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Laser welding of body structures is very popular in auto industry today, especially lap welding of 
steels coated with zinc. Zinc provides necessary corrosion protection to the auto body structure, 
however the same material due to its lower boiling point creates undesirable effects during laser 
welding. This paper first describes problems associated with laser welding of such material and the 
limitations of current methods used in auto industry. This is followed by the description of a new 
zero-gap, alloying based technique for producing better welds. In addition, a method for in-process 
quality monitoring of such welds is also discussed. The work presented here was carried out keep-
ing in mind its implementation feasibility on actual production floors.  
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1. Introduction 
      Automobile manufacturing in United States is a multi 
billion dollar industry. In year 2003, 16.9 million vehicles 
were manufactured in all and the sales figure reached 
$314.3 billion mark [1]. With current infrastructure and 
state of technology, zinc-coated steel is a material of choice 
in automobile industry for body fabrication. Such steels are 
formed and/or joined to make the best looking cars of today. 
Out of the many processes involved in body fabrication, 
welding is a crucial one. It is significantly used in auto 
companies worldwide. The quality of welds made on 
automobile body panels is critical to both the customer and 
the automaker. Over the years welding technology has de-
veloped from more conventional ones like gas, arc and re-
sistance types to more unconventional but flexible ones like 
laser beam welding. Owing to the dynamic nature of auto 
industry, a high degree of flexibility in manufacturing 
processes is always desirable. That’s why processes like 
laser welding have become quite popular in auto industry 
today. A typical auto body welding using a high power 
laser is shown in Figure 1.   
 

 
 

Fig. 1 Laser welding of auto body  
 

      While zinc provides excellent corrosion resistance to 
steel, it plays a negative role during laser welding. Owing 

to its low boiling point of 907 deg. C, it is present in explo-
sive vapor form during fusion welding (T > 1530 deg. C, 
melting point of steel). This violent vaporization of zinc 
creates undesirable spattering of the weld metal and exten-
sive porosity in the weld after solidification. In other words, 
there is a relation between quality of a weld and amount of 
zinc present in vaporized state during welding.  
 
The porosity problem is more significant in lap welds, 
which is a preferred weld type for auto body fabrication. 
Figure 2 shows the nature of spattering and porosity ob-
served after welding. Thus, the scrap rate in laser welding 
of zinc-coated is always high and automakers have to incur 
material losses for maintaining superior quality. This fact 
provides a strong motivation for understanding laser weld-
ing of zinc-coated steel. 
 

 
 

Fig. 2 Spattering and porosity in zinc-coated steel weld 
 

1.1 Background on laser welding of zinc-coated steel 
        The very first studies undertaken in order to overcome 
the problem of explosive vaporization of zinc used multi-
kilowatt CO2 lasers. Heyden et.al [2] reported successful 
production of visually acceptable full-penetrated welds 
with no root opening using the pulsed method for 2.5 kW 
CO2 lasers. Subsequently, Hurley et.al [3] too reported a 
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success. However, in both the works the welds produced 
were under a very small range of processing parameters 
and the effect of laser processing parameters on the quality 
of the welds were not studied in detail. The use of a con-
tinuous wave (CW) laser on a joint with no clearance be-
tween sheets, carried out by Bilge et.al [4] from General 
Motors, was patented as a new way of welding zinc-coated 
steel with a CO2 laser. The innovative characteristic about 
this work was that the sheets were moved vertically while 
the laser beam moved horizontally during welding. How-
ever, the main disadvantage of the system was that it re-
quired very precise control in the movements of both the 
laser and sheets.  

        Pennigton et.al [5] proposed the use of prior zinc re-
moval technique in the welding zone. They described a 
method of treating the sheets in the weld areas and replac-
ing the zinc coating with nickel coating. Nickel was ex-
pected to vaporize less than zinc at the melting point of 
steel. Moreover, the zinc-nickel and steel-nickel interfaces 
were not expected to undergo adverse electrochemical 
changes. The prohibitive cost of this additional processing, 
however, acted as a major hindrance for the wide-spread 
acceptance of this method.  

        A joint clearance method, reported by Akhter et.al [6, 
7], utilized spacers between sheets to provide a path for 
venting gas formed during the laser welding. The required 
size of the gap was calculated from the volume of the zinc 
vapor to be exhausted. Bagger et.al [8] also studied the 
process behavior during high power CO2 laser welding of 
zinc-coated steel using the gap method. They reported that 
a gap ranging from 0.04 to 0.15 mm (for single mode laser 
beams) and 0.04 mm to 0.09 mm (for multimode laser 
beams) produced high strength and homogeneous welds. 
Kennedy et. al [9] and Graham et.al [10] used pulsed 
Nd:YAG laser for welding zinc coated steel, and reported 
that such lasers were limited in power output. In other 
words, the processing speeds for real time applications 
were very slow. Graham however found that an optimum 
gap still produced good welds.  In another work related to 
the gap model, an altered joint geometry technique was 
used by Paine et.al [11]. It provided controlled channels 
between the sheets to exhaust zinc vapors. Altered joint 
geometry was created in the form of convex and concave 
surfaces in the top sheet.  

        The gap method initially became very popular, how-
ever, its requirement of a constant clearance between the 
joint posed serious practical difficulties. This was an ex-
tremely difficult task in industrial setups due to the varia-
tions in stampings, coating thicknesses and the thermal 
distortions. In other words, the gap method did not provide 
a robust solution to the problem of explosive zinc vaporiza-
tion. 

        Another solution to the explosive zinc vaporization 
problem was devised by careful control of the pulse rate 
and speed when welding with a Nd:YAG laser by Tzeng 
[12]. The group was able to lap weld galvanized steels with 
porosity free welds. The process was considered to be due 
to the overlap of pulses moving the porosity forward in the 
form of zone refining. It was reported that appropriate par-
tial overlapping of weld spots, good keyhole effect and 

periodic power-offs in the pulse trains of the laser beam 
working in tandem produced visually acceptable welds. 
The major source of error in this method was improper 
clamping of the zinc-coated steel sheets. For the process to 
be successful, it had to be ensured that there was no joint 
clearance between the steel sheets and that the weld distor-
tion did not create an opening during welding. Thus, 
though this method produced good quality welds, the tech-
nique was not conducive to industrial environment. Some 
researchers also tried plasma suppression techniques, 
where a positive gas pressure was used to force the zinc 
vapors back inside the molten pool. But this process was 
found to be very sensitive to the gas pressure. 

1.2 Background on process monitoring 
        Based on the findings it was clear that zinc vapor was 
the main source of weld porosity and monitoring it during 
the process was the key to solving the issue. Unfortunately 
monitoring of zinc vaporization has not been dealt with in 
great detail in the past. Prominent works include an optical 
sensor that was developed by Gu et.al [13] to focus on the 
detection of errors in Nd:YAG laser overlap welding of 
zinc-coated steels. 

      In another important work, Park et.al [14] analyzed 
the mechanism of plasma and spatter in CO2 laser welding 
of galvanized steel. The setup which they used is shown in 
Figure 3. The light emitted from plasma and spatter during 
laser welding was detected by photo-diodes. It was found 
that the light intensity depended on welding speed, laser 
power and flow rate of assist gas. The relationship between 
the plasma, spatter and bead shape, and the mechanism of 
plasma and spatter were analyzed for on-line weld monitor-
ing.  

 

         

 

 

Fig. 3 Process monitoring system [14] 

        To summarize, laser welding of zinc-coated steel has 
always been a challenge due to low boiling point (907 deg. 
C) of zinc, which evaporates violently at the weld interface 
resulting in undesirable high porosity joints. This problem 
is more prominent in lap welds. While there are methods 
reported in the literature for welding and monitoring, as of 
today there is no robust and production friendly solution 
available. This is primarily because of limited understand-
ing and application of physics specific to this process, and 
also lack of focus on industrial implementation. A strong 
need for robust laser welding process and in-process weld 
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quality monitoring mechanism still exists for manufactur-
ing automobile body panels using zinc-coated steel. 

2. Experimental method 
      Since zinc vapor was the primary source of porosity in 
laser lap welds of zinc-coated steel, we expected that an 
alloying element like copper could be incorporated in the 
fusion zone, which would combine with zinc vapor and 
trap it inside the weld. Due to the lower melting point of 
copper (1083 deg. C) the alloying process was expected to 
occur well before steel reached its melting point (1530 deg. 
C). The resulting welds could then have negligible zinc 
vapor induced porosity. A U.S. patent covering this ap-
proach has already been issued to us [15]. Also, emission 
spectrum of zinc in weld plasma was related with porosity 
and weld quality. Understanding such a relationship was 
necessary for developing an in-process weld quality moni-
toring sensor. Another U.S. patent exploiting this relation-
ship is pending for approval. 

      For our experiments we decided to sandwich copper 
between two lapped zinc-coated steel sheets to ensure zero-
gap during welding. Copper was chosen mainly because of 
its good alloyability with zinc and its melting point of 1083 
deg. An RF excited Trumpf TLF 5000 6 kW CO2 laser 
coupled with an Allen Bradley Controller were used for 
welding experiments. A two stage concentric nozzle was 
designed for delivering laser beam and shielding gas. He-
lium was used as the weld shielding gas. Owing to the 
higher ionization potential helium was undoubtedly the 
first choice for shielding gas. It restricted the plasma action 
and reduced the effect of atmospheric oxygen that other-
wise would have formed oxides and harder phases in the 
fusion zone. 

      A welding fixture shown in was used to hold zinc-
coated steel coupons in lap configuration. Zinc-coated steel 
coupons (0.8 mm and 1.0 mm thick, electrogalvanized) 
used for tests were first cleaned with acetone and dried. 
Copper was sandwiched between the sheets and then they 
were fixtured in lap configuration and welds were per-
formed.  
 
      
 
 
 
 
 

 

Fig. 4 Emission spectroscopy system 

 
      Plasma emission during welding was collected using a 
simple optical setup, fed to a monochromator/detector and 
viewed on a PC. A simple block diagram of the setup used 
is shown in Figure 4. SpectruMM Digital Controller (Acton 
Research Inc, MA) along with an ISA Monochromator 
with 1200 gr/mm optical grating was used in our experi-
ments. 
  
3. Results and discussion 

      0.8 mm and 1.0 mm thick electrogalvanized steel cou-
pons were laser welded in lap configuration. The best proc-
essing parameters for this combination were observed to 
be: - laser power = 2.9 kW, welding speed = 65 ipm, he-
lium shielding gas flow rate = 40 SCFH and beam focus on 
top surface of the coupons. A comprehensive analysis of 
welds made with above optimal parameters was carried out 
and the results are presented in the following sub-sections. 

3.1 Scanning electron microscopy and XEDS 
        SEM image of resulting zero-gap alloy based weld 
section (figure 5) showed less than 1% area porosity. This 
was a significant reduction in weld porosity.  
 

 
 
 
 
 
 
 
 
  
       
       
 
 

Fig. 5 SEM image of weld section 
 
      X-ray emissive dispersion spectroscopy (XEDS) results 
showed that copper content in the entire weld was between 
0.5 to 0.6 % maximum (table 1 and figure 6). Such less 
amount of copper confirmed a defect free weld (no hot 

cracking or other impurity induced defects).  

 
 

Fig. 6 XEDS of weld section 
 

3.2 Mechanical test 
        Five samples each of welds with copper and welds 
without copper were made using identical processing pa-
rameters (laser power = 2.88 kW, welding speed = 65 ipm 

Spectroscope 

Display 
Plasma plume 

Table 1 Weld section composition by XEDS 

Elem en t  wt% at % 

Fe 98 .82  98 .98  
Cu  0 .52  0 .46  
Zn  0 .66  0 .56  
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and helium shielding gas flow rate = 40 SCFH) for me-
chanical testing. 0.8 mm thick electrogalvanized steel (EG) 
coupons were lapped over 1.0 mm thick EG steel coupons. 
ASTM E8 standard was used to perform the tests with 
samples at 25 deg. C. It was interesting to note that while 
the average breaking stress was similar in both cases, the 
variance of copper based welds was less than half of the 
no-copper welds. This can be visualized in figure 7. This 
finding indicated that addition of copper made the process 
more consistent and reliable. The strength was found to be 
more repeatable in case of welds with copper.  
 

Stress-Strain plots for welds without copper
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Stress-Strain plots for welds with copper
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Fig. 7 Stress-strain plots of welds 
 

3.3 Corrosion test 
  Addition of copper in the weld can give rise to issues 

like galvanic corrosion occurring between zinc and copper. 
Even though we added very little amount of copper, just 
enough to neutralize the boiling effect of zinc, it was essen-
tial to perform electrochemical corrosion test on zero-gap 
alloy based weld samples.  

 
  Weld samples were kept in contact with 3.5% sodium 

chloride solution for an extended period to simulate salt 
water exposure in real world. The results of the test are 

given in table 2. 
  
The results indicate that after a specified amount of 

time the electronegativity of the zero-gap copper based 
weld sample was closer to the base material (blank material, 
with no weld) when compared to a weld made without 
copper. In other words the corrosion life of the weld made 
with the proposed method resembled more to the corrosion 
life of the raw material. This was an interesting finding, 
contrary to general belief. 

3.4 Weld monitoring 
        After reviewing the atomic transitional probability 
database [16], 328.2328 nm, 330.2584 nm and 334.5015 
nm, Zn I lines were selected for this study. Higher A-values 
of these lines indicated possibility of stronger lines during 
welding.  
 
        Experimental observation of selected Zinc I line inten-
sities for welds with and without copper are shown in Fig-
ure 8. It is evident from the spectra that zinc intensity is 
about 75% less in zero-gap copper based lap welds as com-
pared to regular lap welds. When sectioned and mounted 
under an optical microscope, porosity was generally 10% 
or more in regular lap welds, whereas 2% or less in zero-
gap welds. These observations proved a direct relation be-
tween zinc spectral intensity and weld quality. The de-
crease in zinc intensity was attributed to the effectiveness 
of copper as an alloying medium. Copper prevented zinc 
from boiling vigorously in the steel weld pool and for the 
same reason the welds had minimal porosity. 

 
 

 
Fig. 8 Emission spectra of zinc during welding 

 
4. Conclusions 
      The experiments with copper were found to be very 
promising. Sandwiched copper not only ensured a zero-gap, 
but also actively participated in controlling vigorous boil-
ing of zinc- the main cause of weld porosity and spattering. 
Comprehensive weld analysis indicates that addition of 
copper produces mechanically acceptable welds. Minimal 
presence of copper in the weld zone and extended solid 
solubility due to non-equilibrium processing rules out the 
possibility of hot cracking or other defects in the welds.  

      And most importantly, concerns regarding electro-
chemical corrosion due to addition of copper in the weld 
were ruled out. A U.S. Patent (No. 6,479,168) has already 

Series 1: Base Signal 
Series 2 & 3: Regular Weld 
Series 4 & 5: Zero-gap Weld 

Operating Parameters 
 

  Power: 2 .9 kW 
  Speed: 65 ipm 
  Data Integration = 20 ms 
  Slit width: 4  micron 
  20% active CCD area 

  Helium stream at 40 SCFH 

 

   Table 2 Corrosion of welds under 3.5% NaCl exposure 

Ma t er i al  24  hour s  7  day s 

Ba s e  s t e e l  -1 .0 4 9  -0 .6 6 7  

Ze ro -g a p  
w e ld  w i th  

c o p p e r  

-1 .0 4 3  -0 .7 1 7  

We ld  w i th  
n o  c o p p e r  

-1 .0 7 2  -0 .7 5 4  
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been issued for this method and a refined version is pend-
ing for international acceptance.  

      Results from spectroscopic study of zinc emission have 
led to accurate understanding of zinc behavior during weld-
ing. Higher zinc intensity in the plasma indicates deteriora-
tion in weld quality. Another U.S. patent is pending for this 
type of monitoring and/or control of process and resulting 
sensors.  

      The ease of integrating the process of copper addition 
with existing automation systems on shop floors promises a 
robust solution to automakers. This new method which 
takes care of imprecise stampings/fixturing and does not 
demand huge capital investment, can be used with zinc 
emission sensors to make high quality, repeatable welds on 
zinc-coated steel. 
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