
Nd:YAG Laser Beam Welding of Coated Steels 
Using a Modified Lap Joint Geometry 

Nd:YAG laser beam welding of galvanized and galvannealed sheet steels in the 
lap-joint configuration is made possible using a modified joint geometry 

BY M. P. GRAHAM, D. C. WECKMAN, H. W. KERR, AND D. M. HIRAK 

ABSTRACT. The weldability of coated 
sheet steels by Nd:YAG lasers has been 
examined using a 250-W pulsed laser, a 
1-kW pulsed laser and a 2-kW continu- 
ous wave (CW) laser. Seam welds were 
produced in 0.75-mm-thick (23- gauge) 
galvanized and galvannealed sheet steels 
using a modified lap-joint configuration 
consisting of a groove-shaped projection 
in the top sheet of the joint. Experiments 
were performed to assess the effects on 
weld quality of coating type, groove-pro- 
jection dimensions and laser process pa- 
rameters. 

Good quality welds, which failed at 
levels comparable to the base metal in 
shear tensile tests, were made over a 
wide range of conditions using the CW 
Nd:YAG laser, but could only be pro- 
duced using a limited range of process 
conditions with the two pulsed lasers. 
Using the CW laser at a mean power of 
1600 W, good quality welds could be 
produced at speeds up to 60 mm/s (144 
in./min). In comparison, the maximum 
acceptable welding speed when using 
the 250-W pulsed laser at 220 W laser 
mean power was just 2.4 mm/s (5.4 
in./min). The melting ratios of the welds 
produced with the CW laser were found 
to be about 0.25, while they were ap- 
proximately 0.10 for the welds produced 
using the pulsed lasers. Finally, the qual- 
ity of welds produced was not affected by 
the dimensions of the groove projection 
or by the coating type. 
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Introduction 

The automotive industry uses zinc-rich 
coated sheet steels extensively in auto 
body components for enhanced corrosion 
resistance. Laser beam welding is being 
evaluated as an alternative joining tech- 
nique for these sheet steels in the lap-joint 
configuration, because it offers a number 
of advantages over traditional resistance 
spot welding practices. For example, 
much less flange material is required for 
laser welding, resulting in a potentially 
significant weight reduction. As well, no 
direct contact is required between the 
welding machine and the workpiece and 
access is only required from one side of 
the weld joint. In addition, lasers, particu- 
larly Nd:YAG lasers whose output can be 
transmitted through fiber-optic cables, can 
be easily integrated into automotive ro- 
botic welding cells. 

Laser beam welding of zinc-coated 
sheet steel in the lap-joint configuration is 
illustrated schematically in Fig. 1A. The 
well-known problem with welding these 
materials in this configuration is related to 
the low boiling point of zinc 
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(906°C/1663°F) compared with the melt- 
ing temperature of steel 
(~1550°C/2822°F). During seam weld- 
ing, the two zinc coatings at the interface 
vaporize and expand rapidly when the 
molten steel weld pool approaches the in- 
terface between the two steel sheets. With 
no joint clearance between the sheets, 
this vapor can only escape through the 
molten weld pool, and this typically re- 
sults in excessive weld porosity or com- 
plete expulsion of the weld metal. 

Many different techniques have been 
attempted to allow production of accept- 
able seam welds in the lap-joint configu- 
ration in coated sheet steels using both 
CO 2 and Nd:YAG lasers and no joint 
clearance between the two sheets of 
steel. The use of CO 2 and Nd:YAG lasers 
pulsed at different frequencies has been 
reported to permit the production of 
good quality, full joint penetration welds 
with no joint clearance (Refs. 1-7). Un- 
fortunately, acceptable welds have only 
been created using a small window of 
processing conditions and these condi- 
tions have been found to be affected by 
a number of process parameters includ- 
ing the coating type and thickness, the 
sheet thickness, the laser power and the 
type of laser. The effects of pulsing of the 
beam on the welding process are not yet 
fully understood. 

In a recent study, the weldability of 
laser beam welding coated sheet steels in 
a lap-joint configuration with no clear- 
ance between the sheets was examined 
using a 2-kW Nd:YAG laser capable of 
CW and sine or square wave modulated 
output (Ref. 8). The results of the study 
showed that good quality welds could 
not be produced using these lasers when 
there was no joint clearance between the 
two sheets of steel. Invariably, the welds 
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displayed excessive porosity or complete 
weld metal expulsion due to the zinc 
vapor created at the interface between 
the two sheets during welding. 

Good quality laser beam seam welds 
have been reported when the zinc coat- 
ing in the area of the weld was removed 
prior to welding (Refs. 9, 10); however, 
the cost of this additional processing step 
may be prohibitive. Alternatively, there 
are a large number of laser welding tech- 
niques for laser beam welding of these 
coated sheet steels which have been de- 
signed to provide adequate venting of the 
zinc vapor from between the two sheets 
rather than through the weld pool. Good 
quality welds have been produced using 
continuous wave (CW) CO 2 lasers and 
both pulsed and CW Nd:YAG lasers, for 
example, by introducing a small joint 
clearance between the sheets using pre- 
placed shims as shown in Fig. 1 B (Refs. 
11-13). It has been shown that clearances 
ranging from 0.04 to 0.3 mm (0.0016 to 
0.01 in.), depending on the type of coat- 
ing, coating thickness, etc., provide an al- 
ternate path for venting of the zinc vapor 
(Refs. 8, 12-15). For a particular coated 
sheet steel, however, good quality welds 
can only be produced over a narrow 
range of clearance sizes (on the order of 
0.1 to 0.2 mm/0.004 to 0.008 in.) and the 
required joint clearance depends on a 
number of variables including coating 
type and thickness, sheet thickness, laser 
type and beam diameter, and welding 
speed. Although this approach has been 
shown to permit the production of good 
quality laser beam welds in a laboratory 
setting, the difficulty of maintaining a 
controlled joint clearance between the 
sheets has prevented rapid acceptance of 
a fixed-clearance technique in produc- 
tion environments. 

Coated sheet steels have been laser 
welded using a number of modified lap- 
joint geometries, which have been de- 
signed to create a controlled joint clear- 
ance between the sheets with minimal 
fixturing. This has been done dynami- 
cally during welding using a roller device 
(Ref. 16) or by prestamping stand-off pro- 
jections into the top steel sheet and weld- 
ing through the clearance between the 
projections as shown in Fig. 1C (Refs. 
17-19). The difficulty with these tech- 
niques remains that the required joint 
clearance is still within a narrow range of 
dimensions and is sensitive to variations 
of many of the process parameters, as de- 
scribed above. 

In the present study, a new joint 
geometry for laser welding of these 
coated materials in a lap-joint configura- 
tion was developed and evaluated. The 
geometry consists of a rounded groove- 
shaped projection pressed into the top 
sheet of the lap-joint specimen pair, as 

shown in Fig. 2. This 
technique differs from 
the previously reported 
techniques involving 
preformed projections as 
described above in that 
the weld is made along 
the point of contact be- 
tween the two sheets 
rather than through the 
clearance created by the 
projection. The advan- 
tage of this new joint 
geometry is that it allows 
the top and bottom 
sheets to be clamped 
firmly in contact during 
welding while still pro- 
viding a vent path be- 
tween the sheets for the 
zinc vapor to dissipate. It 
has the additional advan- 
tages that weld quality is 
not sensitive to dimen- 
sional variations of the 
joint clearance formed 
between the sheets and 
that the groove can be 
followed easily by a real- 
time joint tracker. 

The objective of the 
work reported here was 
to evaluate the weldabil- 
ity of galvanized and gal- 
vannealed sheet steels 
with the grooved-projec- 
tion lap-joint configura- 
tion using three Nd:YAG 
lasers; a 250-W pulsed 
laser, a 1-kW pulsed laser 
and a 2-kW CW laser. 
The specific aims were to 
determine the possible 
influences on weld 
quality of various 
process parameters in- 
cluding output power 
waveform, mean laser 
power, welding speed, 
groove projection 
geometry and coating 
type. 

Experimental 
Apparatus and 
Procedures 

Two different 
coated sheet steels 
were used in this 
study: 0.75-mm-thick 
(23-ga) hot-dipped 
galvanized sheet with a 
minimum zinc coating of 
60 g/m 2 on each side 
(nominal coating thick- 
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Fig. I - -  Schematic diagrams of  weld jo int  geometries previously 
proposed for laser beam seam welding of  coated sheet steels: A 
- -  No jo int  clearance between the sheets; B - -  a defined jo int  
clearance between the sheets; C -  defined jo int  clearances de- 
termined by prestamped projections in the top sheet. 

Fig. 2 - -  Schematic diagram of  the groove-projection jo int  geom- 
etry used in this study for Nd:YAG laser beam seam welding of  
coated sheet steels. 

Fig. 3 - -  The clamping arrangement used for holding the weld 
specimens and the gas cup assembly of  the JK702 pulsed Nd: 
YAG laser. 
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prototype MW2000 CW 
laser and the JK706 
pulsed laser were trans- 
mitted to the workpiece 
through a 25- and 15-m 
long (82- and 49-ft), 1000- 
IJm-diameter fiber-optic 
cable, respectively. Each 
beam was then recolli- 
mated by a lens as it ex- 
ited the fiber and focused 
with a final process lens. 
The lens combinations for 
the MW2000 and JK706 
lasers were: 160 and 80 
mm; and 160 and 160 

" ~l mm, respectively. 
2000 When using each 

laser, a preliminary set of 
welds was made to iden- 
tify the optimum position 
of the beam focus relative 
to the groove surface on 
the basis of maximum 
penetration for a given 
laser power. This opti- 

mum position was different for each ma- 
chine and is listed in Table 3. A laser 
beam analyzer (LBA) (Ref. 20) was used 
then to measure the spatial distribution of 
power density and the I/e 2 diameter of 
the laser beam at this operating position 
in the laser beam. The measured beams 
were multimode, but could be described 
approximately by a Gaussian distribu- 
tion, as shown in Fig. 4. The I/e 2 beam di- 
ameters at the groove surface are listed 
also in Table 3. 

In some welding trials using the pro- 
totype MW2000 laser and all of the weld- 
ing trials performed with the JK702, the 
beam delivery system remained station- 
ary and an x-y positioning table was used 
to move the workpiece at the desired 
rate. In other trials with the MW2000 
laser and all experiments performed with 
the JK706 laser, the specimen to be 
welded was stationary and the fiber-optic 
beam delivery head was moved over the 
weld specimen using a Fanuc robot. 

In the first and second series of exper- 
iments, the JK702 and JK706 pulsed 
lasers were used to explore the effects on 
weld quality of laser mean power, peak 
power and welding speed, and hence the 
amount of pulse overlap, when welding 
galvanized sheet steel with the series A 
groove-projection joint geometry-Table 
2. In the first series of experiments with 
the JK702 laser, welds were made using 

Fig. 4 - -  Representative power density distribution measured 
using a laser beam analyzer (LBA) at the focal position used in 
the experiments of the JK706 Nd:YAG laser when operating at 
600-W output power and with a 160/160-mm lens combination. 

ness -8 tim), and 0.79-mm (0.03-in.) 
thick galvannealed sheet with a mini- 
mum coating of 40 g/m 2 (nominal coat- 
ing thickness 6 lam). The compositions of 
the steel substrates are shown in Table 1. 

The laser welding experiments were 
conducted using either 25 x 50-mm or 50 
x 150-mm (1 x 2-in. or 2 x 6-in.) coupons 
of the coated sheet steels. To examine the 
effects on weld quality of the groove pro- 
jection dimensions, grooves were 
pressed a predetermined depth into the 
top sheet of a specimen pair using either 
0.99 or 1.40 mm (0.038 or 0.055 in.) di- 
ameter piano wires. The dimensions of 
the groove projections used in this study 
are listed in Table 2. Prior to welding, all 
specimens were ultrasonically cleaned 
in varsol and dipped in N-Heptane to re- 
move dirt and oil. The two coupons of 
sheet steel were then clamped using the 
weld jig shown in Fig. 3 such that they 
were in contact only along the projection 
and welded along their line of contact as 
illustrated in Fig. 2. 

The laser welding machines used for 
this study were a 250-W pulsed Nd:YAG 
laser (JK702), a 1-kW pulsed Nd:YAG 
laser (JK706), and a prototype 2-kW CW 
Nd:YAG laser (MW2000), all manufac- 
tured by Lumonics Corp. The JK702 
pulsed laser had an adjustable beam ex- 
panding telescope (BET) and a 120-mm 
final focusing lens. The laser beams of the 

Table 1 - -  Composition (wt-%) of the 23-Ga 

Coating Type C Mn 

Galvanized 0.03 0.24 
Galvannealed 0.03 0.25 

Steel Sheet Substrates 

P S Si AI 

0.010 0.011 <0.010 0.053 
0.007 0.015 0.025 0.073 

a laser mean power of 220 W. This mean 
power was kept constant in order to pre- 
vent variation of the beam mode and di- 
ameter due to thermal lensing effects 
(Ref. 21). Various combinations of pulse 
energy and pulse time were obtained 
while using this constant mean power by 
varying the pulse frequency. For a partic- 
ular welding condition (mean power, 
pulse energy, pulse time and frequency) 
the percentage of overlap between the 
pulse varied with welding speed. About 
20 welds were made using an orthogonal 
matrix of experimental conditions in 
order to identify the pulse conditions that 
could be used to produce full penetration 
welds. The welding speeds used were 
2.4, 3.6 and 4.8 mm/s, (5.6, 8.5 and 11.3 
in/min) and pulse energies were varied 
from 31.9 to 38.3 J/pulse. Throughout 
these experiments, argon shielding was 
provided coaxially at a rate of 0.4 L/s 
(11.3 fig/h) through a 6-mm (0.24-in.) di- 
ameter orifice located 9 mm (0.35 in.) 
above the laser beam focal position. 

In the second series of experiments, 
the JK706 pulsed laser with the fiber- 
optic delivery system was used to make 
22 full joint penetration welds using a 
mean laser power of 720 W and a range 
of process conditions. The varied para- 
meters included: energy/pulse, pulse 
time, focal position and welding speed. 
Argon shielding was provided through a 
12.8-mm (0.5-in.) diameter back-jet lo- 
cated approximately 10 mm (0.04 in.) 
above the laser beam focal position at an 
inclined angle of 30 deg to the weld 
specimen. 

In a third series of experiments, the 
prototype MW2000 CW laser was used 
to make about 30 welds under various 
process conditions in order to examine 
the weldability of the galvanized sheet 
steel with the series A and B groove-pro- 
jection geometries - -  Table 2. Welding 
was performed at three mean powers: 
685, 1000, and 1350 W using three to 
five welding speeds for each mean 
power. At 685 W, the three welding 
speeds were 5, 7.5 and 10 mm/s (11.8, 
17.7 and 23.6 in./min); at 1000 W, the 
five welding speeds ranged from 15-30 
mm/s (35.4-70.8 in./min); while at 1350 
W, the five welding speeds ranged from 
25-45 mm/s (59-106 in./min). In all 

Table 2 - -  Dimensions of Groove-Projection 
Geometries Used in This Study 

Wire Groove 
Diameter Depth 

Series (mm) (ram) 

A 1.40 0.70 
B 0.99 0.50 
C 1.40 0.35 
D 1.40 0.24 
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cases, the welding speed was not in- 
creased further if incomplete joint pene- 
tration through the bottom sheet was ob- 
served. Argon shielding gas was provided 
coaxially at a rate of 0.4 L/s through a 
3.2-mm (0.13-in.) diameter orifice lo- 
cated 3.5 mm (0.14 in.) above the laser 
beam focal position. 

In the fourth series of experiments, the 
prototype MW2000 CW laser was used 
to explore the weldability of the galva- 
nized and galvannealed sheet steel with 
all four groove-projection geometries 
listed in Table 2. Approximately 64 welds 
were made at two laser mean powers, 
1200 and 1600 W, and using four weld- 
ing speeds for each mean power. At 1200 
W, the four welding speeds ranged from 
27 to 43 mm/s (63.7-101.6 in./min), 
while at 1600 W, welding speeds ranged 
from 40 to 60 mm/s (94.5-141.7 in./min), 
where again, the welding speed was not 
increased if there was incomplete pene- 
tration of the bottom sheet. Argon shield- 
ing was provided in the same manner as 
described for the third series of experi- 
ments but was supplied at a rate of 0.23 
L/s (6.5 ft3/h). 

The weld bead geometry and weld 
quality of the laser welds produced were 
determined from transverse sections of 
the welds. A section of each seam weld 
was mounted in bakelite, then ground 
and diamond polished. Macro-etching 
was performed with a solution of picric 
acid (4 g in 100 mL methanol). Weld di- 
mensions were measured using a metal- 
Iographic microscope coupled to JAVA 
image analysis software. Finally, the fail- 
ure mode and the load to failure were in- 
vestigated by performing transverse shear 

Fig. 5 - -  Weld produced in 23-ga galvanized sheet with series A groove-proje( tion ger~metry 
using the JK702 pulsed laser at 220 W laser mean power with 34 J/pulse and a pulse time of 30 
ms at 2.4 mm/s. A - -  Top view; B transverse section. 

Fig. 6 - -  Weld produced in 23-ga galvanized sheet steel with series A groove-projection ge~;m- 
etry using the prototype MW2000 CW laser at a laser mean power of 1350 W and a welding 
speed of 30 mm/s. A - -  Top view; B -  transverse section. 

tensile tests on an Instron tensile testing 
machine. 

Results and Discussion 

Weld Quality 

Good quality laser beam seam welds 
were produced in galvanized specimens 
with the series A groove-projection joint 

geometry using all three lasers. The ac- 
ceptable welds produced with the JK702 
and JK706 pulsed lasers displayed 
smooth top-bead surfaces with a fine rip- 
pled pattern generated by the successive 
overlapping laser pulses (Fig. 5A); 
whereas, the surface of the welds made 
with the prototype MW2000 CW laser 
displayed a centerline ridge running 
along the weld - -  Fig. 6A. As shown in 
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Fig. 7 - -  Transverse shear load to failure vs. welding speed of the laser 
beam welds produced in 23-ga galvanized sheet steel using groove-pro- 
jection geometry A with the pulsed JK702 laser at a laser mean power of  
220 W. 
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Fig. 9 - -  Transverse shear load to failure vs. welding speed of  the laser 
beam welds produced in 23-ga galvanized sheet steel using series A 
groove-projection geometry with the M W2000 CW laser. 

Fig. 10 - -  Tranverse section of  a weld pro- 
duced in 23-ga galvannealed sheet at 60 
mm/s using 1600-W laser mean power and 
the series C groove-project ion geometry. 
Note the porosity at the bottom of  the groove 
due to inadequate venting of  zinc vapor. 

Figs. 5B and 6B, cross-sections of satis- 
factory welds fabricated with the pulsed 
and CW lasers were indistinguishable. 
These sections are typical of the accept- 
able welds. They are keyhole-mode 
welds that completely penetrate the sec- 
ond sheet of steel. There is no evidence 
of porosity at the interface generated by 
the vaporizing zinc layers, indicating that 
this groove-projection joint geometry has 
permitted adequate venting of the zinc 
vapors between the two sheets of steel 
during welding. 

Welds displaying acceptable surface 
quality were made with the pulsed lasers 
over a limited range of processing condi- 
tions. The window of operating condi- 
tions which produced acceptable welds 
with the JK702 laser was concentrated at 
the upper limit of the laser's capabilities. 

Table 3 - -  Optimum Location of the Laser 
Focal Position during Welding for Each 
Laser, and Resulting Laser Beam Diameter at 
the Groove Surface 

Laser 

JK702 

JK706 

MW2000 

Optimum 1/e 2 Beam 
Position Diameter at 

of the Focused Groove 
Laser Beam Surface ([am) 

5.0 mm above 1570 
Groove 
Surface 

Groove 1200 
Surface 

0.5 mm below 650 
Groove 
Surface 

1.0 mm below 740 
Groove 
Surface 

Using the laser mean power of 220 W, 
good quality welds were produced at 
welding speeds ranging from 2.4 to 4.8 
mm/s using laser pulse energies ranging 
from 31.9 to 38.3 J and pulse durations 
of 30 ms. The top surface of the welds 
produced at the lowest welding speed of 
2.4 mm/s displayed pulse-to-pulse over- 
laps of approximately 75%. The backside 
of these welds showed continuous com- 
plete penetration or discontinuous pene- 
tration. The top surface of the welds pro- 
duced at higher welding speeds 
displayed a lower amount of pulse-to- 
pulse overlap, while the backsides of the 
weld specimens generally did not show 
complete joint penetration. Welds fabri- 
cated at lower energies/pulse displayed 
inadequate penetration into the second 
sheet, while welds made at shorter pulse 
times suffered from blowholes, and in 
some cases, significant material loss. The 
tolerance box of acceptable processing 
conditions for welds made using the 
JK706 pulsed laser was centered about a 
pulse energy of 14.4-22.4 J/pulse with 
pulse times ranging from 2.5 to 2.8 ms. 
As in the case of the welds produced by 
the JK702 laser, the top surface of the 
welds produced at the lowest welding 
speed displayed a high percentage of 
pulse-to-pulse overlapping, on the order 
of 78 to 81%. The backside surface of 
these welds showed either continuous 
complete penetration or discontinuous 
penetration. As the welding speed in- 
creased, the amount of pulse-to-pulse 
overlap on the top surface decreased and 
the backside penetration showed re- 

duced penetration. 
Welds displaying good surface quality 

were made with the prototype MW2000 
CW laser over a large range of laser mean 
powers and welding speeds. In general, 
acceptable quality welds were produced 
at laser mean powers of 1000 W or more 
and at speeds in excess of 20 mm/s. Com- 
plete joint penetration welds were pro- 
duced when using 1600 W at speeds up 
to 47 mm/s, while partial joint penetra- 
tration welds were successfully made at 
speeds up to 60 mm/s. 

Weld Strength 

The results of transverse shear tensile 
testing of the welds made using the 
JK702, JK706, and prototype MW2000 
lasers are shown in Figs. 7, 8 and 9, re- 
spectively. For welds produced using the 
JK702 pulsed laser (Fig. 7), failure loads 
comparable to the base metal were ob- 
served for welds produced using the 
three highest energies/pulse and the low- 
est welding speed, 2.4 mm/s. Failure of 
these welded specimens always oc- 
curred in the base metal, it may be seen 
from this graph that the failure load per 
unit distance at a particular welding 
speed generally decreased with decreas- 
ing energy/pulse. The decrease in failure 
load per unit length seen with declining 
energies/pulse is also a consequence of 
reduced penetration into the second 
sheet. Also, the failure load decreased 
rapidly with increasing welding speed. 
Similarly, the decrease in failure load per 
unit distance with increasing welding 
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speed can be attributed to reduced 
amounts of penetration of the second 
sheet due to lower amounts of pulse over- 
lapping with increased welding speed. 
Similar trends were seen in the data ob- 
tained from the welds produced with the 
JK706 pulsed laser, as shown in Fig. 8. 
Once again, high failure loads with failure 
occurring in the base metal were associ- 
ated with the highest energies/pulse at one 
welding speed, which in this case was 11 
mm/s. This welding speed is more than 
four times greater than that possible with 
the JK702 pulsed laser. 

The shear tensile strengths of the 
MW2000 CW laser welds are plotted vs. 
welding speed in Fig. 9. The welds made 
using laser mean powers of 1000 and 
1350 W from the third series of experi- 
ments had failure loads comparable to 
the base metal and failed in the base 
metal. At the lowest laser mean power 
used, 685 W, and consequently, the low- 
est welding speeds, poor failure loads per 
unit distance were seen with failure oc- 
curring in the heat-affected zone or weld 
metal. These welds were characterized 
by wide top beads and poor penetration 
into the second sheet due to poor cou- 
pling of the laser beam with the work- 
piece at this laser mean power. 

The transverse tensile shear strength 
and weld quality of all laser beam seam 
welds were adversely affected by mis- 
alignment of the laser beam with the cen- 
terline of the groove projection. An ex- 
ample of a transverse section through 
such a weld is shown in Fig. 10. In gen- 
eral, the surface quality of these welds 
was good and the misalignment of the 
laser beam on the surface of the work- 
piece was easily seen. However, this mis- 
alignment caused a reduction in the weld 

Fig. 11 - -  Views of the bottom surface of longitudinal welds produced in 23-ga galvanized sheet 
using series A groove-projection geometry which failed at levels comparable to the base metal. A 
- -  Backside of specimen displayed a few isolated areas of complete joint penetration; B - -  back- 
side of specimen displaying continuous full joint penetration. 

strength, and in most cases, a change in 
failure mode from failure in the base ma- 
terial to failure along the weld interface. 
Also, as may be seen in Fig. 10, mis- 
alignment of the laser beam sometimes 
caused intermittent weld metal porosity 
due to incomplete venting of the zinc 
vapor at the contact point between the 
bottom of the groove and the second 
sheet. In the extreme weld metal sagging 
or drop-through occurred, because the 
weld was created on the shoulder of the 
groove where the joint clearance was ex- 
cessive. While experiments were not per- 
formed specifically to establish laser 
beam misalignment tolerance bands for 
successful welds with the groove geom- 
etry, examination of welds such as the 
one shown in Fig. 10 suggests that good 
welds should be produced provided the 
beam is within one beam radius of the 
groove centerline. For the weld in Fig. 
10, which was produced using the 
MW2000 laser welding machine, the tol- 
erance band would be about + 350 pm 
(Table 3). Thus, these defects can be 

eliminated easily by minimizing laser 
beam misalignment using careful jigging 
or by using a joint tracker to follow the 
groove during welding. 

Generally, the failure load and failure 
mode of welds that displayed acceptable 
surface quality could be predicted based 
on the degree of joint penetration evident 
on the backside of the workpiece. The 
shear tensile testing results indicated that 
welds which failed at relatively low 
strength levels, with failure occurring in 
the heat-affected zone or weld metal, 
showed varying degrees of heat marks 
consisting of resolidified zinc, but no 
areas of complete joint penetration on 
the backside of the workpiece. The welds 
which had some areas of complete joint 
penetration on the backside of the work- 
piece, even a small amount, such as 
shown in Fig. 11A, had failure loads com- 
parable to the base metal, with failure oc- 
curring in the base metal. Failure also oc- 
curred in the base metal of welds which 
displayed more complete penetration, 
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Fig. 13 - -  Melting ratio vs. welding speed of the laser beam welds 
produced in 23-ga galvanized sheet steel with the series A groove- 
projection geometry using the JK702 and JK706 pulsed lasers. 
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Fig. 14 - -  Melting ratio vs. welding speed of the laser beam welds pro- 
duced in 23-ga galvanized sheet steel with the series A groove-projec- 
tion geometry using the MW2000 CW laser. 

such as shown in Fig. 11B. 
The laser welding conditions resulting 

in good quality welds that failed at levels 
comparable to the base metal are plotted 
in Fig. 12 as a function of laser mean 
power and welding speed. These condi- 
tions were determined from a combina- 
tion of qualitative evaluation of the weld 
surface quality and the shear tensile test- 
ing results. It can be seen from this graph 
that for each of the pulsed lasers accept- 
able quality welds were only produced at 
one welding speed. In contrast, good 
quality welds were fabricated over a 
large range of conditions with the proto- 
type MW2000 CW laser. While this 
graph indicates a trend toward higher al- 
lowable welding speeds with increased 
available laser power, there will be a limit 

for this combination 
of material and laser 
beam diameter 
above which welds 
can be expected to 
become unaccept- 
able due to the oc- 
currence of humping 
and undercutting 
weld defects (Ref. 
22). This limit was 
not reached in the 
present study. 

Melting Ratio 

The conversion ef- 
ficiency of electrical 
energy to optical en- 
ergy of most solid- 
state laser welding 
machines is typically 
less than 5%. How- 

ever, when considering the overall weld- 
ing process efficiency, it is usual to con- 
sider only the efficiency with which the 
output optical energy is used to form a 
fused joint. This effectiveness can be de- 
fined by either the melting efficiency or 
the melting ratio (Refs. 23, 24). The melt- 
ing efficiency is defined as the ratio of en- 
ergy required to heat and melt the weld 
metal to the energy absorbed by the 
workpiece; whereas, the melting ratio is 
defined as the ratio of energy required to 
heat and melt the weld metal compared 
to the output of the heat source, in this 
case, the measurable laser beam. 

The melting efficiency of pulsed laser 
welding processes is difficult to deter- 
mine because accurate measurements of 
the effective absorptivity are usually not 

Fig. 15 - -  Transverse sections of longitudinal welds produced in 23-ga galvanized sheet using the 
MW2000 CW laser produced at a laser mean power of 1600 W at 40 mm/s with different series 
groove-projection geometries. A - -  Joint geometry D; B - -  joint geometry A. 

possible. However, calculation of the 
melting ratio is possible because it re- 
quires only measurements of the laser 
beam energy and the volume of weld 
metal. In this study, therefore, the melting 
ratio was calculated for welds produced 
with the three different lasers to assess the 
relative effectiveness of each laser. The 
melting ratio, nmr, is defined as 

V[ C (Tm  -T0)+AHm] 
nmr - E (1) 

where V is the melt volume (m3), p is den- 
sity (kg/m3), Cp is the specific heat 
(kJ/kg.K), Tmp is the melting temperature 
(K), T o is the ambient temperature (K), 
AH m is the latent heat of melting (kJ/kg) 
and E is the energy (J) of the laser pulse or 
beam. The thermophysical material 
properties used were those for AIS11008 
steel (Ref. 25). 

Two different techniques were used to 
calculate the melting ratios of individual 
pulse welds vs. the melting ratios of a 
train of overlapping pulses or CW welds. 
For a single pulse weld, the volume of a 
single pulse weld was determined by 
measuring the boundary coordinates of 
the weld cross-section using a metallo- 
graphic image analysis technique. As- 
suming that the weld pool was axisym- 
metric in shape, these boundary 
coordinates were then used to perform a 
numerical integration to provide the vol- 
ume of weld metal. This value and the 
measured pulse energy used to produce 
the weld pool were then substituted into 
Equation 1 to calculate the melting ratio. 

To determine the melting ratio for a 
train of pulses or a CW seam weld, the 
volume of weld metal produced per unit 
time was calculated by multiplying the 
welding speed by the cross-sectional 
area of the weld as measured using the 
metallographic image analysis tech- 
nique. Assuming that the cross-sectional 
weld profile remained constant along the 
weld, this value for volume of weld metal 
produced per unit time and the energy 
input per unit time were used in Equation 
1 to calculate the melting ratio. 

The calculated melting ratios as a 
function of welding speed are shown in 
Figs. 13 and 14 for the pulsed lasers and 
CW laser, respectively. From the graph of 
results for the pulsed lasers (Fig. 13), it 
can be seen that the individual pulse 
melting ratios were as high as 0.4 and de- 
creased with increasing welding speed 
for each laser. It may be expected that the 
melting ratio for the single pulse welds 
would be constant and independent of 
welding speed. The observed decrease of 
the melting ratio with increased welding 
speed may be due to an under estimation 
of the actual weld pool volume for welds 
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produced at the higher speeds. As the 
welding speed increases, the weld pool 
width will decrease and the weld pool 
will become elongated in the direction of 
welding. Weld volume calculations 
based upon the weld cross-section and 
the assumption of an axisymmetric weld 
pool shape will, therefore, underestimate 
the actual weld pool volume, thereby 
causing a decrease in the calculated 
melting ratio as was observed. 

In Fig. 13, the melting ratios of welds 
produced using pulse trains from both 
pulse lasers were approximately 0.1 ; that 
is, 10% of the laser beam energy actually 
contributed toward melting of the metal. 
Also, these values were always less than 
the melting ratios of the individual pulse 
welds at any given welding speed. This is 
because seam welds are produced using 
a pulsed laser by making a succession of 
overlapping individual spot welds. Thus, 
a portion of the weld metal is repeatedly 
reheated and melted, which inherently 
reduces the overall efficiency of the 
process. As the welding speed increased, 
the two types of melting ratios con- 
verged, because the amount of overlap- 
ping was reduced. 

The melting ratios of welds produced 
using the prototype MW2000 CW laser 
are plotted as a function of welding speed 
in Fig. 14. The melting ratios of the good 
quality welds produced at 1000 and 
1350 W from the third series of experi- 
ments had melting ratios of approxi- 
mately 0.25 and did not vary significantly 
with welding speed. This melting ratio is 
150% greater than the melting ratios cal- 

culated for the seam welds produced 
using the pulsed lasers. However, these 
melting ratios are still significantly less 
than the maximum theoretical melting 
efficiency of 48% for a CW complete 
joint penetration weld derived by Swift- 
Hook and Gick (Ref. 24). Finally, the 
melting ratios of welds from the third se- 
ries of experiments, which were pro- 
duced at 685 W and previously deemed 
unacceptable, had much lower melting 
ratios which were comparable to the 
melting ratios of trains of pulses from the 
two pulsed lasers. This is consistent with 
the previous observations of poor weld 
quality and incomplete penetration in 
welds produced using this lower power. 

Effect of Groove Size and Coating Type 

Good quality welds were produced 
with the prototype MW2000 CW laser in 
both galvanized and galvannealed 
welded specimens and with all four 
groove-projection geometries used (see 
Series A-D in Table 2). As illustrated by 
the representative transverse sections of 
welds produced using a large and a small 
groove depth in Fig. 15, weld quality, 
size and shape were not significantly af- 
fected by the variations in groove di- 
mensions used in this study. The results 
were also independent of coating type. 

The results from the transverse shear 
tensile tests of galvanized and galvan- 
nealed specimens made with the four dif- 
ferent groove geometries from the fourth 
series of experiments at a laser mean 

power of 1600 W are shown in Figs. 16 
and 17, respectively. From these graphs, 
it can be seen that all of the welds pro- 
duced with both the galvanized and the 
galvannealed specimens failed at levels 
comparable to the base metal with fail- 
ure occurring in the base metal. With the 
galvanized material, no significant varia- 
tion in strength was seen for the welds 
produced with different groove sizes. 
However, results from the galvannealed 
specimens showed more variation of fail- 
ure load per unit length as a function of 
the groove sizes, especially at high weld- 
ing speeds. 

Summary 

The weldability of coated sheet steels 
when using a modified lap joint geome- 
try consisting of a rounded groove- 
shaped projection pressed into the top 
sheet of the specimen pair has been in- 
vestigated by making seam welds using a 
wide range of process conditions with 
three different Nd:YAG lasers: a 250-W 
pulsed laser, a 1-kW pulsed laser with a 
fiber-optic delivery system and a proto- 
type 2-kW CW laser with fiber-optic de- 
livery system. 

Good quality welds were produced in 
0.75-mm-thick (23-gauge) galvanized 
sheet steel with the two pulsed lasers 
under a limited set of process conditions 
and with the 2 kW CW laser over a wider 
range of process conditions. The top sur- 
face features of the welds depended on 
the output waveform (pulsed vs. CW), 
but transverse sections of the good welds 
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displayed no discernable differences. 
The transverse shear tensile strength 

of acceptable welds produced with all 
three lasers was comparable to the base 
metal strength. However, the strength of 
the laser beam welds were adversely af- 
fected by laser beam misalignment with 
the groove projection centerline, or in- 
complete penetration through the sec- 
ond sheet of steel. 

The weld ing speeds that produced 
acceptable quality welds increased with 
laser power. The fastest speeds that pro- 
duced good quality welds in the 23-ga 
coated sheet steels were 2.4 mm/s with 
the 250-W pulsed laser, 11 mm/s with the 
1 -kW pulsed laser and 60 mm/s with the 
prototype 2-kW CW laser. The melting 
ratios were approximately 0.1 in seam 
welds produced using the pulsed lasers 
but were about 0.25 in welds produced 
using the CW laser. Thus, the overall  
process eff ic iency was about 150% 
greater when using a CW laser compared 
to a pulsed laser. Finally, unlike previous 
control led joint  clearance techniques, 
weld quality of laser welds made with the 
new groove-projection lap joint configu- 
ration was not found to be sensitive to the 
groove dimensions, the type of coating or 
variations in coating thickness. 
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