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Effect of atomic oxygen exposure on bubble

formation in aluminum alloy
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In order to investigate the effect of atomic oxygen exposure of an aluminum alloy on
bubble formation during welding, electron beam welding was performed on the samples
exposed to atomic oxygen produced by the oxygen plasma method. The change in the
aluminum surface due to the exposure was analyzed by auger electron spectroscopy. Due
to the exposure of atomic oxygen, the thickness of the aluminum oxide film increases on
the surface, and pores are formed during welding. The pores can be formed by the
formation of the Al2O gas through the reaction between the aluminum oxide and aluminum
in a high vacuum. C© 2004 Kluwer Academic Publishers

1. Introduction
In low earth orbit (LEO), where spacecrafts travel, the
severe environment can cause damage to spacecraft sur-
faces. By conducting some experiments using space
shuttles [1–3] and the Long Duration Exposure Facil-
ity (LDEF) [4, 5] in LEO, it has been clarified that their
surfaces are damaged by atomic oxygen, ultraviolet ra-
diation, thermal cycle, and micrometeoroid and debris
bombardment. Atomic oxygen, which is formed by the
photodissociation of molecular oxygen, is the dominant
species in LEO [6]. Atomic oxygen has an average en-
ergy of 4.5–5 eV at the ram impact velocities and is ex-
tremely reactive [5]. Many reactive materials are then
degraded by their oxidation due to the atomic oxygen
[7, 8]. Although aluminum alloys, which are commonly
used as spacecraft materials, are also oxidized by the
atomic oxygen, the alloys are not significantly degraded
due to the formation of a rigid oxide film on their sur-
faces. However, in this case, too, the thickness of the
oxide film increases.

Under such severe circumstances, a welding tech-
nique in LEO will be essential for the repair of space-
crafts. In order to establish welding techniques in space,
the authors have performed electron beam welding and
gas tungsten arc welding in a microgravity environ-
ment using a drop-shaft type microgravity system, and
have clarified the effect of gravity on various weld-
ing phenomena including the bead shape [9, 10], the
microstructure [9, 10], the pore distribution [11], the
bubble behavior [11] and the arc shape [12].

In this study, the oxygen plasma method is selected in
order to simulate atomic oxygen exposure in LEO. An
aluminum alloy, A2219, is exposed to atomic oxygen
using this method. The alloy is then welded by electron
beam welding and the effect on bubble formation during
the welding is investigated. The change in the alloy’s
surface due to such exposure is also investigated using
auger electron spectroscopy.

2. Experimental apparatus and procedure
2.1. Atomic oxygen exposure apparatus
There are two types of methods for the formation of
atomic oxygen on earth. One method can produce a
similar or larger amount of atomic oxygen flux than
that in the LEO [13–15]. The other can produce a sim-
ilar kinetic energy to that in LEO though the quantity
of the produced atomic oxygen is smaller than that in
LEO [16, 17]. The laser-induced breakdown method
and ion-beam method are categorized in this method.
In this study, one of the former methods, that is the
oxygen plasma method, was selected. Fig. 1 shows a
schematic illustration of the atomic oxygen exposure
apparatus. The apparatus consists of a discharge room
and a chamber. In the discharge room, atomic oxygen
is produced by a 13.56 MHz, RF discharge plasma op-
erating on pure oxygen gas. The formation of atomic
oxygen was confirmed by an emission spectrum anal-
ysis. The atomic oxygen flux was measured with an
Ag-coated quartz crystal microbalance. When the RF
power is supplied at 200 W, an atomic oxygen flux of
2.0 × 1019 atoms/m2 · s is produced. This flux is similar
to that in LEO. The sample in the chamber is exposed
to the atomic oxygen which is produced from the dis-
charge room and transferred through an orifice. In order
to obtain a larger exposure area, the sample was placed
on a worktable and moved in a direction perpendicular
to the atomic oxygen flow.

2.2. Materials and experimental conditions
The material selected was an aluminum alloy, A2219,
because it is commonly used in the spacecraft mate-
rials and includes few amount of elements with high
vapor pressures, such as magnesium and manganese.
Table I shows the chemical composition of the alu-
minum alloy. The dimensions of the sample were
50 mmw × 100 mml × 3.0 mmt. The samples were
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T ABL E I Chemical composition of Al-Cu alloy A2219, mass%

Al Si Fe Cu Mn Mg Cr Zn Ti Zr Pb V

Bal 0.07 0.16 6.26 0.30 – – 0.01 0.04 0.18 0.01 0.09

T ABL E I I Atomic oxygen exposure conditions

Exposure time 4 × 10−6 s
Atomic oxygen flux 2 × 1025 atoms/m2

RF power supply 200 W
Pure O2 gas flow rate 2 × 10−5 m3/sec
Pressure during exposure 1 × 10−2 Pa

Figure 1 Schematic illustration of atomic oxygen exposure apparatus.

polished and degreased in acetone before the exposure.
Table II shows the exposure conditions. The depth pro-
files of the samples were measured using auger electron
spectroscopy with Ar+ sputtering. The sputtering rate
was estimated using a standard SiO2 sample.

In this study, electron beam welding was performed
using the developed welding apparatus, as shown in
Fig. 2 [9]. The effective diameter of the electron beam

Figure 2 Schematic illustration of electron beam welding apparatus.

TABLE I I I Welding conditions

Sample A2219
Accelerating voltage 12 kV
Beam current 80 mA
Welding speed 3.6 mm/s
Welding position Horizontal
Base pressure 10−4–10−5 Pa
Pressure during welding 10−1–10−2 Pa

was set at about 3 mm in order to reduce the possibil-
ity of forming of defects such as root porosity, spikes
and cold shuts. Bead-on-plate welding was selected to
remove the effect of the groove and the root faces.
Table III shows the welding conditions. The distribu-
tions of pores are observed with a transmission X-ray
image system (SHIMADZU SAX-10SCT).

3. Experimental results
Fig. 3 shows the depth profiles of the samples both
with and without exposure to atomic oxygen using
auger electron spectroscopy. The thickness where the
half value of the maximum intensity is detected is de-
fined as the oxide/substrate interface [18]. The thick-
ness of the oxide film is calculated from the sputter-
ing time and the sputtering rate. As shown in Fig. 3,
the thickness of the aluminum oxide film was found
to be 10 nm for the samples without exposure to the
atomic oxygen, while it was 14 nm after exposure to
the atomic oxygen. The thickness of the aluminum
oxide increased by 40% due to the atomic oxygen
exposure.

Fig. 4 shows transmission X-ray images of the sam-
ples joined by electron beam welding. Pores cannot be
observed in (a), but in (b), pores are distributed in the
upper part. This result indicates that the formation of
pores is promoted by the exposure to atomic oxygen.
Fig. 5 shows a magnified image of Fig. 4(b). As shown
in Fig. 5, many large pores with approximately a 1mm
diameter are observed.
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Figure 3 AES depth profiles of aluminum alloy with and without atomic oxygen exposure; sputtering rate: 6.4 nm/min, d: thickness of Al oxide.

Figure 4 Typical transmission X-ray images of electron beam welds with and without atomic oxygen exposure.

4. Discussion
Pores are formed when bubbles cannot be released from
a weld pool and are captured by the surrounding solid
during the solidification process. In general, bubbles in
the weld pool are formed due to the following causes
[19–23]:

1. Decrease in the solubility of dissolved elements in
the molten pool during cooling and solidification [19].

2. Chemical reaction [19].
3. Keyhole phenomenon [20].
4. Evaporation of the elements with a high vapor

pressure [21].

5. Trapped gas between the root faces and the groove
[22].

6. Physical trapping of the shielding gas [23].

It is well known that hydrogen attributable to the
first cause is the main reason for aluminum alloys [24].
However, in the results shown in Figs 4 and 5, the pores
are formed by a mechanism depending on the quantity
of the oxide film, and therefore, hydrogen cannot be
the main reason. In addition, when the gas tungsten
arc welding was performed for the same samples at
atmospheric pressure, pores were not formed. Thus,
it is clear that a vacuum condition is required for the
formation of the pores.
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T ABL E IV Calculated partial pressure of Al2O in equilibrium using
the equation: 4Al(l) + Al2O3(s) = 3Al2O(g)

Temperature (T/K ) PAl2O (Pa)

1473 2.6 × 10−1

1673 1.2 × 101

1873 2.4 × 102

2073 2.8 × 103

2273 2.1 × 104

Figure 5 Magnified image of Fig. 4b.

It is considered that when an aluminum alloy is
welded in a vacuum, as in this study, the following
reaction can occur [11, 25]:

4Al(l) + Al2O3(s) = 3Al2O(g), (1)

�Go = 1180020 − 479.55T (J/mol) [11], (2)

where �Go is the change in the standard free energy
and T is temperature. As shown in Equation 1, the alu-
minum oxide (Al2O3) on an aluminum surface can react
with the liquid phase of the aluminum producing a gas
phase of Al2O in a high vacuum at a high temperature.
The equilibrium partial pressure of Al2O gas is calcu-
lated using the standard free energy of the formation
described by Equation 2, as shown in Table IV. As the
temperature increases, the equilibrium partial pressure
of the Al2O gas also increases. The total pressure is
obviously lower than the equilibrium partial pressure
of Al2O gas at a high temperature, indicating that the
formation of Al2O is promoted.

In LEO, the vacuum level is higher (10−4–10−7 Pa)
than that in this study [26]. Therefore, the formation
of Al2O can be further promoted. In addition, atomic
oxygen in LEO has a higher kinetic energy than that
formed by the oxygen plasma method used in this study.
Synowicki et al. [15] reported that the aluminum oxide
film formed in LEO was approximately 10 times as
thick as that formed by the oxygen plasma method.

5. Conclusions
By exposing atomic oxygen to an aluminum al-
loy, A2219, before electron beam welding, the

effect of atomic oxygen exposure on weld de-
fects was investigated. The obtained results are as
follows:

1. When the aluminum alloy is exposed to atomic
oxygen, the thickness of the aluminum oxide film in-
creases on the surface, and consequently, pores are
formed during welding.

2. It is considered that the pores are formed by
the Al2O gas in a high vacuum through the reac-
tion between the aluminum oxide and the aluminum
pool.
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