
Introduction
     High-brightness, continuous-wave
laser welds have become attractive al-
ternatives to high-power-density elec-
tron beam welds due to their ability to
operate in atmospheric conditions,
whereas nearly all electron beam welds
are performed in high vacuum (Ref. 1).
The economic advantages for atmos-
pheric welding are many, but it can in-
troduce potential oxygen contamina-

tion to the weld and can lead to unde-
sired levels of porosity, spatter, and
slag. To protect laser welds from oxy-
gen contamination, He and Ar inert
gases are often used (Ref. 2), where ar-
gon is often the preferred choice based
on its lower cost. Reactive gases, such
as N2 and CO2, or partial mixtures of
these with inert gases, are occasionally
used for laser welding when adverse
metallurgical effects of these gases are
not considered to be detrimental to

the metallurgy of the weld (Ref. 2).
Pure N2 shielding gas has recently
been explored as a cost-effective alter-
native to Ar for welding steels, stain-
less steel, and nickel-based alloys
(Refs. 3–5). These studies are motivat-
ed by different purposes, but one im-
portant observation that can be made
is that porosity in deep penetrating
keyhole-type welds, particularly in
stainless steel alloys, is reduced when
using N2 shielding gas as compared to
inert gases such as Ar or He. 
     The reasons for reduced porosity in
nitrogen-shielded laser welds are not
clear. One group shows that nitrogen
helps to stabilize the keyhole using
real time in-situ radiography in stain-
less steel (Ref. 5), but the mechanism
is not known and additional studies
will be required in order to determine
the reasons for porosity reduction.
However, it is clear that laser weld
porosity formation is a complex
process, involving the dynamics of the
laser material interaction through a
vapor-sustained keyhole, laser beam
interaction with the plume, and vary-
ing material properties such as ther-
mal diffusivity, liquid viscosity and
density, gas solubility, vapor pressure,
and alloy thermochemistry (Refs.
6–9). 
     In this investigation, a series of
laser welding experiments was per-
formed to evaluate the influence of Ar
and N2 on porosity formation in high-
power, continuous-wave Yb-fiber laser
welds. Different metals and alloys
were welded that had varying degrees
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     Complete, or near complete, elimination of porosity in 304L stainless steel keyhole
laser welds was observed when using N2 instead of Ar shielding gas. Partial penetration
autogeneous welds were made at intermediate power levels of 2–4 kW using a contin­
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of solubility of N2 in the liquid weld
pool, and different compositions in
terms of the major alloying elements
(Fe, Ni, Cr, Mn) in an attempt to iso-
late the effects of shielding gas and al-
loy composition on laser-weld-induced
porosity. The resulting welds were
characterized using optical metallogra-
phy and quantitative X-ray radiogra-
phy. The results indicate that the base
metal alloy chemistry does play a large
role in the formation and elimination

of porosity from the liquid melt, and
that N2 shielding gas should be consid-
ered for stainless steels and plain car-
bon steels, and perhaps other alloys
that experience porosity in laser welds
when made using inert shielding gas. 

Experimental Procedures
     Laser welding was performed using
a 6-kW IPG Yb-fiber laser operating at
1.070±0.010 mm wavelength and de-

livered through a 200-mm fiber to the
laser welding workstation. The deliv-
ery optics consist of water-cooled re-
flective parabolic mirrors with a 200-
mm collimator and a 250-mm focusing
lens. A cover slide with an antireflec-
tive coating and a laminar flow gas
knife were used to protect the final fo-
cusing mirror. The laser power was
measured after the beam exited the
optics using a water-cooled Primes
power monitor with 8-kW capacity,
while the beam spot size was meas-
ured using a Primes focus monitor
(model FM 120 SN1202), fitted with
an 18 × 22 mm pinhole with a sensitiv-
ity of 1200 cts/(MW/cm2). The pin-
hole was rotated at 1875 rpm and heli-
um gas was used to keep it from over-
heating. The resulting analysis meas-
ured the beam divergence, beam quali-
ty, and the beam diameter based on a
second moment calculation. For the
power levels used in this study, the
beam had a beam parameter product
BPP = 8.52 mm-mrad, M2 = 2.53,
Rayleigh length = 2.08 mm, and full
divergence angle of 128 mrad. At
sharp focus, the minimum beam diam-
eter was measured to be 0.266 mm. 
     A schematic of the welding setup is
shown in Fig. 1 for the stationary laser
beam that is tilted 5 deg toward the
front of the weld pool. A plasma sup-
pression gas nozzle with a 3-mm-
diameter orifice is directed at the
beam impingement point at a 45-deg
angle at 45 ft3/h (21.2 L/min) flow
rate, and a trailing gas diffuser at 50
ft3/h (23 L/min) flow rate is used to
minimize oxidation of the weld as it
cools. The gases used were bottled
high-purity Ar or bottled high-purity
N2, for the plasma suppression, gas
knife, and trailing gas shield. Table 1
summarizes the laser weld and beam
parameters for welds made at two dif-
ferent travel speeds of 8.33 and 11.5
mm/s. The beam was underfocused
into the plate as illustrated in Fig. 1,
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Fig. 1 — The left side schematic shows the laser weld configuration. A — Cover slide; B —
laser beam with a 5­deg forward tilt; C — gas knife; D — plasma suppression gas nozzle;
E — trailing gas shield; F — sample being welded, which is moving to the right under the
stationary laser beam. The right side shows the beam caustic, the location of the two dif­
ferent plate surface positions, and their corresponding beam diameters, d.

Fig. 2 — Radiographs of four preliminary laser welds made in 304L stainless steel
coupons (6 ¥ 1 ¥ 0.38 in.) with (A) Ar and (B) N2 shielding gas. Porosity (white dots) is
prevalent in the welds made in Ar, but absent in the welds made with N2.

A

A

B

B

Table 1 — Summary of Weld and Beam Characteristics

Weld ID Beam Power Weld Speed Energy per Beam Focus Beam Peak Power Average Power Interaction Time
Length Diameter Density Density (d/V)

(W) (mm/s) (J/mm) (mm) (mm) (kW/mm2) (kW/mm2) (ms)

1 2300 8.33 280 –3.0 0.47 24.2 13.2 56.4
2 3200 11.5 280 –4.5 0.65 17.5 9.65 56.4
3 4200 11.5 360 –4.5 0.65 23.0 12.6 56.4
4 3000 8.33 360 –3.0 0.47 31.5 17.2 56.4
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which shows the measured beam caus-
tic at two different beam diameters on
the surface of the plate of d = 0.47 or d
= 0.65 mm. Based on experience, the
underfocused condition appears to
produce slightly deeper keyhole welds
than when the beam is focused at or
above the surface of the plate. The
combination of travel speed and beam
diameters were selected so that all
welds had the same interaction time
(beam diameter to travel speed ratio)
of 56.4 ms in an attempt to create sim-
ilar keyhole interactions for the two
different beam diameters.
     Four different metals and alloys
were chosen for the welding study,
consisting of Type 304L stainless steel,
21-6-9 stainless steel (Nitronic 40), A-
36 plain carbon steel, and nickel-201.
The compositions of these metals are
listed in Table 2, as determined using a
combination of emission spectroscopy
and interstitial analysis. Nitrogen con-
tents were measured three times and
the average value was reported. Note
that the level of N2 in the 21-6-9 stain-
less steel is 0.27 wt-%, which is
midrange for Nitronic 40 specification,
which has a nitrogen range of
0.15–0.40 wt-%. A total of 32 partial-
penetration laser keyhole welds (4
weld parameters, 2 shielding gases,
and 4 materials) were produced, and
were characterized using photography,
radiography, and optical microscopy.
Weld coupons measuring 125–150
mm long, 25 mm wide, and 9.5 mm
thick were removed from each of the
materials, and two identical welds
were placed on each coupon, one using
Ar shielding as the shielding gas and
the next using N2 shielding gas with a
5-min purge between gas changes.
     X-ray radiography was performed on
the welds using conventional methods
with a 450-kV Yxlon X-ray tube and a
standard 5/M/10 film load. For the A-
36 and Ni samples, the tube head was
run at 325 kV at 2.15 mA for 3:00 and
3:15 (min:s) respectively. For the 21-6-
9 and 304L, the X-ray tube head was
run at 270 kV at 2.55 mA for 1:55 and
2:05 respectively. For all the radi-
ographs, the spot size of the tube head
was set at 0.4 mm, and a 2-mm Cu fil-
ter was used to improve the image qual-
ity. The films were developed, and the
results were visually examined to deter-
mine qualitative levels of porosity by a
Level II NDE radiographer.
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Fig. 4 — 3D CT rendering of the porosity in A36 welds made in argon shielding gas. A —
A36 Weld 1 with a total porosity of 2.77 mm3; B — A36 Weld 2 with a total porosity of
0.96 mm3 in the 19­mm­long ROI.

Fig. 3 — Lightly etched metallographic sections through the 2.3­kW welds made in 304L,
showing porosity when using Ar gas and no porosity in N2 gas. A — Cross section; B —
longitudinal section through the weld centerline with Ar shielding gas; C — cross section;
D — longitudinal section through the weld centerline with N2 shielding gas. The plate is
moving to the left in the longitudinal micrographs under a stationary laser beam. Weld
dimensions are indicated in C.
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Table 2 — Composition of the Metals and Alloys Used in This Investigation 

   Element                      Ni­201 A­36 304L 21­6­9
                                        (wt­%) (wt­%) (wt­%) (wt­%)

         Fe                              0.04 Bal. Bal. Bal.
         Ni                              Bal. 0.07 8.16 7.02
         Cr                                — 0.09 18.20 19.96
        Mn                             0.35 0.87 1.71 9.14
         N                            <0.002 0.0087 0.081 0.27
         Si                              0.35 0.19 0.44 0.05
          P                                — 0.013 0.03 0.014
          S                               0.01 0.002 0.0004 <0.005
         O                                — — — <0.001
         C                               0.02 0.18 0.02 0.02

The nitrogen contents represent an average of three measurements, while the other elements are based on a single
analysis.
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     Computed X-ray tomography (CT)
was further performed on some of
the welds in order to quantify the
amount of porosity and its location
within the weld. In order to provide
the highest spatial resolution, indi-
vidual welds were sectioned from the
original welded coupons into speci-
mens 37 mm long, 12 mm wide and
9.2 mm thick prior to performing the
CT scans. A small, flat-bottomed hole
of known volume (0.8 mm diameter
by 5 mm deep) was drilled in one end
of the coupon to aid in volumetric
quantification of porosity. These sam-
ples were placed on end, and rotated
about the centerline of the weld
coupon while performing CT using
the same 450-kV Yxlon X-ray tube,
set at 300 kV, 2.3 mA, with a spot size
of 0.4 and 2 mm of Cu filtering. An
Apogee CCD (AP6E) coupled to TbO2
IQI Glass was used as the detector
arrangement. A total of 480 views
were taken for each sample over 360
deg of rotation. At each view, two
frames were collected and these were
integrated for 90 seconds each. A
magnification of 1.07 was achieved,
with a spatial resolution of 48 mm per
pixel.
     After CT data acquisition, the im-
ages were preprocessed using IMGREC,
which is an LLNL-developed software
tool. Preprocessing included convert-
ing the digital radiographs to attenua-
tion radiographs (ln(I0/I)), removal of
individual bright pixels generated
from X-ray hits to the CCD camera,
and filtering. The filtered images were
CT reconstructed using a cone beam

algorithm to provide 3-D images of the
sample and weld porosity. To analyze
the porosity, segmentation of the
porosity from the sample was per-
formed using a threshold technique.
To calibrate the threshold, different
threshold values were used until the
analysis returned a correct volume for
the flat-bottomed hole. The output of
the analysis is a spreadsheet that lists

all segmented porosity and their re-
spective volumes, and the amount of
porosity as a function of the distance
from the front of the weld. Visualiza-
tion was further performed using Avi-
sio, a commercial software package
(Ref. 10).
     After performing the CT scans, the
welds were cross sectioned, cold
mounted in epoxy, and metallographi-
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Fig. 5 — Results from the CT scan showing porosity distributions in the A36 steel Weld 1 and Weld 2 in Ar shielding gas. A36­Ar­1 was indi­
cated to have a total pore volume of 2.77 mm3 while A36­Ar­2 was indicated to have 0.96 mm3 in the 19­mm­long ROI.

Fig. 6 — Continued results from the CT scans showing the location of the porosity in the A36
steel Weld 1 and Weld 2 in Ar shielding gas. A, B — A36­1 porosity distribution from the sur­
face (0 mm) to the bottom of the weld (–4 mm), and from side to side of the weld, respec­
tively. C, D — A36­2 porosity distribution from the surface (0 mm) to the bottom (–3.3 mm)
of the weld, and from side to side of the weld, respectively.
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cally prepared by successive sanding
on 320-, 600-, 800-, and 1200-grit pa-
per, followed by rough polishing with
3-mm diamond paste and final polish-
ing using a 0.1-mm alumina suspen-
sion. After polishing, the 21-6-9 and
304L stainless steel samples were elec-
trolytically etched in a 5% oxalic acid
solution, while the A36 steel and nick-
el welds were chemically etched using
an immersion and swabbing technique
in Stead’s reagent (H2O-2.5mL,
Ethanol-225mL,CuCl2-2.5g, HCL-
2.5mL, MgCl2-10g) and Marble’s
reagent (CuSO4-10g, HCL-50mL,
H2O-5mL), respectively. The etched
samples were then photographed us-
ing a Keyence VHX 1000 digital micro-
scope to observe the weld microstruc-
ture and to measure the weld pool di-
mensions. The weld cross-sectional
area was further measured using the
Keyence VHX 1000 software to calcu-
late the area contained within a closed
path perimeter line drawn around the
weld fusion boundary, including the
weld crown.

Results and Discussion

Porosity Formation in 304L
Stainless Steel

     In order to demonstrate the rather
dramatic effect that nitrogen can have
on reducing porosity in stainless steel
welds, a series of four preliminary welds
were made on 304L using Ar shielding
gas on one coupon and N2 shielding gas
on the other. Two different power levels
(2300 and 3000 W) and two different

beam diameters (0.47 and 0.53 mm)
were used at a travel speed of 8.3 mm/s.
The coupons were radiographed to film
to observe porosity, and the results are
shown in Fig. 2A (Ar shielding gas) and
Fig. 2B (N2 shielding gas). The radi-
ographs were digitized and the contrast
inverted so that the low density porosi-
ty appear as light regions. It is clear that
all of the welds made in Ar have sub-
stantial porosity and those made in N2
do not have any observable porosity. 
     Metallographic sections were made
through the welds as shown in Fig. 3,
which compares the 2300-W weld made
with a 0.47-mm-diameter beam under
Ar to those of the N2 shielding gas. The
cross section through the weld made in
Ar (Fig. 3A) indicates that the porosity
is localized in the bottom portion of the
keyhole. Figure 3B further shows a lon-
gitudinal section through this same
weld, where the pores appear to initiate
at the bottom of the keyhole and grow
in the same direction as the moving
weld pool. The apparent periodic nature
of the porosity seen in the radiographs,
and the localization of the porosity to
the lower portion of the keyhole, indi-
cate that keyhole dynamics are playing a
role in the porosity formation in Ar
shielding gas. Metallographic cross sec-
tions of the same welds made in N2
shielding gas are shown in Fig. 3C and
D, indicating that no porosity was ob-
served in the microstructure. It is not
clear why the N2 shielding gas is free
from pores while Ar has severe porosity
in 304L under identical welding 
conditions. 
     Laser weld keyhole dynamics during
continuous-wave laser welding has been

studied for several decades using both
experimental and modeling techniques
(Refs. 5–9). These studies indicate that
laser weld porosity is related to fluctua-
tions in the keyhole depth and pertur-
bations in its shape, which can create
gas bubbles if the liquid weld pool col-
lapses around them. These bubbles have
been directly observed to circulate with
the convective motion of the liquid met-
al, and can be trapped on the backside
of the weld pool, resulting in porosity in
the final weld (Refs. 5, 7). Thus, two
conditions are required to create a pore
in a weld. First, an unstable keyhole, or
contaminant, is required to create a gas
bubble in the liquid weld pool and, sec-
ond, liquid convection and solidification
conditions must be such that the bubble
is trapped before it can escape or dis-
solve back into the weld pool. 
     One source of keyhole instability is
the potential interaction of the beam
with the laser plume, which can be min-
imized by blowing the plume out of the
way by the shielding gas to minimize
beam attenuation. The plume is known
to be composed mainly of vaporized
metal atoms and metal ions that are
ejected from the keyhole, but not ion-
ized shielding gases since they are not
easily ionized at the 1-mm laser wave-
length (Refs. 3, 11, 12). Higher density
gases such as Ar and N2 are more effec-
tive at removing the laser plume, and
have distinct advantages over He in this
respect. Table 3 summarizes some of
the properties of the common shielding
gases, Ar, He, and N2, and indicates that
Ar and N2 are much closer to each other
in terms of density, ionization poten-
tial, and thermal conductivity than ei-
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Fig. 7 — CT renderings of welds with high and low porosity made in argon shielding gas. A — 304L Weld 1 that has 7.38 mm3 of porosity; B —
21­6­9 Weld 4 that has 0.25 mm3 of porosity in the 19­mm­long ROI.
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ther of them are to He. The size of the
laser plume is largely affected by the
flow rate of the gas, its density, and its
thermal conductivity, since the shield-
ing gas is not being ionized (Refs. 3, 11,
12). The higher the density of the
shielding gas, the more effective it will
be on blowing away the plume, and the
higher its thermal conductivity, the
more it will cool the plume and mini-
mize the plume’s volume. A comparison
of Ar to N2 shows that Ar is about 40%
more dense than N2, but N2 has about
40% higher thermal conductivity, which
provides a compensating effect. So,
based on the physical properties of Ar
and N2 alone, it isn’t clear that one gas
would have a distinct advantage over
the other in terms of interacting with
the laser plume or stabilizing the key-
hole, as long as the flow rate of the gas
is sufficient to blow the laser plume out
of the way. 
     Assuming that Ar and N2 behave
similarly in terms of beam interaction
and keyhole stabilization, then differ-
ences in the amounts of porosity ob-
served in welding 304L are likely relat-
ed to the effects of these gases, or in-
teraction of these gases, with the va-
por in the keyhole or with the liquid
weld pool itself. Argon, being an inert
gas, does not react with the stainless
steel liquid or vapor, nor does it dis-
solve in stainless steel liquid by a
measurable amount. Therefore, re-
moval of Ar gas bubbles from the liq-
uid can occur only by buoyancy and
the convective motion of the weld
pool. Nitrogen, on the other hand, can
react with Cr in metallic alloys to form
chromium nitrides (Ref. 5), and can
dissolve in stainless steel melts, which
would reduce the amount of gas in
bubbles from the liquid (Refs. 13, 14).
If this dissolved N2 does not affect the

keyhole stability, then the resulting
porosity in nitrogen soluble alloys
should be less than in nitrogen insolu-
ble alloys. Since nitrogen dissolved
into the stainless steel does not appear
to have a strong effect on surface ten-
sion (Ref. 15), dissolved nitrogen is
not expected to have a significant in-
fluence on weld convection, and prob-
ably does not affect the keyhole stabil-
ity to a large extent.
     Dissolution of N2 gas bubbles into
the liquid metal will depend on the solu-
bility of nitrogen into the melt, the ki-
netics of the dissolution, and the
amount of time the bubbles are exposed
to the liquid. Assuming the kinetics are
fast, then all of the N2 gas in the en-
trained bubbles can be removed by a liq-
uid melt if it has sufficient solubility of
nitrogen. An estimate of the amount of
gas produced by the unstable keyhole
was made using the porosity produced
by Ar gas shielding shown in Fig. 3 as an
example. Quantitative estimates of the
amount of porosity show that this weld
contained approximately 6% pores by
volume. Assuming an equivalent
amount of porosity was initially pro-
duced by N2 in the weld due to keyhole
instability, then the increase in nitrogen
content of the liquid can be calculated,
assuming all of the N2 gas bubbles
formed during welding dissolve into the
liquid prior to weld solidification. Using
the densities shown in Table 3 for N2
and Table 4 for 304L at 1600°C, it can
be shown that 6% by volume N2 gas
bubbles, if dissolved back into the melt,
will increase the nitrogen content of the
liquid metal by only 0.001 wt-%. This
amount of gas is well below the solubili-
ty limit of 0.280 wt-% for 304L stainless
steel. Therefore, if the kinetics are fast
enough, it is plausible that all of the N2
gas bubbles created by an unstable key-

hole can be eliminated by their dissolu-
tion into the liquid melt pool, which is
one possible explanation for the lack of
porosity in the 304L welds made in N2
as compared to Ar shielding gas.
     The kinetics of nitrogen dissolution
during arc welding of steel and stainless
steel has been studied under arc welding
conditions (Refs. 16, 17) and CO2 laser
welding conditions (Ref. 18). Although
the kinetics for dissolution are different
for arc and laser welding due to the
high-temperature plasma that is created
during arc welding and the correspon-
ding dissociation of N2 to N in the arc,
there is ample evidence to suggest that
nitrogen can rapidly diffuse into liquid
steel melts, increasing the average ni-
trogen content up to, and above, satura-
tion limits in arc welds (Ref. 17), and
near saturation limits in laser welds
(Ref. 18). Recent studies have shown
that laser keyhole welds using a fiber
laser on 304L stainless steel made in ni-
trogen shielding gas increased the nitro-
gen content of the weld metal (Ref. 19).
Although the kinetics of nitrogen gas
bubble dissolution are not studied here,
we feel that it is  highly probable that ni-
trogen in laser keyholes can dissolve in
nitrogen soluble metals at high enough
rates to be a major factor in explaining
the difference in porosity observed in
N2- and Ar-shielded welds.

Relative Comparison of Porosity
in 21­6­9, Nickel, A36, and 304L

     In order to study the effect of nitro-
gen solubility on porosity formation us-
ing N2 shielding gas, welds were made
on metals and alloys that have different
amounts of the major alloying elements
(Fe, Ni, Cr, Mn), which have varying de-
grees of nitrogen solubility in the liquid
metal near their melting points. Stain-
less steels 304L and 21Cr-6Ni-9Mn
have the highest solubility of nitrogen
at 0.28 to 0.40 wt-%, respectively (Refs.
13, 14). Plain carbon steel (A36) has an
intermediate solubility for nitrogen
similar to that of pure iron of 0.045 wt-
% (Ref. 14), while nickel (Ni-201) has
the lowest solubility for nitrogen of less
than 0.0025 wt-% (Ref. 14). Argon is es-
sentially insoluble in all of these metals
and alloys (Ref. 14). 
     Laser welds were made on these al-
loys using several parameter sets that
were designed to produce a constant
beam interaction time, t’, of 56.4 ms for
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Table 3 — Some Physical Properties of N2, Ar, and He Shielding Gases

Property Units N2 Ar He

Density at RT (Ref. 14) g/liter 1.25 1.78 0.179
Density at 1600°C (Ref. 14) g/liter 0.199 0.283 0.028
First Ionization Potential (Refs. 12, 14) kJ/mole 1402 1520 2450
Thermal Conductivity (Refs. 14,22) W/m­K 0.023 0.016 0.138
Threshold for Laser Breakdown (Ref.12) GW/cm2 82 113 –
Solubility in 21­6­9 SS (Refs. 13, 14) wt­% 0.40 0 0
Solubility in 304L SS (Refs. 13, 14) wt­% 0.28 0 0
Solubility in A­36 Steel (Refs. 13, 14) wt­% 0.045 0 0
Solubility in Ni­201 (Refs. 13, 14) wt­% <0.0025 0 0

Solubility values are given in the liquid at 1600°C.  Laser threshold for pulsed lasers at 1.064 m wavelength and 1 atm
pressure.
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all of the welds. The beam interaction
time is defined here as the beam diame-
ter divided by the weld speed, and is a
measure of the amount of time that a
keyhole has to interact with the beam
(Ref. 6). By keeping the interaction time
constant, the keyhole dynamics for all
of the welds should be similar. In these
welds, the weld power was varied from
2300 to 4200 W, in order to produce
two different levels of energy input per
unit length of weld corresponding to
280 and 360 J/mm as summarized in
Table 1. The average power density of
these beams, defined as the beam pow-
er divided by the beam area varied from
9.65 to 17.2 kW/mm2 while the meas-
ured peak power densities varied from
17.5 to 31.5 kW/mm2. Bead-on-plate
welds made with these parameters pro-
duced partial-penetration keyhole-type
welds in all of the alloys, and all of the
welds had a good surface appearance
with very little spatter. 
     The welds were radiographed onto
film and the relative amount of porosity
in each weld was qualitatively evaluated
by an ANSI Level II radiographer. The
results are summarized in Table 5, and
vary from no porosity to high levels of
porosity. Comparisons of porosity levels
between Ar and N2 shielding gas for a
given material, for Ar in the different
materials, for N2 in the different mate-
rials, and for different speeds and dif-
ferent energies per unit length of weld

reveal several interesting trends. The
first two most obvious trends are that
almost no porosity was observed in the
21-6-9 stainless steel welds, and that
high levels of porosity were observed in
all of the Ni welds, i.e., the shielding gas
did not have a significant effect on
porosity formation in either of these
materials. However, shielding gas ef-
fects were seen in the 304L and A36
steel welds, where essentially no porosi-
ty was observed for the welds made in
N2, and various levels of porosity, from
small to high amounts, were observed
for the welds made in Ar.
     The 21-6-9 stainless steel welds
were the only welds that did not show
any significant porosity in either
shielding gas. Since Ar is not soluble in
liquid metals, it can be concluded that
21-6-9 produced stable keyholes under
all four welding conditions, i.e., these
welds did not produce significant
amounts of gas bubbles in the melt for
either shielding gas. One possible ex-
planation for this is that 21-6-9 con-
tains 9 wt-% Mn, and has lower melt-
ing and boiling points, and lower en-
thalpy of vaporization, than the other
alloys, as indicated in Table 6. These
properties create higher vapor pres-
sures at a given temperature (Refs. 9,
20), which provides higher recoil force
to keep the keyhole from collapsing
and creating gas bubbles and porosity
(Refs. 5–9). The surface tension of the

liquid may also be affected by high Mn
melts, which could also contribute to a
more stable keyhole. The vapor pres-
sure of the four major elements of the
alloys studied in this investigation (Fe,
Ni, Cr, Mn) is shown in Table 6 at a
temperature of 1600°C (Refs. 20, 21),
which is near the melting point of all
of the alloys. These data indicate that
there are three orders of magnitude
difference in vapor pressure between
PMn>PCr>PFe>PNi, which likely plays a
significant role in keyhole stability and
the formation of gas bubbles in welds.
     While the 21-6-9 stainless steel
welds did not show significant porosity,
Ni produced high amounts of porosity
in all welds and in both shielding gases.
From a material standpoint, Ni has the
highest boiling point of all of the major
elements used in this study, has the
highest difference between its melting
and boiling points, and has the lowest
vapor pressure at 1600°C. These condi-
tions favor keyhole collapse and gas
bubble generation in the liquid melt.
Due to the very low solubility of N2 and
Ar in liquid nickel, any gas bubbles that
are generated can only be removed by
buoyancy and convection, and this does
not appear to be taking place for the
welding parameters used in this investi-
gation. In addition, Ni has the highest
thermal conductivity of the four alloys
as indicated in Table 4 (Refs. 22–25).
This is an additional factor that con-
tributes to trapping the bubbles in the
solidifying melt, since heat is extracted
from the melt pool more quickly by the
base metal, creating smaller trailing liq-
uid pools (Ref. 8), and leaving less time
for the bubbles to escape.
     The A36 steel and the 304L have
porosity levels between the two ex-
tremes of Ni and 21-6-9, and both
were clearly affected by the type of
shielding gas as qualitatively indicated
by the radiography results in Table 5.
With Ar shielding gas, porosity was
observed in both of these alloys under
all welding conditions, while essential-
ly no porosity was observed in either
alloy when N2 shielding gas was used.
Keyhole collapse and its associated
porosity when using Ar shielding gas
for these alloys appears similar to the
effects seen in Ni, but reduced in
severity in most cases. When looking
at the alloy compositions, the low lev-
els of Mn in 304L compared to 21-6-9,
is the most obvious difference be-
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Table 4 — Properties of the Metals and Alloys Used in This Investigation

                  Property                                  Units             21­6­9 SS          304L SS           A­36 Steel          Ni­201

          Boiling Point Alloy
           (Refs. 14, 22, 25)                             °C                   2608                 2827                  2862                2918

         Melting Point Alloy                           °C                   1360                 1410                  1538                1452
           (Refs. 14, 22, 25)

       Liquid Density at MP                        g/cc                   7.1                    7.1                      7.0                   7.8
               (Ref. 14, 24)

      Liquid Viscosity at MP                     mPa­s                  —                     7.0                      5.1                   4.2
           (Refs. 14, 22, 24)

 Liquid Thermal Cond. at MP               W/m­K                 32                     29                       34                    65
          (Refs. 14, 22, 23)

      Solid Thermal Cond. at                   W/m­K            24/12.4            29/15.9               28/59              76/88
       ~1000°C/RT (Ref. 14)

            Solid Density at                            g/cc               7.5/7.9             7.4/7.9               7.5/7.9            8.5/8.9
               ~1000°C/RT

         Solid Heat Capacity                        J/g­K             0.57/0.47        0.65/0.49          0.79/0.45       0.62/0.44
       ~1000°C/RT (Ref. 14)

  Solid Thermal Diffusivity at            (m2/s)*106        0.33/0.56        0.41/0.60          1.66/0.47       2.25/1.44
               RT/~1000°C
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tween these two alloys and may ex-
plain increased levels of porosity when
using Ar shielding gas, since otherwise
they have similar compositions. A36
also has low levels of Mn and shows
increased porosity relative to 21-6-9
when welded in Ar. Cr and Ni may not
be playing a large role here since 304L
contains these major elements and A-
36 does not, yet both alloys show simi-
lar levels of porosity when welded in
Ar. Thus, if the keyhole dynamics are
being affected by alloy composition,
then Mn appears to be a dominant fac-
tor for the alloys studied here. 

Quantitative Aspects of 
Porosity in 21­6­9, Nickel, A36,
and 304L

Weld and Keyhole Geometry

     The lack of porosity observed in A36
and 304L when using N2 shielding gas is
perhaps the most interesting observa-
tion of this study. The important ques-
tion is whether or not N2 is stabilizing
the keyhole, or if the keyhole is just as
unstable in N2 as Ar but that other fac-
tors are contributing to the removal of
N2 bubbles from the melt. In an attempt
to sort this out, weld cross sections
were used to estimate the weld pool
shape and keyhole geometry, and CT
images of some of the welds were made
to quantify the amount and location of
porosity. The weld width, W, keyhole
width, w, and weld depth, d, from the
original surface were measured on the
metallographic cross sections of the
welds, as indicated in Fig. 3C, along
with the weld pool length, L, as meas-
ured from photographs taken of the fi-

nal weld crater. These measurements,
along with the weld cross-sectional ar-
eas, and weld fusion zone perimeters
are summarized in Tables A1–A4 in the
Appendix for all of the welds made in
this investigation. Histograms of the re-
sults are further shown in the Appen-
dix, comparing the measured weld
geometries for each of the welds made
in this study, based on these data.
     Figure A1 compares the weld pool
lengths for each of the four materials
and for all of the weld parameters. It is
clear that the material has a large influ-
ence on the weld pool length, where the
average weld length varies by about a
factor of 2× for the different materials.
The trend shows increasing weld
lengths from Ni to A36 to 21-6-9 to
304L, which is inversely related to their
thermal diffusivities. Color coding on
this figure further compares the welds
made with the lower energy-per-unit
length (280 J/mm) to the higher energy
(360 J/mm) welds. The lower energy
welds appear to be producing shorter
weld pools. Figure A2 compares the key-
hole and surface widths for each of the
welds. The keyhole widths are consis-
tently smaller than the surface width by
a factor of about 3×. The higher energy-
per-unit length welds are on average
wider than the lower energy-per-unit
length welds. The 21-6-9 welds had the
smallest widths and the least variation
of the four materials. Figure A3 com-
pares the weld depths for each of the
materials. The deepest welds were made
in 21-6-9 and the shallowest were made
in nickel, and the higher energy-per-
unit length welds were deeper than the
lower energy length welds in almost all
cases. Figure A4 compares the weld
cross-sectional areas. The basic trend is

similar to the weld lengths, whereby the
weld cross-sectional areas are inversely
related to the material’s thermal diffu-
sivity, and higher energy welds have
higher cross-sectional areas.

Porosity Measurements

     The initial porosity measurements
were based on a qualitative evalua-
tion of X-ray radiographs on film to
determine the relative amounts of
porosity in each of the welds. These
data were summarized in Table 5,
where the levels of porosity are la-
beled N for no visible pores, and L, M,
H for low, medium, and high amounts
of porosity, respectively. In order to
quantify these levels of porosity,
some of the welds were examined us-
ing computed X-ray tomography (CT),
which is capable of measuring the
size, distribution, and total volume of
the porosity. A 19-mm region of in-
terest (ROI) was taken along the
length of weld, not including the start
or stop regions, and examined by CT
for at least one of each material with
varying levels of porosity. Examples
of the CT results are shown in Figs.
4–6 for the A36 steel Welds 1 and 2
made in argon shielding gas. 
     Figure 4A and B show the 3D render-
ings of the location of the pores in A36
Welds 1 and 2 that have 2.77 mm3 and
0.96 mm3 of porosity, respectively, in
the 19-mm-long ROI. They appear to
have a periodic spacing along the length
of the weld, and the geometric shape of
the pores and their location in the weld
clearly show up in the CT images. A36-1
has the higher level of porosity in this
comparison, but was still categorized as
a medium level relative to some of the
other welds. The largest pore that was
observed in this weld had a volume of
nearly 0.31 mm3, and it is clear from
this image that a large number of large
voids were created. The porosity ap-
pears to be more concentrated on the
top and root of the weld, with less
porosity at the mid keyhole location.
A36-2 has less porosity, so trends in the
location of the pores are not as clear,
but this weld has a smaller number of
pores than A36-1. 
     Analysis was performed on the
porosity to gather statistics on the
porosity size distribution, and on the lo-
cation of the pores in the weld. Figure
5A, B plot histograms of the pore size
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Table 5 — Relative Amounts of Porosity in Each of the Welds Based on Initial Radiography and 
Qualitative Comparisons  

Weld Shielding Gas Speed (mm/s) Energy per 21­6­9 304L A­36 Ni
Length (J/mm)

1 Ar 8.33 280 N H M H
2 Ar 11.5 280 N M M H

3 Ar 11.5 360 N M M H
4 Ar 8.33 360 L M M H

1 N2 8.33 280 N N N H
2 N2 11.5 280 N N N H

3 N2 11.5 360 N N N H
4 N2 8.33 360 L L N H

N­none, L­low, M­medium, H­high levels of porosity.
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distribution for A36 Weld 1 and Weld
2, respectively. A36 Weld 1 has ap-
proximately 3× the amount of porosity
by volume (2.77 mm3 vs. 0.96 mm3)
and has the largest void at 0.31 mm3.
Both distributions show a decreasing
frequency with increasing pore size,
with the largest frequencies occurring
at pores less than 0.02 mm3. Further
analysis of the CT data was performed
on these two welds to show the distri-
bution of porosity in the weld by inte-
grating the total pore volume on a giv-
en slice of the ROI. Each slice meas-
ured 48 mm high, and integrations
were made both from the top of the
weld to the root of the weld, and from
one side to the other side of the weld
over the 19-mm-long ROI. These re-
sults are shown in Fig. 6A, B, for A36-
1, and Fig. 6C, D for A36-2. Weld A36-
1 has the greater amount of porosity,
and it has a clear bimodal distribution
from the top to the root of the weld,
showing a high concentration of pores
in both the lower keyhole region of the
weld and in the top weld pool. This
weld has a penetration depth of 4 mm,
which can clearly be seen by the lack of
porosity below this depth. The side-to-
side distribution of porosity is Gauss-
ian shaped with the highest concentra-
tion of porosity located on the weld
centerline. Weld A36-2 shows a similar
bimodal distribution from top to root
of the weld and a weld penetration
depth of 3.3 mm. However, with lower
total porosity in this weld, the trends
are not as clear as in the A36-1 weld. 
     Figure 7 shows additional 3D ren-
derings of two welds to illustrate low
and high levels of porosity for welds
made in argon shielding gas. The high
porosity weld is shown in Fig. 7A for
304L Weld 1 that has 7.38 mm3 of
porosity. This weld had 113 voids in
the 19-mm-long ROI, which is the
highest number of voids observed in
any of the welds. The pores are dense-
ly packed and have a distribution from
small to large sizes. The largest pore in
this weld was measured to be 0.91
mm3. The low-porosity weld is shown
in Fig. 7B for 21-6-9 Weld 4 that has
only 0.25 mm3 of porosity that is con-
tained in a total of 15 voids in the 19-
mm-long ROI, with the largest pore
having a volume of 0.047 mm3. The
porosity in this weld appears to be
mainly concentrated at the root and
the pores are of similar sizes.

     A summary of the main quantita-
tive results from the CT runs is given
in Table 7, which includes the total
volumetric porosity in the 19-mm-
long ROI for eleven selected welds.
The highest levels of porosity were
found in nickel and one of the 304L
welds with porosity volumes on the or-
der of 4–8 mm3. Medium levels of
porosity found in the 304L and A36
welds were measured to be at 1–3
mm3. One 21-6-9 weld was noted to
have a small amount of porosity,
which measured 0.25 mm3, while the
other 21-6-9 weld that had no observ-
able porosity, as measured on the X-
ray film, was determined to have a
small amount of voids as detected by
CT measuring 0.032 mm3. 
     Since the welds varied in size and
shape, depending on the material and
the welding parameters, the total vol-
ume of pores for each weld was nor-
malized to the fusion zone volume for
each of the 11 welds examined by CT.
The fusion zone volume was calculated

by multiplying the weld cross-section-
al areas (summarized in Tables A1–A4)
by the 19-mm-long ROI of the CT
measurements to represent the total
amount of melted material in the ROI
fusion zone. Table 7 reports these val-
ues as percent porosity in the weld fu-
sion zone. The highest levels of porosi-
ty contain 3.6 to 7.4% porosity by vol-
ume. This high value of porosity is
similar in magnitude to porosity gen-
erated in CW laser welds made in ar-
gon shielding gas on 304L stainless
steel at about 1 m/min travel speeds
by Madison et al. (Refs. 26, 27). Medi-
um levels of porosity were character-
ized to contain approximately 0.5 to
2% volumetric porosity, while the low
level of porosity was characterized to
be less than 0.1% porosity by volume.
     The CT results were further ana-
lyzed to characterize the size distribu-
tion of 513 pores that appeared in the
different welds. The results show indi-
vidual pore volumes varying from less
than 0.001 mm3, which are present in
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Table 6 — Physical Properties of the Major Alloying Elements Used in This Investigation

                                  Vapor Pressure               Melting point                   Boiling point                   Enthalpy of 
  Element          at 1600°C (Refs. 20–22)            (Ref. 22)                           (Ref. 22)                     Vaporization
                                                                                                                                                                    (Ref. 22)

       (Torr) (°C) (°C) kJ/mole
      Ni 0.02 1452 3175 372
     Fe 0.1 1535 2730 347
     Cr 1 1615 2200 339
    Mn 30 1260 2087 220

Fig. 8 — Histograms showing the porosity distribution for the 513 pores that were identi­
fied using CT methods. The inset histogram shows the distribution of the 282 smallest
pores with volumes less than 0.02 mm3.
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all of the welds, up to 0.99 mm3 in the
highest porosity nickel weld. Figure 8
plots a histogram of the size distribu-
tion of the pores, and indicates that
the largest frequency of pores occurs
at the smallest volumes of less than
0.02 mm3/pore. The inset histogram
further plots the distribution of the
282 smallest pores with volumes less
than 0.02 mm3, indicating again that
the largest frequency of pores occurs
at the smallest pore volumes, now at
less than 0.001 mm3/pore.
     The monotonically decreasing dis-

tribution of pore size with pore vol-
ume can be described by a Weibull re-
lationship as in Equation 1 (Ref. 28).

(1)

     In this equation, the pore size, P, is
represented as a continuous function
of two parameters, , the Weibull
shape factor, and , the Weibull scaling
parameter. The complete data set of
513 pores was fit by the two-parame-

ter Weibull relationship using a statis-
tical data analysis package (Ref. 28) to
determine  and . The results of the
Weibull analysis are plotted in Fig. 9,
showing a good fit to the data on the
probability plot with  = 0.5429 and 
= 0.0366. Data binning at low pore
sizes are a result of the CT resolution
having a 48 mm pixel width, which cor-
responds to a detected volume being
displayed in increments of 0.00011
mm3. The calculated  parameter of
0.5429, being less than unity, de-
scribes the monotonically decreasing
function of the frequency of pore size
with increasing pore diameter, and is
plotted as the red curved line on the
histogram inset into Fig. 9. The very
high fraction of small pores indicates
that the laser welding process pro-
duces an abundance of tiny bubbles in
the weld pool, and it can be speculated
that some of these bubbles grow to
create some of the large pores that are
observed before the weld pool solidi-
fies and traps them in place. 

Summary and Future Work
     Observations from this study show
the beneficial results of nitrogen shield-
ing gas on reducing porosity in laser
keyhole welds made in 304L stainless
steel and A36 carbon-manganese steel
relative to welds made in argon. This ef-
fect may be the result of improved key-
hole stability provided by nitrogen, or
other factors such as the solubility
and/or reactivity of nitrogen with the
liquid weld pool that can remove nitro-
gen porosity from the weld. Welds in
additional materials were made to help
sort out the possible mechanisms re-
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Table 7 — Summary of CT Results on Selected Welds for a 19­mm­Long Region of Interest along the Length of the Weld

Material Weld Qualitative Number of Pores Total Volumetric Total Melt Zone Porosity Per Unit
No­Gas Level of Porosity Measured by CT Porosity by CT (mm3) Volume (mm3) Volume of Weld (%)

(Table 5)

Ni 1­Ar H 78 7.61 102 7.43
Ni 2­Ar H 67 6.84 118 5.77
Ni 1­N2 H 82 4.18 99.8 4.19

304L 1­Ar H 113 7.38 205 3.60
A­36 1­Ar M 44 2.77 141 1.91
A­36 4­Ar M 43 3.02 285 1.06
A­36 2­Ar M 24 0.96 106 0.90
304L 2­Ar M 36 1.39 175 0.79
A­36 3­Ar M 9 1.49 287 0.52

21­6­9 4­Ar L 15 0.25 272 0.09
21­6­9 3­Ar N 2 0.032 274 0.01

A total of 513 pores were identified in the 11 welds examined by CT.

Fig. 9 — Results of the Weibull analysis of the pore size distribution, where the red solid line
on the probability plot is the Weibull best fit through the 513 pores measured by CT, while
the red dotted lines are the 95% confidence limits. The red curve in the inset figure is the
Weibull fit to the pore distribution plotted as a histogram.
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sponsible for the porosity formation.
These results showed that nitrogen
does not eliminate or reduce porosity
from welds made in nickel, and that ar-
gon does not produce porosity in 21-6-
9 stainless steel. These results are be-
lieved to be due to the keyhole stabiliz-
ing elements, such as Mn in 21-6-9,
and the lack of them in Ni, combined
with the solubility of nitrogen in 21-6-9
and the lack of solubility of nitrogen in
Ni. All of the welds made in this investi-
gation were made at atmospheric pres-
sure, where the laser plume and shield-
ing gas interactions with the beam are
relatively high. Future work is planned
at reduced pressure in an attempt to
further reduce porosity in laser keyhole
welds by promoting more stable key-
holes due to lowered pressure acting on
the keyhole, and by reducing entrap-
ment of shielding gas in the keyhole.

Conclusions
     Porosity formation in continuous-
wave keyhole laser welds made at two
beam diameters and a constant inter-
action time of 56.4 ms is affected by
the type of shielding gas used to make
the welds, and the composition of the
material being welded.
     The lowest levels of porosity were
observed in 21-6-9 stainless steel,
which displayed low or no porosity in
either shielding gas. Low porosity is
presumed to be the result of the for-
mation of a stable keyhole due to the
high content of Mn in this alloy that
aids in keeping the keyhole open due
to its high vapor pressure.
     The highest levels of porosity, up to
7.5% by volume, were observed in
pure nickel, which displayed high lev-
els of porosity for both argon and ni-
trogen shielding gas. The low vapor
pressure of nickel is believed to be re-
lated to a higher keyhole instability,
and thus higher initial porosity gener-
ation. The relatively high thermal dif-
fusivity of nickel is further responsible
for trapping much of this porosity be-
fore it has a chance to be transported
out of the liquid weld pool before the
weld solidifies. 
     Mixed levels of porosity were ob-
served in both A36 steel and 304L
stainless steel, which displayed a
strong correlation with shielding gas
type. The range of porosity varied
from medium to high levels in argon

shielding gas, and little or no porosity
when these alloys were welded in ni-
trogen shielding gas.
     Solubility and reactivity of the
shielding gas with the liquid weld pool
appear to be playing a large role in the
retention of porosity in laser keyhole
welds that produce gas bubbles during
welding due to keyhole instability.
High solubility and/or high reactivity
of the shielding gas with the liquid in
the weld pool acts to reduce or elimi-
nate the gas bubbles, resulting in low-
er or no measurable porosity in nitro-
gen shielding gas than welds made in
inert gas such as argon.
     Computed X-ray tomography (CT)
was used to quantify the amount of
porosity in selected welds in order to
analyze the distribution of pore sizes.
The results, based on 513 pores,
showed that the pore size distribution
can be described by a two-parameter
Weibull relationship with  = 0.5429,
and = 0.0366. These parameters de-
scribe a distribution that has a monot-
onically decreasing frequency with in-
creasing pore size, and can be used to
predict the probability of generating
pores of a given size for quality assur-
ance purposes. This distribution sug-
gests that the laser keyhole welding
process produces many small bubbles
that may coalesce to larger sizes dur-
ing the time that the weld solidifies.
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Fig. A1 — Histograms showing
the distribution of the weld
lengths for the 32 welds. The
darker shaded regions repre­
sent the welds at 360 J/mm,
while the lighter shaded re­
gions represent the welds
made at 280 J/mm.

Fig. A2 — Histograms showing
the distribution of the weld
widths for 32 welds. The key­
hole widths, , are plotted
along with the width at the
surface of the plate, W. The
darker shaded regions repre­
sent the welds at 360 J/mm,
while the lighter shaded re­
gions represent the welds
made at 280 J/mm.

Fig. A3 — Histograms showing
the distribution of the weld
depths for the 32 welds. The
darker shaded regions repre­
sent the welds at 360 J/mm,
while the lighter shaded re­
gions represent the welds
made at 280 J/mm.

Fig. A4 — Histograms showing
the distribution of the weld
cross­sectional areas for the
32 welds. The darker shaded
regions represent the welds at
360 J/mm, while the lighter
shaded regions represent the
welds made at 280 J/mm.

Appendix 
Summary of Weld Pool Geometries
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Table A1 — A­36 Steel Weld Pool Geometry Measurements and Calculated Cross­sectional Areas

Weld Shielding Weld Weld Keyhole Weld Weld Weld 
Gas Depth Width Width Area Perimeter Length

(mm) (mm) (mm) (mm2) (mm) (mm)

1 Ar 3.53 4.46 1.37 7.4 13.7 6.4
2 Ar 4.29 4.40 0.843 5.6 13.1 6.1
3 Ar 5.68 5.40 1.05 10.3 19.1 8.1
4 Ar 5.27 5.66 0.850 10.4 18.7 7.4

1 N2 4.65 4.06 0.735 6.5 14.5 7.8
2 N2 4.70 4.27 0.667 6.3 16.2 6.8
3 N2 5.83 5.03 0.980 10.4 18.4 7.2
4 N2 5.34 5.42 0.750 8.5 17.4 6.1

Table A2 — Nickel Weld Pool Geometry Measurements and Calculated Cross­sectional Areas

Weld Shielding Weld Weld Keyhole Weld                  Weld               Weld 
Gas Depth Width Width Area              Perimeter         Length

(mm) (mm) (mm) (mm2)                 (mm)               (mm)

1 Ar 3.10 3.48 1.29 5.39                    11.9                  4.2
2 Ar 3.42 3.62 1.19 6.24                    13.9                  5.2
3 Ar 4.56 4.29 1.17 8.74                    16.2                  6.1
4 Ar 4.20 4.30 1.42 8.27                    15.1                  5.4

1 N2 3.03 3.59 1.14 5.25                    12.3                  3.9
2 N2 3.61 3.51 1.14 5.61                    12.5                  4.5
3 N2 4.63 4.13 1.06 8.00                    16.3                  5.5
4 N2 3.49 3.86 1.33 6.83                    13.7                  5.2

Table A3 — 304L SS Weld Pool Geometry Measurements and Calculated Cross­sectional Areas

  Weld       Shielding           Weld              Weld            Keyhole            Weld                Weld                 Weld 
                       Gas                Depth            Width             Width              Area             Perimeter            Length
                                              (mm)              (mm)              (mm)              (mm2)               (mm)                 (mm)

     1                 Ar                  4.78                4.01                1.39                10.8                  16.5                    7.1
     2                 Ar                  4.89                4.25                1.17                9.21                  17.2                    8.7
     3                 Ar                  7.17                4.72                1.50                13.3                  22.5                   10.6
     4                 Ar                  6.74                4.29                1.62                15.6                  20.3                   10.3
      
     1                N2                  4.56                4.42                1.01                7.10                  17.1                    7.4
     2                N2                  5.10                4.38                1.03                9.09                  17.6                    9.7
     3                N2                  7.04                4.40                1.52                13.5                  21.1                   10.3
     4                N2                  6.31                4.05                1.21                13.0                  19.0                    9.1

Table A4 — 21­6­9 SS Weld Pool Geometry Measurements and Calculated Cross­sectional Areas

   Weld Shielding Weld Weld Keyhole Weld               Weld                 Weld 
       Gas Depth Width Width Area           Perimeter           Length
       (mm) (mm) (mm) (mm2)              (mm)                (mm)

       1 Ar 8.48 3.31 1.06 11.6                 22.4                   8.3
       2 Ar 8.48 3.20 0.98 11.7                 20.3                   7.1
       3 Ar 9.70 3.47 0.92 14.4                 25.3                   8.4
       4 Ar 8.91 3.36 1.11 14.3                 23.7                   8.4

       1 N2 6.78 3.44 1.21 11.1                 19.3                   6.8
       2 N2 8.12 3.30 1.12 10.3                 20.1                   8.1
       3 N2 9.90 3.36 1.10 15.0                 28.9                   8.4
       4 N2 8.2 3.05 1.15 12.9                 21.6                   8.7
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