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Abstract 
 
During laser welding of overlapping zinc-coated steel sheets typically blowouts as a defect can 
occur. They can be crucial to the mechanical performance and to the optical appearance of the 
product. In the present research approved regions are compared to regions where the blowouts are 
in majority. Time-dependent radiation is captured with a commercial photodiode monitoring 
system in three different wavelengths ranges, 400-600 nm, 1100-1800 nm and 1064 nm, 
corresponding to metal vapour emissions, surface temperature emissions and reflected laser light, 
respectively. Accompanying high speed imaging as well as mathematical modelling of the 
process emissions was carried out, enabling combined analysis. Different gap widths and laser 
beam positions were studied.  
 
From imaging, surface elevations of the melt indicate a Zn-bubble formation that travels to the 
rear part of the melt pool before it breaks through, often completely separated from the keyhole. 
The escaping vapour ejects melt and causes a significant crater, if not flooded with melt again. 
Although this violent surface event is clearly visible, it was hardly found in the temperature 
sensor signal. The separate mechanisms that can be responsible for the lack of contribution of the 
dynamic blow-out formation to the emissions generating the photodiode signal are discussed, e.g. 
melt surface geometry changes, drops, temperature and emissivity changes, the role of the Zn-
vapour and the detection area of the sensor. This study demonstrates that obvious defects can 
sometimes be hard to detect on-line. 
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1. Introduction 
 
In the car manufacturing industry zinc coated steel sheets are a common construction material 
used mainly for the car body parts. Requirements for an improved corrosion resistance have led 
to an increasing fabrication with zinc-coated steels. Zinc-coated steel has shown excellent 
corrosion properties which are commonly used in the automotive and electrical industries. Due to 
the increasing requirements of consumers for improved corrosion protection of car bodies the use 
of zinc coated steels has increased in the automotive industry. At the same time the coating 
thickness was reduced. In 1975 the cosmetic life of a car body was only 18 months. Up until 
recently a car was expected to be perforation protected for 10 years and cosmetically protected 
for 5 years. The future requirements demand that the car body has a cosmetic life of over 10 years 
and a lifetime protection against perforation. This is possible using more coated steels, therefore 
the amount of this type of steel is steadily increasing in car bodies. Laser welding is being used 
more widespread and taking over as a main welding method in the car manufacturing industry. 
The most used process to join two sheets of metal has been resistance spot welding [1] for several 
decades. Zn-coated steel can cause difficulties during welding, particularly during laser beam 
welding. The main types of welding defects are described in Table 1 [2]. For laser welding of 
Zn-coated steel blowouts and pores are predominant defects because of the fact that zinc has a 
boiling temperature of 907°C while steel has a melting temperature of 1530°C. This discrepancy 
in temperature makes the zinc coating melt and vaporise before the steel melts and therefore, in 
the case of overlap welding, zinc gas can be trapped inside the keyhole, see Fig. 1. The vaporised 
zinc flows inside the keyhole and expands rapidly in the volume, creating a gas jet that disturbs 
the meltpool flow. This is shown by Fabbro et. al. [3], modelling the ejection of zinc gas into the 
keyhole. 
 
Table 1: Common welding defects and possible explanation of their physical cause [2] 
 

Defect Explanation of the physical cause 
Pore 
Void 

Spherical gas bubble trapped by solidifying material 
Sharp edged volume caused by impurities or during resolidification 

Blow-out Caused by a near surface pore that opens and forms a crater 
Crack H/C Hot cracks are formed during solidifying in welded zone 

Cold cracks can form after welding, often in HAZ 
Undercut Not enough material in upper weld zone, depends on speed, power and 

gap 
Root dropout Too much molten material in lower weld zone 
Penetration Joint not completely penetrated, depends on oxidation, gas protection,  

contamination of gas or fluctuation of laser power 
Lack of fusion The laser misses the joint, partially or fully 
Reinforcement Too much material in upper weld zone, fluctuation of gap width 

 
To overcome the problems when laser welding zinc coated steel numerous approaches have been 
developed, in particular by optimising the process parameters with the equipment and setup at 
hand [4-6]. Another approach is to introduce other elements in the weld-zone to change the 
behaviour of the melt and suppress the zinc’s ability to violently vaporise and disturb the melt 
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pool. By adding thin sheets of aluminium foil between the two steel sheets, shown by Li et al [7], 
it is possible to make the liquid zinc and liquid aluminium to chemically form a more temperature 
stable solution. This Zn-Al solution has the advantage of minimising the amount of zinc vapour 
released into the keyhole and therefore a better weld quality is achieved. A drawback with this 
method is that there can be some interaction between the aluminium and steel that alloys the weld 
but it is seen as unlikely to happen.  
 
  
 

 

Fig. 1: Overlap configuration with 
full penetration welding, showing the 
problem area 

Fig. 2: Zinc degassing between sheets through keyhole 
 

 
It is also possible to geometrically change the joint before welding to produce a weld that can 
evacuate zinc vapour effectively. Often applied is to ensure a constant gap in overlap 
configurations, thus creating a channel where the Zn can escape. One method of joint preparation 
was tested by Chen et al. [8] Vent holes were produced that simplified the escape of zinc-vapour, 
thus producing approved welds. However, this is also a method where the joint preparation costs 
might be quite high. By using a hybrid welding solution it is possible to get stable conditions as 
the laser beam stabilises the MAG-arc as shown by Matsusaka et al [9]. Milberg et al [10] and 
Xie et al [11] presented a method where they use dual laserbeams to alter the interaction between 
the zinc vapour and the welding process. By changing the way the zinc evaporates with the help 
of an extra laser beam it is possible to achieve welds that are free of defects. Schmidt et al [12] 
successfully tried to modulate the laser beam power by measuring the process oscillations and 
tuning the laser power to avoid defects occurring. Loredo et al [13] explains with models how the 
zinc behaves and also shows the successful use of dual laser beam welding where they remove 
the zinc layer the same way as Milberg et al [10].  

2. Method 
The present work results from tests with zinc layered, 10μm thick, steel sheets, 0.8mm thick, that 
were edge welded in an overlap configuration, see Fig. 3a. Different methods of welding to avoid 
defects were used to gain knowledge about the zinc coating interaction with the meltpool and 
keyhole. Some of the tests were accompanied by high-speed imaging and a photodiode 
monitoring system simultaneously, see Fig. 4. This setup enables to observe the process 
mechanisms and at the same time measure the radiation in different wavelength ranges. In the 
present study we mainly look at the reflected laser light-diode (1064nm) and the IR-diode 1100-
1800nm. For high speed imaging the process was illuminated using a pulsed diode laser at the 
wavelength of 810nm. All the light coming from the process was blocked with a filter in front of 
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the camera so only the laser illumination light hits the camera sensor. This setup enabled us to 
clearly see the keyhole and the meltpool during welding. 
 

 

 

 

 

 
 

Fig. 3: (a) A Edge welded overlap joint 
            (b) B Overlap joint with gap 
            (c) C Edge welded overlap joint    
                 with angle 
           (d) D Overlap joint with foil between 

Fig. 4: Test setup with high speed imaging and a 
monitoring system 

3. Results 
3.1 Studying various gap situations 
 
From the tested welds a series of results were obtained. The first test was to find optimum 
parameters for four different ways of welding an overlap joint. The four tests were A1-A3 which 
was a standard setup of an overlap joint with two sheets clamped together as in Fig. 1 and 
Fig. 3a. B1-B6 tried different constant gap widths, Fig. 3b. The third test, C1-C3, was performed 
with an angle between the sheets, Fig. 3c, and the fourth test, D1-D10, Fig. 3d, used an 
aluminum foil of different thicknesses between the two sheets of metal (to bind the Zn-
chemically, thus avoiding its evaporation). A summation of the test parameters is shown in 
Table 2. In all cases the laser power (Nd:YAG-laser, guided through a 600 µm fibre) is set to 
3kW and the same optics are used, 200mm focal length. 

A 

B 

C 

D 
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For the first test the best possible results regarding the amount of spatter and weld bead 
appearance were found by changing the welding speed. Fig. 5 shows the good welds for the 
different setups and for the A setup it is a speed of 3m/min (A2) that produces an approved weld. 
Blowouts and spatter are produced when the speed is raised to 4m/min (A3) and when the speed 
is decreased by 0.5m/min to 2.5m/min (A1) the amount of spatter increases again.  
When trying the gap approach B, it was evident that the process was more stable and it was 
possible to increase the speed to 5m/min without creating any blowouts, although the amount of 
spatter increased. To use gaps above 0,2 mm increases the risk of getting undercuts and a weld 
that has a top weld bead that would not be approved. The B4 weld was the best in this case but 
was only slightly better than B1 as it had somewhat less spatter. 
When trying different sheet angles it also gave improved weld bead appearance, the 2 degree tilt 
shows the best resulting weld. For this test the laser focal point was placed on the edge of the top 
sheet, giving an edge welded overlap joint, Fig. 3c. 
By using a thin aluminum foil to give a more advantageous welding situation was also tried. In 
the test the best results were obtained when using a 50 μm thick foil, Fig. 5(D8). 
 
Table 2: Experimental setup for different 
approaches 

 

No. Speed 
(m/min) 

Gap 
(mm) 

Sheet 
angle 
(°) 

Al. foil 
thickness
(μm) 

A1 2.5 - - - 
A2 3 - - - 
A3 4 - - - 
B1 3 0,1 - - 
B2 4 0,1 - - 
B3 5 0,1 - - 
B4 3 0,2 - - 
B5 4 0,2 - - 
B6 5 0,2 - - 
C1 3 - 1 - 
C2 3 - 2 - 
C3 3 - 3 - 
D1 2,5 - - 20 
D2 3 - - 20 
D3 4 - - 20 
D4 4,5 - - 20 
D5 5 - - 20 
D6 2 - - 40 
D7 3 - - 50 
D8 4 - - 50 
D9 5 - - 50 
D10 2 - - 50  

  
 
 

  
 

 
 
 

 
 
 

 
 

 Fig. 5: Top weld bead for the different cases 

A1 

A3 

c

A2 

B4 

C2 

D8 

c



 

 6

 
3.2 Deeper study of a selected case 
 
The next series of tests were performed using a high speed camera that was set to 4000 frames 
per second. The camera was setup so that it filmed at a 45° degree angle from the side, with the 
welding process keyhole to the left and meltpool to the right in the still images, Fig. 6. 
 

 
Fig. 6: Explanation of the camera image (camera tilted 45 degree sidewards) 
 
Fig. 7, shows the resulting weld pointing out the three places for Mode I-III. Along the weld there 
is a continuous stream of blowout defects. 
 

 
Fig. 7: Resulting weld (top view) 
 
In Fig. 8 three high speed imaging series are presented, causing the same blowout defect but by 
different mechanisms. In Fig. 9, the three modes I, II and III is explained schematically. 
In Mode I, Fig. 8(a-f) the defect starts with a pillar rapidly arising 1,5mm behind the keyhole 
having a diameter of 1mm and an approximate height of 1,5 to 2mm. Shortly after appearing the 
pillar explodes, leaving a small hole that is able to be refilled from the surrounding meltpool. The 
time frame for Mode I is 4 ms. 
Mode II, Fig. 8(g-l), shows a slower buildup of a much larger bubble. It expands during a time 
period of 6,75 ms. The complete defect creation takes approximately 20 ms. Mode II also creates 
a larger blowout where the meltpool cannot refill and therefore the blowout remains as the weld 
solidifies. 
Mode III, Fig. 8(m-r), starts with a fast build up of a smaller bubble that creates a small blowout, 
directly after the meltpool has refilled the blowout it explodes in a much larger blowout, Fig. 
8(q), this blowout also cannot be refilled by the melt and therefore it remains after solidification. 
This defect is created during 5,75 ms.  
During the complete weld these three situations are repeated and this creates a weld bead that has 
a poor visual appearance and a lower resistance to failure in the welded area. 

Keyhole Melt pool boundary Upper sheet 

Lower sheet Specular reflections 

Mode I 

Mode II 

Mode III 

A3 

A3 Blowouts 
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Fig. 8: High speed imaging sequence showing three different types of blowout situations 
(a-r) 

Fig. 9: Explanation of Mode I-III 
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This weld was also monitored with a photodiode system giving us a possibility to save radiation 
data from two sensors, IR 1100-1800nm and reflected laser light, 1064nm. The data are sampled 
at 8000Hz. The sampled data are presented in Fig. 10. 
The sampled data are filtered in different ways depending on which sensors are used. The 
reflected laser light (R) –sensor has a sharp band pass filter and the data are not filtered as low as 
the IR (T) –sensor. The difference in filtering can be seen in Fig.10, as the T curve seems 
smoother than the R curve.  
The weld is completed in approximately 1 second and the reduction of the R-signal at 8000 
samples indicates that the weld is finished and the NC-equipment has halted, although the power 
is still on so the laser beam burns through the material creating a hole. At 9800 samples the 
power is cut off and the power signal drops to zero. 
The vertical thick lines in Fig. 10 shows where there are defects in the surface and also where in 
the signal the defects occurs. There are only two of the defects that can be correlated to the signal 
but the connection is not clear.  
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Fig. 10: Sampled data from photodiode monitoring system 
 
In Fig.11, an explanation of the signal behaviour is tried. As the keyhole seems to be quite stable 
during the defect formation the R signal will not detect any signal change, this can clearly be seen 
in Fig. 10, where only 2 of 10 defects can be correlated to a signal peak. Also for the T signal 
there is no obvious change in signal level during the defect formation, this can be explained by 
the fact that the detection area of the sensor is placed to close to the keyhole and therefore the 
formation of the defect happens partly or fully outside the detectable area of the sensor. It can 

T
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R
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also be dependant on that the emissivity and the temperature changes in such a way that the 
emissions stay the same although there is a visible change in the surface topology.  
 
 

 
Fig. 11: Explanation of the emissions from the keyhole and meltpool 

4. Conclusions 
A list of conclusions is presented from the above results: 
   

• The amount of data samples during a Mode II blowout is approximately 80 but as the data 
are filtered the changes are smoothened out. This also creates a delay in the signal data 
and therefore the T-signal with these setting in the software is unusable. 

• The R-signal is also filtered but not in the same way as the T-signal, giving this signal the 
possibility to detect blowouts. This is not the case as the keyhole geometry is virtually 
unchanged during a blowout defect. 

• In all three situations the defect is created behind the keyhole and also at the edge of the 
detection area of the sensors. 

• For this type of weld the three modes appear repeatedly during the whole weld. 
• The weld speed can be increased when using method B, C or D. 
• Using the B, C and D method when welding increases the complexity of the joint 

preparation. 
• Adding other element in the weld zone can affect the weld properties negatively. 
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