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Abstract
The corrosion in space is described by the effect of atomic oxygen on several
materials. The metal which was most affected is silver. Silver oxidizes according to a
linear-parabolic law and due to the thermal stresses the oxide layer continuously
breaks up, resulting in a linear degradation.
Atomic oxygen not only attacks materials in the line of sight of the ram flux, but also
by reflected atomic oxygen.
The transport of oxygen through the oxide layer is modelled using two transport
mechanisms, namely gas flow through micro-pores and Fickian diffusion. The
interfacial reaction between oxygen and silver is taken as linear, resulting in a linearparabolic oxidation with flux and time. The model results in a low-temperature
oxidation by gas flow while at higher temperature the diffusion mechanism controls
the kinetics of the oxidation.
Introduction
Materials for use in space applications in low earth orbit and exposed to the hostile
combination of atomic oxygen and thermal cycling have to be screened for their
susceptibility to withstand this environment over very long periods. Atomic oxygen is
produced by the photo-dissociation of molecular oxygen in the upper atmosphere by
solar radiation of wavelength less than or equal to 243 nm[1]. It is the main
constituent of the residual atmosphere in Low Earth Orbit (LEO) as illustrated in
figure 1.[2] The oxygen atoms have a density of 107 to 108 atoms/cm3 at International
Space Station (ISS) altitude (around 400 km) with a thermal energy of approx. 0.1 eV.
The orbital atomic oxygen density can be calculated with the aid of the MSIS86/CIRA Neutral Thermophere Model of Hedin[3]
Referring to figure 1 one can see the dominant atmospheric constituent concentrations
as a function of altitude. Space vehicles are orbiting with a velocity of 7.78 to 8 km/s
at those altitudes. For satellite-gas collision interactions, this orbital velocity
corresponds to impact gas energies of 0.34, 4.40 and 5.03 eV for hydrogen, nitrogen
and oxygen atoms, respectively.
Concentrating only on the O-atoms and taking into account the solar activity the
maximum and minimum atomic oxygen density as function of altitude is shown in
figure 2. The atomic oxygen flux depends on the altitude, the solar activity, the orbital
inclination and the time of year. The collision with the external surfaces of space
vehicles, orbiting at a velocity of 8 km/s, results in a ram flux of 1014 -1015 Oatoms/(cm2/s).

Experiments on metals were carried out during many STS flights, on LDEF, Eureca
and on ground. The majority of the experiments were conducted on silver, while at the

Figure 1: Atmospheric composition in Low Earth Orbit

Figure 2: Atmospheric Atomic Oxygen density in Low Earth Orbit

time of the Hubble Space Telescope development silver was used as solarcell
interconnectors. On-ground experiments were conducted in line with these ones and
extended with other metals.
The oxidation of silver in atomic oxygen is essentially linear-parabolic as postulated
by De Rooij[4] and experimentally confirmed by Chambers et.al[5]. The silver
oxidizes until internal stresses in the oxide layer either to mechanical or thermal
excursions causes the oxide layer to crack and eventually spall and flake off, leaving
bare silver exposed to atomic oxygen again. This process repeats itself until the silver
is completely oxidised.
Oxidation model
An oxide layer model was developed in [4] to predict the silver oxidation by atomic
oxygen. This model will be extended and the approximations will be removed. The
mechanism of oxide growth at increased temperatures is diffusion through the oxide
layer along short circuit paths such as grain boundaries and lattice diffusion. As the
diffusion is a temperature-controlled process, the observation of a substantial amount
of oxidation at room temperature indicates a different oxidation process or at least a
parallel process capable of oxidizing the metal in a parabolic manner and operational
at low temperatures. The process responsible for the low temperature oxidation is
known as gas flow through micro-pores.
Several mechanisms of gas transport through micro-pores can occur. These are free
molecular flow (Knudsen flow), molecular flow, viscous flow and surface diffusion.
At very low pressures where the mean free path of the oxygen atoms is larger than the
dimensions of the pore, the wall collisions within the pore are more frequent than
collisions between other oxygen atoms. This regime is called the free-molecular flow
regime. The density of O-atoms in low earth orbit is approx. 108 atoms/cm3 and the
mean free path is calculated ad 107 µm which is much larger then the expected pore
dimension.
The number of atoms flowing through a pore is determined by the conductance of that
pore. There are two aspects:
1) The rate at which atoms enter the pore
2) The probability that these atoms are transmitted though the system.
A gas with a density of n1 at the entrance of a pore and a backflow at the other side
gives a gasflow Fk of

Fk = ω υ ( n1 − n 2 )

(1)

ω = a dimensionless probability factor
υ = the mean velocity of the atoms in the pore

where

The atoms entering the pore loose their velocity due to scattering in the pores during
the first wall collisions. Their speed is than reduced to υ
The expression for n1 is then

n1 =
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from gas kinetic theory

(3)

R = gas constant=8.314 J/(mol.K)
T = temperature
M = molecular mass
The probability factor ω depends on the geometry of the pore and is given by the
Clausing factor
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(4)

where Lr = the real length of the micropore
H = perimeter of the micropore
A = cross sectional area of the micropore
The pores have a certain path through the oxide layer and this can be related to the
straight direct path y, which is the oxide thickness, by the tortuosity τ.
(5)
Lr
τ=
y
Only a percentage ε of the surface consists of open pores where the Knudsen flow can
take place.
In summary we can write for the flow of oxygen atoms through porous layer by
substituting eq. 2, 3 and 5 in eq. 1:
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(6)

Diffusion through short circuits and lattice is governed by the concentration
difference of the diffusion atoms at both sides of the porous layer. At the front side
the density is given by eq. 2. At the metal side the density is n2.
The differential flux of atoms through the oxide layer (with the exception of the
pores) is then written as:
Fd =
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y
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(7)
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where D =diffusion coefficient = D0 exp⎜
⎟
⎝ RT ⎠
The oxygen atoms reaching the metal surface will finally react with the base metal
and form the oxide. This type of reactions is usually linear and with an oxide flux of:

Fo = Kn 2
⎛−Q⎞
⎟
where K = rate of metal oxidation = K 0 exp⎜
⎝ RT ⎠

(8)

For a steady state situation the oxygen flux through the pores Fk and from the
diffusional transport Fd must be equal to the oxide flux Fo produced by the oxidation:
Fk + Fd = Fo

(9)

The unit for the oxide flux Fo is related to the oxide growth rate by

⎛ dy ⎞
⎜ ⎟ = CΩ r Fo
⎝ dt ⎠ ox

(10)

Where
C
= conversion factor from atoms/cm3 to cm3 metal-oxide
= 1.70520 10-23 for silver
Ωr = real volume ration oxide/metal due to porosity

Ωr =

Ω th
(1 − ε )

(11)

In which Ωth = theoretical volume oxide/metal ratio = 1.6 for silver
Substituting eq. 6, 7 and 8 into eq. 9 enables us to express the generally unknown n2,
in the gasflow and diffusion expressions and using this in eq. 10 one obtains the
master equation for the oxide growth governed by the gasflow and diffusion transport
mechanism through the oxide layers.
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Equation 12 can solved using standard methods and after some algebra this results in:
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This general solution reduces to the well known linear-parabolic equation when
gasflow is absent:
(14)
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In case diffusion is absent equation 13 reduces to
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It may be noted that also the gasflow equation 15 is linear-parabolic. The temperature
dependence of eq. 15 is weak and only present in the linear part, meaning when y is
very small. With thicker oxide layers the gasflow through the pores behaves parabolic
because of the collisions of the atoms with the wall of the pore. The diffusion
equation 14 has the temperature dependence both in the linear and in the parabolic
part. It demonstrates that at low temperatures the gasflow through the pores is the
dominating process, while at high temperature the diffusion is rate controlling.
Results
To establish the constants used in eq. 13 data is used from atomic oxygen exposure
tests in low earth orbit, from atomic oxygen experiments on ground and from oxygen
plasma exposure tests. The total silver loss during the STS-8 flight was measured as 3
µm to 4.5 µm.(approx. 2½ µm to 3½ µm at the front and ½ µm to 1 µm at the rear
side of the silver sample due to reflected atomic oxygen). As illustrated in figure 3 the
oxide can flake off and thus exposing underlying silver, which is oxidised again. The
oxide flakes have a thickness of ½ µm to 2 µm. This increases the silver loss.

Figure 3: Silver interconnector (34 µm) retrieved from Eureca. It shows oxidised
silver which is flaked off and exposing the underlying fresh material which is oxidised
again

Figure 4: Cross section of silver-oxide flake showing the pore structure

Figure 5: Oxidised silver surface from which the average pore surface area and
perimeter is calculated using image analysis software

To account for that it is assumed that the silver loss occurred in several stages each
producing flakes of the same thickness making up the 2½ µm to 3½ µm silver loss.
The conditions during the exposure of the silver samples were measured as:
Atomic oxygen impact energy = 5 eV with a substrate temperature = 77 ºC
Fluence = 3.5 1020 atoms/cm2 during the 40 hrs of exposure.
The oxide/metal ration Ωr was found to be 2 from oxygen plasma exposure tests and
according eq. 11 this gives a porosity ε = 0.2. The oxygen plasma exposure tests were
performed for different exposure times. The temperature of the samples was not
controlled but temperature indicators on the rear side of the sample indicated a
maximum temperature of 85 ºC. The results are shown in figure 6. The values used in
the pores characterisation is measured using oxygen plasma experiments and atomic
oxygen experiments using the ESTEC atomic oxygen facility. From the cross section
of a silver-oxide flake the pores are visible and the real length can be measured and
related to the thickness of the oxide itself, as illustrated in figure 4. The tortuosity τ is
then calculated as τ = 1.2. The pores in the silver-oxide are rather straight. The
average pore cross section and perimeter are measured on scanning microscope
photos using the Clemex image analysis software as shown in figure 5. The hydraulic
radius 2A/H is measured as 38 nm. Exposure experiments conducted in the ESTEC
atomic oxygen facility are performed at room temperature and resulted in an oxide
thickness of 1.5 µm at a fluence of 3.1 1020 atoms/cm2. The thicknesses of the oxides
are measured using a LEO confocal microscope. The fluences are calculated from
Kapton HN samples exposed to the oxygen plasma or atomic oxygen beam at the
same time as the silver samples. The degradation of the Kapton HN is used as
calibration, while the degradation of Kapton HN under atomic oxygen attack in low
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Figure 6: Experimental results from oxygen plasma tests on silver. The solid line
represents eq. 13 using constants to fit the data to the experimental results

earth orbit is well characterised.
The constants in eq. 13 are determined using the room temperature measurement in
the atomic oxygen beam facility and using the results from the oxygen plasma
exposure at 85 ºC as given in figure 6. The solid line represents eq. 13, using:
Do = 5.28 103 cm2/s, Ko = 5.28 108 cm2/s, Q = 3.3 104 J/mol, H/A = 5.263 10-3 nm-1,
τ = 1.2 and ε = 0.2.
Conclusion
The transport of oxygen through the oxide layer is modelled using two transport
mechanisms, namely gas flow through micro-pores and Fickian diffusion. The
interfacial reaction between oxygen and silver is taken as linear, resulting in a linearparabolic oxidation with flux and time. Because the two mechanisms are separated
one can investigate the contributions of both transport mechanisms to the oxidation of
silver. The model results in a low-temperature oxidation by gas flow while at higher
temperature the diffusion mechanism controls the kinetics of the oxidation. Both the
Fickian diffusion and the gas flow through the micro pores are exhibit parabolic
growth. For the Fickian transport the diffusion is inversely proportional to the
thickness of the oxide layer. For the gas flow transport the flow resistance, for a gas
with a mean free path much larger than the pore dimension, is inversely proportional
to the length of the micro-pore.

Flaking and spalling of the oxide layer has a large impact on the oxidation of the
surface. The flaking and spalling of the oxide layer due to internal stresses in the
oxide layer results in a continuously restarting of the oxidation process. In the model
it is assumed that flaking is absent, but can easily be introduced by assuming a
constant flake thickness. When the oxide layer reaches this thickness it will flake off,
leaving bare metal exposed to the atomic oxygen environment. This oxidation process
will result more or less in a linear surface attack.
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