middle 
path is chosen where the process is simplified and described by analytical equations that are 
solved numerically. Different approaches to the same problem will result in different answers, 
and, as pointed out in a review paper [34] by L-E. Lindgren; “The most important step in a 
simulation is to know why it is done. What question(s) should be answered by the welding 
simulation?” Different questions require different approaches to solve the problem and only 
by knowing the question can you chose the correct method. Today full scale FEM models 
(figure 7) trying to model the entire process have emerged [35-37], but they still some 
distance from full simulations of the entire process. As they require vast computational power 
they are not suitable for industrial usage yet. 

Figure 7. FEM model of a laser keyhole weld [35].

These models try to answer questions such as: What shape does the keyhole have? I.e. how 
does the laser beam interact with the weld material? But it is often easier and more practical to 
ask a simplified question such as: How deep will these laser settings weld? In principle this 
question could be answered by searching in a database of experiments with different 
parameters and resulting weld penetration. But as a researcher you need to search for a
slightly more sophisticated answer. 

5.1 Estimating penetration depth
Early work on modeling the laser weld keyhole [38-41] often assumed low welding speed or a
completely stationary process. Then the shape of the keyhole was calculated from the energy 
balance between vapor pressure opening the keyhole and the surface tension closing it. These 
models could, after some calibration, predict penetration depth and cross section shape at low 
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welding speed, but not fully describe the inclined keyhole front found in experiments at 
higher welding speed. To address this problem some researchers adopted a local drilling 
velocity model [42-45].

Figure 8. Drilling velocity model

The idea is to ignore the back side of the keyhole and focus only on the front wall. A drilling 
velocity Vd is introduced, which describes the laser beam propagation through the material
(figure 8). Experiments show that during laser drilling with constant power density the hole 
depth is a linear function of the pulse time [46]. This means that there is a constant drilling 
velocity that is a function of the power density, and the drilling velocity can be estimated by 
measuring the time it takes drill a hole through a thin gauge material. Drilling is assumed to 
act perpendicular to the laser illuminated surface, and produces an inclined keyhole front 
surface. Fabbro and Chouf [45] calculate the inclination angle of the keyhole as 
arctan(Vw/Vd0), where Vd0 is the drilling velocity in the laser light direction and Vw is the 
welding velocity. By knowing the inclination of the keyhole front the welding depth can be 
estimated from the beam width.

The drilling velocity model tries to answer the question: How deep will these laser 
parameters weld? The weld penetration is mainly depending on material properties, welding 
speed, laser power and how the laser beam is focused; a tighter focus will produce a higher 
power density with the same laser power. Even the earliest experiments [2] showed that the 
penetration depth increases linearly with laser power (if nothing else changes). Also that 
penetration depth is linearly dependent on the welding speed at higher welding speeds. This 
means that if you know the penetration depth at a given set of laser parameters you can easily 
calculate the new penetration depth if either the laser power or welding speed is changed. But 
when the spot size of the laser is changed, two opposing effects will happen. The power 
density changes, but the interaction time also changes. If for example the beam diameter is 
doubled the time any point is exposed to the laser beam is doubled. But in the meantime the 
power density is only one quarter. Suder and Williams [47] try to simplify the complex 
relationship of beam diameter and power density by introducing a new parameter; the specific 
point energy. This is the total amount of energy absorbed at a specific point of the welded 
material. They show that the penetration depth has a simple relationship to the specific point 
energy, and this could be useful when estimating weld penetration depth. 

The drilling velocity model and the specific point energy are closely related and are mainly 
concerned with the keyhole front. The rear part of the keyhole and melt pool doesn’t have a 
large effect on the penetration depth in partial penetrating keyholes. The downward flow on 
the keyhole front measured in paper B, C and E of this thesis is closely connected to both the 
penetration depth and the rear part of the keyhole.  

Vd

Vw

Laser 
beam

Keyhole 
backside

Keyhole 
front

Vd0
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5.2 Flow on keyhole front
Papers B, C, E in this thesis address the fluid flow on the keyhole front. As early as 1985 
Arata et al. [48] observed a rippled surface on the keyhole front during welding of soda lime 
glass with CO2 laser. Similar bumps have also been observed in welding of steel with the help 
of X-rays. The humps have also been observed to move downwards along the front wall. 
There are some models [42,49] that give partial explanations to these humps on the keyhole
front (figure 9).

Figure 9. Suggestion of hump driven flow [49]

The general idea is that there is a local increase in the absorption on the top of a hump [50].
The variation of evaporation pressure induces a downward flow that transports metal away 
from the front wall towards the melt pool behind the keyhole. This description of the fluid 
flow around the keyhole seems reasonable at higher welding speeds. The fluid flow on the 
keyhole front at high welding speed is very similar to that found in remote fusion cutting [51]
where the metal flow is allowed to reach such velocities that it is ejected downwards and a 
cutting kerf is produced instead of a melt pool and a weld seam.

The fluid flow on the keyhole front and in the melt pool is highly dependent on the welding 
speed as described by Fabbro [44]. At low welding speed there is a lot of time for conduction 
to spread the heat into the surrounding metal and there will be a large melt pool. The keyhole 
will be rather symmetrical and somewhat unstable. There is almost no inclination between the 
keyhole walls and the laser beam and there is a substantial amount of liquid metal surrounding 
the keyhole. This means that any humps created on the keyhole wall don’t experience a clear 
downward motion. The evaporation pressure acts on a more horizontal direction and the large 
melt absorbs the momentum, so random waves are produced.

Figure 10 shows results from a very slow speed weld. In the high speed video frame it can be 
seen that the melt pool is almost symmetrical around the very bright keyhole and the cross 
section shows a mushroom shaped weld profile with a wide top. This wider top area is most 
probably produced by the Marangoni effect caused by surface tension gradients. 
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Figure 10 High speed image and cross section of slow laser welding

As the welding speed increases there will be less molten material surrounding the keyhole and 
the weld shape will be different. A faster weld in the same material as in figure 10 can also be 
seen in figure 2. Obviously the fluid flow in the melt pool is different in such welds. 

All the energy needed to heat and melt the material in front of the weld must be transported 
from the keyhole through the melt pool. As the melt pool has a limited thermal conductivity a 
rough estimate of the melt thickness can be calculated from the temperature difference in the 
melt.  In paper E such an estimate was carried out for austenitic stainless steel (304 or 18/8). 

In this material the enthalpy increase from room temperature to molten metal is 8,78J/mm3.  If 
a welding speed of 100mm/s is used, every mm2 weld cross section requires 878W of power 
transported through the melt. Assuming the evaporation temperature on the keyhole wall 
(3080K at 1atm) and a melting temperature 1700K and an average thermal conductivity of
19W/(m K) the melt thickness can be calculated to be 33µm. There will naturally be some 
thermal convection in combination with the conduction in the melt pool that allows a thicker 
melt. A rough estimate is that for welding at 100mm/s (6m/min is a typical laser welding 
speed) stainless steel has a 0.1mm thick melt film between the keyhole wall and the solid 
material in front of the weld.

As the keyhole shape is closely related to the size of the laser beam the weld cross section is 
also related to the beam size at higher welding speed. In figure 11 six cross sections at 
different focus position are compared with the measured beam diameter at the focal position
involved. The images have been rotated 90 degrees and the left-most image is the top one. 

For the top weld the unfocused laser beam is not capable of full penetration of the 2.4mm 
thick stainless steel with 6kW laser power at 100mm/s. But as the beam is more focused the 
power density increases and the laser beam penetrates the plate.   

Melt poolKeyhole

Possible 
keyhole shape

Fusion line
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Figure 11, Cross sections at different focal position (image rotated 90 degree)

The molten metal in front of the keyhole must be transported to the melt pool behind the 
keyhole to produce a weld, and the only possibility is for the melt to move around the keyhole. 
It can therefore be estimated that the fluid velocity in the available fluid film must reach 
several meters per second. Such velocities have been observed in Paper B, C and E. 

The shape of the front of the keyhole can be estimated by stopping the laser irradiation while 
moving the plate (figure 12). The shape of the keyhole front is then “frozen” in the metal. The 
similarity between figures 8 and 12 is clear.

Figure 12, Longitudinal cut of weld. Melt pool shape estimated from high speed video
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6 High speed imaging
After the invention of photography, it was not long before a scientist realized the power of 
freezing motion and created high-speed photography. The first famous case is the galloping 
horse published in 1887 by Eadweard Muybridge (figure 13). Muybridge proved that, at 
certain points during a horse’s galloping cycle, all the hooves were in the air. These high-
speed images were created with a single camera for every frame. This limited the number of 
frames in the final movie to the number of cameras, but the frame rate in such a system is 
theoretical unlimited. A problem with this system is that the viewpoint changes between 
frames.  To have a “stationary” movie all the frames need to be captured through one single 
lens, and this make the camera more complicated.

Figure 13, Single frame from the first high speed image by Eadweard Muybridge

After the invention of motion pictures on celluloid film, high speed photography was realized 
by cranking the camera faster. As a research tool higher frame rates were needed, and special 
high speed cameras was quickly developed. In the 1930’s cameras with 1000 frames per 
second (fps) was built and by introducing the rotating prism technique 40.000 fps was 
achieved soon afterwards. But there is a limit of how fast you can physically move a plastic 
film in the camera. By the conversion of photons to electrons, frames could be stored on a 
phosphorescent screen and with electrical deflection to different positions on the 
phosphorescent screen frame rates over 100.000.000 fps were reached in the 1960s.

Today digital CCD and CMOS cameras dominate the high speed photography market. As 
these cameras save the image to an internal random access memory the images are available 
directly. And the capability of storing several thousand frames makes it possible to capture a 
long sequence of high speed photographs to isolate events of interest. In the camera photons 
are converted to electrons that are stored in the pixels (picture elements) of the sensor. CCD 
and CMOS are two different circuit architectures to transfer electrons from a pixel to the 
analog to digital (A/D) converter that sends a digital value to the storage memory. In most 
cameras there is only one A/D-converter that is shared by all the pixels on the sensor, and this 
is the limiting factor on the frame rate. This means that a higher frame rate can be reached if 
fewer pixels are converted per frame. This can be done by choosing a smaller region of 
interest (ROI) in the camera. As an example a Photron SA1 CMOS camera (available at LTU)
can capture an image of 1024x1024 pixels (1megapixel) at a frame rate of 5400fps. The A/D 
converter is capable of converting 5,4Gpixels per second with 12 bit resolution in each pixel. 
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By lowering the number of pixels in each frame to 256x128pixels the frame rate can be 
increased to 125,000fps. In CCD cameras the different electronic designs only allow a
reduction of the number of rows used in each frame, every column in the row must be read by 
the A/C converter (but not stored in the memory) and the increase in frame rate is limited 
compared to CMOS cameras.

A very important part of photography is the illumination. The right illumination is absolutely 
crucial to produce high quality, high speed images. When imaging laser welding this is 
especially important as the welding process itself radiates light. Much of the light from the 
process is unwanted and therefore an external light source that “out shines” the process light 
is necessary.  A very strong light source can be a problem if it starts to heat up the object 
under observation, so a pulsed light source is often used to reduce the average power (figure 
14a). A short illumination pulse also helps in “freezing” the image and reduces the motion 
blur.  

A good method to make the illumination much stronger than the unwanted process light is to 
use laser illumination. A monochromatic laser makes it possible to block all other
wavelengths with a narrow band pass filter (figure 14b). By combining the rejection of 
unwanted wavelengths and a short exposure time during an illumination pulse, almost all 
process light can be removed from the imaging of the laser welding process. 

Fig 14 Monochromatic pulsed laser light “out shines” unwanted process light,
a) during a short intense pulse, b) in a narrow wavelength band.

The difference between an illuminated image and an unilluminated image is shown in figure 
15. Here a special double exposure mode of the high speed camera has been utilized to take 
one image with illumination and one without illumination (with much longer exposure time).
In the unilluminated image the light comes from black body radiation and is an indication of 
the temperature. The keyhole region has a much higher temperature and the view is totally 
saturated in the unilluminated image. In the illuminated image the strong pulsed laser 
illumination out shines most of the process light, the vapor plume is completely eliminated 
and only a moderate amount of light comes from the temperature radiation inside the keyhole. 
One difficulty of photographing the weld process is visible in the illuminated image of figure 
15. The melt pool is almost a perfect mirror surface and is often completely dark or it reflects
the illumination light directly, creating a strong glare. The melt pool is often easier to image if 
a thin oxide layer is allowed to form on the surface of the melt pool (by using inadequate 
shielding gas coverage). In the unilluminated image the solidified weld is brighter than the 
liquid melt pool. This is caused by an increase in emissivity as the metal solidifies. This 
makes it impossible to directly convert the intensity to temperature, but it can still be used as 
an indicative temperature map, indicating just how narrow the heat affected zone is in laser 
welding.
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Figure 15. Laser welding of 0.8mm galvanized steel at 6m/min
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7 Digital holography 
Ordinary light is incoherent and with random phase. Laser light on the other hand can be 
coherent. With coherent light it is possible to measure the phase of the light and therefore
measure distances with a resolution on the same scale as the wavelength of the light used. 
Measurement resolution down to nanometers is possible! A normal photo detector only 
registers the intensity of the light, but the phase of light can be measured by letting light 
interfere with a reference light beam from the same light source. The phase difference 
between the two light beams is converted to intensity.

In digital holography the reference light is used as a spatial carrier signal similar to amplitude 
modulation (AM) in radio transmission. The desired information (the sound in the radio) is 
modulated by mixing it with a higher frequency carrier (the radio frequency). In the Fourier 
space it looks like the schematic sketch in figure 16. The Fourier space is usually symmetrical 
around 0 frequency and the red area indicates the information. When modulated at the carrier 
frequency (c) the information is moved to higher frequency (green area in figure 16). In the 
radio receiver the frequency around the carrier frequency is isolated and the information can 
be extracted.

Figure 16. Principle of amplitude modulation in Fourier space.

In digital holography the same principle is used, but with the difference that reference light is 
used as carrier signal and the information is transmitted over two dimensions, so the setup for 
holography is slightly more complicated.  

The principal setup is that a laser illuminates an object and a camera images the light from the 
object via a lens and an aperture. The light distribution at the lens is the two dimensional
Fourier transform of the light distribution at the object. At the camera’s sensor (the image 
plane) there is another Fourier transform. An aperture at the lens plane will act as a low pass 
filter in the Fourier space and limit the high frequency content of the transmitted information. 
The reference beam (carrier frequency) is sampled from the same light as the one illuminating 
the object. In the Paper D setup a secondary reflection from an uncoated plano-concave lens 
was used (figure 17) as reference light. The coherence length of the laser determines the 
maximum difference in length that the reference light and the object light can travel to make 
the interference work. With our laser the difference in light path length was less than 5mm. 
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Figure17. Schematic setup of digital holography

The reference light reaches the camera sensor (CCD) as a spherical wave front at a different 
angle than the object light. As they interfere on the sensor surface there will be a high 
frequency interference pattern in the image, where the frequency is dependent on the angle 
difference (carrier frequency). 

After the image has been captured by the camera, it is transferred to a computer where the
phase information from the object is calculated via the Fourier method [52]. Figure 18 shows
the 2D-FFT (Two dimensional Fast Fourier Transform) of the image (the image in Fourier 
space). This is basically a two dimensional version of figure 16. This 2D-FFT has the object 
light phase information located in the high frequency side bands on each side of the image 
just as in the AM-radio case. In the center of the 2D-FFT a mixture of unmodulated object 
light and reference light is set to zero to isolate the phase information.    

Figure 18. 2D-FFT of holographic image

After the phase information has been extracted and retransformed from Fourier space it can be 
compared with the phase information from a reference image. If the measured object has 
moved in the out of plane direction (normal to the object light) there will be a phase mismatch 
between the two images. If there has been a deformation of the object this can generate a
contour map that shows how the object has deformed.   

Phase
inform

ation
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The possibility to do this in reality (not only in theory) is demonstrated in Paper D of this 
thesis. Here a high speed camera was used to record information at 1000fps and a q-switched 
532nm laser was used as illumination source. This laser was originally designed for marking 
and engraving but the beam quality could be tuned to holographic capability. To get high 
quality measurements every frame was exposure by a single 200ns long pulse (minimizing 
vibration effects) at an approximate peak power of 9kW. The real experimental setup is 
presented in figure 19 (with some smoke in the air so the beam path is illuminated). With this 
setup, deformation on the backside of a plate (due to local heating) was measured during 
pulsed laser welding. 

Figure 19, Holographic setup used in Paper D

In the specific experiment used as an example in paper D, a 0.1s long laser pulsed made a 
single spot weld in a 2.4mm thick stainless steel plate. After 0.6 seconds the thermal 
deformations in the plate had stopped and there was a permanent dent, 18µm high, on the 
backside of the plate. 

To measure the deformation history quickly and accurately is a rather unique possibility for 
high repetition rate pulsed holography. This measurement’s high temporal and spatial 
resolution could be very useful to verify FEM-models of deformation during welding.
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8 Summary of papers
The abstract and conclusions of the appended papers are summarized below.

Paper A
Signal overlap in the monitoring of laser welding

Abstract
Laser weld monitoring is usually based on the feedback from three photodiodes which are
intended to provide independent information about the thermal condition of the melt (the T 
signal), the radiation from the plume of a heated gas above the melt (the P signal) and the 
amount of reflected laser light (the R signal). This work demonstrates that, in fact, the plume 
of the hot gas above the weld pool contributes a large part of the thermal signal, which has 
hitherto been assumed to come only from the melt itself. It is suggested that the correlation 
between the T and P signals is so strong that a T–P signal would be more useful than the raw 
T signal in identifying the fluctuations in infrared radiation from the melt pool.

Conclusions
The plume of the gas visible above the laser weld pool emits a broad band of 
electromagnetic radiation including a substantial amount of infrared.
The level of radiation emitted by the plume is related to the plume volume, which 
fluctuates rapidly.
The infrared radiation from the plume is picked up by the T-sensor and this makes the 
T-sensor far less useful as a method of measuring the thermal condition of the melt 
pool.
A more accurate measure of the fluctuations under the melt condition (which are 
related to fluctuations in the IR emission from the melt) could be achieved by 
subtracting the P signal from the T signal.

Paper B 
New high-speed photography technique for observation of fluid flow in laser welding

Abstract 
Recent developments in digital high-speed photography allow us to directly observe the 
surface topology and flow conditions of the melt surface inside a laser evaporated capillary. 
Such capillaries (known as keyholes) are a central feature of deep penetration laser welding. 
For the first time, it can be confirmed that the liquid capillary surface has a rippled, complex 
topology, indicative of subsurface turbulent flow. Manipulation of the raw data also provides 
quantitative measurements of the vertical fluid flow from the top to the bottom of the keyhole.

Conclusion
We believe that high-speed imagery and streak photography of the type demonstrated here 
will help to unlock the secrets of laser evaporated keyholes, and lead to a deeper 
understanding of many of the other physical interactions involved in laser welding.
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Paper C 
Measurements of fluid flow inside laser welding keyholes

Abstract
This paper presents the results of a high speed video survey of melt flow on the front face of a
keyhole created during fiber laser welding. Using fast Fourier transform techniques, 
quantitative values of fluid flow velocities down the keyhole front have been established. The 
results have led to a phenomenological understanding of some of the quality problems which 
arise at excess welding speeds. The downward flow velocity on the keyhole front is found to 
be generally independent of welding speed, and proportional to laser power.

Conclusions
Above a certain threshold welding speed (>50mm s-1 in our case) the liquid metal on the 
front of the keyhole gave evidence of an uneven ‘bumpy’ surface and downward fluid 
flow. At lower speeds, the melt on the keyhole front experienced random motion.
At high powers and low speeds, ‘welding’ becomes cutting. The resulting spray of 
material out of the bottom of the ‘weld zone’ confirms that the observed flow is not 
merely the movement of surface waves.
Experimental measurements of the molten metal flow on the keyhole front wall have 
been performed.
The flow is highest in the center of the keyhole front. Near the edge the flow is ~7m s-1

At moderate to high welding speeds and laser powers, the rate of downward flow on the 
keyhole front is proportional to laser power. 
The downward melt flow is probably driven by the laser induced evaporation of the 
upper surface of bumps on the melt surface.
Increasing the power density by focusing will increase the flow velocity, confirming 
that the increase in melt down flow is related to the power density irradiating the 
keyhole front wall.
At high powers and welding speeds, the flow is redirected backward, and the melt 
solidifies along the centerline of the weld with reduced contact to the sides of the weld 
line, resulting in severe undercut and humping.
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Paper D 
Holographic measurement of thermal distortion during laser spot welding

Abstract
Welding distortion is an important engineering topic for simulation and modeling, and there is 
a need for experimental verification of such models by experimental studies. High-speed 
pulsed digital holography is proposed as a measurement technique for out-of-plane welding 
distortion. To demonstrate the capability of this technique, measurements from a laser spot 
weld are presented. A complete two-dimensional deformation map with sub micrometer
accuracy was acquired at a rate of 1000 measurements per second. From this map, particular 
points of interest can be extracted for analysis of the temporal development of the final 
distortion geometry.

Conclusions
A new tool for the monitoring of weld distortion has been presented. The holographic method 
gives the accuracy of an interferometer but measures over a two-dimensional area.

Paper E 
Melt behavior on the keyhole front during high speed laser welding

Abstract
The flow of molten metal on the front wall of a laser generated welding keyhole has been 
observed by high speed photography, optically measured by mapping the flow of ripples on 
the liquid surface and theoretically calculated. A clear downward flow can be observed and 
measured by a Particle Image Velocimetry algorithm. A theoretical calculation of the melt 
thickness on the keyhole front is also presented. Results indicate that the thickness of the 
liquid on the keyhole front is similar to that of the resolidified layer found in micrographs of 
the front if the laser is suddenly turned off. The measured surface ripple flow speeds are 
between two and four times as high as the theoretical average fluid flow rate.

Conclusions
In our example (welding SS304 at 100 mm/s) the thickness of the molten material on the 
keyhole front is limited by thermo dynamical properties to approximately 100 mm. This 
implies that the fluid flows on the front must be of the order of meters per second. A 
micrograph of the keyhole front revealed a resolidified layer of similar thickness—in our case 
from approximately 20 mm close to the top of the keyhole to approximately 100 mm further 
down. High speed imaging combined with Particle Image Velocimetry can be used to produce 
a velocity map of the flow of surface ripples inside laser welding keyholes. The downward 
flow speed of ripples on the liquid surface were measured in our case as rising from close to 
zero near the top of the keyhole to approximately 4.5 m/s after a keyhole depth of 0.4 mm. 
The flow is continuously downward across the keyhole. Surface ripple flow speeds are 
between two and four times as high as the theoretical average fluid flow rate. This can be 
explained by a velocity gradient in the fluid film due to a strong viscosity gradient.
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Paper F 
Guidelines in the choice of parameters for hybrid laser arc welding with fiber lasers

Abstract
Laser arc hybrid welding has been a promising technology for three decades and laser 
welding in combination with gas metal arc welding (GMAW) has shown that it is an 
extremely promising technique. On the other hand the process is often considered complicated 
and difficult to set up correctly. An important factor in setting up the hybrid welding process 
is an understanding of the GMAW process. It is especially important to understand how the 
wire feed rate and the arc voltage (the two main parameters) affects the process. In this paper 
the authors show that laser hybrid welding with a 1µm laser is similar to ordinary GMAW, 
and several guidelines are therefore inherited by the laser hybrid process.

Conclusions
The guidelines can be summarized as:

Chose a suitable transfer mode for the GMAW.
Chose shielding gas according to the GMAW.
Use the standard (perpendicular) torch angle.
Adjust welding depth by changing laser power. 

Paper G 
Surface tension generated defects in full penetration laser keyhole welding

Abstract
During laser keyhole welding of thin plates the melt pool is relatively wide compared to the 
plate thickness. Under certain conditions an elongated keyhole can be created and a 
permanent hole is sometimes left in the weld seam. The generation of such holes is 
determined by surface tension effects in the melt which can generate a self-sustaining
geometry at the rear of the melt pool. The geometry of the shape is known as a catenoid and 
has clear geometrical limits.

Conclusions
Under certain circumstances when welding thin section metals, a laser weld pool can assume 
a catenoidal geometry.

In pulsed welding a catenoid shape can help in realizing a full penetrating weld with low heat 
input, low thermal distortion and a low level of spatter.

Catenoidal geometries produced during continuous wave welding of thin sheet are often 
unstable and the rear part of the weld pool can adopt a half-catenoidal geometry which can 
become separated from the front of the weld pool. If this separation becomes too large the rear 
of the melt pool can solidify – creating a hole in the weld. In more extreme cases the weld 
never heals again and a cut is produced.

Cantenoid formation can be avoided if the width of the melt pool is kept narrower than 1.5 
times the thickness of the melt. If a wide melt cannot be avoided, the other option is to keep 
the keyhole diameter sufficiently small so that a catenoid doesn’t form. 
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9 General overview of the thesis

A first personal reflection is that high speed imaging is a door-opening technique, the 
capability it gives us to reveal details in the laser welding process is unique. A great deal of
experimental evidence can be rapidly obtained with a high speed camera, and few things 
are as convincing as photographic evidence. As a research tool, high speed cameras can 
provide unmistakable photographic evidence of otherwise ambiguous phenomena. But 
interpreting the images can sometimes be challenging and one must be careful not to be 
fooled by optical illusions. The perception capabilities of the observing expert are an 
important contribution to the identification and interpretation of the images.

During laser welding at high welding speed the keyhole front wall will be inclined. There 
will be a downward fluid flow on keyhole front wall that could cause weld defects such as 
root side spatter, undercut and humping. This fluid flow is not always problematic. It can 
for example be utilized to preform gas free remote laser cutting.

It is much easier to find something if you know what you are looking for. Though it sounds 
obvious it can be easy to forget to have a predefined goal. This is an important step in the 
setup of a high speed camera, especially if the goal is to preform quantitative 
measurements from the images.

Finally a short summary of some lessons I learned during my time in Luleå. If you want to 
create high quality laser welds there are some basic tips:

o Don’t weld as fast as possible.
A slower welding speed often produces better welds.

o Don’t focus the laser beam too much.
A large Gaussian shaped beam makes the weld process calmer.

o Arrange some sort of vapor plume suppression near the keyhole. (shielding gas/cross jet)
For 1µm lasers the vapor/smoke is a large perturbation cause.

o Use high quality joint preparation
The most common reason for poor weld quality is poor joint preparation.
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10 Suggestions for future work

In laser welding, a high speed camera gives information that could be very useful as a 
validation tool for computer models. A suggestion here would be to increase collaboration 
with some of the existing “simulation” groups and try to develop their models to higher 
accuracy. High speed images are not only useful as a qualitative comparison; quantitative 
measurements could be compared to simulations.

To eliminate spatter on the root side I believe one possible solution (in thin material) is to 
weld with a partial penetrating keyhole but a full penetrating melt pool. The method has been 
examined by researchers previously but is not adopted by industry. The method involves a 
keyhole that is very close to full penetration, and would probably require closed-loop laser 
power control. This means that some sort of real time measurement of the penetration must be 
carried out. One potential method is to mount a photodiode on the root side and measure the 
heat radiated from the lower side of the melt pool. 

The industrial use of laser welding is often hindered by the high initial capital investment. The 
fiber guided diode laser has a potential to reduce the laser costs significantly. Even though the 
beam quality is inferior to that of a disk/fiber laser it is often good enough for simpler welding 
jobs. More research on diode laser welding would be useful to improve industrial capabilities
and increase productivity.

Pulsed digital holography has enormous measurement capability but the laboratory setup 
makes it impossible to use in industrial applications. With modern frequency doubled 
Nd:YAG lasers (532nm) it would be possible to develop a portable, robust digital holography
camera that would enable field measurements of laser weld deformations and other 
applications
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Abstract
Laser weld monitoring is usually based on the feedback from three photodiodes which are
intended to provide independent information about the thermal condition of the melt
(the T signal), the radiation from the plume of a heated gas above the melt (the P signal) and
the amount of reflected laser light (the R signal). This work demonstrates that, in fact, the
plume of the hot gas above the weld pool contributes a large part of the thermal signal, which
has hitherto been assumed to come only from the melt itself. It is suggested that the
correlation between the T and P signals is so strong that a T–P signal would be more useful
than the raw T signal in identifying the fluctuations in infrared radiation from the melt pool.

Keywords: laser welding, quality control, photodiode monitoring

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Although new technologies such as high-speed CMOS
cameras [1] and spectrometers [2] have gained some interest
lately, online quality control of laser welding is still
usually based on photodiodes monitoring the electromagnetic
emissions from the welding process [3, 4]. It is common to use
three photodiodes, each of which monitors a particular range
of wavelengths—as shown in figure 1.

Figure 1 describes the basic design of most online
monitoring systems. A 90◦ dichromatic folding mirror deflects
the electromagnetic radiation from the weld onto the sensors
labelled P (for plasma or plume), T (thermal) and R (reflected).
The spectral range of these three sensors is shown in figure 2.
The T-sensor monitors the infrared emissions from the weld
zone to give a measure of the average temperature in the area.
The R-sensor is designed to monitor the reflected laser light
from the cut zone. The P-sensor was originally developed for
CO2 laser welding, to monitor the high-temperature plasma
generated when the laser ionizes the vapour given off from the
weld zone—this plasma ignition tends to block the passage of
the laser beam and thus disrupts the welding process. When
Nd:YAG lasers are used (as in this case) the laser beam does
not interact with the vapour and so vapour plume temperatures
are considerably lower.

For the purposes of weld monitoring, the signals generated
by the photodiodes are A/D converted and compared to a

‘golden template’ of the signals produced during high-quality
welding. Excessive deviation from this ‘good weld’ signal
will trigger an alarm, indicating that the weld quality may
have changed.

The arrangement of sensors is intended to deliver three
independent signals from the process, which can be used to
monitor fluctuations in welding performance. The aim of this
paper is to investigate the level of correlation between the three
signals in order to improve our understanding of the feedback
they provide, both individually and together.

2. Experimental work

2.1. Methodological approach

The LWM (laser weld monitor) system from Precitec AG was
used to acquire signals of three different wavelength ranges
from laser weld zones. Several different welding cases have
been investigated in order to show the general nature of the
results obtained [5]. High-speed imaging of the welding
process was used to provide additional information.

2.2. Experimental setup

In this investigation, three welding situations were used as the
source of the feedback signals. Titanium- and zinc-coated steel
plates were joined in an overlap-edge welding configuration

0957-0233/10/105705+07$30.00 1 © 2010 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Three photodiodes used to monitor laser welding.

Figure 2. The spectral range of the three sensors used in Nd:YAG
laser welding.

(see figure 3) using an Nd:YAG laser, and 4 mm thick mild
steel was butt joint welded using a CO2 laser. Details of the
welding cases can be found in table 1. In the case of the
titanium welds, the material was welded in both the cleaned
and uncleaned conditions in order to provide a photodiode
feedback from stable and unstable weld pools. Similarly, the
zinc-coated steel welds were carried out with three different
levels of weld fit-up or misalignment in order to provide signals
from welds with three different levels of stability.

The Nd:YAG laser welds were monitored with coaxial
sensors, as shown in figure 1. For the CO2 laser an external
off-axis sensor setup (mounted as close to the focusing lens as
possible) was employed, as a coaxially mounted scraper mirror
was incompatible with our laser setup. During the CO2 laser
welding, only the T-sensor and P-sensor were used because
silicon photodiodes and dichromatic mirrors do not work at
the 10.6 μm wavelength of the CO2 laser. The maximum
resolution and sampling speed of the system (8 bit and 20 kHz
signal) were utilized to provide the highest level of detail for
signal comparison.

The T-sensor was employed without an aperture in order
to maximize the area monitored. This makes it possible to
compare signal responses in different welding cases, with

Figure 3. Camera setup for plume monitoring during overlap-edge
welding.

different materials, welding powers and welding speeds. The
aperture is normally used to concentrate on an area to the rear
of the melt pool, away from the effects of the keyhole and
weld plume. The use of an aperture can help in reducing the
noise in the signal, but the setup becomes extremely sensitive
to misalignment.

2.3. High-speed video imaging and plume monitoring

As the initial trials revealed a high correlation between the
P-sensor and T-sensor signals, the vapour plume above the
weld was monitored by high-speed imaging and compared
with the three photodiode signals. A Photron SA1 camera
running at 40 000 fps was used to film the plume from
behind—see figure 3.

The camera was inclined at approximately 5◦ to the
horizontal and the focus and exposure time were adjusted to
monitor the image of the plume ejected from the keyhole—
see figure 4. This arrangement provided an independent
signal source which only monitored the plume. The camera
employed a protective filter to block out the intense laser light
at 1064 nm. The wavelength sensitivity of the camera was
similar to that of the P-sensor as they were both based on
silicon semiconductors. The spectral response of the entire
optical setup can be assumed to be a broadband sensitivity of
∼400–800 nm.

2.4. Statistical method for evaluating the correlation between
signals

The correlation between the photodiode signals was quantified
by the Pearson correlation coefficient (ρ) described in
equation (1) [6]. The expected value (E) of the signal deviation
from its mean (μ) is divided by the standard deviations (σ ) of
the signals. The Pearson correlation is a measurement of how
well a linear equation can represent the measured values of
two variables. The value of the correlation ranges from −1 to
+1, where 0 indicates totally independent signals. A higher
absolute number shows a stronger correlation of the signals:

ρX,Y = E((X − μX)(Y − μY ))

σXσY

. (1)
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Table 1. Details of the welding parameters.

Thickness Power Welding Shielding Weld
Joint type Laser Material (mm) (kW) speed (m min−1) gas quality

Overlap Nd:YAG Titanium 2 × 0.6 2 5 Argon High
Overlap Nd:YAG Titanium 2 × 0.6 2 5 Argon Moderate
Lap Nd:YAG Zn-coated steel 2 × 0.8 2.5 6 Argon High
Lap Nd:YAG Zn-coated steel 2 × 0.8 2.5 6 Argon Moderate
Lap Nd:YAG Zn-coated steel 2 × 0.8 2.5 6 Argon Low
Butt CO2 Mild steel 4 2.5 2 Helium High

Figure 4. A typical single video frame of the vapour plume.

Figure 5. Weld startup behaviour.

A high (close to +1) correlation value between two signals
generally indicates that there is a linear dependence of the
signals [7].

3. Results

3.1. Typical photodiode signal appearance

Sensor signals differ for different welding parameters. The
amplitude and the frequency content changes, but some
characteristics are usually similar. These are as follows.

Figure 6. The entire signal set from the high-quality titanium weld.

Figure 7. The high-frequency noise/signal correlation.

• A short (∼1 ms) peak in the R signal during the creation
of the keyhole. This phenomenon is often accompanied
by peaks in the P and T sensors’ signals (see figure 5).

• A period of fluctuations until the melt pool is stable
(see figure 5). The extent of this phenomenon is highly
dependent on the welding speed.

• A high level of high-frequency noise in the T and P signals
during keyhole welding (see figure 6).

• An e−t /τ type curve for the T-sensor at the end of the
weld.

Previous works [8] have generally concentrated on the
fluctuations of the signal curves which are in tens or hundreds

3
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Table 2. Calculated correlation values from 10 000 samples of the weld signal in each case.

T–P Pearson T–R Pearson
Weld type correlation correlation T-mean (au) T–σ (au) P-mean (au)

Titanium
Stable 0.79 −0.05 6.4 0.83 2.0
Unstable 0.75 −0.04 6.5 0.99 2.0

Zn-coated steel
Stable 0.93 0.27 1.8 0.31 1.4
Intermediate 0.80 0.08 2.8 0.31 2.0
Unstable 0.93 0.50 2.6 0.45 2.1

CO2 laser
Steel 0.78 0.84 0.10 0.65

Figure 8. High-speed video still photographs of plume activity (photographs are 75 μs apart).

of hertz. In this paper an analysis of the correlation between
the signals at higher frequencies was carried out and revealed
an interesting link between the T and P signals.

3.2. Correlations between the sensors

Figure 7 presents a close-up view of some of the information
provided in figure 6. At this level of detail it is clear that there
is a considerable correlation between the T and P photodiode
signals. This suggests that the signals might emanate from the
same source.

To quantify the relationship between the two signals,
10 000 samples from each signal were collected and the
Pearson correlation, mean value and variance were calculated
for the six different types of weld. This information is
presented in table 2.

From the information given in table 2, it is clear that there
is a high level of correlation between the T and P signals under
all these welding conditions. It is worth noting at this point
that the vapour plume in the case of the CO2 laser weld was
prevented from becoming overheated and ionized by the use
of helium as a shielding gas.

3.3. Plume activity

The high-speed camera photographs in figure 8 were taken of
the vapour plume from the stable zinc-coated steel weld. It
is clear that the size and brightness of the plume fluctuates
rapidly—these photographs represent a time interval of only
75 μs. The fluctuations in the light emitted by the plume were

monitored by analysing each video frame using the ‘Labview’
software to calculate the average image intensity over the total
viewed area (outlined in figure 4).

In figure 9 the T and P signal values and average image
intensity are plotted as a function of time. The peaks are clearly
correlated and most of the variation can be correlated to the
plume intensity. The Pearson correlation calculated for this
part of this weld was 0.92 for the T-sensor/P-sensor. And the
P-sensor correlation to the average image intensity was 0.90.

Figure 9 gives a strong indication that the electromagnetic
radiation from the plume is a major contributor to the signal
generated by the T-sensor.

3.4. Identification of the plume radiation characteristics

One question is: Is the plume above the keyhole generating
light or merely reflecting the light from the keyhole? To test
this, a shadowing rod was inserted into the plume. In this
experiment an overlap weld in zinc-coated steel was carried
out. The rod was placed normal to the camera view as shown
in figure 10. This rod was attached to the welding head
and therefore followed the welding process at a set distance
of 1.5 mm.

In figure 11 it is visible that the plume is glowing in the
area shadowed by the rod where no light from the keyhole can
reach it. This means that the plume is emitting rather than
reflecting light. If this plume radiation could be subtracted
from the signals, the noise contribution from the plume
would be eliminated and more accurate measurements could
be made of the fluctuations in the radiated output from the
melt.
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Figure 9. Correlation between P- and T-photodiode signals and plume image intensity.

Figure 10. The arrangement of the shadow-casting rod and camera.

Figure 11. Plume generating light even in the rod-shadowed area.

4. Discussion

Earlier work by a number of authors [9, 10] has generally
assumed that the signals from the three sensors have not

included a great deal of overlap, and that the T (infrared,
thermal) signal emanated primarily from the surface of the
melt pool. The fluctuations in this signal have generally been
attributed to noise.

The results shown above reveal that, rather than radiating
solely at ultraviolet and visible wavelengths, the vapour
plume actually radiates as a black body over a wide range
of wavelengths including the infrared. Wien’s displacement
law states that the majority of the radiation of the hot plume
will be at shorter wavelengths (which will be monitored by
the P-sensor)—but this shorter wavelength radiation will be
accompanied by infrared output (which will be picked up by
the T-sensor). This means that the ‘noise’ of the T signal
is, in fact, a direct measure of the fluctuation in emission of
the plume as a result of changes in its size (a larger plume
emits more light) and temperature. As the plume and weld
pool are at different temperatures the emission proportion will
change in different wavelength areas; this gives the possibility
of doing a signal separation of the signals in the T-sensor and
P-sensor.

5
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Figure 12. The relatively low variance of the IR emissions from the melt surface and the surrounding heated substrate is clear if the P signal
is removed from the T signal. (The P signal has been scaled to match the peak height of the T signal.)

Figure 12 demonstrates the point that we get a clearer
view of the variation of the weld pool generated IR signal if
we subtract the P signal from the T signal. In the absence
of the ‘noise’ from the P signal, the T signal is considerably
less prone to fluctuation. This level of fluctuation is more
in keeping with the emission of infrared light from a molten
liquid surface than the large, high-frequency fluctuations noted
in the raw T signal.

The plume originates from the walls of the keyhole as
a very hot gas which, as it exits the keyhole, will emit
electromagnetic energy in the ultraviolet and visible ranges.
However, it is clear from these results that the plume which
is visible above the weld zone emits a substantial proportion
of infrared light. This infrared radiation is picked up by the
T-sensor which is intended to monitor only the condition of
the melt and the surrounding heated solid. The plume of the
cooling gas can, to a first approximation, be considered a black
body radiator over a wide spectrum. The amount of energy it
radiates is related to the volume of the vapour plume, which
fluctuates rapidly.

It is clear from this work that a more accurate measure
of the thermal condition of the melt pool can be obtained
if the P signal is removed from the T-sensor signal. This
simple remedy would reduce the amount of signal noise
which exists in the present system. A more advanced signal
separation technique than a simple subtraction would enable
even more reliable process monitoring. By using more
than two wavelength areas and suitable signal separation this
could become a promising method to monitor fluctuations
in the melt pool, which are closely related to the final weld
quality.

5. Conclusions

This work has demonstrated the following.

• The plume of the gas visible above the laser weld pool
emits a broad band of electromagnetic radiation including
a substantial amount of infrared.

• The level of radiation emitted by the plume is related to
the plume volume, which fluctuates rapidly.

• The infrared radiation from the plume is picked up by the
T-sensor and this makes the T-sensor far less useful as a
method of measuring the thermal condition of the melt
pool.

• A more accurate measure of the fluctuations under the
melt condition (which are related to fluctuations in the IR
emission from the melt) could be achieved by subtracting
the P signal from the T signal.
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Abstract. Recent developments in digital high-speed pho-
tography allow us to directly observe the surface topology
and flow conditions of the melt surface inside a laser evap-
orated capillary. Such capillaries (known as keyholes) are a
central feature of deep penetration laser welding. For the first
time, it can be confirmed that the liquid capillary surface has a
rippled, complex topology, indicative of subsurface turbulent
flow. Manipulation of the raw data also provides quantitative
measurements of the vertical fluid flow from the top to the
bottom of the keyhole. C© 2010 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.3502567]
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The use of high-speed cameras in laser welding research
dates back to 1985 when Arata, Abe, and Oda used a 6000-fps
16-mm camera to observe the process.1 The development of
high-speed digital cameras has made the technology eas-
ier to use, and in recent years high-speed photography of
1000 to 20,000 fps has become standard in many laborato-
ries. In this present work, the authors have used equipment
and techniques that increase this frame rate by an order of
magnitude, allowing much more detailed observation of the
laser-material interactions involved.

This work presents images taken by a Photron (San Diego,
California) SA1 high-speed camera with a Micro-Nikkor
105-mm lens, at 180,000 frames per second with an exposure
time of 370 ns. The image size was 128×128 pixels with 12-
bit pixel depth. Figure 1 shows the basic arrangement of the
equipment. The experiments involved a moving workpiece,
and a stationary laser beam and camera.

Figure 2 shows a typical still image taken during Nd:YAG
laser welding of stainless steel (Haas HL3006D, laser power
2.5 kW, welding speed 0.1 m/s, weld depth 2 mm, focusing
optics 300 mm, spot size ∼600 μm). The weld pool area
has been illuminated by a 500-W Cavilux (Cavitar, Tampere,
Finland) HF pulsed illumination diode laser to observe the
melt flow around the keyhole. In this case, the illumination
direction was from the right and created the bright spots on
the melt surface to the left of the keyhole. The keyhole itself
emits light as a function of the local temperature. Bright
spots inside the keyhole indicate humps in the keyhole wall,

0091-3286/2010/$25.00 C© 2010 SPIE

Fig. 1 The basic experimental setup.

which become locally heated by the incident laser beam, as
described in Fig. 3.

A number of theoretical models have assumed that the sur-
face of the keyhole is smooth,2, 3 but Fig. 2 clearly shows that
the liquid on the front wall of the keyhole has a rippled sur-
face. Close observation of high-speed sequences of images
have shown that the ripples travel rapidly over the surface of
the melt, as predicted by other theoretical models.4, 5

The complex, 3-D flow of liquid over the front wall of
the capillary makes it difficult to estimate flow speeds and
directions. However, it is possible to quantify flow speeds
and direction by using a specially developed type of streak
photography.

A thin, central strip, one pixel wide, can be extracted
from photographic images of the type shown in Fig. 2. A
collection of these single pixel lines can then be placed side
by side to present streak photograph information, mapping
the movement of bright zones along the center line of the
main image. Figure 4 presents the data in this format, and
shows the variation in brightness along the capillary center

Fig. 2 Frame from the video of the weld capillary. The welding di-
rection is toward the top of the image. The keyhole contains bright,
hot areas. The molten surface behind the keyhole appears dark. The
solidifying edges of the melt appear brighter with very bright spots
on the left of the keyhole, which are the result of reflections from the
laser illumination from the right (see Fig. 1). (QuickTime, 7.2 MB).
[URL: http://dx.doi.org/10.1117/1.3502567.1].
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Fig. 3 Inside the keyhole, the liquid flow creates raised waves or
humps that absorb incident laser light and become hotter than the
surrounding melt. These humps appear as bright areas in Fig. 2.

line over time (540 frames). This streak image visualizes
time-dependent events.

A simplified geometry of the observed area is presented in
Fig. 5, which helps the interpretation of the information pro-
vided in Fig. 4. It is important to bear in mind that the streaks
mapped in zone b represent movement down the almost ver-
tical face of the keyhole front, whereas movement outside
this area, in zone c, is approximately horizontal—across the
surface of the melt pool behind the keyhole. As both of these
directions subtend an angle of approximately 45 deg to the
camera pointing direction, it is possible to scale and superim-
pose inclined lines on the streak image to represent the speed
of movement involved, as we have done in Fig. 4. Parallel
lines have the same velocity, and thus velocities in the weld
area can be measured.

Figure 4 indicates two types of wave motion in the area
observed: 1. the movement of raised waves vertically down
the keyhole front at speeds of approximately 5 m/s (500 μm
per frame at 10,000 fps), and 2. the movement of waves on
the melt surface behind the keyhole—in this case in the same

Fig. 4 Inclined bright lines can be associated with moving bright
points along the center line on the grayscale image presented in
Fig. 2. a: solid metal ahead of weld. b: front edge of keyhole. c: melt
surface behind keyhole.

Fig. 5 Simplified geometry of the observed area.

direction as the movement of the workpiece and at speeds of
approximately 1 m/s.

This is the first experimental measurement of the first
of the two fluid flows and of the keyhole wall rip-
ples, and this has been made possible by the use of the
new generation of high-speed digital cameras with frame
rates in excess of 100,000 fps. This gives researchers the

Fig. 6 (a) Simplified geometry. (b) Frame from video of zinc-coated
overlap welding. (QuickTime, 9.6 MB).
[URL: http://dx.doi.org/10.1117/1.3502567.2].
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Fig. 7 Seven images extracted from the center of the keyhole front
wall during a 33-μs sequence of a weld between two overlapping
plates of zinc-coated mild steel.

opportunity to compare experimental measurements with nu-
merical models.6, 7

We have also employed these high speed imaging tech-
niques to observe melt movement inside a weld keyhole
that penetrates between two 0.8-mm overlapping sheets of
zinc-coated steel. The zinc coatings trapped between the two
sheets evaporate when the steel melts, and the resultant jet of
zinc vapor into the keyhole provokes blowouts in the weld
pool.8 During a blowout, the entire front wall of the keyhole
is visible to the camera (Fig. 6). In this experimental case,
no illumination was used, so all light is emitted from the hot
surface of the molten metal.

Figure 6 gives a global view of the keyhole area, and
Fig. 7 presents a sequence of close-up views extracted from
zone b in Fig. 6, which are spread over 33 μs. In Fig. 7 the
upper bright area is the keyhole front of the upper sheet, and
the dark area is the interface between the two sheets where the
weld front is cooled by the ejection of zinc vapor. The lower
midbrightness area is the top of the keyhole front of the lower
sheet. The sequence shows a droplet of molten steel being
detached from the upper sheet over the dark gap. The streak
photograph for this flow is presented in Fig. 8, and it is clear
that the droplets are leaving the bottom of the upper sheet
at approximately 7 m/s. We believe that these droplets, after
being detached, travel across the keyhole horizontally rather
than vertically down the keyhole front. The driving force for
material transport in this horizontal direction is provided by
the jet of zinc vapor being created in the center of the front
wall of the keyhole. The horizontal impact of the molten
steel droplets and zinc vapor on the rear wall of the capillary

Fig. 8 The streak image created from the film for welding two over-
lapping sheets of zinc-coated steel.

would explain the severe problem of droplet ejection from
welds in zinc-coated steel (see Fig. 6).

We believe that high-speed imagery and streak photo-
graphy of the type demonstrated here will help to unlock the
secrets of laser evaporated keyholes, and lead to a deeper
understanding of many of the other physical interactions in-
volved in laser welding.
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Measurements of fluid flow on keyhole front
during laser welding
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This paper presents the results of a high speed video survey of melt flow on the front face of a

keyhole created during fibre laser welding. Using fast Fourier transform techniques, quantitative

values of fluid flow velocities down the keyhole front have been established. The results have led

to a phenomenological understanding of some of the quality problems which arise at excess

welding speeds. The downward flow velocity on the keyhole front is found to be generally

independent of welding speed, and proportional to laser power.

Keywords: Fibre laser, Keyhole welding, High speed camera, Flow measurement, Fast Fourier transform

Introduction
Deep penetration laser beam welding has been investi-
gated for decades. In 1964, Schwarz1 investigated the
‘keyhole’ phenomena in electron beam welding with a
high speed camera working at 2500 frames/s. To inves-
tigate the internal behaviour of the keyhole, X-ray
photography techniques have been utilised2–6 by several
research groups. As the price of high speed cameras has
reduced, they have almost become standard equipment in
a modern laser laboratory, and a considerable number
of high speed video results have been published.7 A
large amount of theoretical modelling8–10 and computer
simulation11,12 of the laser welding process has also been
carried out. As the models have increased in complexity
and become closer to reality,13–16 there is an increasing
need for experimental measurements to verify or refute
the simulation results.
In this paper, we present measurements of melt flow

velocities down the front face of the laser evaporat-
ed keyhole, which forms a central feature of deep
penetration laser welding. The measurements were carri-
ed out using a high speed camera and a streak image
technique17 supported by two-dimensional fast Fourier
transform (FFT) analysis.

Experimental
All the welding experiments were performed with a
15 kW IPG fibre laser, with a 200 mm delivery fibre, a
300 mm focusing lens and a 150 mm collimator lens.
The workpiece material was 2?4 mm thick 304 stainless
steel (coupon size: 2506100 mm). Only bead on plate
welds were produced. To eliminate any plasma plume
above the weld pool, a micro-cross-jet was employed to
blow compressed air across the top of the weld zone a
few millimetres above the keyhole.18

A Photron SA1 high speed camera (together with a
200 mm micro-Nikkor lens) was used to observe the

front face of the keyhole at an angle of 45u. The optics
was adjusted to image an area of 364?2 mm of the weld
area from a distance of 400 mm. By decreasing the
image resolution to 1286128 pixels, the frame rate
could be increased to 180 000 frames/s. An exposure
time of 1 ms eliminated most of the motion blurs in the
images.

In order to obtain a view deep into the keyhole, a
large diameter laser beam was used. This was achieved
by placing the focal position 9 mm below the top surface
of the workpiece. The unfocused beam at the top surface
of the workpiece had a close to Gaussian energy profile.
The beam profile was measured (at reduced power) with
a Prometec Laserscope UFF100 and had a 4-sigma
beam diameter of 0?9 mm.

Welds were made over a wide range of laser powers
(from 3kW to 15 kW) and speeds [from 50 mm s21

(3 m min21) to 250 mm s21 (15 m min21)]. The trials
were organised to observe the effect of changing speed at
a fixed power, changing power at a fixed speed and the
effect of increasing power and speed together to give
results at constant line energy.

Melt flow velocity measurement
For each of the 200 mm long welds, a 4000 frame
video was taken. As the camera recorded images at
180 000 frames/s, each video showed 22 ms of the
welding process. The exposure time and aperture of
the camera were adjusted to capture the flow of molten
metal on the keyhole front (Fig. 1). As no external
illumination was used, bright areas in the image indicate
localised high temperatures, and dark areas indicate
lower temperature areas.

It was observed that the surface of the front wall of
the keyhole was clearly structured with what appeared
to be small bumps (Fig. 1).19 This rough, complex
surface undoubtedly has a higher absorption20 than is
normally assumed in simulations. In the high speed
videos, it was also observed that a nearly vertical
downward flow existed on the front wall of the keyhole
in many cases.
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In order to quantify the flow down the keyhole front,
a single pixel column of each frame was extracted and
placed next to similar single lines from subsequent
frames. In this way, a streak image was produced.17

Figure 2 is a streak image of the centreline of the
keyhole front in Fig. 1. The streak image maps the
downward movement of bright (or dark) segments of
the line as bright or dark streaks inclined from left to
right. If, for example, a bright dot in the original single
pixel column was to move down the keyhole front at a

constant velocity, the streak image would show this as
an inclined straight, bright line. The speed of the flow
can be measured from the inclination angle of the line, a
more vertical slope indicating more rapid flow.

In practice, the situation is rather more complicated.
The lines in the streak image in Fig. 2 are curved, which
implies that the melt is accelerating down the keyhole
front wall (the almost vertical white streaks in Fig. 2
originate from fluctuations in the plume of evaporated
metal from the keyhole). The most dominant streak
direction in Fig. 2 can be visually estimated to be
equivalent to flow speeds between 6 and 12 m s21. This
visual estimate can be accurately quantified by using
FFT analysis of the data presented in Fig. 2.

A two-dimensional FFT computed from the streak
image using equation (1) is presented in Fig. 3 (scaled to
a 5126512 image to represent the square pixels in
Fig. 2). This two-dimensional FFT shows the frequency
content of the data points in different directions. Parallel
lines in the streak image create bright areas in the FFT,
perpendicular to the direction of the streak lines.

F (u,v)~
1

MN

XM

x~0

XN

y~0

f (x,y)e{i2p ux=Mzvy=Nð Þ (1)

In Fig. 3, the data points are clustered along three linear
directions. Two of these directions coincide with the x
and y axes of Fig. 3. This is to be expected because the
edges of Fig. 2 follow the x and y axes. The third linear
data cluster is inclined in a direction perpendicular to the
dominant streak direction in Fig. 2. To determine the
dominant data direction in Fig. 3 more accurately,
the sum of all data points in a line from the centre
towards the edge was calculated. The first 20 pixels from
the centre were excluded and also all pixels further from
the centre then 256 pixels (ignoring the corners of
Fig. 3). As an FFT is symmetric, only points in the
range 0u–180u were involved in the calculation, and the
results were plotted as a graph (Fig. 4). The most
common angle was determined by a peak detection
algorithm (ignoring the maxima at 0, 90 and 180, which
are the x and y axes discussed above).

In the case of the example shown here, the dominant
FFT angle is 25?6u, which means that the dominant
inclination angle in the streak image (Fig. 2) is 64?4u,
equivalent to a downward flow velocity of 10?7 m s21. It

1 Single frame from video of weld zone created at laser

power of 10 kW and welding speed of 166 mm s21:

higher temperature ‘bumps’ can be seen on keyhole

front surface

2 Streak image 10 kW 166 mm s21 (10 m min21)

3 Two-dimensional fast Fourier transform (FFT) of Fig. 2

4 Frequency of data points in different directions of FFT

image shown in Fig. 3
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should be borne in mind that this is the dominant or
most frequently observed velocity and not the average.
For all the weld videos, this dominant velocity

calculation was carried out for each column in the
original image (Fig. 1), and the results are plotted
graphically. These graphs show the distribution of the
dominant velocities within the flow for each weld (Fig. 5
in the next section presents the results from three welds).

Results and discussion
Figure 5 shows the variation of downward flow velo-
cities measured across the keyhole front for laser powers
of 14, 10 and 6 kW at a line energy of 60 J mm21. It is
clear from these results that at the lowest power, the
downward flow has a fairly constant velocity right
across the keyhole wall. As the power is increased, the
flowrate increases towards the centre of the keyhole
wall. In the cases shown here, the flow velocities near the
sides of the keyhole remain at the lower velocity of
y7?5 m s21, but rise to 10?77 and 16?24 m s21 at
powers of 10 and 14 kW respectively. Data spikes to
either side of the keyhole are measurement errors due to
noise from the metal vapour plume. The width of the
keyhole (i.e. the width of the flowing zone from
approximately –0?5 to z0?5 mm in Fig. 5) appears to
be similar to the measured beam diameter of 0?9 mm.
All the welds were analysed in this way, generating a

vast amount of data. For ease of comparison of different

welds, only the dominant, centreline, flowrates (e.g. the
10?77 and 16?24 m s21 values above) will be referred in
the following results.

In Fig. 6, the dominant centreline melt flowrates have
been plotted as a function of laser power at various
welding speeds. At the highest welding speed, 200
mm s21 (12 m min21), there is a clear linear correla-
tion between downward flowrate and laser power. On
the other hand, at lower laser powers for the lowest
welding speed 50 mm s21 (3 m min21), the flow of the
melt on the keyhole front wall was random, with no
overall downward flow. This observation was confirmed
by direct observation of the relevant high speed videos.

Figure 7 provides dominant centreline flowrate data
as a function of welding speed for laser powers of 5, 10
and 15 kW. It is clear from these results that, in general,
the rate of flow of the melt down the keyhole front is
independent of welding speed over this range of
parameters. There is some possible welding speed/
flowrate correlation in the lowest power (5 kW) case,
but the result is ambiguous.

Figure 8 shows the dominant, centreline flow velo-
cities down the keyhole for various constant line energies
as a function of laser power. The general trend linking

5 Dominant flow velocities in different image columns

welded with 60 J mm21 line energy and three laser

powers

6 Dominant flow velocities down centre of keyhole front

as function of laser power for different welding speeds

7 Dominant flow velocities down centre of keyhole front

as function of welding speed for different laser powers

8 Dominant flow velocities down centre of keyhole front

as function of laser power for different line energies
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downward flow velocity and laser power is very clear
above a threshold of 5 kW (below which the flow is
directionally random).

Additional experiments confirmed that the use of a
smaller focused spot also accelerated the downward
flow. This indicates that the flow is driven by the power
density on the keyhole surface, rather than simply the
laser power, and supports the idea that the melt is driven
down the keyhole face by the local vapour pressure
generated by preferential evaporation of the upper
surfaces of bumps in the liquid.21

This ‘bump evaporation’ driven flow involves genuine
flow and mass transport, not merely the movement of
waves down the keyhole front. This point is confirmed
by the fact that, at the lowest speeds and highest powers,
the laser–material interaction was sufficient to propel all
the melt (bumps) out of the bottom of the ‘weld’ to
produce a cut. The experimental flow results for this
group of the experiments have not been included in the
preceding graphs because this paper is concerned with
welding only.

Before we move on to further discussion, it is worth
noting that there is one feature of the experiment that
could give rise to experimental error; the camera incli-
nation was 45 degrees. Naturally, all the flow velo-
city measurements presented so far have taken this into
consideration, but these calculations have assumed a
vertical keyhole front. At slow speeds and/or high
powers, the inclination of the keyhole front will be
almost vertical, but at high speeds, there might be an
inclination of the keyhole front, which would mean that
our calculations would overestimate the downward
flowrates. The maximum error would be for a keyhole
inclination of 45u from the vertical, which would mean
that the flow figures would be overestimated by a factor
of 1?414. As we have no reliable information about
keyhole wall inclination, we have ignored the possible
need for correction of our data, and thus, all of the
figures presented here assume a vertical keyhole wall.
However, we have carried out tests on the data with
various graded correction factors and concluded that
even a worst case correction does not affect the trends

we have identified. Another important consideration
when reviewing the data presented here is the fact that
we have carried out our welds with a defocused laser in
order to see more clearly into the keyhole.

Figure 9 maps out the results of this investigation into
several regimes:

(i) in the high power/low speed range (top left of
Fig. 9), the weld penetrated the bottom of the
material and the downward flow resulted in the
melt being ejected from the bottom of the weld
zone to create a cut rather than a weld

(ii) in the low power/low speed range (bottom left),
the flow on the keyhole front is random; there is
no general downward flow

(iii) at moderate powers and low speeds, there are
ambiguous results. In Fig. 6, the 100 mm s21

(6 m min21) welds show no correlation to laser
power. This is in contradiction to the result for
higher powers and speeds where there is a linear
relationship between power (power density) and
melt flowrate. In Fig. 7, the slow 5 kW welds
show some correlation to welding speed. This is
in contradiction to the general finding that
flowrates are independent of welding speed

(iv) in the high power/high speed zone (top right),
there is a clear correlation between laser power
and flow velocities down the keyhole front. This
is also true for certain power–speed combina-
tions at moderate powers and low speeds, which
is the reason for the overlap of interaction zones
c and d in Fig. 9.

Since the 1970s, there has been a general agreement that,
for a wide range of processing parameters,18 a reduction
in laser power can be compensated for by a reduction
in welding speed if you require a certain depth of
penetration. This has given rise to the familiar equation

d!
P

v
(2)

where d is the depth of penetration, P is the laser power
and v is the welding speed. The equation predicts that
the welding depth is constant for welds produced with
particular line energy and is a good practical guideline
within certain limits.

Simply providing the same line energy to the weld at a
higher speed [e.g. increasing from 5 kW at 83 mm s21

(5 m min21) to 10 kW at 166 mm s21 (10 m min21)]
will generally melt the same amount of metal. However,
for this relationship to work, there needs to be a
mechanism for transporting the molten metal from the
front of the keyhole to the back of the weld more quickly
as welding speeds increase.

9 Interaction zones covered in this experimental program

(see discussion below for explanation)

a 5 m min21, 5 kW; b 10 m min21, 10 kW; c
15 m min21, 15 kW

10 Changing weld cross-sections at constant line energy
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The linear increase in downward melt transport speed
with welding power helps to transport heat down the
keyhole front and stabilises the value of d when both P
and v are increased. However, constant weld penetration
does not necessarily mean constant weld quality, as we
can see from Fig. 10.

Figure 10 makes it clear that, although approximately
the same amount of melt and penetration depth has been
achieved in each case, the shape of the cross-section
changes. These changes are linked to the increase in
flowrate down the keyhole front as the laser power rises
and also to changes in flow redirection as the welding
speed increases.

If we increase the laser power from, for example, 5 to
15 kW and increase the welding speed from 5 to
15 m min21, two things happen:

(i) the downward flow of melt increases in speed,
and the velocity gradient from the edge of the
keyhole wall to the centre becomes steeper
(Fig. 5); this is, as we have seen, a result of
increasing power density

(ii) the geometry of the weld zone becomes stretched
in the direction of welding, which means that the
bottom of the keyhole is flattened, and flow at
the bottom of the keyhole is directed backwards
along the line of the weld at high welding speeds.

In the ‘slower/lower power’ weld, the liquid flows down
the keyhole front and has a low enough momentum to
solidify as a high quality weld. As the weld speed and
laser power are increased above a certain threshold, the
melt achieves a much higher backward momentum as a
result of its higher flowrate and more horizontal flow
redirection. At these higher welding speeds, the weld
pool is also extended in the direction of welding. Mass
flowrates are highest along the centreline of the weld,
and this tends to draw to melt towards the centreline of
the flow.

All these phenomena combine to fill the centre of the
weld line with melt, and the starvation of melt from the
sides means that there is no melt contact to the side walls
in the upper part of the weld at high welding speeds. The
resulting weld then solidifies with the type of cross-
section shown in Fig. 10. This mode of solidification
involves severe undercut and humping of the weld
profile.

Conclusions

1. Above a certain threshold welding speed (.50
mm s21 in our case), the liquid metal on the front of the
keyhole gave evidence of an uneven ‘bumpy’ surface and
downward fluid flow. At lower speeds, the melt on the
keyhole front experienced random motion.

2. At high powers and low speeds, ‘welding’ becomes
cutting. The resulting spray of material out of the
bottom of the ‘weld zone’ confirms that the observed
flow is not merely the movement of surface waves.

3. Experimental measurements of the molten metal
flow on the keyhole front wall have been performed.

4. The flow is highest at the centre of the keyhole
front. Near the edge, the flow is y7 m s21.

5. At moderate to high welding speeds and laser
powers, the rate of downward flow on the keyhole front
is proportional to laser power.

6. The downward melt flow is probably driven by the
laser induced evaporation of the upper surface of bumps
on the melt surface.

7. Increasing the power density by focusing will
increase the flow velocity, confirming that the increase
in melt down flow is related to the power density
irradiating the keyhole front wall.

8. At high powers and welding speeds, the flow is
redirected backward, and the melt solidifies along the
centreline of the weld with reduced contact to the sides
of the weld line, resulting in severe undercut and
humping.
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Abstract. Welding distortion is an important engineering
topic for simulation and modeling, and there is a need for
experimental verification of such models by experimental
studies. High-speed pulsed digital holography is proposed as
a measurement technique for out-of-plane welding distortion.
To demonstrate the capability of this technique, measure-
ments from a laser spot weld are presented. A complete two-
dimensional deformation map with submicrometer accuracy
was acquired at a rate of 1000 measurements per second.
From this map, particular points of interest can be extracted
for analysis of the temporal development of the final distortion
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1 Introduction
The thermal cycle associated with any welding process
induces stresses and associated strains within the structure.
Welding involves high temperatures (leading to a reduction
in yield strength) combined with melting of the material,
and thus generally results in plastic deformation, which
permanently changes the shape of the structure. This is a
well-known problem and has been a frequent subject of
FEM-simulations.1 (Laser bending2 is an example of a pro-
cess that actually utilizes the deformation that takes place.)
Although there has been a lot of simulation work carried out
on welding-related thermal distortion, there is a need for
experimental validation of the results. This is usually done
by careful measurement of the shape before and after weld-
ing.3 One problem with this type of measurement is that no
information is given regarding the history of deformation
occurring during the welding process. To address this pro-
blem, the deformation can be measured with interferometric
measurement methods4 that give temporal resolution, but this
technique will only give information over a very small area.
There are, however, some methods that measure the com-
plete deformation field, including the use of stereo cameras5,6

to track the movement of points/speckles. Another optical
technique is digital holographic interferometry,7 which mea-
sures out-of-plane deformation with an accuracy better than
the wavelength of the laser used for illumination and
produces a deformation map over a relatively large area.
In order to capture continuous motion, it is possible to

use high-speed holography,8–10 as we did in this work. In
our case the high-speed measurements were enabled by a
high-speed camera in combination with a high-power
Q-switched intercavity frequency doubled Nd:YAG laser
that was used for illumination.

2 Experimental Work
The experimental setup is sketched in Fig. 1. The experiment
involved a standard setup11 for digital holography where the
reference light was taken from the back reflection of a plano-
concave lens. The illumination laser used for the holography
was a ROFIN-SINAR RSM 200D/SHG, a Q-switched inter-
cavity frequency doubled (532 nm) Nd:YAG laser, capable
of 80 Woutput power. To optimize the beam quality, a small
aperture (1.4 mm diameter) was inserted into the laser cavity,
and the laser was tuned to a mode that was as close as
possible to TEM00. In the configuration used for the experi-
ment, the laser delivered 1.85 W at 1000 Hz (1.85 mJ pulse
energy). The pulse length was estimated as approximately
200 ns, thus the peak power for the illumination laser was
in the order of 9 kW. The high-speed camera used was a Red-
lake Motionpro X3 with a frame rate of 1000 Hz. Temporal
sampling was controlled by the short illumination laser
pulses. The exposure time of the camera, 997 μs, was suffi-
cient to position the images on separate frames without
having to synchronize the camera with the illumination
laser. An area of 24 × 32 mm on the plate surface was
imaged with a resolution of 600 × 800 pixels. The specimen
to be welded was a 2.4 mm thick stainless steel 304 L plate.
To reduce the influence of residual stresses, the plate was
annealed at 1100 °C. Then it was stress relief heat treated
at 300 °C for 6 h. On the opposite surface from the measuring
system, a laser spot weld was created using a welding laser
(HAAS 3006D Nd:YAG laser with a 600 μm fibre diameter).
At a peak power of 1000 W, a 100 ms long pulse (100 J)
produced a small spot weld (approx 1 mm diameter and
1 mm deep) on the plate surface. The sampling interval
was 1 ms, and information on the phase of the object light
was encoded using the spatial carrier method.12 Using an
inclined reference wave, the complex amplitude of the object
wave appears as a high frequency lobe in the spatial Fourier
plane of the encoded image. Windowing out this lobe and
performing an inverse Fourier transform, each pixel has a
complex value, where the phase is the phase difference
between the object light and the reference light. The
phase change of the object light can be calculated by the
complex conjugate multiplication of two consecutive frames.
The phase difference obtained represents the out-of-plane (Z)
movement of the plate, and if this movement is larger then
λ∕2 (266 nm) the phase will wrap. This can be seen as an
abrupt step in the phase image from −π toþπ. The wrapping
can be compensated for by a 2D-unwrapping algorithm.13 To
decrease computation time for the unwrapping algorithm, the
phase image was down-sampled to 60 × 80 pixels before
unwrapping. Before this down-sampling the image was
low pass filtered by 20 × 20 averaging. By doing this on
the complex values, the phase information is weighted by
the intensity, and the noise level is reduced significantly.
The phase shift was measured over time and converted to
physical deformation measurements in μm. This gave
a two-dimensional map of deformation over time during
welding, with a time increment of 1 ms.0091-3286/2012/$25.00 © 2012 SPIE
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3 Results
Figure 2 shows deformation as a function of time at different
positions on the plate. This sort of 1D information can also
be measured with ordinary interferometers, but with the
holography method, an arbitrary point in the measurement
field can be chosen for subsequent analysis after the mea-
surements are finished. It can be seen that the plate bends
toward the heat source (welding laser beam) until the
pulse ends at 0.1 s. The displacement spreads a considerable
distance from the weld area and can be easily measured even
10 mm from the weld (bearing in mind that the weld diameter
is only ∼1 mm). Due to plastic deformation in the weld zone
there is, eventually, a permanent deformation in the opposite
direction to the initial bending. What would not be noticeable
in a 1D measurement is that this deformation starts immedi-
ately during the cooling phase. In Fig. 3 the deformation in a
line crossing the center of the weld is plotted for different
time steps. The shape difference during the heating phase
(t < 100 ms) and the cooling phase (t > 100 ms) reveals
the development of a clear deformation in the center of
the weld. It is seen that maximum deformation appears at
the end of the heating process and is approximately Gaussian
shaped with a maximum deformation of 40 μm and a width
of 30 mm. After cooling, the maximum deformation is
approximately 18 μm. One of the advantages of the holo-
graphic method is that it gives a complete 2D deformation
map, which can be plotted as a 3D surface (see Fig. 4).
In this case the Z-axis is magnified 1000 times, and the resi-
dual maximum deformation was measured to 18.3 μm.

4 Discussion
This work demonstrates a new tool for the monitoring of
weld distortion. The holographic method gives the accuracy
of an interferometer but measures over a wide area. Two-
dimensional information is very useful when trying to under-
stand a process, and the high-speed digital holography
interferometer acts as a quantitative displacement camera.

The key feature enabling the application of high-speed holo-
graphy in this work was the use of an illumination laser with
both high pulse energy and high frequency together with a
good beam quality. To be able to unwrap the phase sequence
over a temporal series of interferograms one has to make sure
not to violate the sampling limits. In practice this means that
the variation in displacement between successive frames has
to be less than λ∕4. In our case, this means a maximum defor-
mation of 133 nm, and with a frame rate of 1 kHz, this gives a
maximum allowed deformation speed of 133 μm∕s, which is
less than the 0.5 mm∕s registered during these experiments.
To circumvent this limitation, the phase was unwrapped
spatially at each temporal step and added together after
the unwrapping to get the temporal evolution for each pixel.
With this approach we are only limited by the condition that
the deformation speed must be below 133 μm∕s somewhere
on the image to allow the stitching of the phases together.
The displacement of a plate during welding is much greater
than the eventual final deformation and is in the opposite
direction (as seen in Fig. 3). The type of displacement history
maps created by pulsed digital holographic interferometry
will be a powerful tool in the investigation of this type of
phenomenon—particularly when verifying FEM-models.
The technique could also be used in combination with
thermal cameras to analyze the interaction between thermal
gradients and stress/strain phenomena.
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Abstract
The flow of molten metal on the front wall of a laser generated welding keyhole has been 

observed by high speed photography, optically measured by mapping the flow of ripples on 

the liquid surface and theoretically calculated. A clear downward flow can be observed and 

measured by a Particle Image Velocimetry algorithm. A theoretical calculation of the melt 

thickness on the keyhole front is also presented. Results indicate that the thickness of the 

liquid on the keyhole front is similar to that of the resolidified layer found in micrographs of

the front if the laser is suddenly turned off. The measured surface ripple flow speeds are 

between two and four times as high as the theoretical average fluid flow rate.
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1. Introduction
In laser keyhole welding the laser intensity is high enough to evaporate the metal and push a 

small capillary or ‘keyhole’ into the melt pool. Keyhole welds therefore have a high depth to 

width ratio. Laser keyhole welding can be divided into different regimes depending on the 

welding speed.[1] At low speeds the melt pool is rather large and the keyhole is surrounded 

by a considerable amount of melt on all sides. This gives the weld zone an approximately 

rotational symmetry.[2] As the welding speed increases there is less time for heat to conduct 

and thus there will be less melting in front of, and to the sides of, the keyhole. This results in a 

generally smaller melt volume and an asymmetrical keyhole/weldpool geometry with an 

inclined front.[3-5] The melt flowing down the front edge of the keyhole is involved in two 

basic mechanisms which drive the welding process;

a. The thin layer of melt on the front face of the keyhole passes heat forward in the 

direction of welding (by conduction) to melt the next layer of material.

b. The flow of hot liquid down the front face of the keyhole is the main mass transport 

process which creates the weld pool behind the keyhole – which solidifies to produce

the weld.

As this paper will now demonstrate, it is possible to estimate the thickness of the melt from 

the thermal transport characteristics and, because we know the overall mass flow, this gives 

us an estimate of the average melt flow velocity. We can then compare this result with surface 

melt flow velocities measured from high speed videos.

The experiments presented in this paper are limited to bead on plate welds in 2.4 mm thick 

stainless steel 304 with a welding speed of 100mm/s. As stainless steel has a rather low 

thermal conductivity  (approximately 16-35 W/( )) [6] this can be considered a high 

welding speed. At this speed for this material the thermal gradients will be very high and the 

melt thickness on the keyhole front will be thin.  This paper considers the thermal transport 

within this thin melt and its associated fluid flow which eventually generates the weld. 

The penetration depth of a keyhole laser weld is dependent on several welding parameters 

such as material type, welding speed, laser power, laser wavelength, laser spot size and 
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shielding gas. Often the trial and error method is used to reach the desired welding depth.

Empirical results show that when the welding speed is high enough to neglect the effects of 

thermal conduction in the base material, the welding depth d is found to be proportional to P/v,

where P is the laser power and v is the welding speed [7] (Assuming all other welding 

parameters are kept constant). A practical result of this is that you can reach the same welding 

depth at double the welding speed if you double the laser power – as long as you can avoid 

welding defects such as humping, undercut and spatter. As these defects are related to 

motions in the melt pool, it is important to understand the fluid flow during welding. 

2. An estimate of melt film thickness from thermal transport considerations.
For stainless steel 304 the enthalpy increase from room temperature to melting (1700K) is 

-3.[6] At a welding speed of 100mm/s the power requirement for melting the 

material is 878W per mm2 of cross-section area. All this power must be transported from the 

front wall of the keyhole (where the laser beam is absorbed) to the melt-solid interface in 

front of the keyhole. The rate of thermal transport is dependant upon the thermal gradient 

between the front wall of the keyhole and the solid/liquid interface. As the maximum 

temperature of the melt surface is the boiling temperature (3080K at 1atm) the melt will have 

a thickness limited by the requirement to transfer the necessary power from the keyhole front 

to the melt-solid interface. 

The ratio between convection and conduction (Péclet number) is unknown in this case, but if 

we look at pure conduction we can get a good estimation of the heat transfer charachteristics.

The thermal conductivity of liquid steel is 17-22 W/( ) (depending on the temperature), 

giving a maximum thickness of melt of approximately 33µm if conduction was the only heat 

transfer process. Some convection will, of course, occur in the molten material, but a 

reasonable estimate of the maximum melt thickness for the required heat transfer would be

100µm. A thicker layer would not be able to transport enough energy to melt the solid 

material in front of the keyhole. 
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3. Fluid flow in the weld zone
3.1 Flow desciption

To produce a weld it is not enough to simply melt the material. The molten material must pass 

from the front of the keyhole to the melt pool behind it and subsequently solidify into a weld. 

If a weld which has a cross section of 1mm2 is welded at 100mm/s, a total mass transfer of 

100mm3/s needs to be transported by a melt film with a thickness of <100µm, thus the liquid 

flow rate must be in the order of meters per second. 

Previous empirical investigations of laser welding have shown that there is generally a 

downward flow on the front of the keyhole.[8-11] At high welding speed the surface of the 

liquid metal on the front wall of the keyhole is covered with small ripples or step like 

structures.  With the help of a streak imaging technique developed by the authors [12] the 

velocity of these ripples has been measured and found to be in the order of 5-20m/s. 

The force driving the liquid metal from the front of the keyhole towards the melt pool behind 

the keyhole is the pressure created by evaporation on the keyhole wall [13]. When the 

irradiated surface is rippled the evaporation will not be uniform[14] but directed towards the 

light source and the vapor will affect the molten liquid film in a similar way to the jet used in 

laser cutting to propel melt out of the cut zone.[15] This principle is utilized in remote fusion 

cutting where the fluid flow away from the laser ejects material and produces a cut kerf 

without any assist gas [16]. The fluid flow of a thin liquid layer driven by a high velocity gas 

jet is a complicated two-phase problem that has been the subject of a considerable amount of 

research. [17-20] As the gas jet induces shear forces in the liquid, the waves produced exhibit 

strong non-linear behavior.[17] Fig 1 shows that the liquid/gas interaction goes through stages 

of stability (a) and wave growth (b) before non-linear waves (c) are established. The liquid 

flow is constant in the different zones (as we are considering an incompressible liquid).

Figure 1. The development of ripples in a flowing liquid film.[17]a. Stabilization zone. b. 

Growing waves. c. Nonlinear waves
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Investigations into the structure and shape of the nonlinear waves (Fig 1c) have shown that 

the wave crests move at the same speed as the main body of the wave.[19] This phenomenon 

has been experimentally confirmed for water flowing in a tube. Measuring the movement of 

the surface structure would therefore give a measurement of the fluid velocity in the fully 

developed ripples. However, on the laser welding keyhole front the liquid metal has a 

temperature range from the melting temperature (1700K) up to the evaporation temperature 

(3000K). Over this temperature range the viscosity of the stainless steel changes from 

6.4 to 1.6 .[6] This makes it hard to justify the simplifications used for the 

analysis of water/gas interactions, but an estimate of flow directions and velocities is possible 

by measuring the movement of the molten surface. 

3.2 Flow velocity measurements

A Photron SA1 high speed camera was mounted at a 45 degree inclination angle (see Fig 4a), 

and a video of the keyhole front was captured at 180000 frames per second. To reduce the 

motion blur the exposure time was set to 1µs. The camera imaged a 4.2x3 mm area from a 

distance of 400 mm, giving an almost orthographic image. To increase the frame rate the 

image resolution was decreased to 128x128 pixels, giving a spatial resolution of 23µm per 

pixel. With this set-up a movement of 1 pixel between two frames would be equivalent to 

4.2m/s flow velocity. Objects and artifacts moving faster than 20m/s would experience some 

motion blur smearing out the details.  As the back wall of the keyhole obscured the camera 

view, only a limited depth down the keyhole front could be observed. In Fig 4 this depth is 

shown as X.

Figure 2. Streak image [21]

Using the streak image technique previously reported the most dominant downward velocity 

in each column of the image could be measured.[21] A column from each frame is extracted 

and stacked as a streak image as in Fig 2. In this streak image a moving object will produce a 

inclined line, and the vertical velocity component of the object can be measured by measuring 



Published in Optics and Lasers in Engineering
Volume 51, Issue 6, June 2013, Pages 735–740
http://dx.doi.org/10.1016/j.optlaseng.2013.01.008

6

the inclination angle of the line in the streak image. By using a 2D-FFT transform the most 

common velocity in the streak image can be identified.

In Fig 3 the most dominant velocity in a 4000frame long video is displayed for different 

columns in the video sequence. In this particular experiment the welding speed was 100mm/s, 

and the laser power 6kW. The 4- f the laser beam was measured as 0,9mm on the 

top surface of the plate. The keyhole extends from columns 70 to 95 in Fig 3, outside this

range the apparent peaks are due to image noise. The dominant downward velocity has an 

almost constant value of 7.5m/s over the entire width of the keyhole front surface.

Figure 3. Downward flow in different columns down the weld front

For high welding speeds the measured downward velocity was found to have a linear 

dependence on laser power, and to be virtually independent of welding speed.[21] This 

indicates that the downward flow is driven by the local evaporation pressure on the keyhole 

front. This evaporation pressure is closely related to the surface temperature and the 

irradiance of the laser beam.[22]
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Figure 4. a: The camera’s view of the weld zone.  b:Frame with average PIV calculation of 

200 frames. c: flow velocity down the centre line of the keyhole front measured from PIV.

To examine the characteristics of the fluid flow further, a Particle Image Velocimetry (PIV) 

toolbox in MATLAB (called PIVlab) was utilized. The PIV algorithm computes the cross 

correlation of 8x8 pixel segments in two consecutive frames using the FFT method.[23] After 

the cross correlation calculation the local translation between the images is found by a 2D-

Gauss interpolation scheme.  The PIV calculations result in a vector field indicating the

magnitude and direction of the local movement in the image, although in areas with low 

image texture the image noise can have a large impact. Fig 4b shows a frame of the high 

speed video with an overlay of an average of 200 PIV calculations. This demonstrates that the 

flow on the keyhole front is almost entirely downward. The PIV results can be used to create 

the type of surface velocity information presented in Fig 4c.  In this figure we can see the 

velocity results for the centre line of the flow. Image rows 20 – 75 show that the flow initially 

accellerates from the top of the keyhole and then reaches a steady downwards velocity of 

approximately 5.5m/s. (Image rows above 75 are measurements of the flow on top of the melt 

pool which occludes the cameras view of the keyhole front - see fig 4a). This value is lower 

than the velocity measuered by the streak image method because the PIV calculations show 

zero velocity in areas with low contrast.  The measured velocity in Fig 3 and Fig 4 is 

calibrated to a vertical keyhole front. In the case of an inclined keyhole the actual velocity 

could be up to 29,3% lower than measured. 
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4. Keyhole front inclination and melt film thickness
During laser welding at high speed the inclination angle of the keyhole front is clearly related 

to the welding parameters. [5,24] An increase in welding speed or a decrease in laser power 

will increase the inclination angle. Changing the beam spot size will change both the laser 

irradiance and the interaction time with the material. This combination changes the inclination 

angle and the penetration depth. [25] An estimate of the inclination angle of the keyhole front 

can be found by taking a longitudinal section of an interrupted weld (ie a weld where the laser 

is suddenly turned off – see Fig 5a). When the laser beam is switched off the shape of the 

keyhole front is “frozen”.

Figure 5 a: Longitudinal cut of weld. b: Inclination ( )  for different laser powers

Fig 5 demonstrates that, for a given laser-material combination the inclination angle of the 

keyhole front is determined by the width of the laser beam and the penetration depth of the 

weld zone. – so the keyhole front becomes more vertical as laser power is increased or 

welding speed is reduced. In our calculations about flow velocity it is important to bear in 

mind that the view angle of the high speed camera changes if the keyhole front inclination 

changes.

The close up micrograph of the keyhole front in Fig 5a shows a thin section resolidified 

material approximately 50µm thick. To find out if this is a true representation of the melt 

thickness during welding, further analysis was carried out.

Using the finite difference method described by Incropera and DeWitt [26] the cooling curve 

of the free surface of a 50µm thick liquid layer was calculated. The 1-D model with 200 

elements and a step length of 10µm was solved explicit with a time step length of 0.05ns. The 
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thermal diffusivity [6] was divided by 4 in the interval 1700-1750K to take account of the 

latent heat of fusion. The initial temperature in the solid part of the model was the steady state 

temperature gradient formed during welding. The initial temperature in the liquid layer was 

set to a linear 2500-1700K gradient. The result of this calculation- presented in Fig 6a shows

that the freezing time of the thin melt in the absence of the laser beam would be of the order 

of 0.5ms. Some flow could, of course, occur during this time but it would be hampered by two 

phenomena. The first of these is that as soon as the laser beam is extinguished the directional 

evaporation on the laser irradiated side of any ripples would cease – removing the thrust 

behind downward flow. The other point is that, during solidification the average viscosity[6]

of the molten layer would rise rapidly (see Fig 6b) which would further impede flow. 

From these considerations it can be estimated that the thickness of the melt frozen on the 

keyhole surface (see fig 5a) is a reasonable approximation of the melt thickness which exists 

during welding.

Figure 6. a: Modelled temperature at the surface during cooling. b: Viscosity of stainless 

steel 304 as a function of temperature[6].
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5. Theoretical Model
High speed camera observations of the keyhole front show that the dominant flow is down the 

front face of the keyhole.[12] Toward the sides of the keyhole, lower flow speeds and 

horizontal shear forces will introduce some horizontal fluid flow, but in the thin strip in the 

center of the keyhole front the fluid flow can be assumed to be flowing only downward. In 

Fig 7 the width of this strip is denoted w.

Figure7. Model for fluid flow on keyhole front wall

The volume V flowing past a point at a depth (into the keyhole) d is the sum of all the flow 

from depth 0 to depth d. This is equal to a flow of width w and depth d multiplied by the 

welding speed. As all material in this strip is flowing downward the entire molten volume 

must flow past a position at a depth d.

dwvVd (1)

As an example; at a welding speed of 100mm/s and a width of 0.1mm the volumetric fluid 

flow rate at 1mm depth is 10mm3/s.

The volume flowing past a position on the keyhole front can also be calculated from the film 

thickness t at that depth, multiplied by the width and the average film flow velocity fd.

ddd ftwV (2)

Equation (1) and (2) can be combined to give the downward fluid flow velocity at a given 

depth. According to equation (3) a film thickness of 50µm at 1mm depth with a weldng speed 

of 100mm/s would require an average fluid velocity of 2m/s.
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d
d t

dvf (3)

The measurements attained by high speed camera only observe structures on the surface of 

the fluid film, and the flow on the surface will undoubtedly be higher than the average flow. 

In equation (4) a constant k has been introduced to calculate the flow velocity on the surface 

of the fluid film. In gas driven nonlinear waves of water in tubes the value of k has been 

shown to be close to 1.[19] In the case of a purely laminar flow with the driving force acting 

on the top surface (Couette flow) the value of k would be 2. Both these values are based on a 

constant viscosity but on the keyhole front there is a viscosity gradient, thus the flow will be 

more complicated and a higher value of k expected. 

d
surface t

dvkf (4)
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6. Discussion
In Fig 8 the inclination angle of the keyhole front and the thickness of the resolidified layer

seen in Fig 5a are plotted for different positions down the keyhole front surface. This is the 

resulting inclination angle from welding at 100mm/s with a laser power of 6kWand a beam 

diameter of 0.9mm.

Figure 8. Measured layer thickness and inclination angle along the keyhole front in Fig5a.

Using these measured film thicknesses in equation (4) the flow velocity on the keyhole front 

can be calculated and compared to the measured velocities in Fig 4c. In Fig 9 the measured 

PIV velocity has been corrected to the inclination angle in Fig 8 and is thus lower than in Fig

4c where the keyhole front was assumed to be at 90 degree inclination. As the inclination 

angle changes the projection angle towards the camera, and observed depth has to be adjusted 

to the keyhole shape in Fig 5. As seen in Fig 4a the camera can only observe the front to a 

depth of X, in this case approximately 1,1mm, therefor only PIV values to this depth are

shown in Fig9. The measured value shows the surface velocity fsurface, therefore we need to 

find the ratio k between surface velocities and average velocities. 

It was mentioned in section 3.1 that the assumption that ripple velocity is equal to bulk flow 

velocity, whilst being valid for thin films of water would not apply to the melt flowing down 

the front face of a keyhole where there is a temperature gradient from the melting point (at the 

melt-solid boundary) to the boiling point (on the outer melt face). This point is clearly 

demonstrated in Fig 9 where it can be seen that the measured surface ripple velocity is up to 

four times as fast as the calculated average flow rate.
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Figure 9. Flow velocities on the keyhole front at different depths into the keyhole.

This result follows the trend we would expect from a fluid with a high thermal, and therefore 

high viscosity, gradient (see Fig 6b).  From these initial results it appears that the surface 

ripple velocity rapidly accelerates to a high value (4.5 m/s in this case) and rises only 

gradually thereafter. The average velocity of the flow rises steadily and, after the first 

millimeter or so, reaches a velocity which is approximately 33% (k=3) of the surface ripple 

speed (within the constraints of the experimental view of the keyhole front – see fig 4a). This 

result is valuable in that it shows that the monitoring of surface ripple speeds can give a 

considerable amount of information about the underlying flow of the melt.
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7. Conclusions
In our example (welding SS304 at 100mm/s) the thickness of the molten material on the 

keyhole front is limited by thermo-dynamical properties to approximately 100µm. This 

implies that the fluid flows on the front must be of the order of meters per second. A 

micrograph of the keyhole front revealed a resolidified layer of similar thickness – in our case 

from approximately 20µm close to the top of the keyhole to approximately 100µm further 

down.

High speed imaging combined with Particle Image Velocimetry can be used to produce a

velocity map of the flow of surface ripples inside laser welding keyholes. The downward flow 

speed of ripples on the liquid surface were measured in our case as rising from close to zero 

near the top of the keyhole to approximately 4.5m/s after a keyhole depth of 0.4mm. The flow 

is continuously downward across the keyhole.

Surface ripple flow speeds are between two and four times as high as the theoretical average 

fluid flow rate. This can be explained by a velocity gradient in the fluid film due to a strong 

viscosity gradient.
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Abstract 

Laser arc hybrid welding has been a promising technology for three decades and laser welding in combination with gas 
metal arc welding (GMAW) has shown that it is an extremely promising technique. On the other hand the process is often 
considered complicated and difficult to set up correctly. An important factor in setting up the hybrid welding process is an 
understanding of the GMAW process. It is especially important to understand how the wire feed rate and the arc voltage 
(the two main parameters) affect the process. In this paper the authors show that laser hybrid welding with a 1 m laser is 
similar to ordinary GMAW, and several guidelines are therefore inherited by the laser hybrid process.  
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1. Motivation / State of the Art 

The possibility of combining laser welding with arc welding was first proposed by Steen in 1980. Reviews 
of more recent laser hybrid welding research have been authored by; Bagger and Olsen, 2005, Mahrle and 
Beyer, 2006, Ribic et al., 2009 and Kah, 2012. One of the most successful Hybrid Laser-Arc Welding 
(HLAW) processes involves a laser combined with gas metal arc welding (GMAW). There are several reasons 
to why HLAW is sometimes preferred to either the laser or the arc in isolation: 
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 The addition of filler material increases weld reinforcement and reduces undercut. 
 The welding speed can be increased significantly compared to ordinary arc welding. Due to the stabilizing 

effect of the laser.  
 Filler material of different alloys can be added to the fusion zone.  
 Lower heat input than arc welding of the same penetration (particularly beneficial when welding high 

strength steel). Stridh, 2007 
 The heat input is higher than laser welding of the same penetration and gives slower cooling rates which 

are beneficial in some materials. Westin and Fellman, 2010 
 Compared to arc welding less filler material is used due to the penetration capability of the laser. 
 Joint preparation tolerances are relaxed compared to autogenous laser welding. Engstrom et al., 2001 

 
Given these benefits one would expect a large number of industries to be using laser hybrid welding, but 

compared to laser welding the use of laser hybrid welding is fairly limited. One reason for this could be the 
large amount of process parameters involved. All the parameters from the laser welding and the arc welding 
must be adjusted simultaneously, and new combination parameters such as laser-arc separation must be 
chosen carefully in order to achieve an effective process.  

 
Depending on the joint being welded and what benefit is being sought, there are several ways to set up the 

HLAW process. The first question is the level of laser power needed to achieve the required 
penetration/welding speed. The penetration depth of the HLAW process is determined by the power and 
power density of the laser beam together with the welding speed and is similar to that achieved by autogenous 
laser welding. The laser has a stabilizing effect on the arc at any power and can therefore be used to increase 

welding depth can be increased compared to an arc weld, or a multi pass joint can be completed in a single 
pass.  

 
A correctly adjusted process is essential to achieve good weld quality; therefor it is important to understand 

the basics of the process parameters to be able to adjust them correctly. This paper will discuss parameter 
selection in laser-GMA hybrid welding with multi kW fiber laser in a practical manner to help avoid common 
mistakes.   

2. GMAW metal transfer mode 

A first guideline is to choose a proper metal transfer mode for the GMAW process. In GMAW there are 
different ways for the metal to pass from the wire towards the melt pool. The two major types are short circuit 
transfer and spray transfer. These are both based on a controllable constant voltage power source. In these 
transfer modes there are only two process parameters to set on the power source; the wire feed rate and the arc 
voltage. The length of the arc is controlled by the applied voltage, and is essentially independent of the wire 
feed rate as seen in Fig 1. In a short (low voltage) arc the molten metal will, from time to time, make an 
electrical short circuit between the melt pool and the wire. A higher voltage produces a longer arc where no 
short circuits are created and the metal is transferred in a spray of molten metal from the wire towards the melt 
pool.  
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Fig. 1. High speed video frames of the arc at different arc voltages and wire feed rates.

A higher wire feed requires more power to melt the wire and a constant voltage power source will
automatically increase the current to keep the set arc voltage. This means that the welding current is almost
linearly dependent of wire feed rate as seen in Fig 2. Changing the arc voltage will also change the welding

But the biggest effect of a change in
voltage is the arc length - which will affect the bead shape.

One important parameter in GMAW is the distance from the contact nozzle to the work piece. This will
affect the wire stick out (tip-to-work distance minus arc length) that has an influence on the welding current. 
Increasing stick out will increase the resistance in the wire and the total resistance, this lowers the weld 
current. By changing the wire stick out a manual welder can control the heat input during welding to prevent 
burn through and lack of fusion. In laser hybrid welding the torch is fixed to the laser optics and the wire stick 
out is held as constant as possible during welding. The general recommendations for GMAW are to use a tip-
to-work distance of 10-15mm for short arc welding and 15-25mm for spray arc depending on wire diameter 
and welding currant. 

Fig. 2. Measured welding current as a function of wire feed rate for 1.2mm (low alloy) wire.

The arc length and welding current are the factors that decide how the metal is transferred from the wire to
the melt pool. In short circuit transfer a lower voltage (<24V) creates a short arc length and from time to time
the molten metal makes a complete electrical short circuit. When this happens the power source increases the
current until the short circuit is burned off. This is repeated several hundred times per second and produces a 
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fine spatter. At higher voltage the metal is transferred from the wire in a spray mode that is almost spatter 
free. If a low wire feed rate is used in combination with a high voltage a large droplet is built up on the wire 
tip and a globular transfer mode is achieve. This globular transfer mode is considered unstable and can 
produce large spatter droplets and is therefore avoided if possible.  

 
The property of the shielding gas is also very important for the arc behavior. Argon is often used as an inert 

gas protecting the welding process from the oxygen and nitrogen in the surrounding atmosphere. Additions of 
O2 or CO2 to the Argon can stabilize the arc and promote good fusion between the weld pool and base 
material in GMAW of steel. As CO2 gas is cheaper than Ar there is a possible cost saving in using higher CO2 
contents but with high CO2 content the current (wire feed rate) required for spray transfer will increase and 
with a CO2 content above 20% a true spray arc can usually not be maintained.   A high CO2 content in the 
shielding gas will also increase the fume formation during welding, Pires et al., 2007.  

 
To reduce the spatter a pulsed arc or other surface tension controlled metal transfer modes can be used. 

Fronius Cold Metal Transfer (CMT) are different manufacture s versions of low spatter computer controlled 
transfer modes. These state-of-the-art technologies are capable of high quality welds, but are unable to surpass 
the deposition rates and cleanliness of welds made with argon based shielding gas and spray transfer, 
according to Soderstrom and Mendez, 2008.  These new metal transfer modes can have benefits over short arc 
transfer when low feeding rate is desired, but are harder to adjust and can be unstable in hybrid welding. 

 
Manufactures of welding equipment often supply standard settings for different wire and gas combinations 

to ease the weld set up. This is essentially a look up table, setting the voltage to a given value depending on 
the wire feed rate. As seen in Fig 3 there is a rather abrupt change in voltage in the transition zone between 
short arc and spray arc. If the equipment is operated in this region the arc can be very unstable, and better 
results may be achieved if manual control is used.  
 

Fig. 3. Synergy line from power source manufacturer (ESAB) for low alloy Fe wire.  

In some cases, such as welding aluminum or stainless steel, a pulsed arc metal transfer can be beneficial. In 
the pulsed arc a low voltage/current is used to melt the wire and a short high voltage/current pulse pinches off 
a droplet with a strong electromagnetic force. The low background current gives a low heat input weld, 
comparable to a short circuit arc at the same wire feed. But the high peak voltage produces a long stable arc 
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that can create spatter free welds. The pulsed arc has benefits; it has reduced spatter and has a cooler melt pool 
than spray arc, making it possible to weld thin gauge material. However in the pulsed arc there are several 
interlinked parameters such as peak current, pulse time and frequency that make the process difficult to adjust.  

3. Laser hybrid 

As mentioned in section 1 the HLAW process has existed for three decades. Using the relatively new 1 m 
disk/fiber lasers the laser hybrid process is somewhat simplified compared to the combination GMAW and 
CO2 lasers. Laser light guidance can be accomplice with an optical fiber which allows robot welding with 
more agility than gantry systems. The shorter wavelength also has less influence on the electrical arc and 
almost no plasma formation. This means that the shielding gas can be chosen according to the 
recommendations for pure GMAW, whilst a CO2 laser requires shielding gas with a helium content of at least 
30% according to Tani et al., 2007. A 1 m laser can be used without helium in the shielding gas, as reported 
by Le Guen et al., 2011 where a standard GMAW gas without helium was used. So the guideline in the choice 
of parameters for hybrid laser arc welding with fiber lasers is to simply select a shielding gas suitable for the 
GMAW process. 

 
The next guideline concerns the torch angle and this was investigated experimentally for the preparation of 

this paper. A 15kW fiber laser (IPG YLR-15000) was used in combination with a standard GMAW power 
source (ESAB LUD-450). For geometrical considerations the GMAW torch needed to be inclined at a 25 
degree angle to the laser beam (or more). Additional parameters can be found in Table 1. In laser welding the 
laser beam is usually aligned perpendicular to the welded surface although with fiber lasers a small angle can 
be used to reduce the risk of back reflections. The fiber laser manufacturer IPG recommends a 7 degree tilt 
from perpendicular for the laser and if this angle was used the GMA-torch would 18 degrees from vertical.    

 

Table 1. Experimental parameters 

Base material Duplex stainless steel 2205 
Plate thickness 8mm 
Joint type Square but joint (shear cut)  
Filler material 22.8.3L 
Wire diameter 1mm 
Welding speed  1.8m/min  
Wire feed rate 15m/min 
Background current 84A 
Peak current 340A 
Pulse frequency 216Hz 
Pulse time 1,7ms 
Arc voltage 35V 
Wire stick out 16mm 
Shielding gas 68%Ar, 2% CO2, 30%He, 0,03%NO  (Mison 2He) 
Arc-laser separation 5.5mm (arc leading) 
Laser power 6kW  
Focus position 3mm below top surface 

 
Compared to the general recommendations for GMAW this is a larger torch angle than recommended; in 

the PA position (welding two flat horizontal sheets together) the torch should be held close to perpendicular. 
To achieve this for our experimental set up the laser was inclined at 25 degrees. This arrangement gives a 
clear reduction of spatter and a more stable arc. Fig 4 shows the spatter reduction achieved by changing the 
torch angle from 72 degrees pulling to 90 degrees (perpendicular) during hybrid welding of duplex stainless 
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steel 2205. With a vertical torch the arc becomes more symmetrical and spatter created is more often captured 
by the melt pool.  

 
 
 

 
 
 
 
 
 

 

Fig. 4. Spatter reduction by using a vertical torch. (a) torch pulling, 18 degrees from vertical (b) vertical torch 

In the case of a varying gap size there is a need to regulate the amount of filler material added to the weld. 
There are two ways this can be done; either the wire feed or the welding speed can be changed. If a pulsed arc 
is used then a change in wire feed rate also requires changes in the other parameters. An easier approach is to 
keep the GMAW parameters constant and adjust the welding speed to acquire the desired fill rate. When the 
welding speed is changed the laser power needs to be altered to attain the same penetration depth, but usually 
there is a rather simple relationship between welding speed, laser power and penetration depth. At higher 
welding speeds the penetration depth is linearly correlated to the laser power. In Fig 2 this principle is 
demonstrated by a practical example. The welding parameters are listed in Table 1. To increase the filling of 
the joint the welding speed was lowered by 22% (1.8m/min to 1.4m/min) and this was accompanied by a 
reduction in the laser power by 22% from 6kW to 4,66kW.  
 

 

 

 

 

 

Fig. 5.    Cross section of weld   a) 0mm gap  b) 0.5mm gap 22% lower welding speed. 

Hybrid welding with 10,6 m CO2 laser requires a high helium content in the weld gas to avoid plasma 
generation in the weld zone because the plasma absorbs the laser beam. High speed video observation has 
revealed that a 1 m laser wavelength (Nd:YAG-, Disk-, Fiber-laser) does not affect the electrical arc as much 
as a 10,6 m CO2 laser therefore standard Ar/CO2 gas mixes can be used. For this reason the standard GMAW 
parameters can often be used in the hybrid process without major adjustments. Fig 6 and Fig 7 show the effect 
of adding 3kW laser power to a standard spray arc. In a bead on plate experiment on low alloy carbon steel, a 
1.2mm Mn4Ni2CrMo wire was fed at 9m/min with an arc voltage of 27,5-33V, (creating a typical spray arc 
using a 2% CO2 gas mix). The welding speed in this case was 1m/min. With the addition of a 3kW fiber laser 

a) b) 

a) b) 
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the arc appears slightly shorter in the high speed video and there is some disturbance of the shielding gas (not 
visible in still images). This disturbance is caused by the ejected vapor exiting the laser keyhole, affecting the
shielding gas properties slightly, both by adding metal vapor and by mixing with oxygen from the surrounding
air. This disturbance lowers the welding current by 4-7% during hybrid welding compared to pure GMAW.

Fig. 6. Welding current as a function of applied voltage for 9m/min wirefeed 1.2mm Mn4Ni2CrMo wire

In spite of these small changes to the arc welding process, the effect of the laser beam is clear; the weld is
wider (due to changes in the fluid flow caused by flow around the laser evaporated keyhole) and deeper. In 
Fig 7 the weld appearance for 31V with and without laser is shown. The focused energy from the laser 
increased the penetration by 75% in this case, but the total heat input was only increased by 33%.

FIG 7 Comparison of pure GMAW (upper) and Hybrid (lower) with same GMAW settings, (Top view, High speed image of arc and 
cross section for each case)

4. Discussion and Conclusions

Laser-GMA welding has a potential to increase productivity compared to arc welding with less strict joint 
preparation than autogenous laser welding. Using a fiber guided 1 m wavelength laser the process can be
implemented by a welding robot into existing production lines. With the aid of a laser the penetration or/and
welding speed can be increased. There is also a potential cost saving in the reduced use of filler material.

The following guidelines will help in setting up the hybrid welding process;
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Given that a 1 m laser has only a minor effect on the GMAW process, a general guideline to the choice of 

parameters is to follow the existing recommendations for regular GMAW.  
 
A 1 m laser (fiber/disk/Nd:YAG) is not sensitive to the shielding gas composition, the GMAW process on 

the other hand is sensitive to the shielding gas mix. Therefore the choice of shielding gas should be based on 
the recommendations for the GMAW.  

 
If high metal deposition is desired a spray arc should be utilized. This requires high argon content in the 

shielding gas, a high wire feed rate and a high arc voltage.  
 
If low heat input is required a short arc can be used but this will produce spatter that can be a problem on 

some products.  
 
Pulsed arcs can produce high quality welds with low spatter, but it is more difficult to adjust the 

parameters, and slightly incorrect parameters produce very poor quality welds.  
 
Using a torch angle similar to the recommendations for pure GMAW (<15degree) will give a more stable 

arc and minimal spatter. This requires an inclined laser beam of slightly higher laser power to reach a given 
penetration depth.  

 
When the laser is used to produce a deep penetration weld the laser power is the easiest parameter to 

change. At relatively high welding speed the there is also a linear connection between laser power and 
penetration depth (keeping other parameters constant).  This make it relatively easy to adjust the laser power 
to the desired penetration depth.   

 
The guidelines can be summarized as: 
 

 Chose a suitable transfer mode for the GMAW. 
 Chose shielding gas according to the GMAW. 
 Use the standard (perpendicular) torch angle. 
 Adjust welding depth by changing laser power.  
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Surface tension generated defects in full penetration laser keyhole welding.
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Abstract
During laser keyhole welding of thin plates the melt pool is relatively wide compared to the plate 
thickness. Under certain conditions an elongated keyhole can be created and a permanent hole is
sometimes left in the weld seam. The generation of such holes is determined by surface tension effects 
in the melt which can generate a self sustaining geometry at the rear of the melt pool. The geometry of 
the shape is known as a catenoid and has clear geometrical limits.

1. Introduction
Laser welding of metals usually involves a keyhole which penetrates the work piece thickness to 
produce narrow deep welds[1]. The formation of a keyhole is rather complex[2], and the power density 
needed to form a fully penetrating keyhole is higher than that required for sustaining an existing 
keyhole.[3] Generally, laser welds produced in metals more than 3mm thick have a narrower width of 
the weld than the depth of the weld. In this case the keyhole is kept open by the vaporization pressure 
created on the liquid inner surface which opposes the surface tension forces which try to close the 
keyhole. On the other hand, for thinner sections the width of the weld is larger than the depth, and the 
geometry of the melt can be such that the surface tension forces act to keep the keyhole open. An 
application of this principle was recently published [4] analysing the creation of welds by a process 
known as laser donut welding. However, a surface tension geometry which acts to open the keyhole 
can disrupt the welding process[5] and produce a faulty weld (see figure 1). This paper discusses the 
effect of weld pool geometry and surface tension effects on weld stability.

Figure 1. A hole generated in a laser weld as a result of surface tension effects within the melt.
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2. Theory
In standard laser keyhole welding the evaporation of metal creates a vapor pressure which keeps the 
keyhole open, balancing the surface tension[6] which acts to close the keyhole. In a stable situation the 
sum of all pressures on the liquid surface must be zero, this means that if the surface tension pressure 
decreases the vapor pressure must also be decreased. 

For a curved surface the local surface tension pressure can be calculated by the Young–Laplace 
equation. (Eq. 1)  

2
1

1
1

rr
p (1)

face tension coefficient and r1 and r2 are the principal radii of curvature (see fig. 2).
In a keyhole r1 is equal to the keyhole radius at the specific depth (z) and r2 is the local wall curvature 
at that depth. In a cylindrical keyhole r2 approaches infinity and the surface tension is fully governed 
by r1. This can be a good approximation when r1 is much smaller than the keyhole depth[7].

Fig2. The principle radii of curvature in a keyhole

In equation 1 it can be seen that when r1= -r2 the local surface tension pressure is equal to zero. This 
describes the condition when the surface has attained a minimal surface area. This is a typical 
condition for soap bubble films that naturally assume minimum surfaces. In a thin plate with an 
hourglass shaped keyhole the keyhole could assume such a minimal surface where r1 equals -r2 at all 
points. As this shape (called a Catenoid – see figure 3) is without a surface tension pressure it will 
remain open even after the laser/evaporation stops. A catenoid (mathematically derived by Leonhard 
Euler in 1741) is therefore a self-sustaining surface tension stabilized keyhole.

In a catenoid the r1 radius is calculated by

c
zczr cosh)(1 (2)

where c is the radius in the center of the hole and z is the distance from the center. Comparison to real 
laser keyhole shapes is simplified if z is normalized so that z=1 represents the top surface of the plate 
and z=-1represents the bottom surface.  The shape of such a catenoid is shown in Fig 3.
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Fig3. Catenoid shape with c=0.833

By setting the variable z to 1 in equation 2, the catenoid radius on the top surface can be calculated as 
a function of the radius in the center. It is then possible to determine the melted pool width required to 
support a surface tension stabilized keyhole. In Fig 4 the top surface weld width (w) is plotted as a 
function of the keyhole diameter (a) in the center of the plate. In this graph both width and diameter 
are normalized to the welded plate thickness (h).  As seen in fig 4, the minimum width of the meltpool 
is 1.5 times the plate thickness, and this creates a keyhole diameter of 0.83 times the plate thickness. In 
a wider melt pool the equation can be solved by a narrow or wide catenoid hole, but the wider hole is 
more likely to be stable. [8,9] Thus it can be concluded that a melt pool wider or equal to 1.5 times the 
plate thickness can support a surface tension stabilized keyhole wider or equal to 0.83 times the plate 
thickness. Obviously the keyhole cannot be wider than the melt pool, and there is a line in Fig 4
marking this limit.  

Fig 4. Catenoid width at top surface as a function of keyhole diameter.

The catenoid equation is based on a constant surface tension and free boundaries. But in a real weld 
local temperature differences create a variable surface tension, and the contact angle between molten 
and solid metal puts limitations to the boundary conditions. Therefore some discrepancy between 
theoretical and experimental surface stabilized keyholes might occur. There is also a chance of
asymmetrical melting between the top surface and bottom surfaces. If the top surface hole and the 
bottom surface hole (ie the solid – liquid interface at the top and bottom surfaces) have different 
diameters, it is simply necessary to match these to the catenoid shape and use a catenoid geometry 
which is ‘off-centre’ in the z direction.
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3. Experimental work and discussion

3.1.Catenoid stability in pulsed welding 
To create a surface tension stabilized keyhole the width of the melt pool must be large enough 
(>1.5*h) and there must be a large enough keyhole in the melt pool. If these two requirements are 
fulfilled the surface tension creates a catenoid shape.

The stability of catenoid-shaped keyholes in pulsed laser welding can be demonstrated by showing 
that they stay open even during the ‘laser off’ time of a pulse. Figure 5 shows an example of this. High 
speed imaging was used to observe pulsed laser welding with a 50% duty cycle and the catenoid 
shaped hole remains stable, even during the laser off time (fig 5b) if the beam diameter, peak power,
frequency and welding speed are set within certain parameter ranges. No illumination was used for 
this video and strong evaporation can be seen during the laser on time.

Fig5 . a. Pulse on. b. pulse off - catenoid shape in glowing melt pool.

This experiment in 1mm mild steel with a peak laser power of 3kW, pulse frequency of 50Hz and a 
welding speed of 6mm/s (360mm/min) produced a surface stabilized keyhole with dimensions close to 
the theoretical catenoid. (see Fig 6) The catenoidal hole remains even after the weld has solidified and 
a cross section of the hole can be compared with the theoretical catenoid calculated from eq. 2. As the 
laser beam heats the top surface more than the bottom surface there will be a slightly wider melt pool 
on the top surface than the bottom. This causes the catenoid shape to be offset, and the smallest hole 
diameter is not in the center of the plate, see fig 6. This also makes the width at the bottom narrower 
than 1.5 times the plate thickness and the top width wider.

Fig 6. A cross-section of the solidified catenoid hole in mild steel compared with calculated catenoid.
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3.2.Catenoid stability in cw welding 
In CW (continues wave) welding, catenoid shaped keyholes can also form but it is harder to observe 
them when the laser is continuously on. Figure 7 presents the results of bead on plate CW welding
0,7mm stainless steel at 50mm/s with 2.5kW laser power and a beam diameter of 0.6mm (which is 
close to the minimum stable catenoid diameter for this thickness). Argon shielding gas was supplied 
from the front at 10 l/min by a 5mm ID tube. Under these conditions a unstable catenoid is formed. A 
high speed video of the process show that the keyhole occasionally grows to a catenoid shape (fig 7a) 
but quickly returns to a smaller keyhole size (fig 7b) .

Fig 7. Two frames from a high speed video during welding of 0.7mm stainless steel 304 at 50mm/s 
with 2.5kW laser power.

In fig 8 the dotted lines on the cross section of the weld show that the melt pool was not quite broad 
enough at the top and bottom surfaces of the melt to support a catenoidal keyhole. Even though the 
keyhole diameter sometimes is above the value of 0,83 required for catenoid formation it does not 
stabilize. The catenoid shape can be recognized by its larger diameter and much smoother surface
visible in the high speed video.

Fig 8. Cross section of the weld in Fig 7 compared to a catenoid (dotted lines)

From the high speed images the diameter of the keyhole was measured with an automated inspection 
routine in the Labview software. In Fig 9 this radius (calibrated and normalized) is plotted for a 70ms 
long time period. Most of the time the radius is below 0.6 times the plate thickness (as in Fig7b), but at 
regular intervals the keyhole radius increases to a significantly larger keyhole (Fig 7a). These keyhole
diameter growths reoccur at a frequency of 135Hz, but the transition from large to small keyhole and 
back again is very abrupt. As the absorbed laser power and amount of vapor is a function of the 
keyhole size such oscillations would be simple to detect with a photodiode based weld monitoring 
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system. [10,11] In this case the presence of this frequency in a monitoring signal could be used to 
indicate that there is a fully penetrating weld.

Fig 9 Diameter of the rear part of the keyhole, normalized to plate thickness.

Figure 10 shows the results of an experiment showing how the melt shape varies with increasing laser 
power. In this case the welding speed was 100mm/s. At this high welding speed the front of the 
keyhole behaves differently from low speed welding. There is a significant inclination of the keyhole 
front[12], and only a very thin melt film between keyhole front wall and solid material in front of the 
weld[13]. The material was 0,7mm thick stainless steel and the laser power was increased from 3.5kW 
to 4.5kW. At the lowest power we have a small diameter weld pool and keyhole and no catenoid is
formed. Increasing the laser power to 4kW widens the melt and a catenoidal keyhole is formed. A 
further increase in power to 4.5kW results in a widening of the bottom of the melt and an elongation of 
the ‘catenoid’ keyhole together with the characteristic undercut described by Aalderink et al [5].

The elongation of the catenoidal keyhole means that the melt behind the laser has formed a stable half-
catenoid which is only connected to the front part of the melt by two side channels of liquid. This type 
of weld geometry can have three types of outcome;

1. The rear melt half-catenoid is continuously supplied with sufficient melt and a sound weld is 
the result.

2. The rear melt half catenoid becomes too distant from its source of melt and energy and
solidifies – resulting in a hole like the one in figure 1. The catenoid is then re-established and 
becomes stretched again and another hole is formed.

3. The supply of melt backwards to the rear of the melt collapses and a cut is produced rather 
than a weld.

Of these three options, number one is the least likely. Semi-catenoid formation is therefore indicative 
of an unstable welding process.
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Fig 10. The evolution of a catenoid and then a half-catenoid with increasing laser power.  
a)3,5kW  b)4kW  c)4,5kW

In fig 10 the shape of a theoretical catenoid with a minimum hole diameter of 0.833 times the plate 
thickness is marked as a dotted circle. In fig 10c the elongated keyhole produces a skewed weld profile 
- probably as a result of uneven shielding gas flow. In this case the catenoid shape has also been 
skewed.

It can been seen from the above discussion that, although catenoids can be stable, they can easily be 
stretched into a semi-catenoidal rear melt geometry with usually disrupts the weld integrity.

3.3.Catenoid avoidance 
To avoid catenoid formation and subsequent defects, there are two possible strategies; One is to keep 
the width of the melt pool narrower than 1.5 times the thickness of the plate. If a wide melt cannot be 
avoided, the other option is to keep the keyhole diameter sufficiently small so that a (large diameter) 
catenoid does not form. This second strategy is more successful if a rather large melt pool is produced. 

To demonstrate the formation and avoidance of catenoidal melts a welding experiment was carried out 
and monitored with a high speed camera.  A 15kW IPG Fiberlaser with a 200µm fiber was used to 
produce a bead on plate (BOP) weld on a 1mm mild steel plate. The laser power was fixed to 12kW 
and the spot size was approximately 0,6mm on the surface. The welding process was recorded with a 
Redlake N4-S2 high speed camera and illuminated by a Cavilux HF diode laser. A constant 
acceleration of 0.15m/s² changed the welding speed from 0 to 150mm/s in 1 second over a distance of 
75mm. This produced a gradual change of the melt pool width, which narrowed as the welding speed 
increased. Different weld pool geometries and behavior could be observed at different welding speeds
and these are presented in fig11.
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Fig 11. Frames from high speed video. BOP in 1mm mild steel with 12kW laser power at different 
welding speed.

Figure 11 demonstrates the following;

a) At a low welding speed of 25mm/s there is a wide melt pool around a circular key hole and a 
sound weld is created. 

b) At a slightly higher speed (33mm/s) a half-catenoid is created at the rear part of the keyhole. 
The geometry of this shape is very close to a theoretical stable catenoid and doesn’t close, thus 
a hole is created in the weld seam. 

c) With a further increase in speed to 50mm/s, the width of the melt pool contracts, establishing a 
geometry which is unsuitable for catenoid evolution and a complete weld is produced.

d) As the welding speed increases to 60mm/s there is a considerable amount of spatter at the root 
side and some under fill. This is probably due to a high downward fluid flow on the front 
keyhole wall that propels molten metal downwards.[13,14] The under fill makes the 
geometrical dimensions of the melt pool capable of supporting a half catenoid at the rear of 
the keyhole and once more, holes are produced in the weld seam. 

e) At 100mm/s the melt pool has contracted laterally so that catenoid melt geometries cannot 
form and welding continues without the creation of holes.

f) At very high (>125mm/s) welding speeds the under fill increases reduces the melt thickness 
enough to support catenoid shapes. A clear elongation of the keyhole with a rear pool half-
catenoid shape is visible in the high speed images.

Fig 12 shows how the different melt pool/keyhole geometries from fig 11 allow the formation of 
catenoid shaped melts (which often then evolve into half-catenoid rear pool geometries and holes). By 
measuring the dimensions of the keyhole and the melt pool in the high speed video shown in Fig11,
different interaction types can be identified. 21 different measurements have been marked in fig 12.
The melt pool width decreases from 1.9mm to 0.95mm as the welding speed increases.  At low speeds
(<30mm/s) there is a wide melt pool and a narrow keyhole, this is marked as area (a) in fig 12. The 
width of the melt on the top surface then decreases as the welding speed increases. As the top melt 
width approaches 1.5mm (plate thickness 1mm) a catenoid is created which stretches to create a half 
catenoid rear keyhole (33mm/s in Fig 11 and zone b of fig 12). When the width of the melt pool is too
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narrow a catenoid cannot be formed anymore and a sound weld is created – zone c in figure 12
(50mm/s in fig11).

Fig 12 Different modes of welding found in Fig11

Further increase in the welding speed would reduce the width of the weld pool and normally this 
would prohibit further catenoid evolution. However, as the melt pool experiences melt loss through 
spatter, the effective thickness of the weld (h) is reduced (see figure 13).

 

Fig 13, A cross section of the 125mm/s weld in Fig 11. 

At 125mm/s the spatter has reduced the molten metal thickness to 0.68mm instead of the original 1mm 
plate thickness. A normalization of the 1.1mm wide melt pool gives an effective width of 1.61 times 
the melt thickness. This makes the melt pool capable of supporting a half-catenoid and an elongated 
keyhole is produced. This means that zone e in figure 12 has risk of occasional catenoid shapes (fig 12 
d) and defects such as holes and undercuts are created.

4. Conclusions 
Under certain circumstances when welding thin section metals, a laser weld pool can assume a 
catenoidal geometry.

In pulsed welding a catenoid shape can help in realizing a full penetrating weld with low heat input, 
low thermal distortion and a low level of spatter.

Catenoidal geometries produced during continuous wave welding of thin sheet are often unstable and 
the rear part of the weld pool can adopt a half-catenoidal geometry which can become separated from 
the front of the weld pool. If this separation becomes too large the rear of the melt pool can solidify –
creating a hole in the weld. In more extreme cases the weld never heals again and a cut is produced.
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Cantenoid formation can be avoided if the width of the melt pool is kept narrower than 1.5 times the 
thickness of the melt. If a wide melt cannot be avoided, the other option is to keep the keyhole 
diameter sufficiently small so that a catenoid doesn’t form. 
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