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Abstract 

After the laser was invented in 1960, it was not long until someone started using this powerful 
source of light to weld parts together. Laser welding became an industrial application during 
the 1970's and the field has developed ever since. In 2008 a new 15kW fibre laser was 
installed at Luleå University of Technology, and at the same time a considerable investment 
was made in new digital high speed cameras. This combination of equipment enabled 
research on a new level, and a first step towards a more general understanding of laser 
welding. 

This thesis presents the results acquired by analyzing high speed videos of laser welding. 
Qualitative and quantitative results from these high speed videos have revealed a considerable 
amount of information about the physics which underlies the laser welding process, including 
direct measurements of fluid flow within the melt pool and the interpretation of 
electromagnetic signals which emanate from the welding process.  

The thesis comprises three papers which are thematically linked by their concentration on the 
analysis of high speed imaging of the laser welding process. 

Paper A concerns the quantitative evaluation of high speed imaging of the time-dependent 
metal vapour jet that streams out of the laser welding vapour capillary. This work has 
revealed an important correlation. The output of commercially available process monitoring 
photodiodes (used for detecting infrared radiation) correlates with the fluctuating vapour jet 
above the weld, instead of, as was previously assumed, with the radiation from the molten and 
solid surface. 

In paper B, for the first time, ultra-high speed images of the surface of the laser welding 
vapour capillary have been obtained, (at a rate of 180 000 frames per second) with good 
spatial resolution and contrast. In addition, a streak technique was developed that measures 
and the time-dependent melt flow velocity along a selected line. Wave-like patterns that flow 
down the capillary have been directly observed. These phenomena are of essential importance 
for a basic understanding of the laser welding process and are a very powerful support for 
future research, e.g. for modelling and simulation.

Using the above method, the velocity of the flowing vapour capillary waves was 
quantitatively evaluated in Paper C for varying process parameters, like laser power, focus 
position or welding speed, revealing clear, important trends of the laser welding process.  
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1 Organization of the thesis 
This body of this licentiate thesis is a compilation of three scientific journal publications. 
However, the thesis opens with a general introduction to laser welding and the high speed 
imaging of laser welding.  This introduction is divided into 5 parts;  

The first section describes the papers, and the methodology and motivation for the research.  

The second part gives a quick summary of laser welding and weld monitoring.  

The third part gives an idea of what high speed imaging has to do with laser welding. This 
chapter is partly based on a conference paper at the ICALEO 2010 conference in Anaheim 
(CA, USA).  

The fourth part is a very short summary of flow simulation inside the melt pool. The motive 
for this section is to show theories about the flow, and to provide some references to those 
who want to find out more about the subject. The measurement results presented in Paper C 
would be a good candidate to validate the accuracy in the theoretical models/simulations.  

The last section of the introduction is a summary of the papers with general conclusions and 
the outlook for further work. 

Description of the papers in the thesis 
All three papers deal with high speed imaging of the laser welding process. In all cases I 
carried out the experiments myself (with some help and advice), and I am responsible for 
most of the analysis of the experimental results.  

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 vapour ejected from the keyhole. 
Paper B is a short 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. 
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Table 1. Thematic profile of the three papers which comprise this thesis 

Paper A 

  

Paper B  Paper C  

Method development X X  
Monitoring with photodiodes X   
Vapour jet imaging evaluation X   
High speed imaging rate 40 000 fps 180 000 fps 180 000 fps 
Diode laser illumination  X  
Streak photography  X X 

Evaluation of imaging results X  X 
Correlation with monitoring X   
Melt flow field distribution   X 
Process parameter study   X 

Additional publications by the author
      

Conference Proceedings: 

Basic study of photodiode signals from laser welding emissions 
Eriksson, I., Norman, P. & Kaplan, A.  
12th NOLAMP Proceedings 2009: Copenhagen 

Melt flow measurement inside the keyhole during laser welding 
Eriksson, I., Powell, J., & Kaplan, A. 
13th NOLAMP Proceedings 2011: Trondheim 

Evaluation of laser weld monitoring: a case study 
Eriksson, I. & Kaplan, A.  
ICALEO Proceedings 2009: Orlando 

Ultra high speed camera investigations of laser beam welding 
Eriksson, I., Powell, J. & Kaplan, A.  
ICALEO Proceedings 2010: Anaheim 
(Partly reproduced in Chapter 5 of the thesis) 
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Co-author: 

Monitoring laser beam welding of zinc coated sheet metal to analyze 
the defects occurring 
Norman, P., Eriksson, I. & Kaplan, A.  
12th NOLAMP Proceedings 2009: Copenhagen 

Analysis of the keyhole and weld pool dynamics by imaging 
evaluation and photodiode monitoring 
Kaplan, A., Norman, P. & Eriksson, I.  
Proceedings of LAMP 2009: Kobe  

Pulsed laser weld quality monitoring by the statistical analysis of 
reflected light 
Olsson, R., Eriksson, I., Powell, J. & Kaplan, A.  
WLT-Conference on LIM 2009: Munich 

Studies in the interpretation of the reflected feedback from laser 
welding 
Olsson, R., Eriksson, I., Powell, J., Langtry, A. & Kaplan, A.  
ICALEO Proceedings 2010: Anaheim 

Challenges to the interpretation of the electromagnetic feedback 
from laser welding 
Olsson, R., Eriksson, I., Powell, J., Langtry, A., & Kaplan, A.  
Optics and Lasers in Engineering, 2010. 49(2): p. 188-194 
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2 Motivation of the research 

Lasers have made a large impact into our world. Since the invention of the laser it has 
contributed to 12% of the Nobel prizes in physics. One of the first applications was the 
barcode reader, totally changing the product marking market. Laser welding emerged as an 
industrial application in the 1970’s, and is still a growing market. During the last decade new 
laser sources have emerged, and the price per Watt has lowered considerately. This means 
that the market for laser welding will continue to grow, and will reach new applications and 
products.  Even though 40 years seems like a long time, laser welding is considered a new and 
unknown process compared to other welding techniques. This means that there is still an 
interest in fundamental research into laser welding.       

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

The method of acquiring fundamental knowledge was to carry out empirical experiments and 
observe and analyse the results. One of the most powerful observation methods available 
today is the use of high speed cameras. A lot of knowledge can be acquired by studying the 
end results of the welding process (e.g. cross sections), but direct observation of the dynamic 
events of the process is much more informative.    

Laser welding has huge industrial possibilities and therefore there is considerable industrial 
motivation behind the research. As much of my research has been carried out in close 
cooperation with Swedish industry, not all of it has been suitable for scientific publication. A 
glimpse of the unpublished work can be seen in the cases of Chapter 5.       

Systems for in-process monitoring of the welding quality are commercially available today, 
e.g. ones based on photodiodes that provide signals that can be correlated with the resulting 
weld quality. The companies participating in the DATLAS-project, corresponding to Paper A, 
have been strongly interested in a better understanding of the connection between the obtained 
signals and the welding process, to extend the application of monitoring systems by 
systematic judgments of their range and limits of applicability. 

Although laser welding is increasingly applied in industry due to its high potential, the 
complex physics governing the process is only partially understood. A better understanding of 
the essential process mechanisms and in turn enhanced control over weld quality is strongly 
desired. Therefore, in the DATLAS and FiberTube projects the participating companies have 
been interested in advanced methods where key phenomena can be better observed. Papers B 
and C show a method where for the first time the interaction surface between the laser beam 
as the tool and the work piece can be directly observed inside the hot, bright, very small 
vapour capillary which is the main feature of laser welding. For the first time, wave 
phenomena have been observed that will help with our understanding of why and how the 
laser beam generates either a high quality weld or one full of defects. Industry is strongly 
interested in the systematic exploration of the key phenomena determining the process quality 
and in methods that instantly deliver key information about the process, even in harsh 
industrial environments. 
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3 Methodological approach 

The overall goal of the research was to improve the understanding of the laser welding 
process.  

The research of the three papers of the present thesis is based on the high speed imaging 
technique where melt and vapour flow phenomena during laser welding can be 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 only rarely carried out. One main approach of the research 
presented here is the quantitative evaluation of the images, accompanied by enhanced imaging 
techniques. 

In Paper A the radiation from the vapour plume escaping from the process interaction zone 
was for the first time measured by the evaluation of high speed imaging. The time-dependent 
radiation properties of the welding process were then correlated to signals from three 
commercial monitoring photodiodes of different spectral ranges. High speed imaging of the 
process could then be used to identify any links between these signals and the volume of 
vapour lying over the weld zone.  Conclusions on the applicability of the monitoring system 
to the process were drawn from these results. 

Paper B presents the development of an advanced imaging technique for observing liquid 
flow in laser welding. Much higher frame rates, contrast and resolution than usual were 
obtained by optimising the photographic conditions. Important wave phenomena became 
clearly visible for the first time. In addition, a streak technique was developed which lead to 
the visualization and measurement of the time-dependent velocity along a selected image line. 
The velocity measurement was applied for a comprehensive parameter study in Paper C to 
identify trends and to draw conclusions about the process. 
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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 
point 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. 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 3)  

Figure 3.  The first CO2 laser in Luleå  

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 fibres to 
guide the laser light in a flexible manner, high power continuous wave (cw) Nd:YAG lasers 
were developed. The optical fibre enables easy use of robots to steer the light.  

Today there are more options on the laser market. The Disc 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 fibre lasers, which are, in effect, a stretched version of the 
original Nd:YAG rod. Powers up to 50kW are offered by IPG[4]. Both Yb:glass fibre-lasers 
(1070nm) and Yb:YAG disk-lasers (1030nm) have a wavelength close to the Nd:YAG rod-
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laser (1064nm) and are often called 1μm lasers, and they all have similar characteristics as far 
as welding is concerned.  

The development of robot guided laser welding in the 1980’s in the automotive industry 
eventually lead towards automated monitoring of the laser welding process. The initial 
solution was to copy the way humans monitor the process, (Figure 4) by observing the sound 
and optical emissions from the process interaction area. This was quite easy to implement by 
mounting microphones [5], spectrometers [6, 7] or photodiode[8] in the proximity of the weld 
interaction area. Slightly more complicated systems utilizing dual wavelength IR and UV [9]  
and positioning the sensors after the optical fibre[10] were also developed later.  
   

Figure 4.  Greger Wiklund observing the laser in 1982 

Figure 5 Online welding sensor integrated on Precitec welding head  
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4.2 Commercially available online monitoring systems 
Nowadays several online monitoring systems for laser welding are commercially available 
[11-13]. A typical integration onto a welding head is seen in Figure 5. Most of these devices 
monitor only electromagnetic 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 fibres 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. 

 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 to 
the weld zone. The light emitted from the weld process is reflected by the folding mirror 
towards some sort of sensor. This sensor could be a camera or an array of photodiodes, and 
the coaxial setup makes it easy to align the sensors. Different wavelength filters can be added 
in front of the sensors. If photodiodes are used, an aperture can be used to monitor a limited 
area of the weld zone (Figure 6). When a camera is used, image processing can produce actual 
measurement of weld pool dimensions during the weld process.  

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   
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4.3 Latest 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 [14, 15]. Also, 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 [16-
18]. A better understanding of the physics in the laser weld process[19-21], 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.  

Table 2. Recent publications with online monitoring of laser processing. 
Nr First author Country Laser Material Detector 

[25] Bardin United Kingdom YAG Titanium Photodiode 
[26] Sibillano Italy CO2 Stainless steel Spectrometer 
[27] Jäger Germany YAG Steel CMOS-camera 
[28] Jauregui Netherlands YAG Zn-Coated Photodiode 
[29] Li China CO2 Steel Camera 
[30] Bagger Denmark CO2 Steel Photodiode 
[31] Kawahito Japan YAG Titanium Photodiode 
[32] Yang USA YAG Zn coated steel Acoustic 
[33] Doubenskaia France YAG Iron powder Pyrometer 
[34] Heralic Sweden YAG Titanium Camera 
[35] Stritt Germany YAG Aluminium Photodiode 
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5 High speed imaging 
This section of the thesis is based on a paper presented at the ICALEO 2010 conference. [36].  
After the invention of photography, it wasn’t long before a scientist realized the power of high 
speed photography. The first known case is the famous galloping horse published in 1887 by 
Eadweard Muybridge (Figure 7). Muybridge proved that, at certain points during a horse’s 
galloping cycle, all the hoofs are in the air.  

Figure 7. Galloping horse by Muybridge  

These high speed images were created with one camera for every frame. This reduced the 
number of frames to the number of cameras, but the frame rate was theoretically unlimited. A 
problem with multiple camera approach is that each camera will have a different point of view, 
and thus this technique is not suitable for micro photography.  

High speed photography was quickly developed to high frame rates. In the 1930’s a rate of 
1000 frames per second (fps) was reached, and by introducing the rotating prism technique 
40.000 fps were achieved soon afterwards. By the conversion of photons to electrons and 
electrical deflection to store the images on a phosphorescent screen, frame rates over 
100.000.000fps were reached in the 1960s. Today digital CCD and CMOS cameras dominate 
the high speed photography market. The cameras used in Luleå save the image to an internal 
random access memory capable of storing several thousand frames. This enables us to capture 
a long sequence of frames at high speed and isolate a single event afterwards. By reducing the 
number of pixels saved in every frame the frame rate can be increased. But the practical frame 
rate is limited to a few hundred thousand frames per second (fps).  

The laser welding community has used the technology of high speed photography for a long 
time [37, 38]. And as the price of high speed cameras reduces, more and more research teams 
have started utilizing the equipment [39]. A number of recent publications involving high 
speed imaging of laser welding are listed in Table 3. Usually frame rates less than 50.000 fps 
are used, which is low compared to the highest available.  
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High speed imaging of laser welding is starting to become standard at the research facilities, 
but there are still lots of things left to discover. You need knowledge about the process before 
you know what you are looking for. It is not until you know where to point the camera – and 
what frame rate to use (faster is not always better) that you get photographs containing real 
information 

Table 3. Recent publications with high speed imaging of laser welding. 
Nr First author Country Frame rate (FPS) 

[40] Katayama Japan 5,000 
[41] Ribic USA NA 
[35] Stritt Germany 10,000 
[42] Pan Netherlands 30,000 
[43] Le Guen France 10,000 
[44] Emmelmann Germany 10,000 
[45] Blackburn United Kingdom NA 
[46] Jin China 1000 
[47] Fennander Finland 2,240

To demonstrate the power of high speed photography I will now present two different cases 
where the latest generation of digital cameras was used to provide interesting new information 
about the laser-material interactions which take place during laser welding.  

5.1 Experimental study 1: Ripples in spot welding 
The first example is an industrial case of laser spot welding of a titanium surgical implant. 
This is a demonstration of the fact that, by bringing the high speed camera into an industrial 
production facility and carrying out measurements, many complicated problems can be solved. 
The actual welding was performed at Lasernova AB in Östersund with help from Ove 
Sundelin.  

Surface ripples such as those shown in Figure 8 were found on the finished weld. Ripples of 
this sort could be unacceptable because of their effect on the fatigue life or the visual 
appearance of the weld. In an experimental program which investigated the process of the 
ripple formation with high speed cameras, a strategy to minimize the effect was developed. 
The phenomenology of ripple formation was examined by high speed photography under high 
intensity illumination and the strategy for ripple minimization involved suitable power 
modulation of the laser pulse. The ripples were found to originate from the oscillations [48, 
49] of the weld pool. As the weld pool solidifies rapidly [50, 51] the oscillations are frozen to 
become ripples on the surface.    
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Figure 8. The rippled topography of typical pulsed laser weld in titanium. 

The experiment involved pulsed Nd:YAG welding of titanium. The Laser used was a ROFIN-
SINAR P500. The laser pulse was ~1,5 ms long with a repetition rate of 5Hz and 30% of the 
available pulse power. The welded part was moved between pulses to produce a weld seam of 
overlapping spot welds. The feed rate was adjusted to give 50% overlap of the pulses 
(~2mm/s). The shielding gas employed was Argon. To observe the welding a Redlake X3 
high speed camera at 8000 frames per second was used with a Cavilux illumination laser at a 
power of 500 Watts with 1μs illumination time. Figure 9 is a magnified view of the finished 
weld seam considered in this experimental program, showing the overlap geometry and the 
surface ripples on the individual spot welds. 

Figure 9. The overlap geometry of the spot welds investigated. 

Examination of high speed filming shows that the melt pool oscillated with a frequency of 
approximately 3kHz and the time from turning off the laser to the formation of a completely 
solid surface was 3ms. This rapid solidification froze the oscillations into the surface.  

5.1.1 High speed photography of ripple formation. 
Figures 10a-f presents a series of still photographs from high speed filming of the creation of 
a single pulse spot weld. A pulsed diode laser of 810nm wavelength was utilized as 
illumination.  
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Figure 10 a-f. High speed photography sequence of a single spot weld creating surface 
ripples. 

From this series of photographs it can be inferred that the progression of events which results 
in a set of concentric ripples on a single pulse spot weld is as follows; 
The laser pulse starts its interaction with the material and begins to melt the surface. (Figure 
10(a) 
The weld pool grows in volume and diameter as the laser continues to irradiate the surface. A 
depression forms in the middle of the weld pool as a result of localized boiling – which exerts 
a pressure on the melt. And the melt is pushed laterally away from the centre [52]. (Figure 
10(b) 
The laser pulse ends and boiling ceases (Figure 10(c)). Surface tension forces the melt to 
attempt to spring back from a concave geometry to a convex one. (Seen in Figure 10(d) as a 
horizontal elongation of the glare)  
The momentum of the melt in the direction perpendicular to its surface makes the melt surface 
overshoot its equilibrium position. The melt surface then assumes damped simple harmonic 
motion around its equilibrium position.  
The melt solidifies before this action has died down and the ripples are frozen into the surface 
topology of the weld (Figure 10(e)), and this results in surface ripples. (Figure 10(f)) 

5.1.2 Pulse shape modulation to suppress ripple formation. 
A series of experiments was carried out to establish the most effective pulse shape to 
minimize ripples in the eventual weld topology. The overall strategy was to extend the molten 
life of the melt so that the ripples could die away before solidification took place. Productivity 
was not affected by this technique because the original pulse frequency of 5Hz was 
maintained – the post weld heating was accommodated in the gap between the pulses. The 
original 1.5ms rectangular power profile of the weld pulse was extended at a lower power 
level as shown in Figure 11. Successful welds with minimum surface rippling were produced 
at an extended pulse lifetime of 4ms.    
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Figure 11. One strategy of pulse shaping to minimizes the surface ripples 

Figure 12 demonstrates that the majority of the surface ripple effect has been suppressed 
although there is some evidence of minor rippling at the edge of the solidified melt, where 
cooling and solidification rates are at their highest.  

Figure 12. Spot weld with reduced surface ripples. (Different crystal orientations of the 
titanium can be seen on the smooth solidified surface.) 

5.2 Experimental study 2: Zinc coated blow-out case
The welding of Zinc coated steel plates is an important part of automotive manufacturing. A 
common problem during laser welding of zinc coated plates is that the (low boiling point) 
zinc is evaporated; the zinc vapour causes blowouts and pores in the melt pool and produces 
holes in the weld seam. Several different solutions to the problem have been suggested and 
evaluated, but new methods are still being developed [53-56] and more knowledge about the 
process is needed.  
With the help of high speed photography it can clearly be seen how the holes in the weld 
seam are created. Different types of blowouts can be categorized, [57]. Sometimes, in the 
otherwise calm melt pool, a blow-out can appear.  In Figure 13 one of these blowouts is 
caught on film during the welding of a lap/edge joint in zinc coated steel. (0.8mm, 2.5kW 
Nd:YAG, 100mm/s)  
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Figure 13. Blow-out in melt pool at 2500fps 

These big blowouts are the results of the escape of pressurized zinc gas accumulated in the 
melt pool. In Figure 14 the internal pores along the weld seam show that zinc vapour is 
constantly pushed into the melt pool. Sometimes a pore reaches the surface and creates a 
small visible pore. But if the gas accumulates into large pores, there is a risk of material blow-
out when the surface tension cannot hold the pressure.  

Figure 14. Cut along weld seam showing pore content. 

One way of eliminating this problem is to introduce a small gap (0.1mm) between the two 
plates being welded together, that enables the zinc gas to be evacuated, so no gas pressure is 
built up in the melt. But to maintain a constant gap of 0.1 mm in an automated production line 
can be difficult. Some researchers [58] have reported that pore-free zero-gap welds are 
possible by pulsing the laser power. One theory is that, in this case, the zinc gas is evacuated 
through the keyhole capillary.   

Melt Keyhole
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Figure 15. Blow out of the keyhole region 

5.2.1 180 000 fps inside keyhole 
Figure 15 shows a sequence of high speed images where zero gap overlap welding involves 
the entire melt pool being blown out of the weld zone occasionally. This event made it 
possible for the second high speed camera we used to catch a glimpse of the front side of the 
keyhole for a moment (as in Figure 16(a)). This second camera was a Photron SA1 camera 
with a Micro-Nikkor 105mm lens, running 180 000 frames per second with an exposure time 
of 370ns. The image size was 128x128 pixels with 12 bit pixel depth. This back view camera 
was used without illumination so all the light collected was from heat radiation (Figure 16(b)). 
With this camera view it was possible to see a downward motion in the molten metal, and 
how the pressurized zinc gas sprays liquid metal away from the front wall of the keyhole.   

  
Figure 16. a) simplified geometry b) camera image 

In Figure 17 a sequence of images (extracted from the area indicated in Figure 16(b) shows 
the ejection of droplets of molten metal. The grey scale level in these images is an indication 

Keyhole
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of temperature, the bright areas are probably humps heated by the laser - having a higher 
temperature then the surroundings. A downward flow can be observed but as the surface 
changes over time a qualitative speed measurement is difficult. 

Figure 17.  Front wall of keyhole, 33μs long sequence. 

To measure the speed a streak image technique can be utilized [59]. A thin, central strip, one 
pixel wide, can be extracted from photographic images of the type shown in Figure 16(b). A 
collection of these single pixel lines can then be placed side by side to present streak photo 
information mapping the movement of bright zones along the centre line of the main image. 
Figure 18 presents the data in this format, and shows the variation in brightness along the 
capillary centre line over time. 
In Figure 18 a total number of 540 frames have been arranged in this way and it is clear that 
in the centre of the keyhole front there is a constant 7m/s motion downwards of bright areas. 
The dark horizontal band in Figure 18 is the gap between the two welded plates where the 
zinc gas escapes. Molten metal from the upper sheet flowing over the gap sometimes creates 
spatter. The movement of this spatter can be observed as thin bright lines at the bottom of 
Figure 18 and speeds vary from 5m/s to 15m/s.  

Figure 18. Streak image of keyhole front 
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5.2.2 Conclusions - zinc coated blow-out case 
As the automotive industry has invested a lot in research about laser welding of zinc coated 
material, much is already known or assumed to be known. With the help of new high speed 
camera equipment the physical behaviour of the melt during the welding can be observed 
directly, and theories about the welding process can easily be confirmed or dismissed. The 
pressurized zinc gas can create blow-outs in the melt pool, or create internal pores that 
weaken the weld. The zinc gas can enter the keyhole capillary and exit the weld this way, (but 
in our experimental case, the high speed of the zinc gas blows away the melt pool).      
With the welding settings used here (2.5kW Nd:YAG, 100mm/s) there was a constant 
downward flow of what looks to be humps on the front wall of the keyhole. Similar to that 
described by Matsunawa and Semak in 1997 [60].  
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6 Modelling of the keyhole and fluid flow in laser welding 

As long as laser keyhole welding has been around, different mathematical models have been 
trying to explain the process. Early work [61-64] often assumed a stationary process and 
solved the energy balance between vapour pressure opening the keyhole and the surface 
tension closing it. The models provide some general understanding of the process, and can be 
useful to get a better understanding.  

  
Figure 19. Drilling velocity model 

Some models have introduced a local drilling velocity model [60, 65-67]. The idea is to 
ignore the back side of the keyhole and focus only on the front wall of the keyhole. A drilling 
velocity Vd is introduced, which describes the laser beam propagation through the material. 
(See Figure 19) This drilling velocity can be measured by measuring the drilling time in thin 
gauge material. Drilling takes place perpendicular to the laser illuminated surface, and 
produces an inclined keyhole front surface. The inclination angle of the keyhole front is a 
function of the welding velocity V and the drilling velocity Vd.  

Figure 20. Suggestion of hump driven flow[68]  

The models often simplify the fluid flow, sometimes ignoring it completely or limiting it to 
purely horizontal flow. These assumptions make it possible to analytically derive models that 
fit cross-section of welds. However, as this thesis will demonstrate, experiments with higher 
welding speeds show indications that there is a vertical downward flow in the keyhole front.  

As models usually assume steady state but the keyhole process is fluctuating, the models are 
not fully realistic. Some models [60, 68] have managed to give a partial explanation to what 
appears to be humps in the front of the keyhole. (See example in Figure 20)      

Vd 

V

Laser 
beam

Keyhole 
backside

Keyhole 
front
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In the last few years Finite-Element-Models (FEM) of the melt flow inside the laser weld 
process have started to emerge. An example is shown in Figure 21 [69-71]. The enormous 
computational power available today makes it possible to start to generate realistic numerical 
solutions. But these simulations are only in the research domain so far, and it will be some 
time before they are relevant to industry.  

Figure 21. FEM model of laser keyhole weld.[69] 

The history of finite element modelling of the thermo-mechanical response in the solid 
surroundings of the weld started in the 1970’s. In these models the fluid flow of the actual 
weld is often completely ignored. Instead the immediate surroundings of the weld are 
assumed to be made of a soft solid, similar to chewing gum. The weld process is simulated 
with a “calibrated” heat source, and is independent of the welding technique. (Laser, TIG, 
MIG/MAG)  These simulations are mature, implemented in commercial software and used in 
the industry.  

An accurate simulation of the laser welding process could be used to provide a better heat 
source for the stress field calculations. But there is still a lot more research needed before the 
accuracy is high enough. And as pointed out in a review paper[72] 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?”  
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7 Summary of papers 

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 within fibre laser 
welding keyholes. Using FFT techniques, quantitative values of fluid flow velocities down the 
keyhole wall have been established. The results have lead 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 
• Experimental measurements of the fluid flow inside the keyhole have been performed. 
• Above a certain threshold welding speed (>50mm s-1 in our case) a flow of melt down 

the front wall of the keyhole was observed. 
o At low speeds the flow on the keyhole front wall was random. 

• The flow is highest in the centre of the keyhole front. 
o Near the edge the flow is ~7m s-1

• At high power and low speed “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. 

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

• At high speeds and high power the flow is proportional to laser power – which 
supports the well known equation d ∝ P v -1

• 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 power and welding speed the flow is redirected backward and the melt 
solidifies along the centre line of the weld with reduced contact to the sides of the 
weld line – resulting in severe undercut and humping. 
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8 General conclusions of the thesis 

• The main conclusion 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 of surface phenomena can be rapidly obtained. 
However, phenomena within the melt needs to be understood by other methods 
like X-ray imaging or computational fluid dynamics simulation (CFD) In this case 
the advanced high speed imaging techniques developed here can be applied for 
complementary high resolution evidence about the boundary conditions. 

• As a research tool, high speed cameras provide the possibility of unmistakable 
photographic evidence of otherwise ambiguous phenomena. But one must be 
careful not to be fooled by optical illusions that might occur. As we can see in 
Figure 22, a human brain can easily be fooled to see something that simply is not 
there. Therefore it is important how you use your high speed imaging system. The 
perception capabilities of the observing expert are an important contribution to the 
identification and interpretation of the images. 

• High speed cameras can be used for quantitative measurements. This possibility is 
surprisingly often neglected. The methods and results presented here will 
hopefully encourage further quantitative research from the huge amount of 
information acquired by high speed imaging. The systematic use of quantitative 
properties extracted from high speed imaging has enabled us to clearly confirm 
correlations (with photodiodes in Paper A) and to identify process parameter 
trends at a fundamental level (in Paper C) 

• Many different industrial cases were experimentally studied during the research in 
the projects behind this thesis. The provision of clear, understandable high speed 
images instantly after each experimental run, without significant extra effort, was a 
resource that was highly appreciated by the industrial experts involved. Despite its 
rather scientific character high speed imaging is highly suitable for direct industrial 
use at different levels. 
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9 Future outlook 
Research will continue in the FiberTube advanced project, and will focus on a general 
understanding of laser welding of stainless material. High speed imaging will provide 
important information in both laser welding and laser-hybrid welding.  

Initial trials have already been carried out with stereoscopic high speed imaging, producing 
3D-photage with a single camera. This will further increase the qualitative value of the videos 
in the same way that 3D-television provides an extra dimension.  

In the future, a larger parameter study of the same type as that in Paper C should be carried 
out, but this time to investigate the role of different focal positions. Another interesting route 
will be to examine is the dependency of the process on different material properties.  

More melt flow measurements should be carried out to find solutions to the spatter problem 
that often occurs in laser welding. The origin of spatter is still being debated and, in this case, 
high speed imaging will have a large role to play. 

For validation of welding simulations it would be interesting to further develop the high speed 
imaging capabilities, for example speckle tracing, to be able to measure deformation during 
laser welding.  

Figure 22. Overlapping or concentric circles?
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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
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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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Abstract 
This paper presents the results of a high speed video survey of melt flow within fiber laser 
welding keyholes. Using FFT techniques, quantitative values of fluid flow velocities down the 
keyhole wall have been established. The results have lead 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: Fiber laser, keyhole welding, High-speed camera, Flow measurement, FFT. 

Introduction 
Over the past four decades a considerable amount of theoretical modelling1-3 and computer 
simulation4, 5 of the laser welding process has been carried out. As the models have increased 
in complexity and become closer to reality6-9, 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 evaporated keyhole 
which forms a central feature of deep penetration laser welding. The measurements were 
carried out using a high speed camera and a streak image technique10 supported by two 
dimensional Fast Fourier Transform (FFT) analysis. 

Experimental Work 
All the welding experiments were performed with a 15kW IPG fibrelaser, with a 200μm 
delivery fiber, a 300mm focusing lens and a 150mm collimator lens.  The work piece material 
was 2.4 mm thick 304 stainless steel (coupon size 250x100mm).  Only bead on plate (BOP) 
welds were produced.  

To eliminate any plasma plume above the weld pool, a micro cross jet (Fig. 1) was employed 
to blow compressed air across the top of the weld zone a few mm above the keyhole11-14.  
A laminar flow of argon was used to protect the melt pool.  In all cases the welded plate was 
moved and everything else in the experimental set up remained stationary. 
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Figure 1 Position of micro cross jet shield 

A Photron SA1 high speed camera together with a 200mm micro Nikkor lens was used to 
observe the front face of the keyhole at an angle of 45 degrees (Fig. 2). The optics was 
adjusted to image an area of 3 x 4.2mm of the weld area from a distance of 400mm. By 
decreasing the image resolution to 128x128 pixels, the frame rate could be increased to 
180,000fps. An exposure time of 1μs eliminated most of the motion blur in the images.   

Figure 2 Side view of camera set-up 

In order to obtain a view deep into the keyhole, a large laser beam diameter on the material 
surface was used. This was achieved by placing the focal position 9mm below the top surface 
of the work piece.  The unfocussed beam at the top surface of the work piece has 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 0,9mm. 

Welds were made over a wide range of laser powers (from 3kW to 15 kW) and speeds (from 
50mm s-1 [3m min-1] to 250mm s-1 [15m min-1]). The trials were organized to observe the 
effect of; a. changing speed at a fixed power, b. changing power at a fixed speed, and c. the 
effect of increasing power and speed together – to give results at constant line energy. 
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 The experimental program is summarized as a matrix of welding speeds and laser powers in 
Fig. 3. 

Figure 3. The welding speeds and laser powers used in the experimental program. 

Melt flow velocity measurement 
For each of the 200mm long welds a 4000 frame video was taken. As the camera recorded 
images at 180 000fps each video showed 22ms 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. 4). No additional illumination was employed. 

It was observed that the surface of the front wall of the keyhole was clearly structured with 
what appeared to be small bumps15 (Fig. 4). This rough, complex surface undoubtedly has a 
higher absorption16 than is normally assumed in simulations.  
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Figure 4. Single frame from video10kW 166mm s-1

In order to quantify the flow down the keyhole front, a single pixel column from the centre of 
each frame was extracted and placed next to similar single lines from subsequent frames. In 
this way a streak image was produced10 (Fig. 5). The streak image maps the downward 
movement of a bright (or dark) segment of the centre 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. 5 are 
curved – which implies that the melt is accelerating down the keyhole front wall.    

Figure 5 Streak image 10kW 166mm s-1 (10m min-1). 

A 2D-FFT of the streak image shows the frequency content of the data points in different 
directions. Parallel lines in the streak image create bright areas in the FFT.
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Figure 6 2D-FFT of Fig. 5 

This FFT image can be used to determine the dominant inclination of the streaks in Fig. 5. In 
Fig. 6 the data points are clustered along three linear directions. Two of these directions 
coincide with the x and y axes of Fig. 6 – which is to be expected because the edges of Fig. 5 
follow the x and y axes. The third linear data cluster is inclined in a direction perpendicular to 
the dominant streak direction in Fig. 5.  

To determine the dominant data direction in Fig. 6, the sum of all data points in every 
direction was measured and plotted in a graph. Fig. 7 shows the directional distribution of the 
data points in Fig. 6, and the most common angle has been determined by a peak detection 
algorithm (ignoring the maxima at 90 and 180 – which are the x and y axes discussed above).  

Figure 7 Frequency of data points in different directions of the FFT image shown in Fig. 6.

In the case of the example shown here, the dominant FFT angle is 25.6 degrees, which means 
that the dominant inclination angle in the streak image (Fig. 5) is 64.4 degrees – equivalent to 
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a downward flow velocity of 10.7 m s-1. It should be borne in mind that this is the dominant, 
or most frequently observed velocity, and not the average. 

For each video this dominant velocity calculation was done for each column in the original 
128x128 image (Fig. 4) and plotted graphically. These graphs show the distribution of the 
dominant velocities within the flow for each weld (Fig. 8).  

Results and Discussion 
Fig. 8 shows the variation of downwards flow velocities measured across the keyhole front for 
laser powers of 14, 10 and 6kW at a line energy of 60J mm-1. 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 flow rate 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 
power level of approximately 7.5 m s-1, but rise to 10.77 m s-1 and 16.24 m s-1 at powers of 
10kW and 14kW respectively. Data spikes to either side of the keyhole are measurement 
errors due to noise from the metal vapour plume. 

All the welds were analyzed in this way – generating a vast amount of data. For ease of 
comparison of different welds, only the dominant, centre line, flow rates (eg the 10.77 m s-1  
and  16.24 m s-1 values above) will be referred in the following results. 

Figure 8 Dominant flow velocity in different image columns.
Welded with 60 J mm-1line energy and three laser powers. 

 In Fig. 9 the dominant centre-line melt flow rates have been plotted as a function of laser 
power at various welding speeds. At the highest high welding speed 200mm s-1 (12m min-1) 
there is a clear linear correlation between downward flow rate and laser power. On the other 
hand, at lower laser powers for the lowest welding speed 50mm s-1 (3m min-1), the flow of 
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. 
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Figure 9 The dominant flow velocity down the centre of the keyhole front as a function of 
laser power for different welding speeds. 

Fig. 10 provides dominant centre line flow rate 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 
melt down the keyhole front is independent of welding speed over this range of parameters. 
There is some possible welding speed/flow rate correlation in the lowest power (5kW) case – 
but the result is ambiguous. 

Figure 10 The dominant flow velocity down the centre of the keyhole front as a function of 
welding speed for different laser powers. 

Fig. 11 shows the dominant, centre line flow velocities down the keyhole for various constant 
line energies as a function of laser power. The general trend linking downward flow velocity 
and laser power is very clear above a threshold of 5kW (below which the flow is directionally 
random).  
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Figure 11 The dominant flow velocity down the centre of the keyhole front as a function of 
laser power for different line energies. 

Additional experiments confirmed that the use of a smaller focused spot also accelerated the 
downward flow (Fig. 12) – which indicates that the flow is driven by the power density on the 
keyhole surface rather than simply the laser power.  

Figure 12 Centre line downward flow measurements as a function of focal position on the 
material surface. 

This finding supports the idea that the melt is driven down the keyhole face by the vapour 
pressure generated by preferential evaporation of the upper surfaces of bumps in the liquid 
(Fig. 13).  
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Figure 13 Melt downward flow is driven by vapour pressure exerted by the laser induced 
evaporation of the upper surface of bumps on the liquid surface. 

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 which could give rise to experimental error. In Fig. 2 it was pointed out that the 
camera inclination was 45 degrees. Naturally, all the flow velocity 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 over-estimate the downward flow rates. The maximum error 
would be for a keyhole inclination of 45 degrees 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 de-focused laser in order to see more clearly into the 
keyhole. Fig. 12 demonstrates the point that in a real welding situation, with a smaller focused 
spot size, the downward flow could be a factor of two faster than the figures presented here.  
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Fig. 14 maps out the results of this investigation into several regimes; 

a) In the high power/low speed range (top left of Fig. 14) the weld penetrated the bottom 
of the material and the downwards flow resulted in the melt being ejected from the 
bottom of the weld zone to create a cut rather than a weld.   

b) In the low power/low speed range (bottom left) the flow on the keyhole front is 
random - there is no general downward flow.  

c) At moderate powers and low speeds there are ambiguous results. In Fig. 9 the 100mm 
s-1 [6m min-1], 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 flow rate. In Fig. 10 the slow 5kW welds show some 
correlation to welding speed. This is in contradiction to the general finding that flow 
rates are independent of welding speed.  

d) 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 combinations at moderate powers and low speeds – which is the reason 
for the overlap of interaction zones c and d in Fig. 14. 

Figure 14 Interaction zones covered in this experimental program. (see discussion above for 
an explanation of the various zones). 
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Since the 1970’s there has been a general agreement that, for a wide range of processing 
parameters11, 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; 

v
Pd ∝                                                 (1)

Where d is the depth of penetration, P is the laser power and v is the welding speed. The 
equation obviously has limits of applicability – but Fig. 15 demonstrates that our ‘constant 
line energy of 60 J mm-1 experiments’ were within these limits. 

This equation is supported by the observation that the downward flow of melt generally 
increases linearly with laser power (power density). Simply providing the same line energy to 
the weld at a higher speed (eg increasing from 4kW at 67mm s-1 [4m min-1], to 8kW at 
133mm s-1  [8m min-1]) would not necessarily result in the same penetration depth without a 
mechanism for transporting the heat more quickly. The linear increase in downwards melt 
transport speed with welding power helps to transport heat down the keyhole front and 
stabilizes the value of d when both P and v are increased.  
  

Figure 15 Approximately constant weld penetration for a constant line energy of 60J mm-1. 
(The x axis is read as both laser power (kW) and welding speed (m min-1) – so ‘5’ means 5kW 

at 5m min-1). 

However, constant weld penetration does not necessarily mean constant weld quality – as we 
can see from Fig. 16. 
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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 achieve a much higher backwards momentum as 
a result of its higher flow rate and more horizontal flow redirection. At these higher welding 
speeds the weld pool is also extended in the direction of welding. Mass flow rates are highest 
along the centre line of the weld and this tends to draw to melt towards the centre line 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. The resulting weld then solidifies with the type of cross section shown in Fig. 16. 
This mode of solidification involves severe undercut and humping of the weld profile.  
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Conclusions 

• Experimental measurements of the fluid flow inside the keyhole have been performed. 

• Above a certain threshold welding speed (>50mm s-1 in our case) a flow of melt down 
the front wall of the keyhole was observed. 
-At low speeds the flow on the keyhole front wall was random. 

• The flow is highest in the centre of the keyhole front. 
-Near the edge the flow is ~7m s-1

• At high power and low speed “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.  

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

• At high speeds and high power the flow is proportional to laser power – which supports 
the well known equation  d ∝ P  v -1  

• 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 power and welding speed the flow is redirected backward and the melt solidifies 
along the centre line of the weld with reduced contact to the sides of the weld line – 
resulting in severe undercut and humping. 
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