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Applying In-Situ Radiography to Study Porosity
Formation in Aluminum Welds

Real-time radiography was used to examine large gas pore movement in

aluminum alloy weld pools

BY A. M. BARRAZA, C. E. CROSS, C. FINK, C. J. STULL, AND J. N. MARTINEZ

Abstract

In-situ radiographic aluminum welding
experiments were set up to observe the porosity
formation and movement in aluminum weld pools.
Aluminum Alloys 1100, 4047, and 6061 were
autogenously gas tungsten arc welded while digitally
recording radiograph images of macropores.
Hydrogen was added in controlled parts per million
through an argon-hydrogen shielding gas. The
shielding gas hydrogen varied between 0 and 1000
parts per million of hydrogen, and three travel
speeds were tested: 1.69, 2.54, and 3.39 mm/s. The
transfer of hydrogen from the arc plasma to the weld
pool was characterized using postweld gravimetric
measurements to get the total pore volume and
calculate weld metal hydrogen content. The amount
of hydrogen added through the shielding gas played
an important role in macropore volume and growth
rate. Welding travel speed likewise played a critical
role in hydrogen pickup. Alloy 1100 macropores
originated at the bottom of the weld pool and
then migrated upward toward the rear of the pool.
Macropores in Alloys 4047 and 6061 originated at
the leading edge of the weld pool and then moved
downward and toward the rear of the pool. Itis
hypothesized that this difference in behavior is
related to Marangoni-controlled fluid flow in Alloys
4047 and 6061.
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Introduction

While porosity in aluminum welds continues to be a difficult
problem forindustry, there has been little research performed
tounderstand where it originates and how it moves and grows
within the weld pool. Weld porosity, found in many different
metal alloy systems, is normally related to a drop in solubil-
ity of interstitial elements during solidification. Pores can
also form from keyhole and arc instabilities, but the partial
pressure of dissolved interstitials is still involved. Porosity in
aluminum is specifically associated with hydrogen contam-
ination (Ref. 1), but how and where it nucleates, moves, and
grows has been left to speculation.

Most structural aluminum welds are evaluated according
to specifications that limit the amount and/or size of pores
that can be tolerated. Uniformly distributed porosity itself
does not necessarily lower mechanical properties, aside
from reducing the load-bearing area (Ref. 2). But at high
volume levels or for closely spaced linear porosity, problems
with crack initiation, propagation, and leak tightness may be
encountered, particularly under fatigue loading. Postweld
radiography and cross-sectional metallography are common
tools used to characterize weld porosity. However, these
techniques do not show the origin of pores and indicate only
the location where pores were overgrown (i.e., engulfed)
by the advancing solid/liquid interface. Additionally, there
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Fig. 1 — Data from the work of Woods (Ref. 6)
showing amount of weld metal hydrogen, based
upon gravimetric analysis, as a function of hydrogen
partial pressure in the shielding gas. Shown is data
for different aluminum bhase plates and filler alloys.

is noindication of the number of pores that escaped during
welding.

This in-situ study is unique in that it used real-time
radiography to examine porosity caused by controlled addi-
tions of hydrogen to the argon shielding gas. The thin section
coupons used here (3 mm [0.118 in.] thick) were edge welded
using autogenous gas tungsten arc welding (GTAW) that
allowed for better resolution of pores when viewed normal
to the weld. Micropores (e.g., interdendritic pores, <10 pm
diameter) could not be easily resolved, but macropores
(>10 um) were observed and their behavior in the weld pool
was documented and quantified. Three different aluminum
alloys were studied (1100, 4047, and 6061), which gave insight
into distinctive macropore shapes, growth behavior, and
migratory patterns.

Gravimetric analysis performed on the weld metal from
each welded coupon gave the amount of absorbed hydrogen
in each case, based upon volume-percent (vol-%) porosity.
This data allowed fora comparison of the effects of weld travel
speed and parts per million (ppm) of shielding gas hydrogen
for each alloy welded. Metallographic cross sections were
used to verify radiographic analysis.
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Background

Hydrogen Solubility

Hydrogen contamination can come from many sources,
including shielding gas moisture, hydrated surface oxides
on wire and weld joints, and hydrogen dissolved in the base
metal and filler wires (Ref. 3). Little knowledge is available
regarding how effectively hydrogen can be transferred from
the arc plasma to the weld pool or how much hydrogen can
be tolerated in the weld pool before porosity is nucleated. It
is clear, however, that aluminum weld metal exhibits a much
higher solubility than equilibrium predictions made using
Sievert’s Law (Ref. 4):

60
+2.796 ™M

[H] = K,/py,, where logK =

with the partial pressure of hydrogen p,, in standard atmo-
sphere (atm), the temperature Tin Kefvin, and hydrogen
concentration [H] in ml/100 g. Assuming the weld pool is
superheated to approximately 800°C, as commonly observed
in aluminum welds (Ref. 5), Equation 1 predicts a solubility
of 0.053 mI/100 g at a partial pressure of 0.001 atm (1000
ppm). This solubility is significantly lower than the measured
values of 1-2 ml/100 g for much lower partial pressures (Ref.
6). This large deviation from equilibrium has also been
observed in ferrous systems regarding hydrogen and nitrogen
pickup (Ref. 7). This is believed to be associated with the
monatomic form of interstitial hydrogen prevalentin the arc
plasma, as opposed to the diatomic form assumed in Sievert’s
Law (Ref. 7). High weld pool surface temperatures, approach-
ing the vaporization temperature, may also account for higher
solubility. High concentrations of dissolved hydrogen at the
pool surface, related to this high temperature, could then
become mixed into the bulk liquid through convection.

Additional factors, such as weld parameters that influ-
ence arc and weld pool size (Ref. 6), can affect hydrogen
pickup in the weld pool. The large pool surface area allows
more hydrogen to enter (or escape) the weld pool. Arc-pool
exposure time, determined by the weld travel speed, also
affects this. The travel speed also limits the time for pore
nucleation, growth, and escape. Buoyancy forces act to cause
some pores to migrate against gravity and escape, depending
upon the orientation of welding. Some porosity evaluation
testsrequire that welds be made overhead to avoid escape.
Material composition may also have a large effect (Ref. 7).

Origin of Pores

Porosity formation can be influenced by solidification and
can reasonably be assumed to originate first between den-
drites since this is where hydrogen is concentrated during
solidification due to the partitioning of interstitial atoms
(Ref. 8). It has been suggested that interdendritic micropores
(<10 um diameter) may be washed ahead of the solidification



Table 1 — Nominal and Measured Aluminum Alloy Compositions

Composition in Weight Percent (wt-%)*

Alloy Type
Si Fe Cu Mn Zn Ti Mg Al
11((/)\2:34 (8'1935 0.6 012 001 <001 <0001 <0001 can
B209-14) SitFo) (0.05-0.2) (0.05) 01) ) =) minirmarm)
(S‘.'off'Ft 1.6 0.3 0.03 0.06 0412 0.02 0.08 Bl
Imiiar to .
AWS A5.8) (11.0-13.0) 0.8 (0.30) (0.15) (0.20) D) (0.10)
6061-T6 015 Bal.
(ASTM (0.4-0.8) 0.7) 0 '40) (0.15) (0.25) (0.15) (0.8-1.2) (99.0
B209-14) ' minimum)

*Specification limits in brackets are given as wt-% maximum unless otherwise stated.

front, where they grow and coalesce (Ref. 9). The partition
coefficient for hydrogen in pure aluminum is small (k = [H,
/[H], = 0.05 [Ref. 1]), which represents a significant drop in
solubility during solidification.

For pores to nucleate, sufficient hydrogen supersaturation
is required to overcome surface tension and external pres-
sure. Nucleation is most likely to occur on existing substrates,
such as dendrites, second phase particles, or oxides. Inter-
nal pressures on the order of 1760 atm have been proposed
for heterogeneous nucleation (Ref. 10). The interdendritic
pressure drop associated with solidification aids in achieving
this condition. Based upon this criterion, a calculated weld
pool hydrogen concentration of 1.6 mI/100 g is needed to
nucleate micropores at the base of dendrites in Aluminum
Alloy 6060 (Ref. 9).

Threshold Hydrogen Levels

Woods (Ref. 6) demonstrated that hydrogen pickupin alu-
minum weld metal increases with hydrogen partial pressure
and varies with alloy content — Fig.1. This graph was plotted
assuming a Sievert’s relationship (Equation 1), which is now
believed to be questionable for arc welds. He determined weld
metal hydrogen content based upon a gravimetric method
for gas volume determination. When solubility becomes
zero, this signals that pores are present and thus indicates
the contamination level needed for pore formation. Woods
(Ref. 6) suggested that pores form when superheated and
supercharged molten metal, located directly under the arc,
is rapidly transferred to cooler regions of the pool, leading
to supersaturation. It should be noted that Alloy 1100, with
the lowest alloy content, had the greatest amount of hydro-
gen pickup during welding and the lowest threshold for pore
formation.

Table 2 — Gas Tungsten Arc Welding Parameters

AC balanced square wave 75% EN, 25% EP

50-80 A (root mean

Arc current
square)

Arc voltage 12V

Travel speed 1.69, 2.54, and 3.39 mm/s

Ceriated tungsten
electrode

2.38 mm diameter,
30-deg tip angle

Movement, Engulfment, and Escape

Itis reasonable to assume that pores cannot move freely
within the bulk of the weld pool, where flow velocities of 0.1
m/s have been estimated (Ref.11). Associated drag and shear
forces would tear macropores apart. Hence, they most likely
reside next to the solid/liquid interface in a diffuse boundary
region where flow velocities tend to zero. What causes some
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Fig. 2 — Photograph of experimental setup for digital
radiography showing an aluminum plate specimen,
GTAW torch, and stationary aligned x-ray source
(red).

pores to become engulfed (i.e., overgrown) by the advanc-
ing solid/liquid interface must also be considered. If pores
behave in a manner similar to oxide particles, there exists
a critical velocity, depending upon pore size, above which
the drag force promotes engulfment (Ref. 12). The larger
the pore, the greater the drag force becomes and the lower
the critical velocity needed for engulfment.

If not engulfed, it follows that the pores are pushed forward
ahead of the melt pool boundary with the possibility that
they grow and coalesce. Buoyancy also works on the pore
to move it against gravity, which may involve movement to
the pool surface and escape. This outgassing (i.e., efferves-
cent bursting of pores at the pool surface) can be observed
when welding material with high interstitial content. As will
be shown in this study, the liquid flow pattern within the weld
pool can also affect pore movement.

In-Situ Radiography

Previous studies have used in-situ radiography to exam-
ine welding. In 1988, Dixon et al. (Ref. 13) were among the
first to report this technique. Placing an x-ray source above
amoving GTAweld on athin 0.9-mm (0.035-in.) steel plate,
prestressed to induce cracking, they observed porosity
and solidification cracks. The study was done prior to the
existence of digital cameras and utilized a video tape cas-
sette camera to record images directly off a phosphorous
intensifier screen. Rokhlin and Guu (Ref.14) monitored weld
defects and incomplete joint penetration in submerged arc
welding using a similar method, which when combined with
digital image analysis, provided information for adaptive
feedback control. Recent studies have viewed keyhole forma-
tionin laser welds on stainless steel (Ref. 15) and aluminum
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Table 3 — Controlled Shielding Gas Mixtures of
Argon (Ar) and Ar-01% H,

Combined Shielding Gas Flow Rate =
30 ft¥/h

Total H, (ppm)
Ar+041%H,

Ar (ft3/h) (Ft7h)
0 30 1000
5 25 833
10 20 667
15 15 500
20 10 333
25 5 167
30 0 0

(Ref.16) and solidification crack growth in GTA aluminum
welds (Ref. 17).

Experiment

Material

Autogenous, automatic GTA welds were made along the
edge of 3-mm-thick specimens (76 mm [2.99in.] height x 127
mm [5in.] length) cut from a 3-mmrolled plate. Welds were
made in the direction of rolling. Weld preparation consisted
of abrading the weld edge with a scouring pad and wire brush
followed by acetone cleaning to remove abraded oxidation
and any residual oil. Three different aluminum alloys were
examined (Alloys 1100-H14, 4047-F, and 6061-T6), repre-
senting a broad spectrum of weldability and anticipated pool
behavior. The chemical composition of these alloys is listed
in Table 1. Measured compositions for Alloys 1100-H14 and



Fig. 3 — Weld metal hycdrogen content as a function
of hydrogen in shielding gas mixture, calculated
based upon the gravimetric data. Shown is data for
three weld travel speeds: A — 1.69; B — 2.54; C —
3.39 mm/s.

4047-F are based upon the manufacturer’s certificate of
chemical analysis.

Alloy 1100 is unalloyed (99 wt-% commercial purity) and
has a high melting point and narrow solidification range
(657°-643°C) (Ref.18). Alloy 4047 contains nominally 11-13
wt-% silicon. It is a near-eutectic composition useful for
brazing and can be characterized as having exceptional pool
fluidity, low melting point, and a narrow solidification range
(582°-577°C) (Ref.19). Alloy 6061 is a heat-treatable grade
alloyed with magnesium (0.8-1.2 wt-%) and silicon (0.4-0.8
wt-%) to form B(Mg_Si) precipitates. This alloy has a large
solidification range (652°-582°C) and tends to form a thick
pool oxide, contributing to its pool sluggishness (Ref. 18).

Welding Process

An alternating current (AC) power supply was chosen
because of its controllable heat input and cleaning action.
A 75% negative electrode (EN) and 25% positive electrode
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f : i i - ‘ was varied to identify kinetic effects on pore growth. Alloy
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Shielding Gas Hydrogen (ppm) ductivity of the hydrogen and hotter arc. Hydrogen addition
toargonincreases the voltage drop in the arc and increases

the energy concentration (Ref. 20). For tests run atincreased
travel speed, an increase in current was needed to achieve
the desired constant pool size. A full set of parameters for
each welded sample can be found in Ref. 21.

The variable hydrogen content in the argon shielding gas
mixture was achieved by mixing controlled amounts (i.e., flow
rates) of 99.999% argon and premixed 99.999% argon +
1000 ppm of hydrogen. The total flow rate was kept constant
at 850 L/h (80 ft¥/h). The actual mixtures that were used are
tabulated in Table 3, varying from 0 to 1000 ppm hydrogen.
This span of hydrogen contamination was selected based
upon preliminary work.

Radiography

The entire weld pool was imaged during welding using
digital radiography, transverse to the welding direction.
Figure 2 shows a photograph of the experimental setup in
the radiography chamber. The digital radiography equipment
used in this study was a Hamamatsu 150 eV x-ray source
with a North Star X25 industrial x-ray inspection system,
normally used for 3D topographic analysis, coupled with a
PaxScan®2520DX digital x-ray flat panel detector. Frame rate
and magnification were varied during initial development
to achieve the optimum resolution. Radiographic operating
parameters used are listed in Table 4.
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T.5=1.69 mm/s

Fig. 4 — Alloy 1100 weld radiograph series made with
500 ppm shielding gas hydrogen at a travel speed
of 1.69 mm/s shows pore formation at the bottom of
the weld pool and pore gas entrapment and escape.
The same pore is being tracked from frame to frame.
The time between frames is 133.3 ms.

The aluminum test specimen was secured in a vise on a
moving slide table. The GTAW torch was mounted to a sta-
tionary arm fixed to the floor of the experimental chamber.
The motorized slide table traversed the secured aluminum
plate underneath the stationary GTA torch at a fixed speed.
The electrode-to-workpiece distance was maintained at 2.4
mm (0.094 in.) by leveling the welding edge of the aluminum
plate in the vise. The x-ray source was positioned perpendic-
ularto the plate to observe the weld pool during the welding
process. This allowed direct viewing of where macropores
formed and where they tended to migrate. In some cases, it
allowed for pore growth to be measured.

Video Processing

The raw data from the in-situ radiographs were digitally
recorded. The radiographs, referenced from a fixed point
forward as a series of frames, were processed to enhance
the contrast and then cropped to bring the area of interest
to center view. The frames were stacked together to create
amovie and image stack (a time series of TIFF files). The TIFF
stack was opened in an image processing software, ImageJ,
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Table 4 — Operating Parameters Used for Digital
Radiography

Energy (keV) 100
Current (uA) 100
Frame rate (fps) 7.5 and 30
Souceo-detector
Source-to-part distance 3841 and 76.2
(mm)
Magnification 10%
Binning 2
Effective pixel size (um) 25.4

to take pixel measurements. The known electrode diameter
measurement was taken using the image processing software,
yielding the diameter measurement in pixels. Pores were
tracked through frames, and their diameters were measured
using ImageJ.

Gravimetric Testing

The gravimetric test was conducted to determine the
percent volumetric porosity in the weld metal samples and
calculate the weld metal hydrogen content. The test was
conducted in a temperature-controlled environment. The
gravimetric specimens were extracted from the samples
welded for radiography using a hand-operated shear and
were approximately 44.4 mm (1.75 in.) long. Each specimen
surface was thoroughly cleaned with ethanol to remove any
residual oil, grease, and dust. Using an analytical balance,
each specimen was weighed five times on a dry platform
and then on a platform immersed in water. The immersed
mass measurement was recorded once the water was free of
visible air bubbles. The immersed mass and wet mass were
measured five times for each specimen. The data was then
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T.5=2.54mm/s Welding Direction

Fig. 5 — Alloy 4047 weld radiograph frame made with
667 ppm shielding gas hydrogen at a travel speed of
2.54 mm/s shows microporosity at the leading and
trailing ecdges of the weld pool.

T.5=1.69 mm/s Srm—
Welding Direction

Fig. 7 — Alloy 6061 weld radiograph series with 667

ppm shielding gas hydrogen at a travel speed of 1.69
mm/s shows pore escaping in the final frame. The
same pore is being tracked from frame to frame. The
time between frames is 133.3 ms.

used to obtain the volume percent porosity. The weld metal
hydrogen content was calculated by multiplying volume per-
cent porosity by the volume of 100 g of alloy. This gave the
volume of diatomic hydrogen in 100 g weld metal at standard
temperature and pressure (STP).

-——

Fig. 6 — Alloy 4047 weld radiograph series using
1000 ppm shielding gas hydrogen at a travel speed
of 2.54 mm/s shows pore movement. The same
pore is being tracked from frame to frame. The time
between frames is 33.3 ms.

Results

Hydrogen Transfer

As expected from Woods’s work (Ref. 6; see Fig. 1), an
increase in weld metal hydrogen content with increased
additions of hydrogen to the shielding gas was observed,
asshown in Fig. 3. The difference here is that the weld metal
hydrogen content is plotted against partial pressure hydro-
gen, not the square root pressure since there is no reason to
expect Sievert’s Law to apply. Itis interesting to note that for
the slowest weld travel speed (1.69 mm/s), Alloy 1100 picked
up the greatest amount of hydrogen from the arc, similar to
Fig.1. Atthe highest travel speed, there was less discernable
difference between alloys. Also note that atincreasing travel
speed, the hydrogen pickup was significantly diminished.
This may be because at higher travel speed, the time of the
weld pool exposure to the arc is reduced.

Pore Migration

Presented in this section are figures showing select radio-
graph frames found most representative of a particular alloy
and welding condition. Data is presented through a series
of frames (welding direction from right to left), with each
frame numbered (top left-hand corner). Each frame shows
an outline of the weld pool for orientation purposes. In some
frames, a particular macropore is also outlined to indicate
the pore is being tracked.

It was observed that the macropores originated either
at the pool bottom (Alloy 1100) or at the pool front (Alloys
4047 and 6061). This supports Woods’s hypothesis that pores
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200 ppm

1.69 mm/s

333 ppm
2.54 mm/s

Fig. 8 — Macrographs showing pore shape and
location in transverse weld cross sections: A — Alloy
1100; B — Alloy 4047; C — Alloy 6061.

nucleate within the weld pool due to the rapid cooling of
supercharged liquid, moving from under the torch to the
cooler pool periphery (Ref. 6). When macropores were first
observed in this study, they were approximately 90 um in
diameter, and it was assumed they grew from a much smaller
nucleus.

Figure 4 shows an Alloy 1100 sample welded with 500
ppm shielding gas hydrogen at a travel speed of 1.69 mm/s.
The tracked pore is first observed in frame 47 as a micropore
at the bottom edge of the weld pool. It is within 0.133 s, the
time between frames, that the pore transformed into a mea-
surable macropore. The trailing edge of the pore seemed to
be pinned in the solidified region, causing the pore to grow
in an elliptical shape. As the pore continued to accumulate
hydrogen and grew, the shape became elongated, resulting
in a light-bulb-shaped pore.

The rapid pore growth ended in frame 53, when the pore
gas escaped at the surface, which can be seen as a halo over
the weld pool. In frame 54, the void left behind from the pore
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1000 ppm

2.54 mm/s

was quickly backfilled with molten metal, leaving behind a
small cavity that had already been overgrown by the solid-
ification front. The final pore size, as seen in frame 53, had
a maximum diameter of approximately 2.0 mm (0.078 in.)
and was approximately 2.6 mm (0.10in.) in length. Due to its
irregular shape, the average growth rate was not calculated.
The time for this pore to grow and for gas to escape was
approximately 0.93s. It can also be seen throughout this set
of frames that not every macropore breached the surface.
The macropores to the right of the previously mentioned
macropore had been completely engulfed by the solidified
weld metal.

Figure 5 shows one representative frame from an Alloy
4047 sample welded with 667 ppm of hydrogen in the
shielding gas at a travel speed of 2.54 mm/s. Micropores
were observed, barely resolvable, on the weld pool surface,
seen above the dashed line in Fig. 5. No macropores were
resolvable within the weld pool. However, there were clear
indications of micropores clustered at the leading and trailing
edges of the weld pool surface. This behavior was observed
throughout the Alloy 4047 welded samples beginning at
shielding gas hydrogen levels of 333 ppm and greater. In
Fig. 5, the entrapped micropores can be seen near the top
edge of the weld. During the experiments with a slower travel
speed of 2.54 mm/s, the areas of microporosity showed up
as brighter clusters on the images, indicating a more densely
populated area with micropores.

Figure 6 shows an Alloy 4047 sample welded with 1000
ppm of hydrogen in the shielding gas at a travel speed of
2.54 mm/s. This set of frames captured the only macropore
observed in any Alloy 4047 welded sample. The macropore,
shown in frame 66, formed at the leading edge of the weld
pooland remained in the shape of a sphere during its growth
period. The macropore stayed in the top region of the weld
pool until it was swept downward and back toward the trailing
edge of the weld pool. The macropore then floated upward
toward the surface of the weld pool, where it eventually
breached the surface, losing the trapped gas. The final pore
size, as seen in frame 83, was 1.48 mm in diameter.

Figure 7 shows an Alloy 6061 sample welded with 667
ppm shielding gas hydrogen at a travel speed of 1.69 mm/s.
Frame 118 shows a small macropore, spherical in shape, which
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1100; B — Alloy 4047; C — Alloy 6061. All welds were macdle at 667 ppm shielding gas hydrogen at a travel speed
of 3.39 mm/s. The welding direction was from right to left.

formed at the leading edge of the weld pool. Within a few
milliseconds, the macropore was pushed to the bottom of
the weld pool and then swept quickly upward to the trailing
edge of the weld pool. In the final frame where the pore is
observed, frame 125, the pore breached the weld pool sur-
face, and the pore gas escaped and covered the weld pool

surface. The final pore size, as seen in frame 124, was1.82 mm
(0.07 in.) in diameter with an average surface area growth
rate of 3.14 mm?/s as calculated from the cross-sectional
pore radii. The time for this pore to grow was approximately
1.06 s from beginning to end.
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1100 Al
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Fig. 10 — Schematic of the effect of different fluid flow patterns on pore migration in aluminum alloy welds:

A — 1100; B — 4047 and 6061.

667 ppm

T.5=1.69 mm/s Welding Direction

Fig. 11 — Example of pore coalescence in the Alloy
6061 weld macde with 667 ppm shielding gas
hydrogen at a travel speed of 1.69 mm/s. Two pores
in frame 123 became one pore in frame 124.

Pore Distribution

Macrographs prepared from transverse and longitudinal
cross sections of the welds on each alloy tend to support
observations from the in-situ data. They also show the
presence of microporosity that could not be resolved with
radiography. As described previously, the pores observed in
these macrographs were engulfed by the advancing solid/
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liquid interface. Not seen are the many pores that escaped
before being engulfed. In Fig. 8, transverse cross sections
of the three alloys are shown to highlight the difference in
observed pore size and distribution. Figure 8A shows an Alloy
1100 weld made with 500 ppm of shielding gas hydrogen
atatravel speed of 1.69 mm/s. The macropores are located
mostly at the bottom of the weld. Figure 8B shows an Alloy
4047 weld made with1000 ppm of shielding gas hydrogen at
atravel speed of 2.54 mm/s. There is an absence of macrop-
ores, but micropores are found throughout the cross section,
with clustering at the weld crown. Figure 8C shows an Alloy
6061 weld made with 333 ppm of shielding gas hydrogen
at a travel speed of 2.54 mm/s. A mixture of macro- and
micropores can be seen with the larger macropores near
the crown of the weld.

Longitudinal weld cross sections for the three alloys are
compared in Fig. 9. All welds were made at 667 ppm shield-
ing gas hydrogen at a travel speed of 3.39 mm/s. Figure 9A
shows an Alloy 1100 weld with numerous large macropores
just below the midpoint of the weld. These pores are unique
in that they are elongated. Very few micropores are found.
Figure 9B shows an Alloy 4047 weld without any macropores,
but numerous micropores are dispersed in the upper half
of the weld. Figure 9C shows an Alloy 6061 weld made with
micropores distributed throughout and spherical macropores
primarily located in the upper half of the weld.

Discussion

Pore Migration

It is clear from the different pore movement in the Alloy
1100 vs. the Alloys 4047 and 6061 welds that these pores
were influenced by fluid flow patterns characteristic of these
alloys. Such differences in behavior could be described by
the schematics shown in Fig. 10. In the case of Alloy 1100,
hot liquid under the arc was transferred to the bottom of
the pool, whereasin the case of Alloys 4047 and 6061, liquid
was transferred to the pool periphery. Such differences in
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Fig. 12 — Individual pore radii measured over time for different hydrogen shielding gas additions. Data shown

for Alloy 6061 welded at 2.54 mm/s travel speed.

behavior could be caused by Marangoni flow, driven by the
relationship between surface tension and temperature (Ref.
22).These are low-current welds (50-80 A) with compara-
tively low-electromagnetic (Lorenz) forces, easily influenced
by Marangoni flow.

Marangoni-driven fluid flow is associated with a gradient in
the surface tension affected by a dependence upon tempera-
ture. Flow is always away from regions of low surface tension
to regions of high surface tension. For most aluminum alloys,
the slope of the surface tension vs. temperature is negative
(dy/dT < 0), which means that the center of the weld pool
(hottest region) will have the lowest surface tension and flow
will be outward. Subsurface convection cells may be formed,
influenced by these surface flow patterns.

There have been only a limited number of studies modeling
fluid flow patterns within aluminum weld pools. Kou and Sun
(Ref. 23) made predictions for fluid flow in an Aluminum Alloy
6061 weld, assuming a current of 150 Aand a negative surface
tension temperature coefficient (dy/dT=-0.35 mN/(m-K)),
that surface tension would overpower electromagnetic and
buoyancy forces, resulting in an outward flow at the surface.
In comparison to ferrous alloys, this would be analogous to
welding a low-sulfur stainless steel.

For the case of Aluminum Alloy 1100, the surface tension
temperature coefficient for commercial pure aluminum has
been measured inargon to be -0.15 mN/(m-K) (Ref. 24). This
is less than half of the —=0.35 mN/(m-K) value used by Kou
and Wang (Ref. 22) for Alloy 6061. This lower dy/dT slope may
explain the reversed flow observed in this study, where the
weaker outward contribution from Marangoni flow became
overpowered by the inward electromagnetic-driven flow.

Hypothetical calculations by Kou and Wang (Ref. 22) have
demonstrated that smaller or positive values of surface ten-
sion temperature coefficient can reverse flow direction from
outward toinward at the weld pool surface. In this same paper,
the authors postulated that outward flow at the surface would

interfere with pore escape, resulting in more pores becoming
entrapped. Although this study did not analyze this effect
directly, this could explain how the macropores that formed
near the surface of the leading edge of the weld pool were
able to grow in Alloy 6061. It is not well understood or doc-
umented for aluminum alloys how alloying elements affect
the surface tension temperature coefficient. In one source
(Ref. 25), magnesium was found to lower surface tension
even when present in small amounts.

Pore Growth

All macropores grew over time before being engulfed or
ejected from the weld pool. The very largest pores could not
be engulfed and were ejected. In only a few instances were
pores observed to coalesce, as shown in Fig.11. It follows that
growth was achieved primarily through diffusion of hydrogen
from the liquid to the pore. Higher hydrogen supersaturation
in the liquid should then result in faster growth, as predicted
by Fick’s Law. While the hydrogen concentration along the
solid/liquid boundary is likely higher than in the bulk, due
to partitioning during solidification, there is nonetheless a
relation between bulk hydrogen and growth rate, as depicted
in Fig.12. These measurements could only be made for Alloy
6061 welds, which consistently had spherical-shaped pores.
It was found that the highest hydrogen additions gave the
fastest growth rate.

Conclusions

These conclusions are based upon edge-weld observa-
tions, which may or may not apply directly to more-common
weld geometries.

1) Results from in-situ radiography during aluminum GTAW
substantiated an earlier proposed hypothesis that macropores
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form when hot, supercharged liquid under the arc moves to
the cooler pool periphery.

2) Theinitial location and migration pattern of macropores
was shown to vary with alloy content. Alloy 4047 was unique
inthatit had almost no macropores, whereas Alloy 1100 had
the most macropores (elongated) located near the weld pool
bottom, and Alloy 6061 had the most macropores (spherical)
located near the weld pool top.

3) Alloy 1100 macropores originated at the bottom of the
weld pool and then migrated upward toward the rear of the
pool. Macropores in Alloys 4047 and 6061 originated at the
leading edge of the weld pool and then moved downward and
toward the rear of the pool. Differences in behavior between
Alloy 1100 and Alloys 4047 and 6061 are believed to be related
to different fluid flow patterns affected by electromagnetic
and Marangoni forces.

4) Pore growth was achieved primarily through the dif-
fusion of hydrogen from the liquid to the pore. Macropore
volume and growth rate increased with an increasing amount
of hydrogen in the shielding gas.

5) The limited resolution of the used radiographic equip-
ment did not allow detailed evaluation of micropore evolution.
The smallest pore that could be measured was about 90 um.
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