
Welding of Galvanized Dual-Phase 980 Steel 
in a Gap-Free Lap Joint Configuration 

A new welding procedure based on GTAW as an auxiliary preheating source with 
a fiber laser as a main heat source has been developed to obtain the completely 

defect-free lap joints of galvanized DP 980 steel in a gap-free configuration 
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ABSTRACT 

The feasibility has been investigated 
of producing sound gap-free lap joints 
in galvanized DP980 steel with laser 
beam welding and hybrid laser-gas 
tungsten arc welding (GTAW) with a 
common molten pool. Laser-welded 
lap joints and hybrid laser-GTA welded 
lap joints were characterized by differ- 
ent weld defects such as spatters and 
blowholes. A new welding procedure 
based on using GTAW as an auxiliary 
preheating source with a fiber laser as a 
main heat source is proposed to join the 
galvanized DP 980 steel in a gap-free 
lap joint configuration. The metal ox- 
ides produced during the GTAW pre- 
heating process can drastically improve 
the coupling of the laser beam to the 
welded material. Under this welding 
condition, the keyhole is readily formed 
by the laser beam and provides the 
channel for the highly pressurized zinc 
vapor developed at the interface of two 
metal sheets during the laser welding 
process to be vented out. The com- 
pletely defect-free laser welds have 
been obtained by using this newly de- 
veloped welding method. X-ray photo- 
electron spectroscopy (XPS) test is car- 
ried out to analyze the chemical 
compositions of the surface preheated 
by the GTAW torch. A CCD video cam- 
era with the frame rate of 30 frames per 
second is used to monitor the molten 
pool online. Microhardness measure- 
ment, SEM microstructure analysis, as 
well as a tensile-shear test were carried 
out to evaluate the mechanical proper- 
ties of the hybrid GTAW preheated/ 
laser welded joints with the separate 
molten pool. 
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Introduction 

Because of their excellent corrosive re- 
sistance, galvanized steels have been widely 
used in different industries such as automo- 
tive and shipbuilding. However, it is still a 
great challenge to weld the galvanized steels 
in a gap-free lap joint configuration. Due to 
the low boiling point of zinc (906oC) with re- 
spect to the melting point of steels (over 
1500oC), the highly pressurized zinc vapor is 
easily developed at the interface of the two 
metal sheets. The highly pressurized zinc 
vapor expels the liquid metal out of the 
molten pool and produces different defects 
in the weld such as spatter and porosity. 
These weld defects significantly degrade the 
mechanical properties of the welded joints. 

In order to mitigate the presence of the 
highly pressurized zinc vapor when using a 
laser beam to join the galvanized steels, a 
number of welding procedures have been 
developed in the past several decades. The 
simplest approach to mitigate the effect of 
the zinc vapor is to completely remove the 
zinc coating at the interface by mechanical 
means prior to welding (Ref. 1), as one of 
the American Welding Society standards 
for welding galvanized steel suggested (Ref. 
2). Another technique used to weld lap 
joints in galvanized steels is to intentionally 
form a small root opening between the two 
metal sheets (Ref. 3). Mazumder et al. (Ref. 
4) patented and described (Refs. 5, 6) a 
technique that places a thin copper sheet 
between two steel sheets along the weld in- 
terface. The copper has a melting tempera- 
ture of 1083oC (between the melting tem- 
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peratures of steel and the boiling tempera- 
ture of zinc) and can be alloyed with the zinc 
before the steel is melted. However, the 
presence of copper in the steel could gener- 
ate additional problems, such as hot crack- 
ing and corrosion concerns (Ref. 7). The 
method of redesigning the lap joint, which 
allows the zinc vapor to be evacuated before 
the molten pool reaches the interface, is an- 
other way of mitigating the effect of the zinc 
vapor (Refs. 8-11). Pennington et al. (Refs. 
12,13) replaced the zinc coating in the weld 
zone with a nickel coating before laser weld- 
ing; the nickel coating's melting point of 
14530C is higher than the melting point of 
zinc. By replacing the zinc coating with 
nickel coating in the weld area, the welding 
process is not affected by the highly pres- 
surized zinc vapor and corrosion protection 
is still provided. However, this will increase 
the cost and lower the productivity. In addi- 
tion, pulsed laser (Ref. 14), dual laser beam 
or two lasers (Refs. 15-19), and hybrid laser 
welding (Refs. 20-23) were also applied to 
lap join the galvanized steels. Gualini et al. 
(Ref. 18) proposed the modified dual-beam 
method to weld galvanized steel sheets in a 
gap-free lap joint configuration. In their 
studies, the first beam was used to cut a slot, 
which provided an exit path for the zinc 
vapor, while the second beam was em- 
ployed to join the metal sheets. However, it 
was found that spatter and porosity were 
still produced in the welds by using this 
method. Kim et al. (Ref. 23) used the laser- 
arc hybrid welding technique to join 1.0- 
mm-thick SGCD1 galvanized low-strength 
steel in a gap-free lap joint configuration. 
They found that the formation of porosity 
was the main concern in the welding of gal- 
vanized steels. Moreover, the welding 
process is not stable in their study. Spatter 
and porosity are still produced in the welds, 
which significantly damages the electrode 
torch and lowers the mechanical properties 
of the welds. Additionally, Gu et al. (Ref. 
24) also introduced the arc to share a com- 
mon molten pool with the laser welding 
process, in which the molten pool is en- 
larged by the arc. The enlarged pool can 
provide more space for the zinc vapor to es- 
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Fig. 1 —A — Experimental setup for hybrid laserlGTA welding in the common molten pool; B- 
ing in a separated molten pool. 

- experimental setup for hybrid GTA Wpreheating/laser weld- 

cape from it. However, spatter and porosity 
were present in the welds. Recently, Li et al. 
(Ref. 25) patented and described in a paper 
(Ref. 26) a technique that sets the alu- 
minum foil layer in the weld zone at the in- 
terface of two galvanized steel sheets to 
form the Al-Zn alloy; thus lowering the ef- 
fect of the zinc vapor pressure. In order to 
use this method to weld galvanized steels in 
a lap configuration, there is a requirement 
of tightly clamping the two metal sheets. If 
a gap exists at the interface of two metal 
sheets, weld defects will form (Ref. 26). Fur- 
thermore, the dissolution of aluminum- 
steel alloy into the weld, which makes the 
weld brittle, has the potential to deteriorate 
the weld quality. Although the methods 
mentioned here can mitigate the presence 
of the highly pressurized zinc vapor at the 
interface of two metal sheets, they also have 
a number of disadvantages. Some of the 
proposed methods require preprocessing or 
postprocessing actions. Some require a high 
investment in equipment. In addition, dur- 
ing laser welding of steel, the coupling effi- 
ciency of laser beam energy is very low (Ref. 
27). It has been reported that different sur- 
face conditions could affect the absorbabil- 
ity of the laser beam energy by the metal 
sheets (Refs. 28, 29). 

Dual-phase steels offer low yield ratio, 
high work-hardening ratio, and high bake 
hardening (BH) value. They have been used 
to manufacture auto components that de- 
mand high strength and good "crashworthi- 
ness and formability" such as "wheel, 
bumper, and other reinforcements" (Ref. 
30). According to the UltraLight Steel Auto 
Body (ULSAB) program report, 74% of the 
ULSAB body structure is constructed of 
dual-phase steels (Ref. 31).The automotive 
industry has shown considerable interest in 
using laser welding techniques for replacing 
traditional spot welding to lap join galva- 
nized dual-phase steels in a gap-free config- 
uration. Because of its high speed, low heat 

HrOt source 

I Clamps 

iilM 
Top sh«et 

Support plate Bottom sheet • 

/////////////////////// /////////// 

Fig. 2 — Schematic representation of the setup of gap-free lap joint configuration for the hybrid laser- 
GTAW preheating process. 

• &M-^- •      &, _.    J ^Ek 
\     V Spjfttr 

-i* ^            j 

Fig. 3— Typical laser beam welded lap joint (laser power: 3000 W and welding speed of 30 mmls). 

input, and low distortion, laser beam weld- 
ing has been widely used in the automotive 
industry to fabricate different vehicles parts 
(Refs. 32, 33). While the automotive indus- 
try has shown significant interest in using 
laser welding techniques to lap join galva- 
nized DP steels in a gap-free configuration, 
until now there has been no report on a cost- 
effective, efficient, and easy-to-use laser 
welding technique that can be practically 
applied to do so. To meet the requirement 
of obtaining sound lap joints for the auto- 
motive industry, therefore, it is important to 
develop an efficient and robust laser weld- 
ing technique for welding of galvanized 
steels in a gap-free lap joint configuration 
and to fully understand the mechanisms of 
the welding process. The main objective of 
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this study is focused on developing a weld- 
ing procedure to provide completely defect- 
free, gap-free lap joints in galvanized DP 
steels for the automotive industry. 

In this study, laser welding is first used to 
weld galvanized DP980 steel metal sheets in 
a gap-free lap joint configuration. A large 
amount of spatter and porosity are pro- 
duced during the laser welding process. Fur- 
thermore, in order to mitigate the presence 
of zinc vapor developed at the interface of 
two metal sheets, gas tungsten arc welding 
(GTAW) is combined with fiber laser weld- 
ing in two modes to weld galvanized dual- 
phase DP 980 steel in a gap-free lap joint 
configuration. In the first mode, the laser 
beam and GTAW share a common molten 
pool. This approach was taken by other re- 
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Fig. 4 — The effect of laser power on weldability using hybrid laser/GTAW in a common molten pool at 
the following laser powers: A — 2000 W; B — 2500 W; C — 3000 W;D — 3500 W. (Arc current: 200 A 
and welding speed: 30 mm/s.) 
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Fig. 5 — The effect of the distance between the GTAW electrode and the laser beam using hybrid 
laser/GTA W in a common molten pool at the following distances: A — 2 mm; B — 6 mm; C —10 mm. 
(Laserpower: 3000 W, arc current: 200 A, and welding speed: 30 mm/s.) 

searchers (Refs. 23,24). The effects of weld- 
ing parameters on the feasibility of produc- 
ing joints in a gap-free lap joint configura- 
tion are fully investigated. In the second 
mode, GTAW is only used as the preheating 
source to modify the surface conditions of 
the top surface in order to improve the cou- 
pling efficiency of the laser beam energy 
with the metal. In this approach, the laser 
beam and GTAW torch are kept at a specific 
distance. Through the controlled heat man- 
agement of GTAW preheating process, the 
zinc coating at the top surface of the metal 
sheet is burned and metal oxides are gener- 
ated at the top surface along the weld inter- 
face. In addition, the zinc coating along the 
weld interface of two metal sheets is trans- 
formed in the zinc oxides, and has a higher 
melting point (19750C) than the boiling 
point of zinc (906oC). The following laser 

beam is used to provide the required depth 
of weld penetration. Completely defect- 
free laser welds have been obtained using 
this newly developed welding method. Ad- 
ditionally, a CCD video camera with the 
frame rate of 30 frames per second was used 
to monitor the molten pool behavior online. 
It was found that the keyhole is the critical 
factor to guarantee successful achievement 
of defect-free galvanized DP 980 steel lap 
joints. X-ray photoelectron spectroscopy 
(XPS) tests were carried out to determine 
the chemical composition at the top surface 
as well as along the interface of the metal 
sheets. The microhardness and test tensile 
shear tests are carried out to evaluate me- 
chanical properties of the welds. The mi- 
crostructures in the different zones of welds 
are analyzed by using a scanning electron 
microscope (SEM). It was found that the 

decrease in the volume of the martensite in 
the heat-affected zone (HAZ) reflected 
into the decrease in the hardness value in 
the HAZ. The tensile shear test results show 
that the fracture of welds mainly occurred 
in the HAZ. 

Experimental Setup 

The material used in this study is galva- 
nized DP 980 steel sheet. The dimensions of 
the coupons used in this study are 200 x 85 
x 1.2 mm and 200 x 85 x 1.5 mm. The 1.2- 
mm-thick coupon is selected to be at the top 
of the lap joint welding process. The gap be- 
tween the two metal sheets is kept tight dur- 
ing welding, assuming that the gap is equal 
to zero. The laser/GTAW hybrid welding ex- 
periments are performed by using a 4-kW 
fiber laser, which has a 250-mm focal length 
and a 0.6-mm focused spot size. The GTAW 
machine is a 300 DX AC/DC inverter argon 
arc welding machine. Pure argon gas with 
the flow rate of 30 ft3/min is used as the 
shielding gas. A 3-mm-diameter GTAW 
electrode is used. A CCD color video cam- 
era is used to monitor the welding process. 
The video frame rate is set at 30 interlaced 
frames per second. A bandpass green laser 
with a 532-nm center wavelength and a 
maximum output power of 6 W is selected 
as the source to illuminate the molten pool 
in order to obtain clear images of it. The ex- 
perimental setup is shown in Fig. 1. During 
the welding process, hybrid laser/GTAW is 
performed in two modes: in the first mode, 
the laser beam and GTAW torch share the 
common molten pool; and in the other, the 
laser beam and GTAW torch are kept at the 
appropriate distance. Welding is performed 
with the laser head tilted at 10 deg from the 
normal to the sheet surface in order to pre- 
vent the reflected laser light and the spatter 
from damaging the laser optics, as shown in 
Fig. 1. The GTAW torch is kept in the verti- 
cal position. Table 1 lists the chemical com- 
positions of the galvanized DP 980 steels. 
Figure 2 shows the schematic presentation 
of the gap-free lap joint configuration for 
hybrid laser/GTA welding. 

Results and Discussion 

Laser Welding of Galvanized Dual-Phase 
DP 980 Steel in a Gap-Free Lap Joint Con- 
figuration 

In order to investigate the influence of 
different welding parameters on the weld 
quality of laser-welded lap joints, laser 
power and welding speed are varied and a 
thin foil of stainless steel in thicknesses of 
0.1, 0.2, and 0.4 mm is set as the gap in the 
weld zone to weld dual-phase DP 980 steels 
in a gap-free lap joint configuration. Figure 
3 illustrates the typical surface appearance 
of a gap-free lap joint of galvanized DP 980 
steel using laser welding. As shown in Fig. 3, 
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the laser-welded galvanized DP 980 steel 
joint is characterized by the presence of 
spatter and porosity, which are produced by 
the highly pressurized zinc vapor developed 
at the interface. When using the laser weld- 
ing to join the galvanized steels in the gap- 
free configuration, it is difficult to safely 
vent out the highly pressurized zinc vapor 
from the small molten pool the laser beam 
produces. The highly pressurized zinc vapor 
tends to violently expand, expel from the 
molten pool, and remove liquid metal out of 
the molten pool (Ref. 34). The liquid metal 
removed from the molten pool is condensed 
in the air and produces different-sized spat- 
ter that scatters in all directions and is de- 
posited in and/or around the weld zone. 
Moreover, excessive removal of the molten 
material will lead to the formation of poros- 
ity (Ref. 35). From the experimental results, 
it could be concluded that it is impossible to 
obtain sound welds of galvanized DP 980 
steel using only laser welding in a gap-free 
lap joint configuration. In addition, it is 
found that the laser-induced plasma di- 
rectly above the top surface of metal sheets 
fluctuates dramatically and this irregular 
plasma makes coupling of the laser beam 
very instable. 

Feasibility Study of Gap-Free Lap Joint of 
Galvanized DP 980 Steel Using Hybrid 
Laser/GTA Welding with the 
Common Molten Pool 

In order to address the problems caused 
by highly pressurized zinc vapor that devel- 
ops at the interface of two metal sheets, 
GTAW is introduced to share the common 
molten pool to weld galvanized DP 980 
steels in a gap-free configuration. The ef- 
fects of the main process parameters on the 
weldability of galvanized DP 980 steel such 
as laser power, the distance between laser 
beam and electrode torch, and the arc cur- 
rent, as well as the welding speed are stud- 
ied. Figure 4 shows the effect of laser power 
on the feasibility of achieving sound welds. 
Figure 5 shows the effect of distance be- 
tween the laser beam and electrode torch 
on the surface appearance of hybrid 
laser/GTA welded joints. Figure 6 shows the 
effect of arc current on the surface appear- 
ance of hybrid laser/GTA welded joints. Fig- 
ure 7 shows the effect of welding speed on 
the surface appearance of hybrid laser/GTA 
welded joints. As shown in Fig. 4, increasing 
laser power produces more spatter in the 
welds due to the higher heat input, which in- 
creases the pressure of zinc vapor at the in- 
terface of two metal sheets and makes the 
welding process more unstable. The stabil- 
ity of the welding process is improved by the 
increase in the distance between the laser 
beam and electrode torch, as shown in Fig. 
5. This phenomenon is attributed to the 
lowering pressure of zinc vapor with the in- 
crease in the distance between the laser 
beam and GTAW torch and the partially 

Fig. 6 — The effect of arc current using hybrid laser/GTA Win a common molten pool at the following arc 
currents: A —120 A; B —160 A; C — 200 A; D — 240 A. (Laserpower: 3000 Wand welding speed of 
30 mm/s.) 
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Fig. 7— The effect of welding speed using hybrid laserlGTAW in a common molten pool at the following 
welding speeds: A — 30 mm/s; B — 35 mm/s; C — 40 mm/s. (Laser power: 3000 W, arc current: 200 A, 
and the distance between laser beam and GTAW electrode: 6 mm.) 

Table 1 - - Chemical Composition (wt-%) of DP 980 Steel 

Steel C                 Mn               Mo                 Si Cr Al B 
DP 980 0.135              2.1               0.35               0.05 0.15 0.45 0.007 

burned zinc coating at the interface by the 
leading arc. In addition, the leading arc also 
oxidized the zinc coating in and around the 
weld zone at the interface of the two metal 
sheets. The zinc oxides have a higher melt- 
ing point (19750C for ZnO) than the boiling 
point of zinc (906oC), thus helping to stabi- 
lize the welding process (Ref. 23). Further- 
more, it was found that the increase in the 
specific range of arc current, as shown in 
Fig. 6, improved the weld quality of the gal- 
vanized DP 980 steel. This phenomenon 
could be explained by the fact that the size 

of the molten pool is enlarged by increasing 
the arc current. However, the weld quality 
of the galvanized DP 980 steel decreases 
with the increase in welding speed, as shown 
in Fig. 7. The main reason for this is the fact 
that the keyhole will collapse when the 
welding speed is increased (Ref. 36). 

With respect to laser welding of galva- 
nized DP 980 steels, the hybrid laser/GTAW 
process with a common molten pool will 
produce less spatter because the addition of 
the arc will enlarge the molten pool. More 
importantly, the arc preheats the metal 
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Fig. 8 — The shape of the arc plasma and the zinc vapor plume at different times: A — t = 0 ms; B — 
t= 30ms; C—t = 70ms;D — t = 100ms;E — t = 130ms; F — t = 170ms; G — t = 200 ms; and 
H—t = 230 ms. 

sheets. This facilitates the absorptivity of 
the laser beam into the metal sheets. The 
laser beam forms a hole in the molten pool, 
through which the zinc vapor will be vented 
out. However, it is still difficult to com- 
pletely eliminate the generation of spatter, 
which tends to damage the expensive laser 
optical lens. In addition, spatter severely 
damages the electrode tip; thus, it is neces- 
sary to frequently sharpen it. Furthermore, 
when the laser beam and the electrode 
share a common molten pool, the plasma 
defocuses, absorbs, and refracts the laser 
beam (Refs. 37, 38). Figure 8 shows eight 
consecutive images of the interaction be- 
tween the laser beam and arc taken by the 
video CCD camera. As shown in Fig. 8, the 
shapes of the arc and vapor plume vary over 

time. The irregular arc plasma and the 
metal vapor plume, especially the highly 
pressurized zinc vapor, leads to significant 
instability of the coupling of laser beam en- 
ergy into the specimens; thus, the keyhole 
tends to collapse. As a result, the welding 
process becomes unstable and the keyhole 
tends to collapse, which in turn influences 
the coupling of laser beam and arc and pro- 
duces lots of spatter and/or porosity in the 
welds. 

Another issue arising from using hybrid 
laser/GTAW in a common molten pool to 
gap-free lap join the galvanized steels is the 
formation of porosity in the welds. As 
shown in Fig. 9, porosity is produced at the 
top surface of welds and in the internal weld 
fusion zone, the location of which is de- 

pendent on the welding conditions. The 
main reason for porosity formation is the 
entrapment of air and the shielding gas as 
well as the metal vapor into the molten pool. 
If these entrapped gases or metal vapors 
cannot escape from the molten pool during 
weld solidification, porosity is produced. 
Additionally, the collapse of the keyhole is 
also responsible for formation of porosity 
(Ref. 39). At the same time, it has been re- 
vealed that the increase in temperature ex- 
ponentially increases the pressure level of 
the zinc vapor, as shown in Fig. 10 (Ref. 40). 
When the laser beam shares a common 
molten pool with the arc, the temperature 
at the interface of the two metal sheets dra- 
matically increases due to the higher heat 
input; thus, the zinc vapor reaches a very 
high pressure level. This fact implies that 
the function of the arc-enlarged molten 
pool cannot completely compensate for the 
increase in the pressure level. From the fur- 
ther experimental results, it was found that 
only in a very narrow optimized welding 
condition can the spatter and porosity be 
dramatically decreased and a sound weld be 
obtained with the introduction of the arc. 
Additionally, the zinc coating at the top sur- 
face and the interface of the two metal 
sheets is widely damaged by the arc and the 
weld surface is nonuniform when the laser 
beam and GTAW torch share a common 
molten pool. 

Gap-Free Lap Joint of Galvanized DP 980 
Steels Using Hybrid Laser/GTA Welding 
with a Separated Molten Pool 

Considering the issues arising from hy- 
brid laser/GTAW in a common molten pool, 
a welding procedure based on using leading 
GTAW as an auxiliary preheating source 
followed by a fiber laser beam as a main 
heat source is developed to join galvanized 
dual-phase (DP) 980 steel in a gap-free lap 
joint configuration. The laser beam is sepa- 
rated from the GTAW torch at a specific dis- 
tance to create two separate molten pools. 
It should be mentioned that the specific dis- 
tance between the laser beam and GTAW 
torch depends on the welding speed and 
laser power used as well as the other weld- 
ing parameter settings. Figure 11 shows top, 
back, and cross-sectional views of the 
GTAW preheating weld. Figure 12 shows 
top, back, and cross-sectional views of the 

Fig. 9 — The formation of porosity in the welds produced by hybrid laser/GTA W in a common molten pool. 
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lap joint obtained by hybrid GTAW pre- 
heating/laser welding in a separated molten 
pool. As shown in Fig. 11 A, after GTAW 
preheating, a thin layer of metal oxide film 
is produced at the top surface of the metal 
sheets with the specific heat input. In addi- 
tion, a portion of the zinc coating in and 
around the weld zone at the interface of the 
two metal sheets is melted and the remnant 
zinc coating is oxidized, as shown in Fig. 
11B. As mentioned previously, this zinc 
oxide can stabilize the welding process. Fig- 
ure 12 shows that no spatter and porosity 
are produced in the surface of the weld. 
From Fig. 12C, it is observed that the weld 
is free from porosity. This suggests that a 
completely defect-free weld with complete 
penetration is obtained. 

In this case, success in achieving com- 
pletely defect-free welds is expected be- 
cause of the formation of metal oxides pro- 
duced by the GTAW preheating process. It 
is well known that for laser welding of steel 
or aluminum, most of the laser beam energy 
is reflected by the metal sheet surface (Ref. 
41). In addition, when the welding process 
is under the keyhole mode the laser beam 
energy absorbed by the metal sheet can be 
significantly improved due to the multire- 
flection function of the keyhole (Ref. 42). 
Furthermore, it was found that the presence 
of metal oxides (Refs. 41, 43) can signifi- 
cantly improve up to two to three times the 
absorption of laser beam energy. In this 
case, a thin film of metal oxide is produced 
during the GTAW preheating process with 
the controlled heat input welding condition. 
Due to the high transmittance and conduc- 
tivity of zinc oxide and iron oxides, the cou- 
pling of laser beam energy into the speci- 
men can be dramatically enhanced (Refs. 
44, 45). Under this welding condition, the 
keyhole forms easily and keeps very stable, 
which provides the channel to vent out the 
highly pressurized zinc vapor developed at 
the interface of the two metal sheets. Con- 
sequently, the welding process can be sta- 
ble. A CCD video camera is used to moni- 
tor the welding process and the dynamic 
behaviors of the molten pool online. By an- 
alyzing the film taken by the CCD video 
camera, it is found that when the keyhole is 
kept open, the welding process is very stable 
and a high-quality weld is achieved. How- 
ever, when the keyhole collapses, the 
process becomes dramatically unstable and 
a weld is presented with the poor surface ap- 
pearance and that is full of spatter and 
porosity. Figure 13 shows the open and the 
collapsed keyhole images. As shown in Fig. 
13A, the black spot in the front of the 
molten pool presents the keyhole shape. A 
set of experiments is designed to verily that 
the absorption of laser beam energy by the 
metal sheets increases with the GTAW pre- 
heating process. The first test is performed 
with the removal of the zinc coating at the 
interface of the metal sheets; the second test 

is carried out with the 
zinc coating at the inter- 
face of two metal sheets 
while using GTAW to 
preheating the top sur- 
face of the metal sheets 
prior to the followed 
laser welding process. 
Laser power of 3000 W 
and a welding speed of 
50 mm/s as well as the 
shielding gas rate of 30 
ft3/h are used in the first 
test. In the second test, 
the welding conditions 
were kept the same as in 
the first test, but an arc 
current of 300 A was 
used to preheating the 
metal sheet before the 
followed laser irradiated 

Fig. 10 — Relationship of the zinc pressure and temperature (Ref. 40). 

the metal sheets. As mentioned earlier, the 
pressure level of the highly pressurized zinc 
vapor is exponentially increased with the 
temperature. Additionally, when the laser 
beam is used on the focus, the width of the 
weld at the interface of the two metal sheets 
becomes very small at a welding speed of 50 
mm/s, which decreases the weld strength. 
Furthermore, in order to maintain high pro- 
ductivity for industry, the GTAW torch pre- 
heating process should be kept synchro- 
nously with the followed laser beam welding 
process in practice. In order to produce the 
expected thin layer of metal oxides to en- 
hance the coupling of laser beam energy 
into the welded materials, the GTAW pre- 
heating arc current should be increased 
when laser welding is increased, as men- 
tioned before. The maximum arc current 
value that can be used is 300 A from the ma- 
chine used in this study. When the laser 
welding speed is increased more than 50 
mm/s, the 300-A GTAW preheating arc cur- 
rent fails to produce the thin layer of metal 
oxides required for improving the coupling 
of laser beam energy into the welded mate- 
rials to generate the stable open keyhole to 
vent out the highly pressurized zinc vapor 
developed at the interface of the two metal 
sheets. Also, it is difficult to transform the 
zinc coating along the weld interface into 
the zinc oxides with the very high preheat- 
ing speed at the current of 300 A. Consid- 
ering these factors, the laser beam is defo- 

Fig. 11 — GTAW preheating weld with arc current 
200 A: A — Top view of GTAW preheating weld B 
— back view of top metal sheet of GTAW preheating 
weld C—cross-sectional view of the GTA weld. (Arc 
current: 200A, the tip distance of electrode with re- 
spect to the top surface of the metal sheets: 3 mm, and 
welding speed: 30 mm/s.) 

cused with a spot size of 1 mm in the previ- 
ous two cases. Figure 14 shows the experi- 
mental results. As shown in Fig. 14B, the 
penetration depth of the laser welded joint 
obtained is as the function of the weld loca- 
tion. However, complete penetration is 
achieved in the second test, as shown in Fig. 
14D. This fact confirms that surface modi- 
fication of the preheating welding process 
significantly enhances absorption of laser 
beam energy. 

X-ray    photoelectron    spectroscopy 
(XPS) tests are also carried out to analyze 
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Fig. 12 — Views of the hybrid laser-GTAWpreheating joint: A - 
A, and welding speed: 30 mm/s.) 

- Top view; B — back view; C — cross-sectional view. (Laserpower: 3000 W, arc current: 200 
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Fig. 13 —A — Opening of the keyhole; B — collapse of the keyhole. 

Fig. 14 — Comparison of the weld depth penetration in different welding conditions: A — Top view of 
laser weld without the zinc coating at the interface of two metal sheets; B — back view of laser weld with- 
out the zinc coating at the interface of two metal sheets; C — top view of hybrid laser-GTAW preheating 
weld with the zinc coating at the interface of two metal sheets; D — back view of hybrid laser-GTAW pre- 
heating weld with the zinc coating at the interface of two metal sheets. (Laser power of 3000 Wand weld- 
ing speed of 50 mm/s for A and B; laser power of 3000 W, preheating arc current of 300 A, GTA Wpre- 
heating welding speed of 50 mm/s, and laser welding speed of 50 mm/s for C and D.) 

the chemical compositions of the GTAW 
preheating weld to confirm the above spec- 
ulation of the formation of metal oxides 
during the GTAW preheating process. The 
sample of the GTAW preheating weld for 
the XPS analysis is obtained with an arc pre- 
heating current of 200 A, welding speed of 
30 mm/s, and shielding gas flow rate of 30 
ft3/h. The distance between the tip and the 
top surface of the metal sheets is 3 mm. The 
elemental identification can be made by 
comparing the peak binding energies ob- 
tained through XPS analysis to the tabu- 
lated values. As shown in Fig. 15B, there are 

two strong peaks located at 530.8 eV and 
1022.3 eV due to the O(ls) and Zn (2p3) 
binding energy of zinc oxides. This value of 
Zn2p3 in this study (1022.4 eV) is good 
agreement with those for ZnO (1022.3 eV) 
reported in the literature (Refs. 46, 47). It 
indicates that zinc oxide is formed at the top 
surface and the interface. The proportion of 
Cls, Ols, Zn2P3, and Ca2P for the GTAW 
preheating welds were presented in the 
Atomic Concentration Table shown in Fig. 
15B on the basis of the relative area under 
the specific element peaks. Additionally, 
when the laser beam is in the separated 

molten pool with the electrode torch, the 
coupling of laser beam energy into the 
metal sheets is free from the influence of arc 
plasma and laser-induced zinc plume which 
occur in the hybrid laser/GTA welding in the 
common molten pool. Furthermore, it is 
found that when the GTAW preheating arc 
current below some level the metal oxides 
could not be formed and only the soot was 
generated at the top surface. 

During the GTAW preheating process, 
the zinc oxides have priority to be formed 
over the iron oxides because the zinc coat- 
ing at the top surface of the metal sheets is 
first under the heat from the GTAW pre- 
heating. Once the zinc oxide is formed at 
the top surface, it inhibits formation of iron 
oxides. Before the zinc oxides decompose, 
it is difficult to produce the iron oxides. Due 
to the high temperature under the arc, the 
zinc oxides are generally unstable and sus- 
ceptible to immediately decomposing. 
Under this welding condition, the top sur- 
face of the metal sheet melts and iron oxides 
are formed at the top surface of the metal 
sheets presented in Fig. 16A, which also can 
enhance the absorption of laser beam and 
help facilitate the formation of the keyhole. 
As shown in Fig. 16B, a sound weld is still 
obtained. As the GTAW preheating arc cur- 
rent keeps increasing, iron oxides are also 
completely decomposed. Once the preheat- 
ing arc current reaches some kind of high 
level, different kinds of humping are pres- 
ent in the surface of the preheating welds, 
as shown in Fig. 16C. It should be men- 
tioned that chemical compositions pro- 
duced by the GTAW preheating process are 
sensitive to the GTAW preheating welding 
parameters such as the preheating arc cur- 
rent, the distance between the tip of the 
GTAW electrode tip and the top surface of 
two metal sheets, and the shielding gas rate. 
A change in any of the welding parameters 
mentioned above results in different sur- 
face conditions. It is also necessary to point 
out that the distance between the laser 
beam and the electrode is required to be 
long enough to lower the pressure level of 
the zinc vapor at the interface of two metal 
sheets to some extent. In this case, the dis- 
tance is kept at 190 mm. Further study of the 
relationship between the pressure level of 
the developed highly pressurized zinc vapor 
at the interface of two metal sheets and the 
different welding parameters is important 
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Fig. 15 — The XPS analysis results of the heated surface of DP 980 galvanized steel by GTAW torch: A — The measured points; B — XPS analysis results. 

and required. Additionally, the distance be- 
tween the laser beam and the electrode can 
be shortened with the assistance of using the 
copper block as the welding support plat- 
form or water cooling system. 

For Zn + I/2O2 —> ZnO, the molecular 
weight of ZnO is 81.4084 mollL and that of 
Zn is 65.38 mol/L. The density of zinc is 
7.133 g/cm3 and the density of zinc oxide is 
5.606 g/cm3 (Ret 40). The rate at which the 
zinc oxide occurs during the GTAW pre- 
heating process can be calculated by the 
Pilling-Bedworth (PB) ratio equation (Ref. 
48): 

M 
P-B = - ZnO     Zn 
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Fig. 16 —A — Top view of the preheating weld with the iron oxide film at the arc current of 230 A; B — 
top view of hybrid GTAW preheating/ laser welding with a separated molten pool; C — the humping pro- 
duced in the GTAW preheating weld at an arc current of 240 A (welding speed: 30 mm/s; distance be- 
tween the electrode tip and the top surface of two metal sheets: 3 mm; shielding gas flow rate: 30ft3/h). 

The P-B ratio of ZnO oxide indicates that 
the volumes of the zinc oxide and the trans- 
formed zinc coating are similar and "an ad- 
herent, nonporous, and protective" zinc 
film is produced at the top surface during 
the GTAW preheating process (Ref. 48). 

Microhardness Measurement, SEM 
Analysis, and Failure Analysis for the 
Hybrid GTAW Preheating/Laser Welded 
Joints in the Separated Molten Pool 

Vickers microhardness measurement is 
preformed along the weld fusion zone and 
heat-affected zone (HAZ) for the hybrid 
GTAW preheating/laser welded joint. The 

indenter load used in the microhardness 
test is 200 g. The impressions are made in 
the increment of 0.25 mm away from the in- 
terface of the two metal sheets. Figure 17 
shows the typical microhardness features of 
the welded joint obtained by the hybrid 
GTAW preheating/laser welding process in 
the separated molten pool with a laser 
power of 3 kW, GTAW preheating arc cur- 
rent of 200 A, and welding speed of 30 
mm/s. As shown in Fig. 17, the hardness dis- 
tribution is not uniform along the weld. 
After showing a relatively uniform value in 
the weld zone, the hardness value decreased 
continuously to the minimum value in the 

HAZ away from the weld zone toward the 
HAZ, and then gradually increased again in 
the base material. The maximum hardness 
value (393.5 HV) is located at the center of 
the weld. The minimum hardness value 
(200.6 HV) is found in the HAZ. As shown 
in Fig. 17, the HAZ has a lower hardness 
value than that in the base material and the 
welded zone, which indicates that the HAZ 
is softened. The degradation of the hard- 
ness in the HAZ has a weakening effect on 
the mechanical structure of the joint. Addi- 
tionally, SEM analysis of the microstructure 
was also performed at selected locations in 
the cross section, as shown in Fig. 18A-F. 
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Fig. 18 — Microstructures in the different weld 
zones: A — Cross-sectional view of the weld; B — 
in the base material; C — in the fusion zone; D — 
in the transitional region between the fusion zone 
and HAZ; E — in the HAZ. 

Figure 18A shows the cross-sectional 
view of the hybrid GTAW preheating/laser 
welded joint. Figure 18B shows the mi- 

crostructures of the base DP980 material 
in the area far away from the weld bead. 
The martensite phase and ferrite phase in 
the DP 980 steel base material are clearly 
distinguished, and are marked as "M" 
(white color) and "F" (gray color), as 
shown in Fig. 18B. Figure 18C-E demon- 
strates the microstructure of the fusion 
zone, the transition zone between the fu- 
sion zone and HAZ, as well as the HAZ of 
the hybrid weld obtained by hybrid GTAW 
preheating/laser welding in the separated 
molten pool. As shown in Fig. 18C, the fu- 
sion zone microstructure was mainly com- 
posed of tempered martensite and ferrite. 
Compared to the volume of martensite in 
the base material and the weld zone, the 
volume of martensite in the transition be- 
tween the weld zone and HAZ is de- 
creased, as shown in Fig. 18D. Further- 
more, it is obvious that the volume of 
martensite in the HAZ, as shown in Fig. 
18E, is dramatically decreased compared 

to that in the base material, fusion zone, 
and transition zone between the fusion 
zone and HAZ of the hybrid weld. This is 
the reason why the hardness in the HAZ 
of the hybrid weld is dramatically de- 
graded. 

Tensile shear tests were also performed 
to assess the strength of the welds. Figure 
19 shows the tensile shear test specimen 
dimensions and the fracture location of 
the welds when applying the loads during 
the tensile shear tests. From the test re- 
sults, it is found that all of the specimens 
broke in the HAZ instead of in the base 
material, as shown in Fig. 20. Only two 
specimens broke in the fusion zone of 
welds made at a welding speed of 50 mm/s 
and laser power of 3 kW as well as a pre- 
heating arc current of 200 A. The tensile 
shear test results confirmed that the HAZ 
is softened during the welding process. 

Conclusions 

In order to weld galvanized DP 980 
steel in a gap-free lap joint configuration, 
a hybrid laser/GTA welding technique is 
accomplished in two modes: 1) The laser 
beam shares a common molten pool with 
the electrode; and 2) the laser beam and 
the electrode produced two separated 
molten pools and the GTAW is only used 
for the surface modification. The results 
obtained from this study are as follows: 

1) Compared to laser welding of galva- 
nized DP 980 steel in a gap-free lap joint 
configuration, the introduction of arc in 
hybrid laser-arc welding process when the 
laser and arc share a common molten pool 
can suppress the formation of spatter to 
some extent. In addition, the stability of 
the welding process is enhanced with the 
increase in the arc current in the specific 
range and distance between the laser 
beam and the GTAW torch. 

2) When the laser beam and the GTAW 
torch share a common molten pool, the 
coupling of laser beam energy and arc 
plasma significantly fluctuates over time 
and the welding process is unstable, which 
results in different weld defects such as 
spatter and porosity. 

3) When the air or metal vapor is en- 
trapped into the molten pool and cannot 
escape from it during the solidification 
process, external or internal porosity is 
formed in the weld. 

4) Completely defect-free welds are ob- 
tained by the GTAW preheating/laser weld- 
ing procedure in the separated molten pool 
where the GTAW is only used to preheat the 
metal sheets to modify the surface condi- 
tions. Chemical compositions of the top sur- 
face of two metal sheets produced by the 
GTAW preheating welding process are sen- 
sitive to the GTAW preheating welding con- 
ditions. Different metal oxides are pro- 
duced with various preheating welding 
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Fig. 19 — Schematic presentation of the tensile shear test specimen. 

Fig. 20 — Fracture in the FIAZ. 

conditions. Compared to laser welding 
without GTAW preheating, these metal ox- 
ides can dramatically improve the coupling 
efficiency of the laser beam energy into the 
metal sheets by two or more times to gen- 
erate the keyhole, which provides the chan- 
nel for the highly pressurized zinc vapor de- 
veloped at the interface of two metal sheets 
to be vented out. Thus, the welding process 
is stable and the welding speed can be sig- 
nificantly increased. 

5) Under the specific GTAW preheating 
welding conditions, a portion of the zinc 
coating at the interface of two metal sheets 
melts and a portion of the zinc coating oxi- 
dizes. The zinc oxides have a higher melting 
point (19750C) than the boiling point of 
zinc, which helps to stabilize the following 
welding process and lower the pressure 
level of the zinc vapor for the following laser 
welding process. The XPS analysis results 
confirm this fact. In addition, there is a min- 
imum requirement of the distance between 
laser beam and electrode torch, which can 
be shortened with the assistance of a cool- 
ing system. 

6) When the keyhole is kept open, the 
welding process is stable. However, the key- 
hole tends to collapse, and the welding 
process becomes unstable. Consequently, 
maintaining the opening of the keyhole is 
the critical factor to guarantee the achieve- 
ment of sound welds. 

7) The heat-affected zone is softened 
due to the decrease in the volume fraction 
of martensite. Due to the softening effect, 
the lowest microhardness value is obtained 
in the HAZ and the specimens broke in the 

HAZ during the tensile shear tests. 
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