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Abstract
Atomic oxygen (AO) is a major threat to satellites in Low Earth Orbits (LEO). AO causes serious damage to satellites such as 
erosion, corrosion and damage to almost all satellites surfaces. This study presents numerical prediction for the space envi-
ronment effects on NARSSCube satellite using ATOMOX module in Space ENVironment Information System (SPENVIS) 
online simulation tools. Indeed, the prediction of erosion yields of NARSSCube structure induced by AO flux in LEO with 
different models is calculated. NRLMSISE model shows the highest mass and thickness loss for the outer surfaces of the 
satellite in all worst-case scenarios. A comparative study, for the erosion yields of some materials using SPENVIS, MISSE2 
and other calculations, is presented. This research recommends the necessity of developing a database for all materials used 
in space providing all data for the effect of AO on each material in addition to the erosion depth and mass loss.
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1 Introduction

The LEO space environment has many atmospheric constitu-
ents, particularly AO, which in turn causes degradation to 
all materials exposed to that environment. The degradation 
level varies from material to another based on the charac-
teristics of each material. It may harm the space mission, in 
LEO environment, enough to bring it to an unexpected end 

due to atomic oxygen serious erosion of spacecraft materi-
als [14, 15].

1.1  Atomic Oxygen (AO)

It is one of the main constituents in the LEO environment. 
It is formed by a photo dissociation process of oxygen mol-
ecules,  O2, by ultraviolet (UV) radiation. The double bond 
in  O2 has strength of 5.12 eV [21].

The relation between AO and solar activity is shown in 
Fig. 1. Solar activity has a great impact on the density of AO 
in the ionosphere and this leads to the enhancement of the 
erosion depths for materials of surfaces directly exposed to 
AO. It is clear from the figure that AO density and AO flux 
values are high during maximum solar activity rather than 
during the minimum solar activity. The average fluence of 
AO per year and the corresponding erosion depth varies as 
a result of the variation of solar activities within the solar 
cycle [24]. In general AO, hence O + , are the dominant spe-
cies in the LEO environment. It is expected that as solar flare 
events reach to Earth it enhances O and O + .

Oxygen atoms have high corrosive power during com-
bining with the material. According to the satellite’s orbital 
velocity of 7.8 km/s in LEO, the satellite is exposed to a very 
strong stream of AO at energy about 5 eV [13].

Interactions of AO are mostly relevant for altitudes only 
below 650 km due to the number density drop very rapidly 
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with increasing altitude. In LEO, the average AO flux peaks 
at altitudes higher than 200 km, where it imposes a colos-
sal drag on a satellite then gradually drops with increasing 
altitude [3].

The collision of AO with the satellite surfaces with 
energy of 5 eV, it initiates several physical and chemical 
events. Many results will occur for the surface material 
such as surface erosion, mass loss, mechanical degrada-
tion, and chemical compositions change. Also, a glow phe-
nomenon occurs for materials that resist the effects of AO 

erosion which affect the visibility of the satellite’s optical 
system [12, 25].

Accordingly, any wavelength of light shor ter 
that ~ 242 nm will have enough energy to break  O2 into 
AO. On orbit, Oxygen atoms has a mean free path of 
order  108 m which conclude the lower probability of AO 
to recombine into Ozone,  O3 [10, 25]. Wavelengths in the 
range 10–100 nm are related to the photo ionization of AO 
and other molecules [16, 18].

AO has two types; thermal AO, in which the interaction 
with a material and degradation are a chemical process, 
involving only chemical bonding changes, as the cova-
lently bonded structure is broken apart to form volatile 
products. The hyperthermal AO; which is impacting the 
surface of a material at 8 km/s, as the spacecraft moves 
through them, possess considerable kinetic energy (about 
5 eV). It causes erosion and degradation for organic poly-
mers [9].

In the region of the upper mesosphere and lower ther-
mosphere, AO is one of the most abundant reactive spe-
cies. It plays a central role in the photochemical equi-
librium and energy balance. Most exothermic chemical 
reactions, which heat this region, are associated with AO. 
The collisions between O and IR-active greenhouse gases 
like carbon dioxide,  CO2, also lead predominantly to radia-
tive cooling [8].

Interactions of AO with materials may occur via many 
erosion mechanisms [22], as shown in Fig. 2. It shows 
that the erosion mechanisms can be categorized into three 
categories:

Fig. 1  Relation between AO and solar activity [24]

Fig. 2  Erosion mechanisms [22]
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1- Identified by visual inspection (uniform corrosion, pit-
ting, crevice corrosion or galvanic corrosion.

2- Identified with microscopic tools (erosion, cavitation, 
fretting or inter-granular).

3- Identified by microscopic examinations (exfoliation, de-
alloying, stress corrosion cracking or corrosion fatigue).

Many studies discuss the chemical reactivity of AO with 
the caron-containing compounds. According to the valence 
bands and the electron levels of carbon and oxygen, the 
epoxy groups are found to be the dominant only at the low 
oxidation levels, there is an evidence for the unzipping of 
C–C bonds. Epoxy groups are functionalizing with lower 
thermal stability and affecting the temperature desorption 
of the functional groups [23].

These studies lead to the investigations and analyses for 
the chemical reactivity between AO and polymers to con-
clude the resistance of polymers to the AO erosions accord-
ing to their chemical structures.

There are many factors that can stimulus the erosion yield 
of materials in space such as impact angle, oxide spalling, 
material temperature, AO flux and fluence, solar radiation, 
and impact energy of AO [1].

The efficiency of reaction of AO erosion can be measured 
in the volumetric loss per incident oxygen atom,  cm3/atom. 
It is used to compare erosion rates of different materials. 
There are three types of reactions between materials and 
AO [2, 11].

1. The materials that form oxides, and includes most 
organic materials.

2. The materials that retard further oxidation.
3. The materials that form volatile oxides at a continuous 

rate.

1.2  ATOMOX

Space Environment Information System (SPENVIS; web-
site: http://www.SPENV IS.oma.be) provides the Atomic 

Oxygen Interaction Model (ATOMOX) to evaluate the AO 
flux, fluence and material erosion, based on reference atmos-
phere and wind model. the models (summarized in Table 1 
are:

1. Mass-Spectrometer-Incoherent-Scatter (NRLM-
SISE-00).

2. Marshall Engineering Thermosphere (MET-V 2.0).
3. Drag Temperature Model (DTMB78).
4. International Reference Ionosphere (IRI2001).
5. NeQuick Ionosphere Electron Density Model (NeQuick 

v2.0).

1.3  NARSSCube Satellites

Cube satellite missions (e.g., SwissCube, UNICubeSAT, 
Robusta, Atmo Cube and Goliat) are promising aspects for 
space technology. They provide mechanisms to conduct sci-
entific research in the space environment and also enable 
students, teachers and faculty members to put hands-on 
flight hardware development experience.

NARSSCube is the first Egyptian satellite of its type. 
Mission statement of NARSSCube is technology demon-
stration for developed subsystems (Payload onboard, com-
munication). Figure 3 presents the configuration of NARSS-
Cube. Table 2 shows the orbital parameters of NARSSCube 
Satellite in addition to the dimensions of structure and solar 
panels of the satellite.

2  Methodology

To investigate which model will be used to evaluate the 
properties of AO, a comparison between ATOMOX models 
has been performed as in Table 1.

For the case study, NARSSCube, erosion yields are 
calculated through NRLMSISE and MET-V, because they 

Table 1  Comparison between five ATOMOX models

Model Ionospheric layers Description Shortcoming

NRLMSISE All Empirical None
MET-V Thermosphere lower 

and upper (90–150 
km)

Semi-empirical The altitude range between 90 km and 2500 km

IRI2001 E—Region Empirical Overestimation of electron densities in the upper topside (from 
about 500 km above the F-peak upward)

DTMB78 Thermosphere Thermopause temperature model 
and an analytical temperature 
profile

It is not representative of low solar activity condition due to the 
data set used, which causes uncertain predictions during low 
solar activity

NeQuick v2.0 E, F1, and F2 Semi-empirical Only electron as an ionospheric / atmospheric constituent

http://www.SPENVIS.oma.be
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contribute to most ionospheric layers and low shortcomings. 
The other three models (IRI2001, DTMB78 and NeQuick 
v2.0) are excluded from calculations, because they don’t 
contribute to all atmospheric layers and shortcomings in 
addition NeQuick v2.0 models contain only electrons as an 
ionospheric/atmospheric constituent. [7, 17, 19, 20, 24].

The above information has been used in ATOMOX mod-
els to study the average density of AO  (cm−3), average front 
and back flux  (cm−2 s−1), front & back fluence  (cm−2) and 
then the back and front erosion depth (cm) for each material 
are also displayed.

Prediction of erosion yields for the selected materials 
(aluminum coated Kapton, A polyimide Kapton and silver) 
are performed using the online software (www.SPENV 
IS.oma.be) for both NRLMSISE and MET-V models.

As a first step, the calculation for the average density, 
average front and back flux and that of atomic oxygen in 
atmosphere and its variations with altitude, latitude, solar 
activity, magnetic activity, local time and season are cal-
culated. The fluence of AO is the integration over time of 

the flux crossing the surface, while the flux is the particle 
number multiplied by the average velocity.

The second step is to define the outer surface materials 
used in NARSSCube as follows:

• Aluminum 6061 for rails
• CMX 100 for Cover glass of solar panels (100 µm)
• H-FK61 for camera lens
• Stainless steel A2 for bolts
• FR4 for boards
• Poly oxy methylene for antenna door
• Polyimide for solar panel substrate

ATOMOX library included limited list of materials and 
do not contain all the materials that can be used in space 
technology. Thus, for the current case study, the erosion 
depths for some materials will be studied according to the 
previous referenced researches, while for other materials, the 
chemical composition of each complex material is studied. 
As an example, FR4, which is used for the electric boards, 
contains mainly in its chemical structure the fiberglass cloth 
with epoxy resin binder. Hence, for FR4, effect of AO is 
tested on the epoxy.

In the third step, the erosion can be calculated using the 
following equation [26]:

where E erosion (cm), F Fluence (atom/cm2) and Y is the 
erosion yield  (cm3/atom).

To calculate the erosion yield of AO on materials, we 
have three tools: predictive, experimental and those used 
in SPEVIS. For the predictive tool of AO erosion yield for 
spacecraft polymers in LEO that is presented by [4], the 
modeling was based on the data of the Polymer Erosion and 
Contamination Experiment (PEACE) Polymers experiment 
flown as part of the Materials International Space Station 
Experiment 2 (MISSE 2). Comparing the actual MISSE 
2 space data for 38 polymers and pyrolytic graphite, the 

(1)E = F × Y ,

Fig. 3  NARSSCube configura-
tion

Table 2  Orbital parameters of NARSSCube Satellite

Dimensions (L/W/H) 100/100/113.5 mm
Solar panels dimensions(W/L/H) Top: 98/98/1.5 mm

Side: 82.6/98/1.5 mm
Epoch time 19025.65661760 yrday. Fracday
Element set 900
Inclination 51.6409 deg
RA of node 350.1103 deg
Eccentricity 0.0005083
Arg. of perigee 310.9371 deg
Mean anomaly 49.1341 deg
Mean motion 15.53222627 rev/day
Altitude 410 km
Decay rate 1.67170E-04 rev/day2
Epoch rev 3310
Checksum 269

http://www.SPENVIS.oma.be
http://www.SPENVIS.oma.be
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correlation coefficient is found to be 0.914. The model pre-
dictive equation that calculates the AO erosion yield is

where
Ey = atomic oxygen erosion yield,  cm3/atom,
m = Slope of best fit linear equation relating the meas-

ured atomic erosion yield to the erosion yield dependent 
variable, x,

b = Y axis intercept for the best fit equation of erosion 
yield versus x, where x is given by

(2)Ey = mx + b,

(3)

x = (CbONbO + CbCNbC + CHNH + CsCNsC + CdCNdC

+ CtCNtC + CpCNpC + CpdONpdO + CpNNpN

+ CbNNbN + CSNS + CClNCl + CFNF + CringNring)

(1∕NbC) (1 + C∕v V∕Vr)(e − (CaNa∕(1 − Na)))

(1 + C)(1 + CF∕tF∕Nt)(1 + CO∕CO∕NC)(1 + CF∕CF∕NC)

(1 + CH∕CH∕NC) (1 + CN∕CN∕NC) (1 + CCl∕CCl∕NC)

(1 + CpC∕CpC∕NC) (1 + CbC∕CbC∕NC)

(1 + CsC∕CsC∕NC).

The present research selected 11 polymers [6] that are 
common in SPENVIS, MISSE 2 and the above-mentioned 
predictive tool. Figure 4 gives a comparison of the erosion 
yield resulting from the three tools (the predictive, experi-
mental and those involved in SPENVIS).

3  Results

All calculations are in the form of average density  (cm−3), 
average front flux  (cm−2  s−1), average back flux  (cm−2  s−1), 
back fluence  (cm−2), front erosion depth (cm) and back ero-
sion depth (cm). The results Samples are summarized in 
Table 3 and a sample for Aluminum- coated Kapton is given 
in Fig. 5.

Table 4 shows the erosion depth for the selected materi-
als using NRL MSISE-00 model. Fluor crown glass is an 
optical glass that possesses a refractive index equal to or 
less than 1.5, and an Abbe number that ranges from 62 to 
about 85.

Crown glass is a type of optical glass that is used in lenses 
and other optical equipment. They are so called because of 
the crown-like shape that is given to them after the process 
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Fig. 4  Comparison of the atomic oxygen erosion yields according to the Predictive tool, the MISSE 2 experiment and SPENVIS

Table 3  Erosion results using 
NRL MSISE-00 and MET-V 
2.0 models

Material Aluminum-coated Kapton A polyimide-Kapton

Models NRLMSISE-00 MET-V 2.0 NRLMSISE-00 MET-V 2.0

Average density (cm-3) 2.0968E + 07 2.7063E + 07 2.0968E + 07 2.7063E + 07
Average front flux  (cm−2 s−1) 1.5261E + 13 1.9710E + 13 1.5261E + 13 1.9710E + 13
Average back flux  (cm−2 s−1) 5.2927E-14 2.4633E-15 5.2927E-14 2.4633E-15
Front fluence  (cm−2) 4.8128E + 20 6.2157E + 20 4.8128E + 20 6.2157E + 20
Back fluence  (cm−2) 1.6691E-06 7.7684E-08 1.6691E-06 7.7684E-08
Front erosion depth (cm) 4.8128E-06 6.2157E-06 1.4920E-03 1.9269E-03
Back erosion depth (cm) 1.6691E-32 7.7684E-34 5.1743E-30 2.4082E-31
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of blowing the glass. Crown glass is normally produced from 
silicates of alkali-lime and contains about 10% of potas-
sium oxide. The refractive index is low, around 1.52 and the 
value of dispersion is also low. As for Fluorinated ethylene 
propylene, atomic percent of flour is 67 and for carbon is 33.

FR4 is a flame-retardant material that is composed of 
fiberglass cloth with epoxy resin binder. It is commonly used 
in printed circuit boards (PCBs). One thin layer of copper 
foil is laminated to one or both sides of an FR4 glass epoxy 
panel.

As evident from Fig. 4, most polymers show close values 
of erosion yields for the predictive tool and MISSE 2 experi-
ment, while it shows some difference for SPENVIS.

It is clear that polymers number 3–10 and 11 have 
almost close value of erosion yield in the predictive tool 
(A), MISSE 2 experiment (B) and SPENVIS (C). Polymers 
number 1, 2 have close values of erosion yields but only in 
2 results B, C or A, C. But for Poly-methyl methacrylate 
(PMMA) PVDF and Epoxide, values of erosion yield using 
SPENVIS are about half the values of predictive tool and 
MISSE 2 (almost more than 2.5E-24  cm3/atom).

According to SPENVIS computations for AO erosion, the 
thermal collision isn’t included in all equations. This may be 
the cause for the difference in the values of erosion yields 
between SPENVIS and MISSE 2.

Table 4 shows the erosion depth for selected materials 
using NRL MSISE-00 model. It can be concluded that the 
predictive tool (A), MISSE 2 experiment (B) and SPENVIS 
(C).

In the case of Aluminum-coated Kapton, front flux ranges 
from 1.0 to 3.0 × 1013  (cm−2  s−1) and back flux ranges from 
0.3 to 4.6 × 10−12  (cm−2  s−1) in -00 model and front flux 
ranges from 0.2 − 3.7 × 1013  (cm−2  s−1) and back flux up to 
1.9 × 10−14  (cm−2  s−1) in MET-V 2.0 model.

For A polyimide-Kapton, the front flux ranges from 
8.0 × 1012 to 2.6 × 1013  (cm−2  s−1) back flux ranges from 
0.1 to 4.6 × 10−12  (cm−2  s−1) in NRL MSISE-00 model 
and front flux ranges from 1.1 to 3.7 × 1013  (cm−2  s−1) but 
back flux is only up to 1.9 × 10−14  (cm−2  s−1) in MET-V 
2.0 model.

For Silver, the front flux ranges from 8.0 × 1012 to 
2.6 × 1013  (cm−2  s−1) and back flux ranges from 0.1 to 

Fig. 5  Samples of resulted data for aluminum-coated Kapton (NRLMSISE-00)

Table 4  Erosion depth for 
selected materials using NRL 
MSISE-00 model

Material Chemical formula LEO erosion yield, × 10–24 
 cm3/atom

Reference

Fluorinated ethylene propylene C6F12 0.200 [5]
Silicon Si 0.055 [24]
Epoxy C20H19O3 1.70 [24]
Copper Cu 0.0064 [24]
Poly oxy methylene CH2O 9.14 [5]
Polyimide C46H22O5N2F6 3.0 [5]



International Journal of Aeronautical and Space Sciences 

1 3

4.6 × 10−12  (cm−2  s−1) in NRL MSISE-00 model and front 
flux ranges from 1.1 to 3.7 × 1013  (cm−2  s−1) and back flux 
is only up to 1.9 × 10−14  (cm−2  s−1) in MET-V 2.0 model. 
It is clear that the front erosion depth is much higher than 
the back-erosion depth.

4  Conclusion

Only some of the materials used for the outer surfaces of 
NARSSCube, can be easily found in the library of SPEN-
VIS. Consequently, the present study depends on the com-
position of the material and the erosion depth of atoms 
presented in each material.

As an example, H-FK61 that is used for the lens, is 
based on fluorine which is found in Fluorinated ethylene 
propylene with high atomic percent of 0.200 × 10−24 cm3/
atom as an erosion depth. Also, for the FR4 that is used 
for boards, based on carbon and epoxy (it shows erosion 
depth of 0.0064 and 1.7 × 10−24 cm3/atom, respectively).

Both of NRL MSISE-00 and MET-V 2.0 models show 
the lowest erosion depths (cm) for aluminum-coated 
Kapton.

AO plays a critical role in the chemical change of the 
exposed polymers due to its ability to perform exothermic 
chemical reactions leading to hazardous chemical changes 
in the structure of the polymers.

All erosion depths for all of the above materials are below 
the limit that is reported by ECSS. Hence, we can conclude 
that, NARSSCube Satellite can survive in its orbit without 
any erosion level affecting its functionality.

ATOMOX tool in SPENVIS needs to be modified to 
increase the correlation factors between its erosion yields 
and the real experimental values of the polymer’s erosion 
or the predictive one.

It is crucial to add more polymers, to the library of SPEN-
VIS, to cover all materials used in space technology.

SPENVIS models need to be modified with an enhance-
ment to increase the correlation with MISSE 2 results.

It is necessary to develop a database for all materials used 
in space providing all data for the effect of AO on each mate-
rial in addition to the erosion depth and mass loss.

The future work of this study is to verify all presented 
data through experimental work by ground testing.
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