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AbstractÐIn order to investigate the e�ect of gravity on the behavior of bubbles in a weld, gas tungsten
arc (GTA) welding was performed with an argon±1% hydrogen mixed shielding gas both in a microgravity
environment and in a terrestrial environment. The microgravity environment was produced for 10 s with
less than 10ÿ5 G by a drop-shaft type microgravity system. The material used was an aluminum alloy. By
classifying pores into blowholes and wormholes with the shape factor of pores and comparing the results
in both environments, the following points have been found. In a terrestrial environment, bubbles smaller
than 135 mm were not signi®cantly a�ected by gravity. Larger bubbles move to the upper part of the mol-
ten metal due to buoyancy before the weld is solidi®ed, but they scarcely combine together during the
movement. In a microgravity environment, both blowholes and wormholes are distributed uniformly in the
weld. # 1998 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

A welding experiment in a microgravity environ-

ment can be regarded as a fundamental experiment

to establish a welding technique in space as well as

to clarify the complicated welding phenomena on

the ground due to gravity. Experiments in a micro-

gravity environment were started in 1969 by the

U.S.S.R. [1] and then in 1973 by the U.S.A. [2].

These experiments showed that welding can be per-

formed in space. However, detailed information on

the welding phenomena in a microgravity environ-

ment has not been published. The authors have also

investigated the welding phenomena in a micrograv-

ity environment and have made clear the e�ect of

gravity on the weld shape, the arc shape, and the

microstructure [3].

Pores are known as a welding defect. They are

formed when bubbles cannot be released from a

weld pool and are captured by the surrounding

solid during the solidi®cation process. The pores

a�ect the mechanical properties such as the tensile

strength, the proof strength, and the elongation [4],

of a weld. The bubbles in a microgravity environ-

ment are expected to behave di�erently from those

in a terrestrial environment because the e�ect of

buoyancy and sedimentation is negligible. However,

the behavior of bubbles has scarcely been investi-

gated. In a previous paper [3], the authors observed

the pores in a butt weld in a microgravity environ-

ment. However, because the number of pores was

small, detailed information on the pores (e.g. pore

distribution and pore shape) was not obtained. In

this study, in order to clarify the behavior of
bubbles, gas tungsten arc (GTA) welding with an
argon±1% hydrogen mixed shielding gas was car-

ried out using a drop-shaft type system at Japan
Microgravity Center (JAMIC).

2. CAUSES OF BUBBLE FORMATION

Pores are known as a welding defect. They are
formed when bubbles cannot be released from a
weld pool and are captured by the surrounding

solid during the solidi®cation process. Bubbles in a
molten metal are mainly formed due to the follow-
ing causes [5±8]:

1. Release of dissolved gas in a molten metal due
to the decrease in the solubility of the gas during
the cooling process [5].

2. Chemical reactions in a molten metal [5].
3. Trapped gas between root faces [6].
4. Evaporation of alloying elements with a high

vapor pressure [7].
5. Physical trapping of shielding gas [8].

In aluminum alloys, hydrogen is a major cause of

bubble formation [9]. However, in a vacuum con-
dition such as in space, bubbles can be formed by
another cause, too.
On the aluminum surface, an aluminum oxide

always exists due to the following reactions [10]:

4Al�s� � 3O2�g� � 2Al2O3�s� �<933 K � �1�

DG8 � ÿ3351510� 629:85T �J=mol � �2�
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4Al�l � � 3O2�g� � 2Al2O3�s� �> 933 K � �3�

DG8 � ÿ3384270� 662:88T �J=mol � �4�
where DG8 is the change of standard free energy
and T is temperature. However, when electron
beam (EB) welding or laser beam (LB) welding is

performed in a vacuum, the production of a gas
(Al2O) [10] becomes more important than in the
atmosphere

4Al�l � �O2�g� � 2Al2O�g� �5�

DG8 � ÿ341410ÿ 98:74T �J=mol �: �6�
Therefore, the reaction between Al and Al2O3

which produces Al2O is considered as follows:

4Al�l � �Al2O3�s� � 3Al2O�g� �7�

DG8 � 1180020ÿ 479:55T �J=mol �: �8�
Using these equations, the equilibrium Al2O partial
pressure is calculated as shown in Table 1. The
Al2O partial pressures are very high at higher tem-

peratures. One of the authors has actually observed
a reduction of the Al2O3 layer on the aluminum
surface at 1373 K during an experiment [11].

In the LEO, atomic oxygen formed by the photo-
dissociation of molecular oxygen is the most preva-
lent species [12]. Atomic oxygen oxidize a damaged
part of space structures. When the damaged part is

repaired, the reaction between Al and Al2O3 can
occur, producing a gas phase of Al2O. Thus, it is
necessary to investigate the behavior of bubbles in

space. In this study, because the GTA welding pro-
cess was performed at an atmospheric pressure, an
argon±1% hydrogen mixed shielding gas was used

in order to simulate the behavior of bubbles in
space.

3. EXPERIMENTAL

3.1. Experimental apparatus

Although microgravity environments can be
achieved by several methods [13, 14], the drop-shaft

microgravity system was used in this study. The sys-
tem can maintain 10 s microgravity duration with a
microgravity condition of less than 10ÿ5 G. The

quality of microgravity is the highest up to the
present [15] and is similar to the space
environment [3]. The drop capsule is composed of a

double structure consisting of an inner and an outer
capsule and a vacuum is maintained between them
so that the free fall velocity of the GTA welding ap-

paratus in the inner capsule will not be a�ected by
the air drag. Figure 1 shows the GTA welding
apparatus [3] used in this study. The apparatus con-

sists of a welding chamber, a battery, a welding
power source, a shielding gas supply, and a welding
control system. The welding chamber is equipped
with a specimen, a torch sliding system, and a CCD

camera to observe the weld pool. The battery is an
uninterruptible power system (UPS) which supplies
2.4 kW (AC100V, 3000VA) to the welding power

source. The welding power source is a constant cur-
rent type.

3.2. Experimental procedure

Tables 2 and 3 show the chemical composition of
the aluminum alloy and the welding conditions, re-
spectively. Bead-on-plate welding was performed

and the welding position was horizontal. The po-
larity was the direct current electrode negative
(DCEN). The ¯ow rate of the shielding gas was

optimized in a terrestrial environment and all speci-
mens were welded with the same GTA welding ap-
paratus. Note that an argon±1% hydrogen mixed
gas was used as shielding gas in order to investigate

the behavior of bubbles. Experiments were con-
ducted both in a microgravity environment and in a
terrestrial environment. Figure 2 shows a typical

weld bead appearance of the microgravity exper-
iments. Because it takes several seconds to obtain a
stable arc and weld pool, even for the microgravity

experiments the welding was performed in the ter-
restrial environment for the initial 20 s and then the

Table 1. Calculated partial pressure of Al2O in equilibrium using
the equation: 4Al�l � �Al2O3�s� � 3Al2O�g�

Temperature, T (K) PAl2O (Pa)

1073 1.61�10ÿ6

1173 6.91�10ÿ5

1273 1.64�10ÿ3

1373 2.46�10ÿ2

1473 2.55�10ÿ1

1573 1.97

Fig. 1. Schematic illustration of GTA experimental
apparatus.

Table 2. Chemical composition of the aluminum alloy, mass%

Al Mg Mn Fe Cr Si Cu Zn Ti

Bal 4.41 0.62 0.21 0.12 0.09 0.02 0.02 0.02
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capsule was dropped to achieve a microgravity con-
dition.

In order to investigate the weld shape and the
distribution of pores, the welds were observed using
a microscope after cutting, mechanical polishing,

and electrical etching the specimens. Both pore size
distribution and pore shape of the samples in both
environments were measured from optical micro-
graphs by image analysis on a Power Macintosh

7100/80AV computer. The resolution of the image
analysis is about 3�10ÿ6 m/pixel. In order to
reduce statistical errors, ®ve cross sections were

selected and the values were averaged.

4. EXPERIMENTAL RESULTS

4.1. Distribution of pores in weld

Figure 3 shows transverse sections of the welds in

both environments. The weld shape is signi®cantly
a�ected by gravity in the terrestrial environment, as
illustrated in a previous paper [3]. It is also found

that in the terrestrial environment, round shaped
blowholes were segregated in the upper part.
Wormholes were distributed only in the lower part

of the weld. Figure 4 shows radiographs of the
bead-on-plate weld in both environments. It is con-
®rmed that the distributions of pores shown in
Fig. 3 are observed from the beginning to the end

of the welds. In the microgravity environments, on
the other hand, blowholes and wormholes were dis-
tributed uniformly in the weld. The weld bead is

formed more ¯atly in the microgravity environ-
ments than in the terrestrial environment though it
is slightly bent due to the arc pressure [3].

In order to evaluate the pore size distribution
quantitatively, image analyses were performed.

Figure 5(a) shows the pore size distribution in the
whole cross sections of both environments. Because
the pore size distribution in both environments is

not very di�erent, it can be judged that the mechan-
ism of the formation of bubbles is similar in both
environments. However, the positions of pores are

quite di�erent. When the results in Fig. 5(a) are
counted again separating the area into the upper
and the lower parts, the results in Figs 5(b) and (c)

are obtained. As shown in Fig. 5(c), pores are dis-
tributed uniformly in the weld of the microgravity
condition. In the terrestrial environment, on the
other hand, larger pores are mainly distributed in

the upper part and more smaller pores are distribu-
ted in the lower part.
Therefore, it can be concluded that the bubbles

are formed in a similar way in both environments
but they are moved due to buoyancy only in the
terrestrial environment.

4.2. Pore shape distribution

Figure 6 shows the relationship between the pore

size distribution and the pore shape in both en-
vironments. The axis ratio is the length of the
minor axis divided by the length of the major axis.
The lengths of the minor and major axes were

determined with the best ®tted ellipse. When the
axis ratio is 1, the pore shape is spherical. As the
axis ratio approaches 0, the pore shape is narrower

and longer. As shown in Fig. 6(a), in the terrestrial
environment, round shaped pores are mainly dis-
tributed in the upper part. In the lower part, small

round shaped pores and narrow and long pores are
distributed. In the microgravity environment, round
shaped pores and narrow and long pores are dis-
tributed similarly in both parts of the weld, as

shown in Fig. 6(b).

5. DISCUSSION

5.1. Blowhole and wormhole

Pores can be classi®ed into blowholes and worm-
holes by the di�erence in the process of formation.

Table 3. Welding conditions

Parameter Conditions

Welding method bead-on-plate welding
Sample size (mml�mmw�mmt) 160� 50� 3
Shielding gas argon±1% H2

Shielding gas ¯ow rate (m3/s) 1.7� 10ÿ4

Welding position horizontal
Welding current (A) 81
Welding voltage (V) 12
Welding velocity (m/s) 3.6� 10ÿ3

Fig. 2. Typical weld bead appearance of microgravity experiments.
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Blowholes are the pores formed while they are sur-

rounded by a liquid phase. Wormholes are the

pores formed after or when the surrounding liquid

phase is solidi®ed. Therefore, only blowholes can

move in the weld and wormholes should stay at the

produced points. Accordingly, for an analysis of the

behavior of bubbles, blowholes and wormholes

have to be di�erentiated. Because there is no quan-

titative de®nition to di�erentiate them, in this study

an attempt is made to classify them with the shape

factor of pores.

Blowholes are spherical because they are formed

in a liquid phase. Wormholes, on the other hand,

are narrow and long because they are formed at

Fig. 3. Transverse sections of bead-on-plate welds in horizontal welding with argon±1% hydrogen
mixed shielding gas.

Fig. 4. Radiographs of bead-on-plate welds in horizontal welding with argon±1% hydrogen mixed
shielding gas.
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solid±liquid interfaces. In this study, pores with

their axis ratio above 0.75 (longer axis : shorter

axis = 4:3) are de®ned as blowholes and pores with

their axis ratio below 0.75 are de®ned as wormholes

from the results of Fig. 6. Under this de®nition

Fig. 7(a) shows the blowhole size distribution, and

Fig. 7(b) shows the wormhole size distribution.

The size distribution of blowholes has a peak

around 80 mm and spread toward the larger size

region. On the other hand, the size distribution of

wormholes does not spread toward the larger size

region and are almost symmetric at the center of

around 80 mm. These results are probably caused by

the fact that blowholes combine with other blow-

holes after their formation and that wormholes do

not combine with other wormholes or blowholes.

Therefore, these results indicate that a proper separ-

ation of blowholes and wormholes is performed in

this case because blowholes are formed in a liquid

phase with a chance of combination with other
blowholes, and wormholes are formed at a solid±li-

quid interface without the chance of combination.
The total quantity of wormholes is di�erent

between the terrestrial environment and the micro-

gravity environment, as shown in Fig. 7(b). This
result indicates that a greater amount of hydrogen
is supersaturated in the weld of the terrestrial en-

vironment due to a larger cooling rate than that in
the microgravity environment.

5.2. Behavior of bubbles

Figures 8(a) and (b) are the separated distri-
butions in the upper part and in the lower part
from the results in Fig. 7(a) for both environments,

respectively. As shown in Fig. 8(a), in the terrestrial
environment, blowholes larger than 135 mm (90 mm
on the transverse section) were distributed mainly

in the upper part. Blowholes smaller than 135 mm,

Fig. 6. Relationship between pore size distribution and pore shape.

Fig. 7. Blowhole and wormhole size distributions on transverse sections.
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on the other hand, are distributed similarly in both

parts. Furthermore, the distribution of the smaller
blowholes is very similar to that in the microgravity

environment. These results indicate that bubbles

smaller than 135 mm are not signi®cantly a�ected

by gravity.

In the microgravity environment, blowholes are
distributed similarly in both parts, as shown in

Fig. 8(b). Note that the number density of blow-

holes larger than 135 mm in the microgravity en-

vironment is located at the center of the values of
the upper part and the lower part in the terrestrial

environment. Therefore, unlike our expectation, it

should be concluded that in the terrestrial environ-

ment, bubbles larger than 135 mm move to the
upper part of the molten metal due to buoyancy

but that they scarcely combine with other bubbles

during the movement. This conclusion agrees with
the similar distribution of the total blowholes in

both environments, as shown in Fig. 7(a).

As mentioned in Section 5.1, Fig. 7(a) also indi-

cates that a blowhole combines with another blow-

hole by liquid ¯ow due to various forces such as

electromagnetic force, plasma stream, and surface
tension. However, they scarcely combine together

by the movement due to buoyancy.

The terminal rising velocity, v, of a small, spheri-

cal bubble can be estimated by the Stokes law [16]

v � g�rMe ÿ rH2
�

12m
d2
H2
�Re<1� �9�

where dH2
is the diameter of the bubble, m is the vis-

cosity of the liquid metal, g is the gravitational

acceleration, rMe is the density of the liquid metal,

rH2
is the density of hydrogen, and Re is the

Reynolds number. Using this equation, the terminal

rising velocity of a hydrogen bubble in a liquid

aluminum±4.4% magnesium alloy of the terrestrial

environment is estimated as shown in Fig. 9.
Because the physical data of the particular liquid

aluminum±magnesium alloy at the particular tem-

peratures cannot be obtained, the physical data are

estimated by extrapolating the data of Ref. [17]. In

this study, judging from the size of the weld pool

and the welding velocity, the duration of the molten

state is estimated to be a few seconds. Even when

the duration of the molten state is assumed to be

1 s, 70 mm bubbles had enough time to move to the

upper part in the duration, as shown in Fig. 9.

Therefore, blowholes larger than 70 mm should be

mainly distributed in the upper part. However, as

shown in Fig. 7(a), the distribution of blowholes

smaller than 135 mm is similar in both parts. This is

probably because rising of bubbles due to buoyancy

is compensated by falling of bubbles with the mol-

ten metal drop in the gravity direction.

In the terrestrial environment, when the welding

position is performed in a ¯at position, the volume

of pores can be reduced because more bubbles are

released from a weld pool than in a horizontal

Fig. 8. Blowhole size distributions on transverse sections.

Fig. 9. Estimated terminal rising velocity of hydrogen
bubbles in liquid aluminum±4.4% magnesium alloy of ter-

restrial environment.
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position [18]. However, it would be a problem that
in the microgravity environment, bubbles cannot
easily be released from the weld pool at any welding

position due to the lack of buoyancy. For this pro-
blem, stirring of the weld pool may be an e�ective
method. According to Matsuda et al. [19], the elec-

tromagnetic stirring of the weld pool reduces the
formation of pores on earth.

5.3. Analysis of solidi®cation process using pore dis-
tribution

As mentioned in Section 5.1, pores can be classi-
®ed into blowholes and wormholes. When the
characteristics of the two types of pores are con-

sidered, the solidi®cation process can be estimated
as follows. Figures 10(a) and (b) show the separated
distributions of wormholes in the upper part and in

the lower part of the terrestrial environment and
those of the microgravity environment, respectively.
In the terrestrial environment, round shaped

pores, that is, blowholes are distributed mainly in
the upper part, as shown in Fig. 8(a). Narrow and
long pores, that is, wormholes are almost distribu-
ted in the lower part, as shown in Fig. 10(a). As

mentioned before, blowholes are formed in the
liquid phase and wormholes are formed at the
solid±liquid interface. This means that blowholes

are formed in the early stage of the solidi®cation
process, and wormholes are formed at the last
stage. It can be judged from these results, the mol-

ten metal solidi®ed from the upper part to the
lower part, that is, in the gravity direction. In the
microgravity environment, on the other hand, blow-

holes and wormholes are distributed uniformly in
both parts, as shown in Figs 8(b) and 10(b).
Accordingly, the molten metal is solidi®ed uni-
formly from both the upper and lower parts.

6. CONCLUSIONS

By welding an aluminum±magnesium alloy 5083

both in a microgravity environment and in a terres-
trial environment, the following points were found.

1. Blowholes grow by combining with other blow-

holes after their formation though wormholes do
not combine with other wormholes or blowholes.

2. Gravity does not signi®cantly a�ect both the

movement and the combination of bubbles smal-
ler than 135 mm.

3. Gravity does a�ect the movement of bubbles lar-
ger than 135 mm, though it does not a�ect the

combination of them.
4. It can be judged from the pore size distribution

and the pore shape that the molten metal was

solidi®ed in the gravity direction in a terrestrial
environment and uniformly solidi®ed from both
the upper and lower parts in the microgravity

environment.
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