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Abstract 
 

During fiber Laser welding at power levels between 4-6 kW, a deeper weld was obtained if air was 

blown above the weld. Previous research showed that air blows away a tall heated zone above the 

weld. This heated zone has a low refractive index, and defocuses the Laser beam. 

In this report the weld depth was measured as a function of different air velocities ranging from 0-35 

m/s; the corresponding air consumption was also noted. The measurements were done by positioning a 

nozzle at various heights. Also, multiple nozzles were stacked above each other to form a tall air 

profile. Air was blown perpendicular and parallel to (opposite to and in the same direction as) the weld 

direction.  

The weld depths increased up to 2 mm while air was blown above the weld.  

The application of air enables deeper welds while maintaining the same Laser power. Thus, for a 

deeper weld, the weld speed can be increased and productivity improved. 

 

Keywords: fiber Laser, welding, refractive index of air, productivity in Laser welding 
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Nomenclature 
 

dmax  : Maximum weld depth 

d0  : Weld depth at zero air velocity 

d  : Weld depth  

Do  : Diameter of transport fiber 

Ffocusing lens : Focus length of focusing lens 

Fcollimator  : Focus length of collimator 

h  : Height of nozzle above test piece 

P  : Laser power 

Vair  : Air speed above weld 

VLaser   : Weld speed 

qair  : Volumetric flow rate (air consumption) 

w  : Width of weld 
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1 Introduction 
 

AWL-Techniek B.V. is located in Harderwijk, the Netherlands. AWL is a system integrator which 

manufactures automated machines for welding and cold-joining applications.  

The integration of Lasers in AWL’s machines started in 2003, and in the meantime Laser welding has 

taken up more than 60% of the turnover. 

 

AWL noticed that welding non galvanized steel with 4-6 kW fiber Lasers led to deeper welds if an 

airflow was blown above the weld. 

The purpose of this report is to find the reason for the increased weld depth while blowing air and 

experimentally determine the optimal amount of air needed to obtain deeper welds. 

1.1 Problem definition 
  

The application of air while welding with a fiber Laser enables deeper welds while maintaining the 

same Laser power. Thus, the weld speed can be increased and productivity improved, which is an 

economic advantage. 

 

If the airflow above the weld is weak, the plume above the weld is not blown away, and the weld 

depth is observed to be less deep. On the other hand, a strong airflow blows the molten material out of 

the weld. So, the airflow should lie between these two extremes, but the amount of air used should be 

as minimal as possible since the compression of air costs energy.  

This leads to the definition of the following research questions: 

 

1. What is the optimal amount of air needed to obtain deeper welds? 

2. How should this airflow be directed compared to the welding direction? 

 

Besides these two research question, the following sub question should be answered: 

 

Should the airflow be blown directly above the weld or should this be done throughout the whole cell? 

1.2 Structure of report 
 

First, in chapter 2, background information is given on the effect of applying air during Laser welding. 

Previous research done on the subject is also summarized. In chapter 3 the experimental setup for the 

measurements is described. Each measurement device is explained briefly, and the procedure by 

which measurements were carried out is explained. Chapter 4 deals with the analysis of measurement 

results. Different cases are specified and the results from these cases are compared with each other. 

The report is completed with conclusions concerning the experiments. Some recommendations for 

further research and experiments are also given. 
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2 Theory 
 

In general, components that build up air such as Nitrogen, Oxygen and water vapor have a negative 

effect on the material being Laser processed i.e. nitrides, oxides and pores are formed in welds and 

give rise to deficient mechanical properties [1]. 

 

In traditional arc welding the melt pool is shielded against the ambient air by inert gasses such as 

Helium and Argon. Nowadays, air is applied as a highly effective or at least acceptable shielding gas 

while steel is Laser welded [1].  

The following reasons are behind the acceptance of air as a reasonably effective shielding gas [1]: 

- The width of welds that are formed with Laser is small since, depending on the optics, the 

diameter in the focus can be made very small i.e. between 100-800 µm. Thus, the area exposed to 

ambient air is minimal. 

- Laser welding is done at high speed; consequently the exposure time the melt pool has with 

ambient air is short. 

- Since the plasma temperature for CO2 Lasers is higher than for fiber Lasers, the amount of 

activation energy available for oxidation while welding with a fiber Laser, is smaller. 

 

The coefficient of inverse Bremsstrahlung absorption takes energy from the incident Laser beam and 

redirects it into heating of the plume. This coefficient is a factor 100 lower than that of the CO2 Laser 

[4, 6]. Thus, the absorption of fiber Laser radiation by the plume is far less in comparison with the 

CO2 Laser, and the chance of plasma formation decreases. 

 

Even if there is little or no plasma while using the fiber Laser, there is still a plume above the weld. 

This plume also attenuates the Laser power by scattering the Laser radiation [4]. Depending on the 

size of the vaporized metal particles, the scattering can be classified as  

- Rayleigh scattering: particles are small compared to the Laser wavelength, or  

- Mie Scattering: particle size is approximately the same as the Laser wavelength [7].  

 

Since it is proven that the negative effect of air on the melt pool is limited, air itself can be used to 

blow the Laser-induced plume away. The purpose of air is not as a traditional shielding gas (since the 

blowing air is not used to shield the melt pool against foreign gasses), rather the blowing air should 

keep the atmosphere above the weld pool fresh. 

2.1 Previous research on the influence of air 
 

In [2,3] research is done on the influence of the atmosphere on the penetration depth. The setup used 

during this research is displayed in Figure 1, and the specifications of the Lasers used are given in 

Table 1. 

 

 
Figure 1 Experimental setup [2]. 

Laser Power, P 4 kW 

Welding speed, v 5 m/min 

Defocussed distance, fd 0 mm  

Weld length 175 mm 

Probe Laser power, Pp 50 W 

Test piece material Zink coated steel 

Table 1 Experiment specifications [2]. 
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In Figure 1 a probe Laser, Michelson interferometer (consisting of a half mirror, mirror 2 and 3 and 

screen) and high speed camera are used to visualise fringe patterns that are the consequence of the 

atmosphere above the melt pool. A second high speed camera is used to capture the behaviour of the 

fiber Laser-induced plume. Also, a fan is used to study the effect of blowing air while welding. 

 

In Figure 2 the diameter of the fiber Laser beam is plotted against the distance from the focus instantly 

after irradation, and after 15 minutes of irradation. The focus shift of 3 mm is, at first thought, 

attributed to the thermal lens effect that causes the lense to deform in such a way that the focus length 

changes. But this focus shift is very small compared to the focus length of the lens i.e. 1250 mm, so 

the thermal lens effect is dismissed as the cause. 

 

 
Figure 2 Beam diameters instantly after irradation,  

and after 15 min. of irradiation [2]. 

In Figure 3 and Figure 4 the weld seam at the top and bottom surfaces of two test pieces are displayed. 

Both experiments are based on the welding parameters in Table 1. Between the instant of time t2 and 

t3, the penetration depth of the weld decreases; there is a transition from full penetration to partial 

penetration. 

 

 
Figure 3 Top and bottom appearance of weld with fan off [3]. See Table 1 for Laser specifications.  

In Figure 4 the weld seam is displayed if the fan is turned on with an air speed of 5 m/s. The bottom 

weld seam shows that the test piece is fully penetrated over the whole length. 

 

 
Figure 4 Top and bottom appearance of weld with fan on [3]. See Table 1 for Laser specifications. 

Since the thermal lens effect is rejected as the cause of the focus shift, and the plume is assumed not to 

absorb Laser radiation at 1070 nm, other causes must be considered. In Figure 5 (a) the Laser-induced 

plume is visualized together with the fringe pattern that is a consequence of the atmosphere above the 

melt pool.  



8 

 

The interferometer displayed in Figure 1 consists of a half mirror that splits the probe light into two 

separate yet identical beams. One beam travels through the atmosphere above weld pool while the 

other beam travels on a path without any obstacle and is used as a reference. After reflecting on mirror 

2 and 3, the same half mirror combines both beams and projects them onto a screen. The projection is 

then captured with a high speed camera and is called a fringe pattern.  

Since the probe light is an electromagnetic wave, the superposition of the two beams is also a wave. 

The black and white stripes represent the extrema of the superposed wave [8]. Where the stripes are 

(nearly) horizontal, there is no or little difference between the beam’s paths. But where the stripes are 

curved, there is a phase difference between the two beams [3]. This is caused by the difference in 

refractive index in the beam’s paths. 

The curved patterns are formed in the region around the plume, and this region is called the low 

refractive index zone [2, 3]. This low refractive index zone is a consequence of spatially heated air 

around the plume [3]. 

 

When the fan is turned on in Figure 5 (a) and (b), the plume is partially blown away and the region 

with curved fringe pattern becomes smaller, and shifts to the right.  

 

 
Figure 5 Plume and fringe pattern at (a) t=0.1 s and (b) t=1.2 s.[2]. Welding parameters given in Table 1. 

In [2] the height of the low refractive index zone exceeded 400 mm while the height of the plume was 

measured to be 100 mm. So, this refractive zone can be a factor 4 taller than the Laser-induced plume. 

In Figure 6 the plume, fringe patterns and test piece surface are shown as a function of time while the 

fan is off. The fringe patterns show that low refractive index zone encloses the plume, and at t2 the 

zone is far larger than the plume. 
 

 
Figure 6 Plume, fringe patterns and weld appearances at different instances  

of time ( fan turned off) [3]. Welding parameters given in Table 1. 
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If the fan is turned on, the plume height is lower, and the low refractive index zone decreases in size and shifts to 

the right in the direction of the blowing fan. So, the Laser beam is able to reach the test piece surface with fewer 

interruptions. 

 

 
Figure 7 Plume, fringe patterns and weld appearances at different instances of time  

(fan turned on) [3]. Welding parameters given in Table 1. 

This low refractive index zone defocuses and refracts the fiber Laser beam and has been proven to be 

transmissive: In [2], the brightness of the probe Laser is also investigated; the brightness does not 

decrease after going through the atmosphere above the weld pool, so the atmosphere consisting of the 

low refractive index zone and the plume, does not absorb radiation energy. This is an expected result 

because of the coefficient of inverse Bremsstrahlung absorption. Thus, the fiber Laser radiation is 

merely defocused and refracted. 

Rayleigh scattering is also considered the cause of refraction of the Laser beam [4].  

 

Figure 8 shows the distribution of the refractive index of air along the beam axis. The refractive index 

is smallest at the center of the beam (Radius= 0 mm), and decreases with height.  

 

If the power density distribution of the Laser beam is Gaussian, the beam will refract most where its 

intensity is highest.  

 

 
Figure 8 Distribution of refractive index along the beam radius at different heights measured from the 

specimen’s surface [3]. This figure is based on 30 ms pulsed YAG Laser. 



10 

 

2.2  Concluding remarks and prospect on experiments 
 

The following conclusions and prospects follow from literature research: 

 

- The research done in [2, 3] indicates that the low refractive index zone is the leading cause for 

attenuation of the Laser power density reaching the test piece surface. This result is somewhat 

surprising, and has just recently been published. Heating of the air during welding is actually 

an expected result, but its significant effect on the weld is quite peculiar. Research on the low 

refractive index zone was first published in 2008.  

 

- The background information provided in this section proves that the atmosphere above the 

weld pool must be kept fresh in order to obtain deeper welds.  

 

- Since the height of the low reflective index zone can be tall, experiments must be done by 

placing an air nozzle at different heights.  

 

- Also, a set of nozzles will be aligned above each other to blow air along the whole height 

between the Laser optical head and test piece surface.  

 

- The low refractive index zone is a localized zone, so it is not required to blow air throughout 

the whole cell.  

 

- In [2] and [3] experiments are done with an air velocity of 5 m/s, as a guideline the 

experiments in this report started at low velocities around 1 m/s. 

 

- Figure 6 shows that some time passes before the low refractive index zone has grown and 

distribute itself. Thus, the weld cross section should be taken at some length from the 

beginning of the weld.  
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3 Experimental setup and procedure 
 

 

On the basis of the background information in chapter 2, experiments were conducted by using 

pressurized air to blow away the low reflective index zone above the weld. First, experiments with one 

nozzle were carried out, followed by experiments with an array of nozzles placed above each other. 

The following experiments were done by using a single nozzle: 

 

- the airflow is perpendicular to the weld direction 

- the airflow is parallel to the weld direction, yet in the same direction  

- the airflow is parallel and opposite to the weld direction. 

 

During the second part of the experiments, the nozzles were aligned above each other in such a way 

that the space between the optical head and the test piece surface was constantly kept fresh during 

welding. Based on the results with one nozzle, further experiments were carried out with an array of 

nozzles. All experiments are carried out in AWL’s robot welding test cell. 

3.1 Setup with one nozzle 
 

In Figure 9 and Figure 10 the experimental setup is shown. Compressed air with a peak pressure of 7 

bar was used during the measurements. A control valve regulated the air velocity and volumetric flow 

rate in the ducts. The measurements for the volumetric flow rate were done with a Festo SFAM-62 

flow sensor. The flow sensor had an accuracy of        
 

   
     

 

   
 (Appendix 2.2). The pressure 

was measured with a Festo SPAB-P10R pressure sensor with an accuracy of       bar      bar  

(Appendix 2.3). 

A Silvent 961 nozzle was used to distribute the air in a broad but thin air cone. The air speed above the 

test pieces was measured by using a Höntzsch anemometer with an uncertainty of 

                       
 

 
. The anemometer measured the speed for 30 sec. and determined the 

average velocity (Appendix 2.8). 
 

 
Figure 9 Experimental setup. 
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A 6 kW Ytterbium fiber Laser (IPG YLS 6000, Appendix 2.5) was used with a 200 µm diameter 

transport fiber. A Precitec optical focusing head consisting of a collimator with a focus length of 150 

mm and a focusing lens with a focus of 485 mm, focused the Laser radiation on the test piece.  

Thus, the spot diameter on the test piece equaled: 

 

(3.1)   
              

            
              

 

All measurements in this report were done in focus. Figure 10 displays the optical head and the 

industrial robot. 

 

 
Figure 10 The optical head and industrial robot. 

The optical head was connected to a 6 axis ABB IRB 4600 robot which enabled movement of the 

optical head.  

Before each experiment, the power of the Laser radiation out of the optical head was measured using a 

Laser power meter (Primes PocketMonitor 70 icu). In Figure 11 the power meter is displayed. The 

accuracy of the power meter was ± 4% of the measured value (Appendix 2.6). 

 

 
Figure 11 Application of the Laser power meter. 
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Two stands were designed and created as supports for the anemometer sensor and for the nozzle. 

Figure 12 displays a close up of the stands and other components. The upper stand has a height of 475 

mm while the lower stand has a shorter height of 445 mm. Both stands are on different platforms, and 

their heights are chosen such that there is no collision with the optical head.  

The stands were created by screwing together two St 37k steel beams with cross section of 30 x 6 mm. 

Clamp tools were used to fasten the nozzles and anemometer sensor to the stands, as is shown in 

Figure 12. The clamps also allow the height of the nozzles to be easily varied.  

 

 
Figure 12 Close up of experimental setup 

The test pieces were all made of cold worked St 37k steel and were welded together by creating 

horizontal welds. Each weld represented a different parameter. In Figure 13 (a) a top view of the 

welded test pieces is shown.  

The weld speed was chosen equal to 80 mm/sec. and the weld length was 20 mm. These values for the 

speed and weld length were chosen because they are often used in applications of AWL. 

 

After the test pieces were welded, they were taken apart and the cross section was grinded, polished 

and finally etched with a solution of alcohol and Nitric acid. Figure 13 (b) displays a cross section of 

the test pieces; the upper test piece was obtained without any surface treatment and the lower cross 

section was obtained after grinding, polishing and etching.  

Lastly, the intersection of the welds was studied by photographing them with a Novex RZ microscope 

(Appendix 2.7). The width and depth of the welds were taken from these photographs. Technical 

information concerning each of the devices mentioned so far is given in Appendix 2. 

 

 
Figure 13 (a) Top view of the welded test pieces, and (b) cross section of the test pieces. 
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3.2  Setup with an array of nozzles 
 

Six nozzles were placed above each other to blow the low refractive index zone away. An amount of 

six nozzles was chosen because of the availability of stock nozzles within AWL. The same stands, as 

in the one nozzle case, were used. The nozzles were fastened to the stand with clamp tools, as is 

displayed in Figure 15. The other stand was used to support the anemometer sensor. The full setup is 

displayed in Figure 14. Each nozzle received compressed air by using a manifold. An experiment was 

also done to find out if an equal amount of air was fed to each nozzle by the manifold. 

 

 
Figure 14 Experimental setup with six nozzles. 

Because of the geometry of the clamp table and the height of the stand (Figure 15), the nozzles were 

placed at 80 mm center to center distance above each other. Each nozzle has a height of 24 mm. The 

total height that was kept fresh with air, including the height of the nozzles, equaled 424 mm while the 

focus was 485 mm. Thus, only 61 mm was not kept fresh. The largest portion of this 61 mm consisted 

of a safety margin that should prevent collision with the optical head. 

 

 
Figure 15 Close up of setup. 
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The measurements were carried out by controlling the flow rate and setting it to certain a value with 

the control valve. The velocities in the air profile above the weld were measured at various heights 

with the anemometer i.e. 11 air measurements were done in the air profile above the weld. Six 

measurements were done at the height of the center of the nozzle and five measurements were done at 

a height in between the nozzles. Lastly, the mean of these velocities was determined to obtain a 

univocal velocity. 

3.3 Air distribution per nozzle 
 

To check whether an equal amount of air was fed to all six nozzles, the pressure in each of the six 

tubes that led to the nozzles was measured. The volumetric flow was set to 151 l/min. during these 

measurements. Below table displays the pressure in each tube; the tube numbering increases from the 

bottom nozzle up (see Table 2 and Figure 16). 

 

   

 

 

 

 

 

 

 
Table 2 The pressure in the tubes. 

Tube 2-6 had the same pressure while tube 1 had a different pressure that only differs 0.01 bar. Since 

the difference was this small, it was assumed that each nozzle received the same amount of air. The 

pressure in the main tube equaled 0.34 bar, so there is some pressure drop in the tubes and manifold. 

Yet the distribution to each nozzle is approximately the same.  

 

 
Figure 16 The experimental setup with the main tube, manifold and six nozzles. 

 

  

Tube  P (bar) 

1 0.22 

2 0.23 

3 0.23 

4 0.23 

5 0.23 

6 0.23 
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4 Experimental results and analysis 
 

The first experiments were carried out at 1 kW, but the welds were shallow and barely visible under 

the microscope. Thus, the depth measurements could not be done very accurately.  Figure 17 gives an 

impression of such a weld made at 1 kW. 

 

 
Figure 17 Shallow weld made at 1 kW and Vair = 0 m/s. 

4.1 Application of one nozzle at low air velocity  
 

In order to obtain more visible welds, the Laser power was increased to 2 kW. During these 

experiments, air was blown perpendicular to the weld direction. The air velocity was kept low between 

0-6 m/s since previous research in [2] and [3] was carried out at low speed. 

The height of the nozzle above the test piece surface was varied between 0-30 mm with steps of 10 

mm. For each nozzle height, several welds were made on the test pieces; each weld was made with a 

different air speed. The air speed was varied between 0-7 m/s with steps of 1 m/s. The results for these 

experiments are given in Figure 18. 

 

 
Figure 18 Weld depth vs. air speed while airflow was perpendicular to weld direction. 
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Figure 18 shows that the positioning of the nozzle right above the test pieces (h = 0 mm) gives the 

worst results regarding the weld depth. This is expected since the blowing air interacts with the melt 

pool.  

An example of the influence air has on the appearance of the melt pool is given in Figure 19 i.e. the 

upper weld displays a melt pool obtained at zero air velocity while the lower weld displays a melt pool 

obtained with blowing air. The upper melt pool has sharp edges while the lower melt pool has ripples, 

and the edges of the melt pool are rounded off. 

 

 
Figure 19 Influence of air on weld pool. Both welds were created by welding from right to left; the airflow was 

also blown form right to left using one nozzle. 

Figure 18 also indicates that the blowing air does not increase the weld depth significantly at low 

Laser power and low air velocity i.e. the depth seems to have a constant trend. Other experiments at 2 

kW, such as varying the air direction, were halted in order to proceed at higher Laser power i.e. 4 kW.  

The results at 4 kW are displayed in Figure 20, Figure 21 and Figure 22. Each figure depicts a case in 

which air is blown perpendicular, opposite and in the same direction as the weld direction. 

 

At each power level (2, 4 and 6 kW) several measurements of the weld depth at zero air velocity were 

carried out. To have a univocal depth at Vair= 0 m/s, the mean depth was taken and the result is 

consistently presented in all graphs displaying the weld depth versus the air velocity. 
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Figure 20 Weld depth vs. airspeed at 4 kW while airflow was perpendicular to weld direction. 

 

 
Figure 21 Weld depth vs. airspeed at Laser power of 4 kW while airflow was opposite to weld direction. 
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Figure 22 Weld depth vs. airspeed at 4 kW while airflow was in the same direction as weld direction. 

The deepest welds were obtained when the nozzle was positioned at 10 mm height from the test piece 

surface and when the air direction was parallel (opposite or same direction) to the weld direction. 

Noteworthy is what happens when air is blown perpendicular: the maximum weld depth is smaller 

than when air is blown parallel. 

Figure 20, Figure 21 and Figure 22 show that positioning of the nozzle right above the weld (h= 0 

mm) leads to reasonable results, but not the deepest welds. 

The experiments suggest that a higher airspeed would produce deeper welds; this will be investigated 

in the next experiments. 
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4.2  Application of one nozzle at high air velocity  
 

The results obtained so far suggest that further tests should be done at higher air velocities and at a 

nozzle height of 10 mm.  

The maximal air consumption of one nozzle approximately equaled 200 l/min, thus measurements 

were carried out up to this value. Figure 23 and Figure 25 display the weld depth as a function of the 

air speed and approximate flow rate at 4 kW and 6 kW. The flow rates are given in brackets. 

 

 
Figure 23 Weld depth vs. airspeed at 4 kW while airflow was parallel to weld direction. 

 

 
Figure 24  The cross sections of welds obtained at Vair ≈10 m/s and Vair ≈ 20 m/s. 

The cross sections of Figure 24 belong to the same direction case of Figure 23. Above figure displays 

the welds with approximately the same depth. The quality of the weld seems to be good. 

 

Instead of drawing lines from one data point to the other, linear and second order polynomial fits are 

applied to represent the data in the d vs. Vair plots. With these fits more insight is given regarding the 

trend the weld depth follows as the air speed increases. 

The R
2
 value of each fit is given in the legend, and indicates how successful the fit is in explaining the 

variation of the data points [9]. If this value is close to one, the fit is a good model for representation 

of the data points.  
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At first sight, the discrete data points of the same direction case in Figure 23 appear to increase, reach 

a maximum, and then start to decrease. A 2
nd

 order polynomial was chosen as a fit, and a R
2
 value of 

0.758 was obtained. Thus the 2
nd

 order fit is an appropriate choice. 

 

Air blown in the same direction as the weld direction at 4 kW led to the deepest weld i.e. dmax= 4.17 

mm at approximately 20 m/s and 116  l/min while the weld depth at zero air velocity equaled 2.14 

mm. This is a significant increase of 2.03 mm. 

On the other hand, if air was blown in opposite direction, a high air velocity greater than 40 m/s and 

flow rate greater than 210 l/min would be needed to obtain a deep weld of 4 mm. 

So, the same direction case gave the best result since the deepest weld was obtained at lower air 

consumption.  

As suggested in section 1.1, high air speeds will decrease the weld quality by blowing the molten 

material way. Further research is needed to give a definite conclusion concerning this matter. 

 

In Figure 25 the data of the same direction case at 6 kW is split up into two parts because at low air 

speeds the depth displays an increasing trend while the depth at high air speeds seems to be relatively 

constant. The first data set lies between 0-10 m/s and the second data set lies between 20-35 m/s.  

 

 
Figure 25 Weld depth vs. airspeed at 6 kW while airflow was parallel to weld direction. 

Air blown in the same direction at 6 kW led to the deepest welds of approximately 5 mm while the 

depth at zero air velocity equaled 3.17 mm. This is an increase of 1.83 mm.  

Interesting is that this maximum depth is reached at Vair≈ 13 m/s and 44 l/min, yet stays relatively 

constant for higher velocities.  

For the opposite direction case, the weld depth equals 5 mm at approximately Vair= 34 m/s and 210 

l/min. So, the same direction case gave the best result since the weld was deepest at lower air 

consumption. 

If the discrete measurements are observed at low airspeeds between 0-6 m/s, air blown in opposite 

direction gave deeper welds compared to the same direction case. 

 

Both same direction cases at 4 and 6 kW gave increased depths of around 2 mm. The cross section of 

the welds at different air speeds is given in Figure 26. These cross sections belong to the same 

direction case. In Appendix 3 these cross sections are displayed with accompanying depths.   



22 

 

 
Figure 26 Cross sections at increasing air velocity at 6 kW. Air was blown in same direction as the weld 

direction.  

4.3 Application of an array of nozzles 
 

Previous results led to the following conclusions: 

 

- Air should be blown parallel to the weld because air that is blown perpendicular gives the 

shallowest depth.  

- When using one nozzle, the nozzle height should lie at 10 mm; if an array of nozzles is used, 

they should all lie above 10 mm.  

 

The objective of applying six nozzles was to obtain an air profile that was as flat as possible between 

the optical head and test piece surface.  This was achieved by placing the nozzles 200 mm away from 

the weld and increasing the flow rate. Since six nozzles were used, the maximum air consumption 

increased considerably in comparison with one nozzle i.e. the maximum flow rate equaled 

approximately 250 l/min at Vair= 6 m/s. During the measurements, the flow rate was varied between 

150-250 l/min, with intervals of 25 l/min. At flow rates below 150 l/min, the air profile contained 

regions with very low (nearly zero) velocity. 

  

 0 m/s  1.06 m/s  2.27 m/s  3 m/s  3.85 m/s  4.99 m/s 

 6.36 m/s  9.9 m/s  19.73 m/s 25.67 

m/s 

32.25 m/s  

m/s 

35.94 

m/s 
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Figure 27 and Figure 29 display the weld depth as a function of air velocity and flow rate. 

 

 
Figure 27 Weld depth vs. airspeed at 4 kW while airflow was parallel to weld direction; six nozzles were used. . 

 

In Figure 27 the linear fits show that the deepest welds were obtained when air blew in the same 

direction as the weld direction.  The deepest weld equaled 3.4 mm, while d0 was 2.14 mm; this is an 

increase of 1.26 mm. Also, the results in both directions do not differ much. 

Figure 28 displays the cross sections of the welds for the same direction case. In Appendix 3 these 

cross sections are displayed with accompanying depths. 

 

 
Figure 28 Cross sections at increasing air velocity at 4 kW. Air was blown in same direction as the weld 

direction. 
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When welding at 6 kW (Figure 29), the linear fits for both the same direction as the opposite direction 

case do not differ much. If discrete data points are observed, the weld depths are actually equal i.e. at 4 

and 5 m/s both cases give the same weld depth of 4.33 mm. So, for 6 kW no specific blowing direction 

can be suggested. The weld depth increased with 1.16 mm when compared to the depth at zero 

velocity. 

 

With six nozzles, there was less scatter in the d vs. Vair plot between 0-6 m/s than with one nozzle. If 

the discrete measurements in Figure 27 and Figure 29 are observed closely, there is actually a constant 

trend between 3 and 6 m/s.  

The weld depths in Figure 27 and Figure 29 were lower than in the one nozzle situation because the air 

velocity above the weld was too low to blow away the low refractive index zone.  

 

 
Figure 29 Weld depth vs. airspeed at 6 kW while airflow was parallel to weld direction; six nozzles were used. 

 

Unfortunately, the air pressure in the test cell was limited and the further course of the d vs. Vair plot 

could not be obtained. The maximum air velocity equaled around 6 m/s while the air consumption 

equaled 252 l/min. As seen in Figure 23 and Figure 25, interesting developments start to take place 

above 10 m/s.  Research at higher air velocities with six nozzles is thus strongly advised, and no 

optimal air consumption can be specified for the six nozzle case. 
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4.4 Longitudinal section of welds 
 

The weld depth in this report is continually measured in the cross (transverse) section, but additional 

insight is gained when viewing the longitudinal section of the weld. Particularly, the scattered weld 

depths in Figure 23 and Figure 25 (between 0-6 m/s) was investigated by viewing the longitudinal 

section. 

Figure 30 and Figure 31 each display two welds above each other i.e. the upper weld was obtained at 

zero air velocity and the lower weld was obtained by blowing air at approximately Vair ≈ 31.8 m/s and 

190 l/min with one nozzle at a height of 10 mm. 

 

 
Figure 30 Longitudinal section of welds with length of 20 mm and obtained at 4 kW. Upper weld is obtained at 

Vair=0 m/s and the lower weld is obtained at Vair ≈ 31.8 m/s and q = 190 l/min with one nozzle. (Both welds are 

displayed on the same scale) 

 

 
Figure 31 Longitudinal section of welds with length of 20 mm and obtained at 6 kW. Upper weld was obtained at 

Vair=0 m/s and the lower weld was obtained at Vair ≈ 31.8 m/s and q = 190  l/min. (Both welds are displayed on 

the same scale) 

 

Vair = 0 m/s  

Vair ≈ 31.8 m/s  

Vair = 0 m/s  

Vair ≈ 31.8 m/s  
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The fluctuating weld depth in above figures is thought to be the cause of the scattered measurements 

in Figure 23 and Figure 25. 

 

The welds at zero air velocity are relatively constant at first, and then start to decrease in depth. This is 

the case for both 4 and 6 kW. Defocusing and refraction of the Laser beam by heated air is assumed to 

be the cause. At the start of the weld surrounding air is not heated much, so there is little effect from 

this heated zone. But as the weld progresses to the right, the air above the weld is heated enough to 

defocus and refract the Laser beam considerably and affect the weld depth. 

 

In each of the below figures the maximal and minimal depth belonging to the longitudinal sections are 

displayed. 

 

 
Figure 32 Weld depths at 4 kW belonging to Figure 30. 

 

 
Figure 33 Weld depths at 6 kW belonging Figure 31. 
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Vair ≈ 31.8 m/s  
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At 4kW the weld depth decreases a little when air is blown, but the depth increases as the weld 

progressed to the right. 

At 6 kW the weld depth increased over the entire length when air was blown. Especially at the end of 

the weld, the increase in depth is significant when compared to the zero air velocity case.  

This effect was also proven in literature [2, 3], as is displayed in Figure 3 and Figure 4. Future 

research with longer welds and longitudinal sections should give more insight into the depth increase 

while blowing air. 

 

The experimental setup, as displayed in Figure 9 and Figure 14, had to be dismantled and constructed 

again quite frequently because of usage of the test cell by others. 

This caused some daily variations in the height of the nozzles and loosening of the fitting of the 

pressure tubes.  These defects were corrected as soon as they were discovered. 
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5 Conclusions and recommendations 

5.1 Conclusions 
 

After literature research, the following conclusions were drawn: 

 

- The low refractive index zone is the leading cause for the decrease in weld depth during fiber 

Laser welding. This zone defocuses and refracts the fiber Laser beam. 

 

- The atmosphere above the weld pool must be kept fresh to obtain deeper welds. Shielding 

gasses such as Helium are a good choice to blow away this index zone, but this report proves 

that application of cheaper gasses such as air is sufficient. 

 

- The low refractive index zone is a localized zone, so it is not required to blow air throughout 

the whole cell.  

 

- The size of the low refractive index zone changes strongly as time passes. So, a fixed rule for 

the optimal amount of air needed to obtain deeper welds, is not easily determined.  

 

In this report an experimental setup was designed and built to find the optimal air conditions. After 

analyzing the experimental results, the following conclusions were drawn: 

 

- At low power levels, air does not improve the weld depth, as is displayed in Figure 18. This is 

because the atmosphere above the weld pool is not heated significantly at low power level, 

thus the application of blowing air does not improve the weld depth.  

- From 4 kW upwards, blowing air does influence the weld depth. 

- The results in section 4.1 indicate that the deepest welds were obtained by blowing at a height 

of 10 mm above the test piece surface.  

- The application of air not only influences the weld depth, but also the appearance of the weld, 

as is displayed in Figure 19. 

- The plots in section 4.2 show that the weld depth increased 2.03 mm at 4 kW and 1.8 mm at 6 

kW while using a single nozzle. 

- If the fitted curves in section 4.2 are analyzed, the optimal amount of air needed for the 

deepest weld at 4 kW was 116 l/min at 20 m/s. While at 6 kW, the optimal amount of air was 

just above 44 l/min at 13 m/s. 

If the discrete measurements are studied at 4 kW (Figure 23), the optimal amount of air is 44 

l/min at 10 m/s.  

- With one nozzle, the air direction should be in the same direction as the weld.  

 

- The results from section 4.3 show that if six nozzles were used, the deepest welds were lower 

than with one nozzle because the air velocity was very low i.e. between 0-6 m/s. With six 

nozzles, the weld depth increased 1.26 mm at 4 kW and 1.16 mm at 6 kW when compared to 

the depth at zero velocity.  

 

- With six nozzles, there was less scatter in the d vs. Vair plot between 0-6 m/s than with one 

nozzle. Thus, these results are more reliable. If the discrete measurements in Figure 27 and 

Figure 29 are observed closely, there is actually a constant trend between 3-6 m/s.  

 

- Also, no specific blowing direction could be determined when using six nozzles, since the 

fitted curves nearly overlapped at 4 and 6 kW.  

 

- It is premature to accept these conclusions, concerning the array of nozzles, as a final result 

since measurements were only carried out at low velocities. 
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5.2  Recommendations 
 

Recommendations for further research 

 

- The influence of varying the welding speed while blowing air should be studied. 

- Longitudinal section of welds longer than 20 mm will give more insight into the influence air 

has on the weld depth. 

- By measuring the temperature of the atmosphere above the weld, the refractive index can be 

approximated, and a closed loop controller could be designed to control the air velocity  as  a 

function of the refractive index in order to obtain a desired  weld depth. 

 

Recommendations for AWL-Techniek 

 

- The application of air while welding with a fiber Laser has a significant influence on the 

welding depth. Therefore, AWL should continue to use an airflow in Laser welding. 

 

- A single nozzle works best at high air velocities above 10m/s and between 20-25 m/s the 

deepest welds were found (Figure 23 and Figure 25). 

 

Unfortunately, the air pressure in the test cell was limited, and no measurements were carried out at 

higher velocities with six nozzles. If the array of nozzles was positioned closer to the welds, the air 

velocity increased. But, in this situation, the air profile was discontinuous i.e. the air profile contained 

regions with very low (nearly zero) velocity. 

If future measurements are done at higher air velocities, the air consumption will be very high i.e. 

above 250 l/min.  

 

- Because of production applications, it is recommended to generate an air profile with a fan or 

airknife and not with an array of nozzles. The form of the air profile is hard to control with 

these devices, but both give a continuous air profile, and are not fed with pressurized air.  
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Appendices 

Appendix 1  Work plan 
 

 

  

Week Activity 

35 

Settling into the company 

Subject formulation 

Study company literature concerning robots and laser welding 

36 
Participate in company course: working in Lasercel (duration of two days) 

Start literature search and study 

37 Literature search and study 

38 Design and build experimental set up  

39 Measure and optimize experiment 

40 Measure and optimize experiment 

41 Measure and optimize experiment 

42 
Measure and optimize experiment 

Compare experiment results with literature  

43 Measure and optimize experiment 

44 Measure and optimize experiment 

45 Measure and optimize experiment 

46 Measure and optimize experiment 

47 Write report 

48 Company presentation 



32 

 

Appendix 2 Measurement devices 
 

Below table displays the used measurement devices. 

 

Device Type 

Control valve Festo GR-Q5-0 

Flow Sensor Festo SFAM-62-5000L-TG12-25V-M12 

Pressure Sensor Festo SPAB-P10R-G18-2P-M8 

Air Nozzle Silvent 961 

Fiber Laser IPG YLS 6000 

Laser Power Meter Primes PocketMonitor 70icu 

Microscope Novex RZT SF 65.560 

Anemometer Höntzsch HTA 
Table 3 Measurement devices. 
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Appendix 2.1 Control Valve 
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Appendix 2.2 Flow Sensor 
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Appendix 2.3  Pressure Sensor 

 

  



36 

 

Appendix 2.4  Air Nozzle 
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Appendix 2.5 Fiber Laser 
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Appendix 2.6  Laser Power Meter 

 

  



39 

 

Appendix 2.7 Microscope 

 

Microscope:   Novex trinocular zoom sterio microscope RZT SF 65.560 

  CMEX DC 5000 

  Colour USB2 Camera 

  Serial# 5219 

  euromex.com 
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Appendix 2.8  Anemometer 
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Appendix 3 Cross sections of welds 
 

 

Weld depths at zero velocity and 4 kW. The mean depth equals 2.14 mm. 
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Weld depths at zero velocity and 6 kW. The mean depth equals 3.17 mm. 
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Cross sections at increasing air velocity at 4 kW. Air was blown using six nozzles in same direction as 

the weld direction. See Figure 27 for the d vs. Vair plot. 

 

Vair= 3.2582 m/s    Vair= 3.9700 m/s 

 

 
 

 

 

Vair= 4.5264 m/s   Vair= 5.0000 m/s 

 

 
 

 

     

Vair= 5.8564 m/s 
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Cross sections at increasing air velocity at 6 kW. Air was blown using one nozzle in same direction as 

the weld direction. See Figure 25 for the d vs. Vair plot. 

 

Vair = 1.06 m/s 

 
 

Vair = 2.27 m/s 

 
 

Vair = 3 m/s 
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Vair = 3.85 m/s 

 
 

Vair = 4.99 m/s 

 
 

Vair = 6.36 m/s 
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Vair = 9.9 m/s 

 
 

Vair = 19.73 m/s 

 
 

 

Vair = 25.67 m/s 
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Vair = 32.25 m/s 

 
 

Vair = 35.94 m/s 
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Appendix 4 RAPID (Robot programming code) 
 
MODULE AirTestJetro 

 

PROC rMainJetro() 

 ! 

 r7LineTest; 

 !r1LineTest; 

 ! 

ENDPROC 

 

PROC r1LineTest() 

 

CONST laswelddata welddata1:= [50,500,0,0]; 

CONST robtarget pFirstPoint:= [[2097.84,-21.35,756.43],[0.00846848,0.705106,-0.709043,0.00347328],[-1,-2,0,1],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]; 

CONST AnyShapedata Line25mmOri := [[-11,0,0],[-10.5,0,0],[-

10,0,0],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALS

E],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[

0,0,0],FALSE],[[0,0,0],FALSE],[[10,0,0],TRUE],[12.2,0,0],1,2,FALSE]; 

   

rClearAllZone; 

  ! 

  InitICAP; 

  rInitLaser; 

  rLaserTriggSetup; 

   

   IF OpMode()=OP_AUTO THEN 

   ! 

   rLaserOn; 

   ! 

   ENDIF 

 

MoveAbsJ pR2HomeJoint,vMax,fine,tR2WeldGun; 

LasAnyShape 1, pFirstPoint, welddata1, Line25mmOri\rot:=0, v2500, zAnyShape, tR2WeldGun; 

MoveAbsJ pR2HomeJoint,vMax,fine,tR2WeldGun; 

 

  Reset doFiberSelection1; 

  Reset doFiberSelection2; 

  ! 

  rLaserOff; 
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  rLaserRequestOff; 

ENDPROC 

 

PROC r7LineTest() 

 ! Declaratie van constanten. 

  CONST laswelddata welddata1:= [80,5000,0,0];![snelheid,vermogen,focus,0] 

  CONST laswelddata welddata2:= [80,5000,0,0]; 

  CONST laswelddata welddata3:= [80,5000,0,0]; 

  CONST laswelddata welddata4:= [80,5000,0,0]; 

  CONST laswelddata welddata5:= [80,5000,0,0]; 

  CONST laswelddata welddata6:= [80,5000,0,0]; 

  CONST laswelddata welddata7:= [80,5000,0,0]; 

  CONST laswelddata welddata8:= [80,5000,0,0]; 

   

CONST AnyShapedata shapedata_40_15:= [[-10,-7.6,0],[-10,-6.6,0],[-10,-5.6,0],[[-10,-0.6,0],TRUE],[[-8,1.4,0],TRUE],[[8,1.4,0],TRUE],[[10,-0.6,0],TRUE],[[10,-

4.6,0],TRUE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0]

,FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[10,-5.6,0],1,2,FALSE]; 

  CONST AnyShapedata Line25mmOri := [[-11,0,0],[-10.5,0,0],[-

10,0,0],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALS

E],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[

0,0,0],FALSE],[[0,0,0],FALSE],[[10,0,0],TRUE],[12.2,0,0],1,2,FALSE]; 

  CONST AnyShapedata Line30mmOri := [[-16,0,0],[-15.5,0,0],[-

15,0,0],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALS

E],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[

0,0,0],FALSE],[[0,0,0],FALSE],[[15,0,0],TRUE],[17,0,0],1,2,FALSE]; 

  CONST AnyShapedata Line25mm := [[-11,0,0],[-10.5,0,0],[-10,0,0],[[-5.00,2.23,0],TRUE],[[0.00,0.00,0],TRUE],[[5.00,-

2.25,0],TRUE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,

0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[10,0,0],

TRUE],[12.2,0,0],1,2,FALSE]; 

  CONST AnyShapedata Line5mmOri := [[-3.5,0,0],[-3,0,0],[-

2.5,0,0],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FAL

SE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],[[0,0,0],FALSE],

[[0,0,0],FALSE],[[0,0,0],FALSE],[[2.5,0,0],TRUE],[4.5,0,0],1,2,FALSE]; 

     

  CONST robtarget pFirstPoint:= [[2127.27,-21.61,756.42],[0.00125695,0.705103,-0.709095,-0.003688],[-1,-2,0,1],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]; 

  !CONST robtarget pSecondPoint:= [[2127.27,-21.61,756.42],[0.00125695,0.705103,-0.709095,-0.003688],[-1,-2,0,1],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]; 

  VAR Num J{1}:=[1]; 

    

  ! Initialisatie van de Laser 

  rClearAllZone; 

  ! 

  InitICAP; 

  rInitLaser; 
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  rLaserTriggSetup; 

 ! 

  IF OpMode()=OP_AUTO THEN 

   ! 

   rLaserOn; 

   ! 

  ENDIF 

  ! 

  ! Robot beweging 

   MoveAbsJ pR2HomeJoint,vMax,fine,tR2WeldGun; 

   !v2500=snelheid waarmee robot naar het las toe beweegt 

   LasAnyShape 1, pFirstPoint, welddata1, Line25mmOri\rot:=0, v2500, zAnyShape, tR2WeldGun\Wobj:=Wobj0; 

   ! 

LasAnyShape 2, reltool(offs(pFirstPoint,-10,0,0),0,0,0\Rx:=5)\refNormal:=pFirstPoint, welddata2, Line25mmOri\rot:=0, v2500, zAnyShape, 

tR2WeldGun\Wobj:=Wobj0; 

   ! 

LasAnyShape 3, reltool(offs(pFirstPoint,-20,0,0),0,0,0\Rx:=10)\refNormal:=pFirstPoint, welddata3, Line25mmOri\rot:=0, v2500, zAnyShape, 

tR2WeldGun\Wobj:=Wobj0; 

   ! 

LasAnyShape 4, reltool(offs(pFirstPoint,-30,0,0),0,0,0\Rx:=15)\refNormal:=pFirstPoint, welddata4, Line30mmOri\rot:=0, v2500, zAnyShape, 

tR2WeldGun\Wobj:=Wobj0; 

   ! 

LasAnyShape 5, reltool(offs(pFirstPoint,-40,0,0),0,0,0\Rx:=20)\refNormal:=pFirstPoint, welddata5, Line25mmOri\rot:=0, v2500, zAnyShape, 

tR2WeldGun\Wobj:=Wobj0; 

   ! 

LasAnyShape 6, reltool(offs(pFirstPoint,-50,0,0),0,0,0\Rx:=25)\refNormal:=pFirstPoint, welddata6, Line25mmOri\rot:=0, v2500, zAnyShape, 

tR2WeldGun\Wobj:=Wobj0; 

   ! 

LasAnyShape 7, reltool(offs(pFirstPoint,-60,0,0),0,0,0\Rx:=30)\refNormal:=pFirstPoint, welddata7, Line25mmOri\rot:=0, v2500, zAnyShape, 

tR2WeldGun\Wobj:=Wobj0; 

   ! 

   MoveAbsJ pR2HomeJoint,vMax,fine,tR2WeldGun; 

 

  ! Uitzetten van de Laser 

  Reset doFiberSelection1; 

  Reset doFiberSelection2; 

  ! 

  rLaserOff; 

  rLaserRequestOff; 

ENDPROC 

ENDMODULE 
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Appendix 5 Matlab code 
 

 

 

File 1: depth_at_zero_air_velocity.M 

 

 
%% Mean depth at zero air velocity 

  
% The first 5 elements of the array are for 'oppossite direction' case,  
% the following 5 are for the 'same direction' case. And the last 4 

elements  
% are for 'perpendicular' case. 
% For 4 kW the following experiments were used: 
% experiment_2011_10_20_and_21_and_26_and_27. Also experiment 2011-11-8-3_5 
% experiment 2011-11-8-3_5_7 

  
d=[2.3;2.08;2.1;2.58;1.87;2.82;2.55;1.93;1.98;2.25;2.12;1.86;2.22;1.32]; 
d_average_4_kW=mean(d) 

  
% For 6 kW the following experiments were used: 
% 2011_11_8_3_6, 2011_11_8_3_8, 2011_11_10_2_9 and 2011_11_10_3_8 
d=[3.05;3.44;2.76;3.41]; 
d_average_6_kW=mean(d) 
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File 2: one_nozzle_2_kW.m 
 
%% One nozzle; 2kW; height=0/10/20/30 mm 
%% Airflow perpendicular to weld direction 

  
clear all;close all;clc; 

  
% Previous name of file: experiment_2011_10_13_and_14 
% Power=2 kW 
% Airflow perpendicular to weld direction; Height=0 
% Experiment: 2011_10_13_2 

  
d_average_2_kW=(1.36+1.64+1.53)/3;% d_average_2_kW= 1.51; 
% The average of only three welds is taken because the  weld depth at zero 
% velocity of 2011-10-14-2 was unclear and not measured. 

  
d           = [ 1.51,  0.83,   1.02,   1.22,   1.18, 1.02,     1.16]; 
V_measured  = [0,     1.39,   2.15,   3.03,   4.08,   5.16,   5.99]; 
axes('fontsize',25); 
plot(V_measured,d,'-s','MarkerFaceColor','b');hold on; 

  

  
% Airflow perpendicular to weld direction; Height=10 
% Experiment: 2011_10_13_3 

  
d           = [1.51, 1.17,   1.64,   1.52,   1.69,   1.51,   1.29]; 
V_measured  = [0,    1.1,    2.02,   3.14,   4.18,   5.18,   6.05]; 
plot(V_measured,d','-rs','MarkerFaceColor','r');hold on; 

  

  
% Airflow perpendicular to weld direction; Height=20 
% Experiment: 2011_10_14_1 

  
d           =[ 1.51, 1.38,   1.52,   1.35,   1.2,    1.34,   1.28]; 
V_measured  =[0,    1.1,    2.21,   3.1,    4.07,   5.02,   6.05]; 
plot(V_measured,d,'-gs','MarkerFaceColor','g');hold on; 

  

  
% Airflow perpendicular to weld direction; Height=30 
% Experiment: 2011_10_14_2 

  
d           =[1.51,    1.4,    1.65,   1.39,   1.26,   1.16,   1.03]; 
V_measured  =[0,    1.09,   2.19,   3.01,   4.04,   5.05,   6.08]; 
plot(V_measured,d,'-cs','MarkerFaceColor','c');hold on; 
% Since d is unmeasurable at V_measured=0, d= average of all other depths 
% when V_measured=o at different heights 

  
ylim([0 6]); 
legend({'h=0   mm','h=10 mm','h=20 mm','h=30 mm'}); 
xlabel({'V_{air} (m/s)'});ylabel('d (mm)'); 
title({'Airflow perpendicular to weld direction';'P = 2 kW';'V_{Laser} = 80 

mm/s'});grid on; 
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File 3: one_nozzle_4_h_equals_0_10_20_30.m 
 
%% One nozzle; 4kW; height=0/10/20/30 mm 
%% Air blowing perpendicular,opposite and in same diriction as weld 

  
close all;clear all; clc; 

  
% Airflow opposite to weld direction; Height=0 
% Experiment: 2011_10_20_1 

  
d           = [2.1414;2.05;2.45;2.68;2.59;2.76;2.68]; 
V_measured  = [0;1.04;2.03;3.15;4.05;5.07;5.93]; 
axes('fontsize',25);plot(V_measured,d,'-s','MarkerFaceColor','b');hold on; 

  
% Airflow opposite to weld direction; Height=10 mm 
% Experiment: 2011_10_20_2 

  
d           = [2.1414;2.96;3.24;3.03;2.69;2.75;2.89;]; 
V_measured  = [0;1.03;2.06;3.07;4.06;4.95;6.07]; 
plot(V_measured,d,'-rs','MarkerFaceColor','r');hold on; 

  
% Airflow opposite to weld direction; Height=20 mm 
% Experiment: 2011_10_21_1 

  
d           = [2.1414;2.65;1.88;2.73;2.70;2.92;2.6]; 
V_measured  = [0;1.14;2.08;3.13;4.26;5.13;5.91]; 
plot(V_measured,d,'-gs','MarkerFaceColor','g');hold on; 

  
% Airflow opposite to weld direction; Height=30 mm 
% Experiment: 2011_10_21_2 

  
d           = [2.1414;2.37;2.64;2.69;2.83;2.51;2.19;]; 
V_measured  = [0;1.05;2.05;2.98;4.07;5.05;5.98]; 
plot(V_measured,d,'-cs','MarkerFaceColor','c');hold on; 

  
ylim([0 6]); 
legend({'h=0   mm','h=10 mm','h=20 mm','h=30 mm'}); 
xlabel({'V_{air} (m/s)'});ylabel('d (mm)'); 
title({'Airflow opposite to weld direction';'P = 4 kW';'V_{Laser} = 80 

mm/s'});grid on; 

  
% Airflow parallel (same direction) as weld direction; Height=0 mm 
% Experiment: 2011_10_26_1 

  
figure(2); 
d           = [2.1414;1.92;2.06;2.13;2.40;2.10;2.66;]; 
V_measured  = [0;1.32;2.18;3.36;4.09;5.3;6.16]; 
axes('fontsize',25);plot(V_measured,d,'-s','MarkerFaceColor','b');hold on; 

  
% Airflow parallel (same direction) as weld direction; Height=10 mm 
% Experiment: 2011_10_26_2 

  
d           = [2.1414;1.73;2;2.2;2.21;3.07;3.24]; 
V_measured  = [0;1.19;2.15;3.15;4.18;5.06;6.25]; 
plot(V_measured,d,'-rs','MarkerFaceColor','r');hold on; 

  
% Airflow parallel (same direction) as weld direction; Height=20 mm 
% Experiment: 2011_10_26_3 



58 

 

  
d           = [2.1414;1.76;2.03;1.54;2.17;2.66;2.76]; 
V_measured  = [0;1.19;1.98;3.24;3.98;5.12;6.07]; 
plot(V_measured,d,'-gs','MarkerFaceColor','g');hold on; 

  
% Airflow parallel (same direction) as weld direction; Height=30 mm 
% Experiment: 2011_10_26_4 

  
d           = [2.1414;2.01;2.05;2.49;2;1.86;2.08]; 
V_measured  = [0;1.1;2.07;3.2;4.07;5.22;5.98]; 
plot(V_measured,d,'-cs','MarkerFaceColor','c');hold on; 

  
ylim([0 6]); 
legend({'h=0   mm','h=10 mm','h=20 mm','h=30 mm'}); 
xlabel({'V_{air} (m/s)'});ylabel('d (mm)'); 
title({'Airflow in same direction as weld direction';'P = 4 kW';'V_{Laser} 

= 80 mm/s'});grid on; 

  
% Airflow perpendicular to weld direction; Height=0 mm 
% Experiment: 2011_10_27_1 

  
figure(3); 
d           = [2.1414;2.27;2.03;2.46;2.59;2.38;2.38]; 
V_measured  = [0;1.19;1.90;3.33;4.15;5.17;6.16]; 
axes('fontsize',25);plot(V_measured,d,'-s','MarkerFaceColor','b');hold on; 

  
% Airflow perpendicular to weld direction; Height=10 mm 
% Experiment: 2011_10_27_2 

  
d           = [2.1414;2.22;1.86;2.7;2.31;2.29;2.34]; 
V_measured  = [0;1.19;2.38;3.04;4.04;5.08;6.06]; 
plot(V_measured,d,'-rs','MarkerFaceColor','r');hold on; 

  
% Airflow perpendicular to weld direction; Height=20 mm 
% Experiment: 2011_10_27_3 

  
d           = [2.1414;2.14;2.16;2.44;1.84;2.16;2.27]; 
V_measured  = [0;1.17;2.13;3.14;4.05;5.05;6.1]; 
plot(V_measured,d,'-gs','MarkerFaceColor','g');hold on; 

  
% Airflow perpendicular to weld direction; Height=30 mm 
% Experiment: 2011_10_27_4 

  
d           = [2.1414;2.04;2.47;2.18;2.20;2.16;1.98;]; 
V_measured  = [0;1.1;2.05;3.02;4.14;5.04;6.09]; 
plot(V_measured,d,'-cs','MarkerFaceColor','c');hold on; 

  
ylim([0 6]); 
legend({'h=0   mm','h=10 mm','h=20 mm','h=30 mm'}); 
xlabel({'V_{air} (m/s)'});ylabel('d (mm)'); 
title({'Airflow perpendicular to weld direction';'P = 4 kW';'V_{Laser} = 80 

mm/s'});grid on; 
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File 4: one_nozzle_4_and_6_kW_parallel_air_direction.m 

 
%% One nozzle; 4 and 6 kW; height= 10 mm 
%% Air direction parallel (opposite and same direction) 

  
clear all;close all;clc; 
%% Power= 4 kW and one nozzle 

  
% Airflow opposite to weld direction; Height=10 mm 
% Experiment: 2011_10_20_2 for 0-6 m/s 
%             2011_11_10_1 for 10 and 20 m/s 
%             2011_11_7_2  for 20-30 m/s 

  
d           = 

[2.1414;2.96;3.24;3.03;2.69;2.75;2.89;3.19;2.75;3.18;3.33;3.7]; 
V_measured  = 

[0;1.03;2.06;3.07;4.06;4.95;6.07;10.24;19.73;27.73;29.14;31.8]; 
[c1,gof1] = fit(V_measured,d,'poly1') 
axes('fontsize',22); 
plot(V_measured,d,'s','MarkerFaceColor','b');hold on;plot(c1,'b'); 

  
% Airflow parallel (same direction) as weld direction; Height=10 mm 
% Experiment: 2011_10_26_2 for 0-6 m/s 
%             2011_11_10_1 for 10 and 20 m/s 
%             2011_11_7_1  for 20-30 m/s 

  

  
d           = [2.1414;1.73;2;2.2;2.21;3.07;3.24;4.1;4.17;3.48;2.86;3.51]; 
V_measured  = [0;1.19;2.15;3.15;4.18;5.06;6.25;9.9;19.73;28.7;32.25;35.94]; 
[c2,gof2] = fit(V_measured,d,'poly2') 
plot(V_measured,d,'ro','MarkerFaceColor','r');hold on;plot(c2,'r'); 

  
ylim([0 6]) 
xlabel('V_{air} (m/s)');ylabel('d (mm)'); 
legend(' Opposite direction',' Linear fit \newline R^2=0.4047',' Same 

direction',' 2^{nd} order polynomial fit \newline R^2=0.7584'); 
title({'Airflow parallel to weld direction using 1 nozzle';'P = 4 

kW';'V_{Laser} = 80 mm/s'});grid on; 

  

  
%% Power= 6 kW and one nozzle 

  
% Airflow opposite to weld direction; Height=10 mm 
% Experiment: 2011_11_10_3 for 0-6 m/s 
%             2011_11_10_1 for 10 and 20 m/s 
%             2011_11_7_2  for 20-30 m/s 

  
d           = 

[3.165;3.66;4.07;3.51;3.25;4.11;3.97;3.71;4.24;4.5;4.98;4.91]; 
V_measured  = [0;1.15;2.27;3;3.85;4.99;6.36;10.24;19.73;27.73;29.14;31.8]; 
[c3,gof3] = fit(V_measured,d,'poly1') 
figure; 
axes('fontsize',22); 
plot(V_measured,d,'s','MarkerFaceColor','b');hold on;plot(c3,'b'); 

  
% Airflow parallel (same direction) as weld direction; Height=10 mm 
% Experiment: 2011_11_10_2 for 0-6 m/s 
%             2011_11_10_1 for 10 and 20 m/s 
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%             2011_11_7_1  for 20-30 m/s 

  
d           = 

[3.165;3.37;2.49;2.61;3.6;4.01;3.05;4.96;4.88;5.22;4.81;5.02]; 
V_measured  = [0;1.06;2.27;3;3.85;4.99;6.36;9.9;19.73;25.67;32.25;35.94]; 
[c4,gof4] = fit(V_measured(1:8),d(1:8),'poly1') 
[c5,gof5] = fit(V_measured(9:12),d(9:12),'poly1') 

  
plot(V_measured,d,'ro','MarkerFaceColor','r');hold on;plot(c4,'r');hold on; 
plot(c5,'r'); 

  
ylim([0 6]) 
xlabel('V_{air} (m/s)');ylabel('d (mm)'); 
legend(' Opposite direction',' Linear fit \newline R^2=0.7681',' Same 

direction',' Linear fit Sloping line \newline R^2=0.4868',' Linear fit Flat 

line \newline R^2=0.0013'); 
title({'Airflow parallel to weld direction using 1 nozzle';'P = 6 

kW';'V_{Laser} = 80 mm/s'});grid on; 
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File 5: six_nozzle_4_and_6_kW.m 

 
%% Six nozzles; 4 and 6 kW 
%% Air direction parallel (opposite and same direction) 

  
clear all;clc;close all; 
% 11 air measurements were done in the air profile above the weld.  
% Also, the same amount of flow measurements were carried out. 
% Lastly, the mean of these velocities and flow rates was determined 
% ( see paragraph 3.2 of report) 

  
%% Measurements carried out with 6 nozzles 
% Experiment: 
% 

2011_11_7_3_and_2011_11_7_4_and_2011_11_8_1_and_2011_11_8_2_and_2011_11_8_3

(without 
% mill) 

  
% Mean of flow rate and velocity for experiment 2011_11_7_3 
Sigma_v_1   =mean([143,148,150,138,134,144,150,139,148,141,152]); 
V_air_1     =mean([5.93;0.24;5.31;1.1;4.87;1.16;4.38;0.69;6.06;0.21;5.89]); 

  
% Mean of flow rate for experiment 2011_11_7_4 
Sigma_v_2   =mean([186,192,177,188,184,179,179,184,189,189,188]); 
V_air_2     =mean([6.9;0.45;6.38;1.88;5.9;1.44;4.89;2.22;5.36;1.16;7.09]); 

  
% Mean of flow rate for experiment 2011_11_8_1 
Sigma_v_3   =mean([208,196,200,201,211,208,195,196,201,204,208]); 
V_air_3     

=mean([7.73;0.74;7.72;2.19;6.72;2.15;5.94;2.14;5.52;1.47;7.47]); 

  
% Mean of flow rate for experiment 2011_11_8_2 
Sigma_v_4   =mean([222,227,220,210,228,221,224,221,223,215,220]); 
V_air_4     =mean([8.37;0.99;8.49;2.46;6.87;2.15;6.02;3.13;6.6;1.5;8.42]); 

  
% Mean of flow rate for experiment 2011_11_8_3 
Sigma_v_5   =mean([245,241,262,255,257,260,263,251,251,242,242]); 
V_air_5     =mean([10.05;1.12;9.8;2.44;8.61;2.74;7.71;3.39;7.7;1.4;9.46]); 

  
% Measurements at 4 kW 
% Opposite direction 

  
d           = [2.1414;3.09;3.05;3.01;2.86;3.1]; 
V_air       = [0;V_air_1;V_air_2;V_air_3;V_air_4;V_air_5]; 
Sigma_v_measured=[Sigma_v_1;Sigma_v_2;Sigma_v_3;Sigma_v_4;Sigma_v_5]; 

  
[c1,gof1] = fit(V_air,d,'poly1') 
axes('fontsize',22);plot(V_air,d,'s','MarkerFaceColor','b');hold 

on;plot(c1,'b');hold on; 

  
% Measurements at 4 kW 
% Same direction 

  
d           = [2.1414;3.17;3.16;3.40;3.22;3.1]; 
V_air       = [0;V_air_1;V_air_2;V_air_3;V_air_4;V_air_5]; 
Sigma_v_measured=[Sigma_v_1;Sigma_v_2;Sigma_v_3;Sigma_v_4;Sigma_v_5]; 

  
[c2,gof2] = fit(V_air,d,'poly1') 
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plot(V_air,d,'ro','MarkerFaceColor','r');hold on;plot(c2,'r') 

  
xlim([0 6]);ylim([0 6]); 

  
xlabel('V_{air} (m/s)');ylabel('d (mm)'); 
legend(' Opposite direction',' Linear fit \newline R^2=0.7341',' Same 

direction',' Linear fit \newline R^2=0.7470'); 
title({'Airflow parallel to weld direction using 6 nozzles';'P = 4 

kW';'V_{Laser} = 80 mm/s'});grid on; 

  
% Measurements at 6 kW 
% Opposite direction 

  
d           = [3.1650;4.13;4.25;4.29;4.33;4.05];%d = [4.13;4.25;4.29;4.33]; 
V_air       = [0;V_air_1;V_air_2;V_air_3;V_air_4;V_air_5]; 
Sigma_v_measured=[Sigma_v_1;Sigma_v_2;Sigma_v_3;Sigma_v_4;Sigma_v_5];%Sigma

_v_measured=[Sigma_v_1;Sigma_v_2;Sigma_v_3;Sigma_v_4;]; 

  
[c3,gof3] = fit(V_air,d,'poly1') 
figure; 
axes('fontsize',22);plot(V_air,d,'s','MarkerFaceColor','b');hold 

on;plot(c3,'b');hold on; 

  
% Measurements at 6 kW 
% Same direction 

  
d           = [3.1650;4.16;4.33;4.11;4.10;4.16]; 
V_air       = [0;V_air_1;V_air_2;V_air_3;V_air_4;V_air_5]; 
Sigma_v_measured=[Sigma_v_1;Sigma_v_2;Sigma_v_3;Sigma_v_4;Sigma_v_5]; 

  
[c4,gof4] = fit(V_air,d,'poly1') 
plot(V_air,d,'ro','MarkerFaceColor','r');hold on;plot(c4,'r'); 

  
xlim([0 6]);ylim([0 6]) 

  
xlabel('V_{air} (m/s)');ylabel('d (mm)'); 
legend(' Opposite direction',' Linear fit \newline R^2=0.7378',' Same 

direction',' Linear fit \newline R^2=0.7319'); 
title({'Airflow parallel to weld direction using 6 nozzles';'P = 6 

kW';'V_{Laser} = 80 mm/s'});grid on; 

  

  

  

 

 


