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Introduction
     Joining thick sections of Inconel®
Alloy 690, a Ni-Cr-Fe alloy, is critical
for the construction and repair of nu-
clear power plants (Ref. 1). The cur-
rent joining techniques include sub-
merged arc welding (SAW) (Refs. 2, 3)
and gas tungsten arc welding (GTAW)

(Refs. 4–6). These traditional welding
processes are widely available, but they
are limited by slow welding speeds,
high heat inputs, and shallow weld
penetrations, which require a large
number of passes to fabricate thick
section components in excess of 6 mm
(Ref. 4). Laser and hybrid laser-gas
metal arc (GMA) welding processes

produce deeper penetrations per pass
and reduce the total heat input com-
pared to arc welding, limiting distor-
tion and heat-affected zone size (Ref.
7). While the advantages of laser and
hybrid laser-arc welding show promise
for joining Alloy 690, high levels of
porosity hinder their wider deploy-
ment in power plant component fabri-
cation (Refs. 8–10).
     To identify and implement meth-
ods to eliminate porosity in Alloy 690
welds, a combined experimental and
modeling analysis of the process de-
tailing the complex interactions occur-
ring in the weld must be undertaken.
Over a range of laser powers and weld-
ing speeds, the effects of laser and hy-
brid laser-gas metal arc welding
processes on weld shape and size and
porosity formation have been com-
pared. X-ray computed tomography
(CT) has been used to characterize the
size and location of pores in the laser
and hybrid laser-arc welds.
     The filler metal-molten pool mixing
region and the heat transfer and fluid
flow during welding are modeled to
identify the porosity mechanism in
hybrid welds and aid the development
of remediation strategies. Utilizing an
analytical model (Refs. 11–14), the di-
mensions of the filler metal-molten
pool mixing region can be estimated,
and its effect on bubble escape ana-
lyzed. A well-tested, three-dimensional
(3D) heat transfer and fluid flow nu-
merical model (Refs. 12, 15–17) is
used to calculate the temperature and
fluid velocity fields during laser and
hybrid welding. The 3D weld pool
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geometry is an important factor in
bubble entrapment and porosity for-
mation and can be determined using
the numerical model.
     In general, the keyhole formed dur-
ing high-intensity beam welding is un-
stable and the origin for macroporosi-
ty observed in laser welds (Ref. 18).
The mechanism controlling high
porosity in hybrid welds is linked to
the consumable filler metal electrode
entering the molten weld pool at high
speeds greater than 1 m/s. When com-
bined with low laser powers and shal-
low weld pools, the filler metal addi-
tion inhibits the upward motion of
bubbles and results in high levels of
porosity. At higher laser powers, the
pool is deeper and larger, in general,
compared to the region where filler
metal is entering the pool, so bubbles
avoid being trapped in the advancing
solid-liquid interface due to the in-
creased pool size and available liquid
metal below the filler metal-molten
pool mixing region.
     The remedy for high porosity re-
quires appropriate selection of welding
parameters, including welding speed,
laser power, arc current, arc voltage,
wire feed speed, and wire electrode di-
ameter. The principle for parameter
selection is to increase the opening be-
tween the bottom of the mixing re-
gion, which depends on arc current,
wire feed speed, and electrode diame-
ter, and the bottom of the weld, which
is governed by welding speed and laser
power. The minimum opening is found
to be 3.2 mm, based on the experi-
ments performed here. Based on the

experiments and modeling of the
filler metal-molten pool mixing re-
gion, a process map has been con-
structed, showing the combination of
process parameters that will result in
low porosity hybrid welds.

Background
     Several researchers have investi-
gated the effects of laser welding on
Alloy 690 weld geometry (Refs. 8–10,
19–21) and porosity (Refs. 19–21).
These previous studies have been lim-
ited to laser powers of 5.5 kW or less
and resulted in complete joint pene-
tration welds with a maximum depth
of 3 mm and partial penetration
welds with depths of 6 mm or less.
These low-power laser welds in Alloy
690 have a high depth-to-width ratio
(Refs. 8–10, 19–21) similar to that
observed in laser welding other com-
mon structural alloys (Refs. 22, 23).
Thick section joining on the order of
12 mm or greater of Alloy 690 will re-
quire higher laser powers than those
available in the past. With increasing
availability of higher power laser sys-
tems, deeper penetration welds are
now possible. However, these deeper
penetrations present other challenges
and potential defects.
     Porosity has been found to be a ma-
jor obstacle for the implementation of
laser welding Alloy 690 (Refs. 19–21).
In general, there are three possible types
of porosity that can form during weld-
ing. One type of porosity results from
the high solubility of monatomic and di-
atomic O, N, and H in molten metal and

their corresponding low solubility in the
solid metal (Ref. 24). During solidifica-
tion, the solubility decreases, gas evolu-
tion occurs, and the bubbles become
trapped as pores. Pore coalescence is an-
other form of porosity in welds (Ref. 25)
and is found in base metals with high
pre-existing levels of porosity, such as
die-cast magnesium alloys. For example,
Zhao and DebRoy (Ref. 25) found an in-
crease in porosity compared to the base
metal during laser welding of die-cast
Mg due to the expansion and coales-
cence of pre-existing pores during laser
welding.
     The third form of porosity is pro-
duced by keyhole instability, where
the bottom tip of the keyhole fluctu-

Fig. 1 — The vapor pressuretemperature
relations may explain why increased poros
ity is observed in Alloy 690 welds compared
to other common engineering alloys.

Fig. 2 — Laser and hybrid laserweld transverse crosssections of Alloy 690 are shown.
The additional heat source in the hybrid welds produces much larger welds with lower
aspect ratios.

Fig. 3 — Xray CT scans reveal the porosity in
6 kW 10 mm/s. A — Laser weld; B — hybrid
weld. Hybrid welding significantly reduces
the amount of porosity in the weld. The solid
metal regions appear grey, while the pores
are shown in a yellow color.

A

B

BLECHER SUPP JAN 2016.qxp_Layout 1  12/11/15  10:33 AM  Page 18



WELDING RESEARCH

JANUARY 2016 / WELDING JOURNAL 19-s

ates during welding and causes the
vapor column to collapse, producing
large bubbles, which can be trapped
in the solidifying metal. Keyhole
porosity is limited to high-energy
beam welding processes (Ref. 18) and
is by far the largest cause of macrop-
orosity in laser and hybrid laser-arc
welding (Refs. 26–29). Several re-
searchers have investigated the ef-
fects of laser welding on keyhole
porosity in Alloy 690. Kuo et al. (Ref.
9) found Alloy 690 to be more suscep-
tible to the formation of keyhole
porosity than AISI 304 stainless steel
during pulsed laser welding. Tucker et
al. (Ref. 10) found that porosity could
only be minimized through the selec-
tion of laser defocus and welding
speed but not entirely avoided.
     Equilibrium vapor pressure-
temperature relations (Refs. 30, 31),
such as those shown in Fig. 1, may ex-
plain why Alloy 690 is more prone to
keyhole porosity. An ideal solution is
assumed for the calculation of vapor
pressure, which is the sum of the prod-
uct of the alloying element mole frac-
tion and the vapor pressure for the

pure substance (i.e., Fe, Cr, Ni, Ti, Al,
and V) at each temperature. Near the
boiling point at 1 atmosphere, the
temperature gradient of vapor pres-
sure is higher for Alloy 690 as com-
pared to other common structural al-
loys. As a result, small changes in tem-
perature at the keyhole wall, which will
be close to the boiling point, will pro-
duce larger changes in pressure, result-
ing in more instability and porosity.
     Power modulation (Ref. 10), a defo-
cused beam, and increased welding
speeds have been shown to help to re-
duce porosity levels in laser welded Al-
loy 690, but there is no generally ac-
cepted methodology for eliminating
keyhole porosity.

Experimental Methods
     Bead-on-plate laser and hybrid
laser-GMA welds were made on 12.7-

mm-thick Alloy 690 plate. For both
the laser and hybrid welds examined
here, the same combinations of laser
welding conditions were used. A 200-
m-diameter transport fiber connect-
ed an IPG Photonics® YLR-12000-L
fiber laser to a YW50 Precitec® weld-
ing head. Within the head, the optics
included a 200- and 500-mm focal
length collimating and focusing lenses,
respectively. A PRIMES® focus moni-
tor beam characterization tool meas-
ured the beam diameter at focus and
the divergence angle as 0.52 mm and
64 mrad, respectively.
     The focus position was placed 8
mm below the top plate surface, so the
beam diameter at the top surface was
0.73 mm. Consistent with beam char-
acterization studies (Ref. 32), the
beam profile near focus was top hat,
while one Rayleigh length (8.1 mm in
this case) or more from focus the beam

Table 1 — Composition of the Alloy 690 Base Metal and Filler Metal 52

                                      Ni                     Cr                   Fe                  Mn                     Si                       Ti                   Al                        Cu                     C

    Alloy 690              59.80               29.63              9.65                0.28                  0.36                     0                    0                       0.25                 0.03
       FM 52                 60.88               29.22              8.65                0.24                  0.14                  0.38                0.4                     0.01                 0.02

Fig. 4 — Total pore volume increases with the total
weld volume in the laser welds, and the opposite re
lation is observed in the hybrid welds. Similarly, the
lowspeed laser welds had very high pore volume,
while the same hybrid welds had relatively lower
pore volume.

Fig. 5 — The porosity size distributions for (A and C) laser welds and (B and D) hy
brid welds and the total porosity volumes in parentheses are shown. The number
of pores for almost all sizes decrease when going from laser to hybrid welding at
laser powers of 4 and 6 kW.

A B

C D
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profile had a Gaussian shape. The
welding speed and laser power were
varied between 10 and 20 mm/s, and 2
and 6 kW, respectively.
     For the hybrid welds, a Lincoln
Electric® Power Wave 455 M/STT
power source with a Binzel® WH 455D
water-cooled welding gun were used.
The torch angle was maintained at 15
deg from vertical. A gas mixture of Ar-
25% He shielded the weld from the at-
mosphere at a 2.7 m3/h flow rate. In-
conel® filler metal (FM) 52 wire with a
diameter of 1.1 mm was used as the
consumable electrode and is composi-
tionally identical to Alloy 690, as
shown in Table 1.
     The wire feed speed was set to 121
mm/s. The laser-arc separation dis-
tance was held constant at 3 mm with
the laser leading. The arc voltage was
set to 32 V, and the current was esti-
mated as 200 A based on the instanta-
neous values displayed on the power
source, wire feed speed, and diameter
of the filler metal wire. Standard met-
allographic techniques were used to
prepare and analyze transverse cross-

section samples removed from loca-
tions in each weld where steady state
processes are expected. The samples
were electrolytically etched in a 10 wt-
% oxalic acid solution.
     A General Electric® v|tome|x x-
ray CT system was used to inspect
and characterize the internal porosity
in each weld. X-ray CT provides a high
degree of spatial resolution for the
precise location and size of internal
defects, such as pores (Ref. 33). An
accelerating voltage of 250 kV and
current of 200 A were used to image
the laser welds. Because the hybrid
welds were approximately 10 mm
wider at the top surface of the weld
than the relatively narrow laser
welds, the voltage and current were
increased to 285 kV and 230 A, re-
spectively, during imaging of the hy-
brid welds. Using these combinations
of accelerating voltage and current,
the resolution in all directions was 50
and 66 m for the laser and hybrid
welds, respectively. DatosX® software
reconstructed the individual x-ray im-
ages into a 3D representation. Vol-

ume Graphics® VGStudio Max soft-
ware with the defect detection mod-
ule was used to measure the sizes and
locations of individual pores within
the welds.

Results and Discussion

     The fusion zone geometry is an im-
portant characteristic for comparing
partial-penetration laser and hybrid
welds. For example, the depth of the
weld is related to the maximum weld-
able plate thickness in a single pass,
and the width than is related to the
plate opening bridgeability, which al-
lows for higher tolerances during plate
fitup before welding. Generally, hybrid
welds have a greater width than and a
similar depth to laser welds. Trans-
verse weld profiles obtained from a se-
ries of laser and hybrid welds pro-
duced here are shown in Fig. 2.
     The linear heat input during laser
welding was varied between 100 and
600 W/mm. On the other hand, the
heat input during hybrid laser-arc
welding was higher with the addition
of the arc and ranged between 400 and
1200 W/mm. Alloy 690 does not ex-
hibit a distinct fusion zone similar to
steels since the nickel-based alloy does
not undergo a phase transformation
below the melting point and is provid-
ed in the annealed state with relatively
large grains. Some grain growth can be
observed near the fusion zone bound-
ary in Fig. 2, especially at high heat 
inputs.
     The measured weld pool widths and
depths are shown in Table 2. For the
laser welds, the width and depth in-

Table 2 — Summary of Weld Widths and Depths as a Function of Laser Power, Welding
Speed, and Welding Technique

                                                                                         Width (mm)                      Depth (mm)
       Power (kW)        Speed (mm/s)                        Laser       Hybrid                Laser       Hybrid

                          2                             10                           3.7         13.6                      3.5             4.7
                          4                             10                           4.5         15.1                      5.7             7.0
                          6                             10                           5.9         15.2                      7.6             9.1

                          2                             20                           2.7         12.4                      2.7             3.5
                          4                             20                           3.6         11.2                      4.7             5.8
                          6                             20                           4.4         11.6                      6.2             7.6

Fig. 6 — The calculated cylindrical volumetric heat source outline is overlaid on the 10 mm/s hybrid welds. The opening between the bot
tom of the heat source and weld bottom grows with laser power. The larger opening combined with a larger weld volume behind the
opening led to more pores escaping in the 4 and 6kW welds.

BLECHER SUPP JAN 2016.qxp_Layout 1  12/11/15  10:33 AM  Page 20



WELDING RESEARCH

WELDING JOURNAL / JANUARY 2016, VOL. 95 21-s

crease steadily with laser power, with a
maximum width and depth of 5.9 and
7.6 mm, respectively, for a weld made
at a laser power of 6 kW and a welding
speed of 10 mm/s. Hybrid weld depth
increases with power up to 9.1 mm at
a laser power of 6 kW, but the width
does not increase significantly and
ranges from 11.2 to 15.2 mm across
the power range from 2 to 6 kW. The
hybrid weld widths are significantly
greater than the laser weld widths due
to the addition of the arc, which acts
as a broad heat source. The difference
between the laser and hybrid welds in
width is 5 mm or more in most cases,
while the depths of the hybrid welds
are about 1 to 2 mm deeper than the
laser welds under similar conditions.
     Due to the addition of the arc and
the increased heat input, the hybrid
welds also display a much larger cross-
sectional area than the laser welds. At
laser powers of 2 kW, the influence of
the arc on the hybrid weld pool shape
is evident and dominates the charac-
teristics of the weld pool. For example,
the characteristic shape of a GMA weld
(Ref. 34) is obvious at a welding speed
of 20 mm/s, while at the very bottom
of the weld, the finger penetration
representative of a laser weld can be
observed. Since the arc parameters are
31 V and about 200 A, the arc power is
on the order of 6 kW, as compared to 2
kW for the laser. At higher laser pow-
ers of 4 and 6 kW, the influence of the

arc on the weld pool
shape is diminished
due to the parity in
power of the arc and
laser with only the
increased width of
the arc being evident.
     Large pores in the
solidified weld metal
are formed when bubbles from the
bottom of the keyhole become trapped
by the advancing solid-liquid interface
(Ref. 18). The keyhole tip near the bot-
tom of the weld pool fluctuates rapidly
and will pinch off regularly, creating
bubbles in the liquid. While the role of
the laser-induced keyhole in the for-
mation of porosity in laser welding is
understood, the effects of the addition
of an arc in hybrid laser-arc are not.
Using AISI 304 stainless steel as the
base metal, Naito et al. (Ref. 35) found
that keyhole-induced porosity is re-
duced but not entirely eliminated in
hybrid laser-GTA welding compared to
laser welding. This same relationship
in Alloy 690 is explored here.
     A comparison of porosity measured
with x-ray CT in Alloy 690 laser and
hybrid welds fabricated using the same
laser power and welding speed (6 kW,
10 mm/s) is shown in Fig. 3. For the
laser and hybrid laser-arc welds shown
in Fig. 3, the level of porosity detected
in the laser weld is much higher than
that observed in the hybrid weld. For
example, 103 pores were identified in

the x-ray CT scan with a median pore
volume of 0.14 mm3, while only 17
pores were detected in the hybrid weld
with a median pore volume of 0.02
mm3. In the hybrid welds, the loca-
tions of the detected pores is also im-
portant. For example, outside the
start of the weld and the weld rein-
forcement, there is only one pore in
the entire hybrid weld. This location
on the weld can be separated from the
weld region of interest by adding a
‘run-on/run-off’ tab that can be re-
moved in a production environment. 
     The relationships between the total
weld volume and the total pore volume
over 70 mm of the laser and hybrid
welds are shown in Fig. 4. In the laser
welds, an increase in the total weld
volume leads to an increase in pore
volume. The hybrid welds, in general,
exhibit a decrease in total pore volume
as the welds become larger. In addi-
tion, the lower speed welds in each
welding technique lead to different
pore characteristics. The lowest pore
volumes are found in the low-speed
hybrid welds, while the highest pore
volumes are found in the low-speed

Fig. 7 — The pore location distributions in laser and hybrid welds
for 2 kW of laser power and 10 mm/s welding speed are shown.

Fig. 8 — The experimental and calculated weld profiles for the
hybrid welds made at 10 mm/s welding speed show reason
able agreement. A — 2 kW; B — 6 kW. The temperature con
tours are in Kelvin.
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laser welds.
     Total porosity volume and pore size
distributions are important for under-
standing mechanisms driving porosity
formation in laser and hybrid welds.
Comparisons between the pore vol-
ume and pore size distributions in
laser and hybrid welds produced under
a variety of conditions are shown in
Fig. 5. In the 4 and 6 kW cases, porosi-
ty decreased when transitioning from
laser to hybrid welding. Clearly, the
two highest heat input hybrid welds (4
and 6 kW and 10 mm/s) have the low-
est porosity values. The 4-kW weld has
only 3 pores with two of those located
in the weld reinforcement. The laser
welds with the same laser power and
welding speed conditions show much
higher overall porosity levels, which
are up to 90.5 mm3 in 1600 mm3 of
weld metal. These porosity levels are
many times higher than the hybrid
welds, which can have porosity values
as low as 0.2 mm3 in 3000 mm3 of
weld metal.
     However, the trends of decreasing
porosity in hybrid welds do not hold
constant at lower powers. For exam-
ple, the 2-kW, 10-mm/s hybrid weld
does not show the same low porosity
as the 4- and 6- kW hybrid welds and,
in fact, has a higher porosity level than
the laser weld made with the same
conditions. The same is true in the
welds made at this same power but a
more rapid welding speed of 20 mm/s.
This difference in behavior may be
traced to a combination of filler metal

addition and small
weld pool volume in
the 2-kW hybrid welds. The filler met-
al is entering the molten pool at a rela-
tively high rate of speed, on the order
of 1.5 m/s or faster (Ref. 11).
     Bubbles that form near the bottom
of the keyhole need to move toward
the top of the weld pool to escape.
This mobility toward the top is likely
hindered by the filler metal entering
the pool at a high velocity. In addition,
the pool volume is relatively small
compared to the higher laser power
welds, further limiting the bubble mo-
bility toward the top of the pool. The
laser welds exhibit a decrease in poros-
ity with increasing speed and an in-
crease in porosity with increasing laser
power, which is consistent with previ-
ously reported experiments (Refs. 27,
36). For similar processing conditions,
the differences in porosity between
the laser and hybrid welds are related
to the harmful or beneficial effects of
the arc and impinging filler metal de-
pending on the selected laser power.
     The size of the filler metal-weld
pool interaction region can be estimat-
ed using a cylindrical volumetric heat
source (VHS) model (Ref. 12). A de-
tailed description of the VHS model is
available in the literature (Refs. 13,
14), and the equations necessary for
the calculations performed here are
available in Appendix A. The model as-
sumes that liquid droplets are acceler-
ated from the end of the consumable
electrode, strike the molten pool, and

transfer heat and momentum to the
weld. The height, depth, and energy
intensity of the VHS can be calculated
based on the material properties and
welding parameters.
     Knowledge of the relationship be-
tween the arc current and droplet de-
tachment frequency is an important
component of the calculations. Espe-
cially important is the transition cur-
rent from globular to spray transfer.
However, most studies of droplet de-
tachment have focused on mild steel
electrodes with little attention paid to
other filler metals, such as FM 52. The
welding recommendations for spray
transfer mode from the FM 52 manu-
facturer have been used to estimate
the transition currents (Ref. 37). The
transition current for mild steel is
around 290 A, so a current of 300 A or
greater will lead to spray transfer
mode. The recommended parameters
for FM 52 suggest the transition cur-
rent varies between 150 and 225 A,
depending on the electrode diameter.
     Using the experimental welding pa-
rameters and material properties, the
VHS height and width can be comput-
ed. The height and width, which are
identical for all hybrid welding cases,
are calculated as 3.8 and 2.1 mm, re-
spectively. The VHS profile has been
overlaid on the transverse cross sec-
tions of the 10-mm/s welding speed
hybrid welds in Fig. 6.
     As the power increases, the opening

Fig. 9 — Calculated temperature and fluid velocity fields for the hybrid
laserarc welds with 10 mm/s welding speed. A — 2 kW; B — 6 kW.
The outline of the volumetric heat source and the toscale velocity
vector of the impinging metal droplets is also shown. Fig. 10 — The 6 kW, 10 mm/s welds are shown for compari

son. A — Laser; B — hybrid. In the larger hybrid weld, pores
have a greater chance to escape the weld.
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between the bottom of the VHS and
the bottom of the weld increases from
1 to more than 5 mm. The impinging
droplet velocity, which is expected to
interrupt pore motion through high
fluid velocity turbulence, has a value
of 1.6 m/s. The maximum calculated
fluid flow velocity in a recent study of
hybrid welding of steel was less than
0.3 m/s (Ref. 38), so the high velocity
of the impinging droplets would have
a significant impact on fluid flow in
the weld pool and would interrupt the
upward motion of pores escaping from
the weld pool.
     The evidence for this low mobility
model can be extracted from Fig. 5,
which shows a shift to higher pore
sizes when going from laser to hybrid
welding. This behavior is only seen in

the 2-kW welds and suggests
that bubbles stay trapped at
the bottom of the weld and
combine to form larger bub-
bles before they are entrapped
as pores by the advancing so-
lidification front. In addition,
the bubbles in the hybrid
welds should be trapped in the
bottom part of the weld and
not show a great deal of varia-
tion in location distributions
if the combination of the filler
metal addition and small pool
volume are limiting mobility.

Figure 7 shows the pore lo-
cation distributions as a per-
centage of the total depth in
the 2-kW, 10-mm/s laser and
hybrid welds along with perti-
nent portions of the relevant
x-ray CT images. In both
welds, more pores are located
near the bottom of the weld
pool. In the laser weld, the top
third of the weld contains 16%
of the total number of the
pores, but in the hybrid weld,
zero pores are found in the
same third of the weld.

Heat transfer and fluid flow
modeling, which calculates the
temperature and fluid velocity
fields during welding, has
been used successfully to sim-
ulate spot welding (Refs. 15,
39), arc welding (Ref. 12), and
laser and hybrid laser arc
welding for a variety of mate-
rials (Refs. 16, 17, 40, 41). The
same model used recently to

simulate laser welding of Alloy 690
and hybrid laser-arc welding of steel
has been utilized here to calculate the
temperature and velocity fields during
hybrid laser-GMA welding of Alloy 690
(Refs. 10, 38). The numerical model
solves the equations of conservation
of mass, momentum, and energy in
3D for enthalpy and fluid velocities.
The keyhole heat source geometry is
calculated using a point-by-point heat
balance at the keyhole wall and then
included into the 3D model. The addi-
tion of filler metal is taken into ac-
count as a volumetric heat source,
while the arc is considered to have a
Gaussian distribution on the surface.
A comparison of the experimental and
calculated fusion zone profiles for the
hybrid welds made at 2- and 6-kW

laser power and 10-mm/s weld speed
is shown in Fig. 8. The defocus in the 6
kW has been decreased to 2 mm to ac-
count for possible thermal lensing in
the laser optics (Ref. 32). There is
good agreement between the two val-
ues.
     Figure 9 shows the central longitu-
dinal plane of the 2- and 6-kW hybrid
welds with 10-mm/s welding speed.
The geometry of the VHS is outlined,
and the large downward pointing ar-
row is the to-scale velocity vector of
the impinging metal droplets from the
consumable electrode. In the 2-kW
weld, which had a high degree of
porosity, the VHS height is approxi-
mately the depth of the pool 3 mm be-
hind the laser beam. If a bubble forms
near the bottom of the keyhole, it
could easily be trapped in the advanc-
ing solid-liquid interface before it has
a chance to escape. In the 6-kW weld,
the minimum space between the bot-
tom of the VHS and the pool below is
1.7 mm, which allowed for most bub-
bles to escape the pool and not be
trapped in the solid as a pore. Laser
welds had a much greater amount of
porosity compared to the hybrid
welds, especially at high laser powers
and low welding speeds.
     One reason for this difference in
porosity content could be the relative-
ly low volume of the laser welds as
shown in Fig. 10, which shows the cal-
culated temperature and fluid velocity
fields in the 6-kW, 10-mm/s laser and
hybrid welds. Due to the arc, the hy-
brid weld is not only wider but also
longer by more than 20 mm. The low
weld volume leading to high porosity
in laser welds is similar to the low vol-
ume and filler metal addition leading
to high porosity in the low laser power
hybrid welds.
     Since the likelihood of low porosity
in the hybrid welds can be related to
the distance between the bottom of
the VHS and bottom of the weld, the
weld depth and VHS height are two di-
mensions, which can be related to
porosity. Arc current, FM 52 electrode
diameter, and linear laser heat input
are easily selectable welding parame-
ters affecting these two important 
dimensions.
     Figure 11 shows the combined ef-
fect of different combinations of the
welding parameters in the form of a
process map with wire feed speed in-

Fig. 11 — A — The volumetric heat source height for
different arc currents and electrode diameters are
shown. The laser heat inputs to provide different
porosity values is also featured; B — the relation
between weld depth and laser heat input used in A
is shown.

A

B
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creased linearly with current for calcu-
lation purposes. The three nonsolid
lines represent the effect of the cur-
rent and electrode diameter on VHS
height on the left y-axis. The three re-
gions predict linear laser heat inputs
for all electrode diameters that will
lead to openings between the bottom
of the VHS and the weld pool, corre-
sponding to the openings observed in
the experimental welds shown in Fig.
6 (0.9, 3.2, and 5.3 mm).
     Heat inputs in the lower region re-
sult in openings of 0.9 mm, which was
experimentally shown to have a high
degree of porosity. VHS height-weld
depth openings of 3.2 and 5.3 mm in
the middle and top heat input regions,
respectively, are expected to have a low
degree of porosity. The solid lines in
each heat input region designate the
exact electrode diameter dependent
heat inputs.The weld depth-heat input
relationship from the experimental
welds is shown in Fig. 11B.
     The process map in Fig. 11A covers
the range of electrode diameters and
arc currents suggested for FM 52 (Ref.
37). For a given arc current and elec-
trode diameter, a linear laser heat in-
put is suggested to avoid porosity. For
example, if a 1.6-mm electrode diame-
ter and arc current of 300 A is select-
ed, then the VHS height is predicted to
be 6.5 mm. According to the top two
regions, a laser heat input between
630 and 830 J/mm would produce a
weld depth between 9.7 and 11.8 mm,
and weld depth-VHS height differ-
ences between 3.2 and 5.3 mm, which
have been shown experimentally to
lead to low porosity. On the other
hand, a heat input of 410 J/mm yields
a weld depth of 7.4 mm with only a 0.9
mm difference between the VHS
height and weld depth. Based on ex-
periments, this small difference is ex-
pected to lead to a high porosity con-
tent.
     As shown in Fig. 8, VHS height in-
creases with both current and elec-
trode diameter. According to the
graph, the minimum heat input from
the laser for low porosity increases
with both arc current and electrode di-
ameter. The minimum heat input for
the 1.1-mm-diameter filler metal is
460 J/mm. For the 0.9- and 1.6-mm-
diameter electrodes, the minimum
heat inputs are 310 and 550 J/mm, re-
spectively. For a 10-mm/s welding

speed, reasonable laser powers of 5 to
6 kW can be used to fabricate low
porosity welds up to 9.0 mm in depth
with any FM 52 electrode diameter.
However, if greater productivity is de-
sired in terms of welding speed or pen-
etration depth, much higher powers
will be required. For example, an in-
crease of the welding speed to 20
mm/s would require 11-kW laser pow-
er to make pore-free welds with 1.6-
mm-diameter electrodes.

Summary and Conclusions
     The characteristics of laser and hy-
brid laser-gas metal arc welded Alloy
690 with a compositionally identical
filler metal have been analyzed for
several welding conditions experimen-
tally and theoretically. Experimental
characterization of total porosity
amounts was performed with x-ray CT.
Transverse fusion zone geometries
and porosity resulting from keyhole
collapse for both laser and hybrid
welds have been compared and found
to have significant differences, thus af-
fecting the choice of a suitable welding
process. The following conclusions
were drawn from this work.
     1. An analysis of Alloy 690 vapor
pressure at various temperatures shows
that the equilibrium vapor pressures
are very sensitive to small changes in
temperature, making Alloy 690 suscep-
tible to macroporosity due to keyhole
fluctuations during high-power laser
welding. X-ray CT data revealed signifi-
cant levels of macroporosity in keyhole-
mode laser welds for a wide variety of
welding conditions.
     2. The addition of an arc to a laser
beam significantly reduced porosity lev-
els in the high-power welds. The lowest
levels of porosity were observed in the
hybrid welds at powers of 4 and 6 kW
and a welding speed of 10 mm/s. A min-
imum porosity total of 0.2 mm3 in a to-
tal weld volume of 3000 mm3 was found
in a hybrid weld with 4-kW laser power
and 10-mm/s welding speed. In con-
trast, a laser weld made at a power of 6
kW and a travel speed of 10 mm/s dis-
played a porosity volume of 90.5 mm3 in
1600 mm3 of weld metal.
     3. A transition from high levels of
porosity to virtually no porosity was
observed in the hybrid welds as power
increased above 2 kW. The combina-
tion of the experimental weld charac-

terization, calculations of the filler
metal-molten pool mixing region di-
mensions, and three-dimensional heat
transfer and fluid flow modeling sug-
gests that the mechanism of this high
porosity is linked to the relative sizes
of the molten pool and filler metal-
molten pool mixing region. Filler met-
al transfer and low weld pool volume
at 2-kW laser power limit upward bub-
ble mobility out of the pool by imped-
ing bubble motion and restricting the
regions in which the bubbles can
move. As the power increases, the size
of the filler metal mixing region rela-
tive to the weld pool decreases, allow-
ing the bubbles to more easily escape.
     4. Experimental evidence of this
mechanism included a shift in the pore
size distribution to larger pores when
going from laser to hybrid welding and
more pores located at the bottom of
the pool in hybrid welding compared
to laser welding. In addition, three di-
mensional heat transfer and fluid flow
modeling showed no opening between
the bottom of the filler metal-molten
pool mixing region and the bottom of
the weld pool, while at higher powers,
this opening increases to 2 mm and al-
lows easy escape of the bubbles during
welding. The 2-mm-wide opening is
larger than most, approximately 97%
of the observed pore diameters.
     5. The remedy for high porosity lies
in a minimum opening between the
weld depth and filler metal-weld pool
mixing region. Calculations accounting
for the volumetric heat source dimen-
sions, weld depths, and FM 52 elec-
trode dimensions were incorporated
into a process map to establish the
combinations of arc current, linear
laser heat input, and filler metal wire
diameter needed to produce low-
porosity hybrid laser-arc welds. The
minimum heat input varied between
240 and 490 J/mm with greater heat
inputs required for larger electrode di-
ameters. With welding speeds of 10
mm/s or less, no more than 5-kW laser
power would be required to produce
pore-free welds with every electrode
diameter. Increasing welding speed or
current to improve productivity or
filler metal deposition would require
higher laser powers.
     Based on the results of this study,
hybrid welding is recommended for
welding thick sections of Alloy 690, es-
pecially at laser powers above 2 kW.
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The large amounts of porosity in the
laser welds are mostly eliminated
when the arc is appropriately added to
the process using the proposed process
map. With optimized process parame-
ters, macroporosity-free thick section
welds could be produced by hybrid
welding.
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Appendix A

Calculation of Volumetric Heat
Source Dimensions

     The volumetric heat source (VHS)
calculation assumes a cylindrical shape
with dimensions of diameter and
height. The VHS is commonly used to
model consumable electrode heat
transfer during gas metal arc welding
(Refs. 12, 14). In these experiments,
spray metal transfer, where small
droplets form at the end of the elec-
trode and accelerate into the molten
pool, is expected. Several variables are
required for the calculation, including
material properties, welding parame-
ters, and droplet frequency.
     The height of the VHS is given as 
d = hv – xv + Dd, where hv is height of
the cavity formed by the impinging
droplets, xv is the distance traveled in
the cavity by each droplet before the
arrival of the next impinging droplet,

and Dd is the droplet diameter. The
cavity height is

where  is surface tension of the liquid
metal,  is the liquid metal density, g is
acceleration due to gravity, and vd is
the droplet impingement velocity. The
surface tension and density of FM 52
were taken as 1.1 N/m and 6500
kg/m3, respectively. The distance trav-
eled by each droplet is defined as

where t is the time interval between
the impingement of two droplets and
can be defined as t = 1/f. The fre-
quency of droplets, f, is

where I (A) is the current and It is the
transition current from globular to
spray transfer. The transition current
for FM 52 has been estimated based on
the suggested process parameters by
the electrode manufacturer (Ref. 37).
     The frequency current relations are
shown in Fig. A1 for three FM 52 elec-
trode diameters and, for reference
(Refs. 11, 42), a fitted line to experi-
mental data for mild steel. The droplet
shape is assumed to be spherical, and
the radius of the sphere is expressed as

where rw is the radius of the filler met-
al wire and wf is the wire feed speed.
The VHS diameter is four times the
droplet radius. The droplet velocity is

where v0 is the initial velocity, a is the
droplet acceleration, and La is the arc
length. The calculation for the arc

length (Ref. 43) and measured elec-
trode extension length (Ref. 44) are
available in the literature. Acceleration
is taken as

where vg is the velocity of the plasma,
g is the density of the plasma, and Cd

is the drag coefficient. The plasma
density was taken as 0.06 kg/m3. The
velocity of the plasma is estimated
with the effective velocity (in m/s),
which is veff = k1  I, where k1 is a con-
stant coefficient of ¼. The drag coeffi-
cient is Cd = –242.74Re–2 + 59.67Re–1

+ 0.44793, where Re is the Reynolds
number, which is defined as Re = 
rdveff/vk. The variable vk is kinetic vis-
cosity and is 3.4  10-3 m2/s. The ini-
tial velocity is calculated as
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Fig. A1 — The currentdroplet detachment
frequencies for FM 52 are not experimen
tally known. Based on suggested currents,
voltages, shielding gases, and wire feed
speeds for different electrode diameters
from the manufacturer, the relations have
been estimated. The fit line for experimen
tal data for steel in Ar5%CO2 shielding gas
is shown for reference.
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