
Hybrid Laser Arc Welding Process 
Evaluation on DH36 and EH36 Steel 

This study characterizes the effects laser power, arc power, and laser-arc 
separation have on weld macrostructure, microstructure, and welding arc 
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ABSTRACT 

The effects of laser power, arc power, and laser-arc separation on the 
macrostructure, microstructure, and welding arc were characterized in hybrid laser 
arc welds on DH36 and EH36 steels. Experiments were done to study a range of 
arc and laser powers at a constant laser-arc separation and a range of laser pow- 
ers and laser-arc separation at a constant arc power. High-speed video captured 
images of the welding in process, and arc voltage and current were also measured. 
Two distinct weld macrostructure morphologies were observed. The first had a uni- 
form fusion zone, and the second had a two- part fusion zone with an upper laser 
and arc combined region and a lower laser-only penetration region at the root. 
This two-part fusion zone was only observed for partial joint penetration welds, 
and process parameter maps were made to define the windows for both mor- 
phologies. Complete penetration welds always exhibited a uniform fusion zone. 
Decreasing the laser-arc separation increased the total penetration of the uniform 
fusion zone welds and reduced the size of the laser-only penetration region in the 
two-part fusion zone welds. The formation of acicular ferrite was promoted by in- 
creasing the arc power and increasing the laser-arc separation. Laser power did 
not have a major effect on the weld metal microstructure. Small laser-arc separa- 
tions and low laser powers added a low-frequency large globular/short circuiting 
metal transfer mode to the predominately spray arc. Welding with larger laser-arc 
separations and higher lasers powers did not exhibit this low-frequency transfer 
but did have a mid frequency small globular free-flight transfer that was not ob- 
served in the gas metal arc welding (GMAW) only arc. 

Introduction 

Hybrid laser arc welding (HLAW) is a 
process that combines conventional arc 
welding, typically gas metal arc welding 
(GMAW) or gas tungsten arc welding 
(GTAW), and laser beam welding (LBW) 
such that both heat sources are incident on 
a single weld pool (Refs. 1-4). The process 
was first developed by Steen and Eboo 
(Ref. 5) using a 2-kW CO2 laser and 
GTAW, and it produced some interesting 
results. The laser was found to stabilize 
the voltage and current of an unstable arc, 
reduce the arc column resistance, and in- 
crease the depth-to-width ratio of the re- 
sulting welding morphology (Ref. 5). As 
laser technology developed, higher-power 
welding lasers were more readily avail- 
able, and the process has gained interest 
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for industrial applications and for re- 
search (Refs. 1-4). Hybrid laser arc weld- 
ing can be divided into the following two 
general categories: laser-stabilized arc 
welding (Refs. 6-9) and laser plus arc 
welding (Refs. 1^1). Laser-stabilized arc 
welding uses a low-power laser, less than 1 
kW and typically around 500 W, such that 
no keyhole is formed. Here the arc domi- 
nates the welding process, although the 
laser does have some profound effects. 
The arc voltage is lowered and with re- 
duced fluctuation. Melting efficiency is in- 
creased, the arc contracts to a smaller ra- 
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dius, and the cathode spot is fixed to the 
point of laser incidence (Refs. 6-9). In the 
laser plus arc welding category, a high- 
power laser, typically greater than 1 kW, is 
used so that a keyhole is formed and the 
arc and laser have similar power levels. 
Neither power source dominates the weld- 
ing process. The laser provides improved 
penetration, and the arc allows root open- 
ing bridging ability. In addition, the weld- 
ing speed is increased over arc welding, 
and the weld quality is improved over laser 
beam welding (Refs. 1-4). This research 
work used a high-power laser and while 
the process falls into the latter category of 
laser plus arc welding, the rest of this 
paper discusses this category of hybrid 
laser arc welding. 

There are many process variables asso- 
ciated with hybrid laser arc welding, and it 
is important to understand how they affect 
the welding process. In hybrid laser arc 
welding, the arc power controls the weld 
width and root opening bridging ability, 
and the laser power controls the penetra- 
tion (Refs. 10-14). Modeling work (Ref. 
15) also verifies these results. The laser- 
arc separation can also be optimized to in- 
crease the penetration (Refs. 10,11); how- 
ever, laser-arc separation also greatly 
influences the stability of the process 
(Refs. 11,16,17). Hybrid laser arcwelding 
has an increased melting efficiency, as 
measured by the weld cross-sectional 
areas, over the sum of the individual 
process (Ref. 16). Laser focal position can 
also influence penetration greatly; it 
should be slightly below the base metal 
surface such that the laser is focused on 
the surface of the depressed weld pool 
(Refs. 11,14). 

The microstructural development of 
hybrid laser arc welds is an important re- 
search interest. Steel weld metal mi- 
crostructure depends on the following im- 
portant parameters: chemical 
composition, nonmetallic inclusions, so- 
lidification structure, prior austenite grain 
size, and the thermal cycle (Ref. 18). 
These parameters may be significantly dif- 
ferent in hybrid laser arc welds over other 
more conventional processes and need to 
be studied in addition to the resultant weld 
metal microstructure to ensure the viabil- 
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ity of hybrid laser arc welding as an indus- 
trial process. The size distribution of non- 
metallic inclusions is very important in 
controlling weld metal microstructure. 
Acicular ferrite is observed to nucleate on 
inclusions, and a high content of acicular 
ferrite is associated with inclusions greater 
than 0.2 jxm, more specifically between 0.4 
and 0.6 jxm (Refs. 19-21). These inclu- 
sions are typically oxides of manganese, 
aluminum, and titanium, and are formed 
during deoxidation of the weld pool by the 
alloy additions of the filler material (Refs. 
20, 21). Oxygen potential of the weld sys- 
tem during welding and solidification has 
an important effect on the type and size of 
the inclusions that result. Higher oxygen 
content and short solidification time both 
promote smaller inclusions (Refs. 19, 22). 
It is well established in low-carbon struc- 
tural steel welds that high contents of aci- 
cular ferrite generally exhibit high tough- 
ness and strength; consequently, acicular 
ferrite is a preferred weld metal mi- 
crostructure for good mechanical per- 
formance (Refs. 18-22). 

There have been several studies focused 
on the weldment microstructure and me- 
chanical properties of hybrid laser arc weld- 
ing of steel (Refs. 23-33). Hybrid laser arc 
welds on DH36 steel using either CO2 or 
Nd:YAG lasers with conventional GMAW 
produced a weld metal microstructure high 
in acicular ferrite. The hybrid welds also had 
better weld metal impact toughness, 53 to 
64 J at -20oC, than a comparison submerged 
arc weld (SAW), 49 J at -20oC (Ref. 23). The 
weld metal hardness of hybrid laser arc 
welds on DH36 and A36 steel have been re- 
ported to be acceptable for arc and laser 
welding (Refs. 23, 24). Hybrid laser arc 
welding can be used to weld a variety of 
pipeline steels (Ref. 26). With the proper 
filler material that allows for the formation 
of nonmetallic inclusions, hybrid welds have 
a predominately acicular ferrite microstruc- 
ture and acceptable hardness levels. In a 
higher-alloy steel like HY-80 that has high 
hardenability, it can be more difficult to 
produce acicular ferrite in a hybrid laser arc 
weld because of the high cooling rates and 
high dilution of the filler material associated 
with hybrid laser arc welding (Ref. 27). 
However, through control of heat input and 
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Fig. 1 — Schematic representation of the hybrid laser arc welding setup showing the direction of travel and 
critical dimensions. 

preheat, a predominately acicular ferrite 
weld metal microstructure can be produced 
in hybrid laser arc welds on HY-80 (Ref. 
28). Because DH36 and EH36 steels do not 
have as high hardenability as HY-80, it is ex- 
pected that high contents of acicular ferrite 
can form in hybrid laser arc welds of these 
steels. It is also expected that the weld metal 
microstructure will not be influenced by the 
change in base material between DH36 and 
EH36 steels. This is because the chemical 
compositions of the two steels are very sim- 
ilar (they are designated differently because 
of different impact toughness require- 
ments), and the weld metal is predomi- 
nately influenced by the filler material, 
which remains constant for both base mate- 
rials. Consequently, DH36 and EH36 steels 
have been used interchangeably in this 
study, and no comparison is made between 
the hybrid laser arc welds made on them. 

This research work will have applica- 
tion to the shipbuilding, pipeline, heavy- 
equipment, and other heavy construction 
industries. Hybrid laser arc welding allows 
welding to be done at higher travel speeds, 
with greater penetration, reduced distor- 
tion compared to conventional arc weld- 
ing (Refs. 34, 35), and improved root 
opening tolerance over laser beam weld- 
ing. Understanding the effects of the 

major hybrid variables on the welding 
process will be critical to the implementa- 
tion of hybrid laser arc welding in these 
industries. 

Research Objectives 

The main objective of this research was 
to characterize the effects of the following 
major hybrid laser arc welding parame- 
ters: laser power, arc power, and laser-arc 
separation on the macrostructure, mi-1 
crostructure, and the welding arc. 

Experimental Procedures 

The hybrid laser arc welding system 
consisted of a continuous-wave 14-kW 
CO2 laser with an F/# (ratio of raw beam 
diameter to focal length) of 5.2 and a fo- 
cused beam diameter of 0.8 mm, and a 
constant voltage gas metal arc welding 
power source. The electrode was 0.045- 
in.-(l.l-mm-) diameter ER70S-6 wire, fed 
using a conventional wire feeder and 
GMAW gun. The shielding gas used was 
50%He-45%Ar-5%CO2 (after the work 
of A. Fellman and V. Kujanpaa (Ref. 36)) 
and was fed solely through the GMAW 
gun. Two different base materials were 
used, 5-mm-thick ABS Grade DH36 steel 
for welds made with laser powers of 4 and 

Table 1 — Measured Base Material Chemical Composition as Determined by Direct Reading Atomic Spectroscopy (wt-%) 

Material Mn Si 

DH36 0.06 1.39 0.19 0.011 0.004 
EH36 0.06 1.38 0.25 0.010 0.004 

Al Nb V Ti Cu Cr Ni 

0.025    O.OIW     0.06        0.01       0.25       0.11       0.14 
0.024      0.04      0.05        0.02       0.02       0.02      0.02 

Mo        Fe       Carbon 
Equivalent 

0.03        bal 0.39 
0.01        bal 0.35 

(a) Under minimum specification requirement of 0.02%. 
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Fig. 2 — Example macrographs of the two distinct morphologies observed in the partial joint penetration welds. Left — Hybrid weld with a uniform fusion zone. 
Right — Hybrid weld with a two-part fusion zone consisting of an upper, laser, and arc penetration region and a lower, laser-only penetration region. 

Fig. 3 — Micrographs from a partial-penetration hybrid weld with a two-part fusion zone. Left - 
— Micrograph from the laser-only penetration region. 

- Micrograph from the laser and arc penetration region. Right 

o 
6 kW, and 10-mm-thick ABS Grade EH36 
steel for welds made with laser powers of 
8 and 9 kW (note the steel grade here is 
specified in the commercial standard 
ASTM A131, Standard Specification for 
Structural Steel for Ships). The chemical 
compositions of these steels are given in 
Table 1. The reason for selecting the two 
thicknesses was the need for a thicker ma- 

terial to prevent melt-through at the 
higher laser powers. At the time of the ex- 
periment, only DH36 steel was available in 
5 mm thickness and EH36 steel in 10 mm 
thickness. The base material was cut into 
5 cm x 30 cm coupons, and bead-on-plate 
welds were made. Welding was done with 
the laser leading the arc. Contact tip-to- 
work distance and welding angles were all 

Table 2 — HLAW Processing Constants 

Welding Position 
Process Orientation 
Laser Focus 
Laser Orientation 
GMAW Polarity 
Contact Tip-to-Work Distance 
Laser-Arc Angle 
Shielding Gas 
Shielding Gas Flow Rate 
Electrode 
Travel Speed 

Flat 
Laser leading arc 
At workpiece surface 
Perpendicular to work 
DCEP-CW 
0.75 in. 
15 deg (from laser beam) 
50%He-45 % Ar-5 %C02 

150 ft3/h 
ER70S-6, 0.045 in. diameter 
30 in./min 

held constant throughout the experiment 
as shown — Fig. 1. All the constant pro- 
cessing parameters are shown in Table 2. 

An experimental matrix was developed 
to test the following three major hybrid 
laser arc welding variables: laser power, 
arc power, and laser-arc separation. The 
first experimental matrix used a constant 
laser-arc separation of 4.5 mm and tested 
three levels of arc power, 3.4, 6.3, and 8.5 
kW, plus four levels of laser power, 4, 6, 8, 
and 9 kW. The three arc parameters were 
chosen to produce a change in the domi- 
nant metal transfer mode. The 3.4-kW pa- 
rameter (20 V and 170 A with 200 in./min 
or 85 mm/s wire feed speed (WFS)) pro- 
duced predominately short circuiting 
transfer; the 6.3-kW parameter (28 V and 
225 A with 250 in./min or 106 mm/s WFS) 
was predominately globular transfer; and 
the 8.5-kW parameter (32 V and 265 A 
with 300 in./min or 127 mm/s WFS) was 
predominately spray transfer. The second 
experimental matrix used a constant arc 
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Fig. 4 — Weld metal microstructural content in the two different regions 
of the two-part fusion zone partial-joint-penetration welds. 

Fig. 5 — Hardness traverses through the two different regions of the two- 
part fusion zone partial penetration welds. Dotted lines show the location 
of the weld interface. 

Fig. 6 — Map of the arc power and laser power 
parameter space for partial-joint-penetration hy- 
brid welding showing the two distinct weld mor- 
phologies. The dotted line shows the boundary 
between the two morphologies. Previous experi- 
mental data are from earlier work by the authors 
that is reported in Ref 28. 

Fig. 7 — Macrographs showing the change in morphology associated with partial and complete penetration ^^ 
welds. Left — Partial penetration weld with a two-part fusion zone made with 4-kW laser power. Right — Full ^^ 
penetration weld with a uniform fusion zone made with 6-kW laser power. 

power of 8.5 kW (the spray arc parameter 
as above) and tested four levels of laser 
power, 4, 6, 8, and 9 kW, plus four levels of 
laser-arc separation, 2.0, 4.0, 6.0, and 12.0 
mm. In addition to the two matrices, arc- 
only welds were made at the three arc 
power levels tested, and laser-only welds 
were made at the four laser power levels 
tested. 

During welding, a Lab VIEW based 
data-acquisition system was used to mon- 
itor arc voltage and current at a 10-kHz 
sampling rate. Additionally, a high-speed 
video system was used to capture images 
of the welding arc, laser plume, and weld- 
ing pool. The high-speed video camera 
was filtered with a shade 11 welding lens, 
and the capture rate was 600 frames/s with 
an exposure time of 8 [xs/frame. The arc 
voltage and current were analyzed using 
an IGOR Pro program that computed the 
average voltage, current, and power, and 

used a Fast Fourier Transform (FFT) to 
output the voltage and current frequency 
spectra. From these frequency spectra, the 
major voltage and current frequencies 
could be determined. 

Transverse samples for macrostructure 
and microstructure analysis were sec- 
tioned from the center portion of the weld 
length. The samples were mounted in 
Bakelite, ground down to 600 grit, and 
then polished with a diamond suspension 
down to 1 [xm. The welds were etched with 
a 2% Nital solution for 10 s. Macrographs 
of the welds were then taken using a stere- 
omicroscope at lOx. The weld morphology 
was observed, and characterizing dimen- 
sions were measured. Multiple micro- 
graphs of each of the welds were taken 
throughout the fusion zone using a light 
optical microscope at 200x. The weld mi- 
crostructures were observed and charac- 
terized according to the IIW system for 

the  classification  of weld  metal  mi- 
crostructures (Ref. 37). 

Results and Discussion 

Macrostructure 

When examining the macrostructure of 
the hybrid laser arc welds, it was immedi- 
ately apparent that there were two distinct 
types of morphologies — Fig. 2. The first 
morphology has a uniform fusion zone (the 
microstructure is the same everywhere in 
the fusion zone), much like a conventional 
gas metal arc weld but with increased pene- 
tration. The second morphology has a two- 
part fusion zone consisting of an upper, 
laser and arc penetration region (similar to 
a conventional gas metal arc weld) and a 
lower, laser-only penetration region (simi- 
lar to a laser beam weld). This second mor- 
phology has been previously observed by 
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Fig. 8 — Macrographs showing the morphology changes due to the laser-arc separation in the partial penetration welds with a two-part fusion zone. From left, 
the laser-arc separation is 4.5, 6.0, and 12.0 mm. Laser power and arc power are constant for all welds at 8 and 8.5 kW, respectively. 

10- 

Arc imml 

__   Fig. 9 — Schematic macrograph showing the penetration measurements 
^J   of the laser and arc region, and the laser-only region. 

Fig. 10— Total penetration and the penetration of the two distinct fusion 
zone regions as a function of the laser-arc separation in-partial penetration 
bead-on-plate welds. Laser power and arc power are constant for all welds 
at 8 and 8.5 kW, respectively. 

Fig. 11 — Macrographs showing the morphology changes due to the laser-arc separation in the welds with a uniform fusion zone. From left, the laser-arc sepa- 
ration is 4.5, 6.0, and 12.0 mm. Laser power and arc power are constant for all welds at 4 and 8.5 kW, respectively. 

the authors (Ref. 28) and by several other 
researchers (Refs. 29, 30, 33, 38, 39). The 
two regions in the second morphology not 
only appeared different at low magnifica- 
tion but also at high magnification. The mi- 
crostructure of the upper, laser, and arc 
penetration region is mostly acicular ferrite 
with some grain boundary ferrite whereas 
the lower, laser-only penetration region is 
mostly ferrite with second phases and only 
a small amount of acicular ferrite — Figs. 3, 

4. These differences were also reported by 
other researchers (Refs. 29, 30). It is likely 
that this second morphology is the result of 
incomplete mixing of the filler material 
from the gas metal arc welding part of the 
hybrid process to the root of the weldment. 
The lower, laser-only penetration region is 
basically an autogenous laser beam weld in 
the base material. In addition, the lower, 
laser-only penetration region may actually 
be solidifying before mixing can occur be- 

cause of high cooling rates at the root of the 
weldment. Real-time X-ray transmission 
imaging of hybrid laser arc welding with 
tungsten tracers by Naito et al. (Ref. 39) has 
shown a dual-flow convection pattern in 
welds with a 5-mm laser-arc separation that 
would produce this second type of mor- 
phology. This dual-flow convection pattern 
consists of one flow from the bottom of the 
keyhole up along its sides and another from 
the center of the arc at the surface down and 
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Fig. 12 — Micrographs of the GMAW 8.5-kW arc power, left, and LBW 8-kW laser power, right, comparison welds. 

away from the arc. This creates a region at 
the bottom of the keyhole that flow from the 
arc never reaches. In general, for hybrid 
laser arc welding, this second morphology 
would be undesirable because it has a re- 
gion that is unalloyed by the filler material 
from the gas metal arc welding part of the 
process, and the alloying addition from the 
gas metal arc welding component is a key 
advantage of the hybrid laser arc welding 
process. Hardness traverses measured 
across both regions show no major differ- 
ence in weld metal hardness between the 
two regions — Fig. 5. This behavior is ex- 
pected because DH36 and EH36 steels both 
have low hardenability. However, if this 
morphology were present in a more hard- 
enable steel, it is likely that the laser-only 
penetration region would have a much 
higher hardness than the laser and arc pen- 
etration region, and this would be undesir- 
able. Much of the rest of this macrostruc- 
ture discussion focuses on how to eliminate 
or avoid this laser-only penetration region 
that creates the second type of fusion zone 
morphology. A process map laser power 
and arc power at a laser-arc separation of 
6mm was developrd to show the processing 
windows where the two different mor- 
phologies would result — Fig. 6. The figure 
shown includes data from previous work by 
authors (Ref. 28), which help define the 
boundary between the two morphologies. 
Low laser powers and high arc powers pro- 
moted a uniform fusion zone, the first mor- 
phology. Welds made with a high Iser power 
and low arc power will have a two-part fu- 
sion zone, the second morphology. Work 
done by Gao et. al. (Ref. 33) also shows that 
increasing the arc power promotes the uni- 
form fusion zone. It is important to note 
that this process map was made for partial- 
penetration welds. 

Complete-joint-penetration welds 
were always observed to have a uniform 
fusion zone, the first morphology. The mi- 
crostructure in these complete penetra- 

tion welds was the same 
throughout the fusion 
zone. However, it is pos- 
sible that there may be 
some small composi- 
tional changes in the fu- 
sion zone of these welds; 
the fluctuation in weld 
metal composition has 
not been measured and 
will be the subject of fu- 
ture work by the authors. 
Even when a complete 
penetration weld was 
achieved by increasing 
the laser power, such that 
the weld would now fall 
in the processing window 
for the two-part fusion 
zone morphology as de- 
fined on the previous 
map, a uniform fusion zone was observed. 
This is believed to be due to the base metal 
being sufficiently thin to result in com- 
plete penetration and partially altering the 
flow characteristics. This is illustrated in 
Fig. 7. It is likely that the fluid flow in a 
complete penetration weld promotes bet- 
ter mixing in the fusion zone and conse- 
quently does not have the laser-only pen- 
etration region. Additionally, a complete 
penetration weld changes the heat flow 
conditions of the weld and, as a conse- 
quence, the cooling rate at the root of the 
weldment will be much slower than in a 
partial-penetration weld allowing more 
time for mixing to occur to the root of the 
weld before solidification. When making 
complete penetration hybrid laser arc 
welds, the two-part fusion zone morphol- 
ogy with a laser and arc upper penetration 
region and a lower laser-only penetration 
region was not observed. 

The laser-arc separation also plays a 
major role in modifying the hybrid laser 
arc weld morphology. Considering partial- 
penetration welds made with 8 kW of laser 
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Fig. 13 — Weld metal microstructural content as process. The GMA weld Vj^ 
was made with 8.5 kW of arc power, and the laser beam weld was made 5^ 
with 8 kWof laser power. ^" 

power and 8.5 kW of arc power as shown 
in the macrographs, decreasing the laser- 
arc separation decreased the weld width 
and reduced the size of the laser-only pen- 
etration region — Fig. 8. It may be advan- 
tageous to quantitatively describe the 
changes in the size of the two fusion zone 
regions as a function of the processing 
conditions. To do this, the penetration of 
the laser and arc region, DLA, the pene- 
tration of the laser-only region, DL, and 
the total penetration, DT, are defined, and 
these penetrations are plotted — Figs. 9, 
10. The total penetration remained rela- 
tively constant over the range of laser-arc 
separation tested. The penetration of the 
laser and arc region increased with de- 
creasing laser-arc separation, resulting in 
a smaller laser-only penetration region. 
As the spatial separation of the heat 
sources is reduced, the thermal gradient 
behind the laser keyhole is also reduced. 
Consequently, the solidification rate be- 
hind the laser keyhole is reduced, allowing 
greater time for weld metal mixing. It is 
also likely that the fluid flow pattern in the 
molten weld pool changes with changing 
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zFig. 14 — Micrographs showing the effect of laser power. From left, the laser power is 4 and 8 kW. Con- 
stants include arc power, 8.5 kW, and laser-arc separation, 4.5 mm. 

Fig. 15 — Weld metal microstructural content as a 
function of laser power. Arc power and laser-arc sep- 
aration were constant at 8.5 kW and 4.5 mm, 
respectively. 

Fig. 16 — Micrographs showing the effect of arc power. From left, the arc power is 3.4, 6.3, and 8.5 kW. Constants include laser power, 8.0 kW, and laser-arc 
separation, 4.0 mm. 
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Fig. 17— Weld metal microstructural content as a 
function of arc power. Laser power and laser-arc 
separation were constant at 8.0 kW and 4.0 mm, 
respectively. 

laser-arc separation (Ref. 39), and this 
may also contribute to the reduced frac- 
tion of laser-only penetration. While the 
fraction of laser-only penetration was re- 
duced by decreasing the laser-arc separa- 
tion, it was not completely eliminated in 
the range of laser-arc separation (4.5-12.0 
mm) and plate thickness (10 mm) tested. 
However, extrapolation of the graph 
shows that it may be possible to produce 
the uniform fusion zone morphology with 
no laser-only penetration region if the 
laser-arc separation is less than 2.0 mm. 
Consequently, laser-arc separation would 
be a third variable in creating a boundary 

on the process map for partial penetration 
uniform fusion zone welds. 

Laser-arc separation also plays a signifi- 
cant factor in hybrid welds with a uniform 
fusion zone. Figure 11 shows macrographs 
of welds made with 4 kW of laser power 
and 8.5 kW of arc power; these parameters 
produced welds with a uniform fusion 
zone. Decreasing the laser-arc separation 
dramatically increased the penetration of 
these welds. There is also a corresponding 
decrease in width as laser-arc separation is 
decreased. From these results, it is clear 
that reducing the laser-arc separation is 
advantageous because it promotes higher 
penetration in the uniform fusion zone 
welds and reduces the size of the laser- 
only region in the two-part fusion zone 
welds. 

Microstructure 

For microstructural comparison to the 
hybrid laser arc welds, representative mi- 
crographs from a GMA weld made with 
8.5-kW arc power and a LBW weld made 
with 8-kW laser power are provided — 
Fig. 12. The microstructural content of 
these welds is shown in Fig. 13. The mi- 
crostructure of the GMA weld is predom- 
inantly acicular ferrite (AF) with a small 
amount of primary ferrite (PF). The mi- 
crostructure of the laser beam weld is pre- 
dominately ferrite with second phases 
(FS) and a small amount of acicular ferrite 

(AF) and primary ferrite (PF). 
First, the effect of laser power on the 

microstructure of hybrid laser arc welds in 
the laser and arc region was examined. 
Figure 14 shows representative micro- 
graphs of the hybrid laser arc welds made 
with 4 and 8 kW of laser power with con- 
stant arc power, 8.5 kW, and constant 
laser-arc separation, 4.5 mm. The welds 
had very similar microstructures. The mi- 
crostructural content of these welds is 
shown in Fig. 15. The hybrid laser arc weld 
made with 4 kW of laser power was pre- 
dominantly acicular ferrite (AF) with a 
significant amount of primary ferrite (PF) 
and some ferrite with second phases (FS). 
The hybrid laser arc weld made with 8 kW 
of laser power was predominantly acicular 
ferrite (AF) with a significant amount of 
primary ferrite (PF) and some ferrite with 
second phases (FS). The change in laser 
power from 4 to 8 kW did not produce any 
major changes in the microstructure of the 
hybrid laser arc welds. This observation is 
likely because the major factor in control- 
ling weld metal microstructure is the filler 
material added, and this did not change 
when changing laser power. 

Next, the effect of arc power on the mi- 
crostructure of hybrid laser arc welds was 
examined. Figure 16 shows representative 
micrographs of the hybrid laser arc welds 
made with 3.4, 6.3, and 8.5 kW of arc 
power with constant laser power, 8.0 kW, 
and constant laser-arc separation, 4.0 mm. 
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Fig. 18 — Micrographs showing the effect of laser-arc separation. From left, the laser arc separation is 4.5, 6.0, and 12.0 mm. Constants include laser power, • 
kW, and arc power, 8.5 kW. 
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Fig. 19 — Weld metal microstructural content as a function of laser- 
arc separation. Laser power and arc power were constant at 4.0 and 
8.5 kW, respectively. 

Fig. 20 — Selected high-speed video frames showing the differences caused by 
changing the laser-arc separation. Red triangles indicate the position of the laser 
beam. 
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The microstructural content of these 
welds is shown in Fig. 17. The hybrid laser 
arc weld made with 3.4 kW of arc power 
was predominantly ferrite with second 
phases (FS) with some acicular ferrite 
(AF) and a small amount of primary fer- 
rite (PF). The hybrid laser arc weld made 
with 6.3 kW of arc power was mostly fer- 
rite with second phases (FS) with a signif- 
icant amount of acicular ferrite (AF) and 
a small amount of primary ferrite (PF). 
The hybrid laser arc weld made with 8.5 
kW of arc power was predominantly acic- 
ular ferrite (AF) and a small amount of 
primary ferrite (PF). The change in arc 
power produced significant changes in the 
microstructure of the hybrid laser arc 
welds. Increasing the arc power increased 
the amount of acicular ferrite and de- 
creased the amount of ferrite with second 
phases. This observation is likely because 
increasing the arc power increases the 
total heat input of the process, and the arc 
power is increased by increasing the wire 
feed speed, which adds additional filler 
metal to the weld pool. Both of these ef- 
fects of increasing the arc power would 
cause a decrease in the amount of ferrite 

with second phases and an increase in aci- 
cular ferrite. It is also important to note 
that the filler wire used has been designed 
to produce a high content of acicular fer- 
rite in conventional GMAW. Because 
HLAW has increased penetration over 
GMAW, there is higher base metal dilu- 
tion in HLAW. This may require higher 
wire feed rates to be used to counteract 
the increased penetration in HLAW or 
new filler wires to be designed specifically 
for HLAW. 

Finally, the effect of laser-arc separa- 
tion on the microstructure of hybrid laser 
arc welds was examined. Figure 18 shows 
representative micrographs of the hybrid 
laser arc welds made with 4.5,6.0, and 12.0 
mm of laser-arc separation with constant 
laser power, 4.0 kW, and constant arc 
power, 8.5 kW The microstructural con- 
tent of these welds is shown in Fig. 19. The 
hybrid laser arc weld made with 4.5 mm of 
laser-arc separation was predominantly 
acicular ferrite (AF) with a significant 
amount of primary ferrite (PF) and some 
ferrite with second phases (FS). The hy- 
brid laser arc weld made with 6.0 mm of 
laser-arc separation was predominantly 

acicular ferrite (AF) and a small amount 
of primary ferrite (PF). The hybrid laser 
arc weld made with 12.0 mm of laser-arc 
separation was predominantly acicular 
ferrite (AF) and a small amount of pri- 
mary ferrite (PF). The change in laser-arc 
separation produced significant changes 
in the microstructure of the hybrid laser 
arc welds. Increasing the laser-arc separa- 
tion increased the amount of acicular fer- 
rite in the welds and promoted a mi- 
crostructure very similar to the GMAW 
comparison weld. This is likely because in- 
creasing the laser-arc separation de- 
creased the penetration and consequently 
decreased the dilution of the welding wire. 

Welding Arc 

The welding arc was observed with 
high-speed video, and the arc current and 
voltage were monitored to look for 
changes in the properties of the arc that 
may have been caused by the three major 
hybrid laser arc welding variables. When 
the arc power was increased in the hybrid 
laser arc welding process the arc current 
increased, the predominate frequency in 
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Fig. 21 — Major arc voltage frequencies and corresponding arc current 
as a function of laser-arc separation. 

Fig. 22 — Selected high-speed video frames showing the differences caused by 
changing the laser power. Red triangles indicate the position of the laser beam. 
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Fig. 23 — Major arc voltage frequencies and corresponding arc cur- 
rent as a function of laser power. 

the arc voltage FFT spectrum increased 
(-10 Hz to -70 Hz to -400 Hz and -525 
Hz), and the metal transfer in the arc 
changed from short circuiting to globular 
to spray. This behavior is no different than 
the typical response to changes in arc 
power in conventional GMAW. Conse- 
quently, the discussion focuses only on the 
effect of laser-arc separation and laser 
power on the welding arc. 

To examine the effect of laser-arc sep- 
aration on the welding arc, welds were 
made using an arc power of 8.5 kW; this 
parameter produced pure spray transfer 
and a laser power of 4 kW. Figure 20 shows 
selected high-speed video frames high- 
lighting the differences in the arc caused 
by laser-arc separation. At 2 mm of laser- 
arc separation, the arc plasma and laser 
plasma ejected from the keyhole were 
nearly always joined. The arc exhibits 
mostly spray metal transfer; however, 
there was a low frequency (approximately 
ten times a second) of large metal globule 
formation on the tip of the electrode and 

subsequent violent trans- 
fer that sometimes 
shorted out the arc. It is 
possible that because of 
the close proximity of the 
arc to the laser plasma, the 
laser plasma is heating the 
electrode and causing the 
globule formation. When 
the laser-arc separation 
was increased to 4.5 mm 
the arc behavior was very 
similar, predominately 
spray transfer with some 
low frequency (approxi- 
mately ten times a second) 
globular formation and vi- 
olent transfer. At 4.5 mm, 
the arc plasma and laser 
plasma were observed to 
separate occasionally; 
however, they were most 
often joined. Several other 
researchers (Refs. 11, 16, 

17) have shown that small laser-arc sepa- 
rations destabilize the process and in- 
creasing the separation stabilizes the 
process. At 6.0 mm of laser-arc separation, 
the arc began to behave differently. The 
arc and laser plasmas were now very in- 
frequently joined, and the arc had a much 
more stable spray metal transfer with no 
violent globular/short circuiting transfers. 
The arc, however, did not have a pure 
spray metal transfer as some small metal 
globules were observed to form on the 
electrode tip and transfer in free flight 
through the arc. Very similar arc behavior 
was observed when the laser-arc separa- 
tion was increased to 12.0 mm. The arc ex- 
hibited predominately spray metal trans- 
fer with a small amount of small globular 
transfer. At this laser-arc separation, the 
arc and laser plasmas were observed to be 
completely separate from one another. 
There was, however, still a single weld 
pool at this laser-arc separation, and be- 
cause of this the process was still consid- 
ered "hybrid" and not "tandem." 

The arc voltage and current signals cor- 
roborated well with the visual observation 
of the arc behavior. At the low laser-arc 
separations, 2.0 and 4.5 mm, a new low- 
frequency (—10 Hz) peak was observed in 
the voltage FFT that was not observed in 
the GMA weld — Fig. 21. This voltage fre- 
quency would correspond to the large 
globular/short circuiting transfer that was 
observed visually with the high-speed 
video. When the laser-arc separation was 
increased to 6.0 and 12.0 mm, this low-fre- 
quency peak was no longer observed; how- 
ever, a new mid-frequency (—70 Hz) peak 
was observed. This peak likely corre- 
sponds to the small globular transfer that 
was visually observed in the welds at these 
laser-arc separations. In addition to these 
voltage frequency changes caused by the 
laser-arc separation, there was also a 
change in the arc current — Fig. 21. In- 
creasing the laser-arc separation in- 
creased the arc current. However, it did so 
in a stepwise function that seemed to cor- 
relate with the observed changes in the 
voltage frequency and metal transfer 
mode. The lowest currents, —250 A, were 
associated with the low voltage frequency 
peak and the large globular/short circuit- 
ing transfer, while the mid current levels, 
—265 A, were associated with the mid volt- 
age frequency and the small globular 
transfer. The highest current, 281 A, was 
only observed in the GMA weld that only 
exhibited high voltage frequencies and 
pure spray transfer. 

To observe the effect of the laser power 
on the welding arc, welds were made using 
an arc power of 8.5 kW, which produced 
pure spray transfer, and a laser-arc sepa- 
ration of 4.5 mm. Figure 22 shows selected 
high-speed video frames highlighting the 
differences in the arc caused by laser 
power. The arc behavior of the welds 
made with 4 and 6 kW of laser power was 
very similar. The arc and laser plasmas 
were observed to be almost always joined, 
only separating occasionally. The metal 
transfer was predominantly spray transfer. 
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but at both of these low laser powers, the 
large metal globular formation that vio- 
lently transferred/short circuited was ob- 
served. When the laser power was in- 
creased to 8 kW the keyhole was observed 
to be much larger and more stable, and the 
ejected laser plasma remained more sepa- 
rate from the arc plasma than with the 
welds made with lower laser powers. The 
metal transfer was again predominately 
spray, but the large globular/short circuit- 
ing transfer was not observed, and instead 
a small globular free flight transfer was de- 
tected. 

These visual observations of the arc 
and metal transfer correlated well with the 
arc voltage and current signals. The rela- 
tionship between metal transfer, voltage 
frequency, and current was the same as 
what was observed in the effect of laser- 
arc separation even though now the 
changes were caused by laser power level. 
The effect of laser power on the major arc 
voltage frequencies and arc current is 
shown in Fig. 23. The low laser powers, 4.0 
and 6.0 kW, that produced the large glob- 
ular/short circuiting transfer had a low- 
frequency (—10 Hz) peak observed in the 
voltage FFT, and the lowest current levels, 
—245 A. Other research work (Ref. 40) 
has shown that the introduction of the 
laser beam reduces the arc current. When 
the laser power was increased to 8.0 kW, 
the small globular free flight transfer was 
produced, the mid frequency (~70 Hz) 
voltage peak replaced the low frequency 
peak, and the current increased to 270 A. 
Again, this current was still less than the 
GMAW current, 281 A, that was associ- 
ated with only the high frequency voltage 
peaks and a pure spray transfer. 

Conclusions 

• Partial-joint-penetration hybrid welds 
should be made within a processing win- 
dow, defined by a maximum laser power for 
a given arc power and laser-arc separation, 
for a uniform fusion zone to prevent laser- 
only penetration at the root. 

• Complete-joint-penetration hybrid 
welds always had a uniform fusion zone 
macrostructure and microstructure re- 
gardless of the laser power. 

• Decreasing the laser-arc separation 
increased the penetration of the laser and 
arc region in the two-part fusion zone 
welds and increased the total penetration 
in the uniform fusion zone welds. 

• Increasing the arc power and in- 
creasing the laser-arc separation both pro- 
moted the formation of acicular ferrite in 
the weld metal microstructure. Changes in 
laser power did not produce a major 
change in the weld metal microstructure. 

• Small laser-arc separations introduced 
a low frequency large globular/short circuit- 
ing transfer in the arc. Larger laser-arc sep- 

arations produced a mid frequency small 
globular free flight transfer. 

• Low laser powers produced the large 
globular/short circuiting transfer in the arc, 
while high laser powers produced the mid 
frequency small globular free flight transfer. 
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