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Atomic Oxygen Degradation of Polymeric Thin Films
in Low Earth Orbit
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AMonteCarlo simulationtechnique to evaluatetheeffects of low-Earth-orbitatomicoxygendamageonthin � lms
of polymeric materials is presented and discussed. The proposed method provides a tool that allows the evaluation
of both the mean eroded thickness for exposed specimens and the degradationof their optical properties. Contrary
to a full quantum mechanics approach, this method is based on a � nite volume discretization of the bulk materials:
Each simulation cell is characterized by a reaction probability in a standard exponential form. The reaction
probability depends on the ratio between the total amount of kinetic energy transferred to the � nite volume by the
entering atomic� ux and the internal pressure, that is, the cohesive energy of the simulationcell itself. The unknown
parameters contained in the expression of the reaction probability are related to the mean eroded thickness and
to the surface roughness rms through statistical considerations. The erosion yield is shown to be dependent on the
cohesive energy density for polymeric materials: This observation provides a simple tool to estimate the reaction
yields for standard hydrocarbon or � uoro-based polymers. The surface roughness rms is obtained from the mean
optical properties of exposed materials via the scalar equationsdescribing electromagneticwave surface scattering.
The results ofMonteCarlo simulationshavebeen compared to the data availablefor Kapton® specimens � own both
on the Long Duration Exposure Facility and Mir and retrieved after several months of exposition. The unknown
parameters required for the simulations have been estimated by a nonlinear regression on experimental data.
Good agreement has been obtained between the simulation results and the experimental data, both for the eroded
thickness after exposure and for the mean optical transmittance of the specimens.

Nomenclature
E = Young’s modulus
p = pressure
T = temperature
V = volume
® = coef� cient of thermal expansion
º = Poisson’s modulus

I. Introduction

D IRECT expositionto the near-Earth space environmentcauses
profound alterations of the thermal, mechanical, and opti-

cal properties of � own materials: These effects typically depend
on synergistic interactions between the spacecraft and the dif-
ferent elements of the space environment itself, such as neutral
gas, plasma, and radiation, as well as micrometeoroids and de-
bris. The speci� c entity and nature of the interactions is related
both to the orbit of the spacecraft and to the materials employed.
The action of neutral gas is largely dominant for the low-Earth-
orbit (LEO) environment, which ranges from an altitude of 200–
1000 km and from an inclination of 0–60 deg above the equatorial
plane.
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Atomic oxygen (AO) is the most abundant element present in
the neutral gas environment, characterizing the LEO environment.
Since the Skylab mission and the early space shuttle (SST) � ights,
it has been highlighted that AO can produce damaging erosion of
exposed surfaces, especially for polymeric materials.1 This effect
depends mainly on the relative velocity of AO atoms impacting
the spacecraft, which is about 8 km/s, corresponding to a total
kinetic energy of 5 eV. This level is suf� cient to break covalent
chemical bonds, particularly in the case of hydrocarbon polymers.
Several in situ2¡5 and laboratory6 tests have been carried out on
samples of different materials, to assess the effects of AO at-
tack, which usually produces super� cial erosion and, therefore, a
sensible mass loss in the exposed specimens. The AO erosion is
augmented by several factors,7;8 typically acting in synergistic in-
teraction, such as solar UV irradiation, proton and electron radia-
tion, thermal cycling, and contamination in high vacuum conditions
typical of near-Earth orbits. The main consequences of AO ero-
sion are the degradation of the thermal, mechanical, and optical
properties characteristicof the exposedmaterials.9¡11 These effects
can be very severe, leading to the failure of the entire mission,
and, therefore, they must be taken into consideration in the design
stage.

Early analyses of the effect of AO erosion on space-exposedma-
terials have been focused on the development of engineering tools
for a simple and reliable modeling of the effects of the neutral gas
attack. Namely, the mass and thickness loss have been assumed
proportional to the total time integrated � ux of AO impacting the
exposed surfaces,1 that is, the total � uence. The SPENVIS12 simu-
lation package is an online tool providedby ESA, whose ATOMOX
routine allows estimationof the total � uence of neutral gas affecting
a spacecraft during its mission. The computation of neutral etero-
sphere composition is achieved by the standard MSIS-90 model,12

whereas the erosiondepth due to AO attack for exposedmaterials is
evaluated through the calculation of the total � uence accumulated
during the spacecraft mission. A database of AO reactivity values
for several materials (i.e., the experimental proportional parameter
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of erosion depth vs AO � uence) is currently available online at the
SPENVIS home page.13

As already underlined by many scientists, several synergistic ef-
fects can contribute to AO degradation of exposed materials: Nev-
ertheless, each material shows a typical sensibility to speci� c inter-
actions, which can augment the action of the neutral gas. Namely,
the erosion of metallic and metallic oxides is strongly dependent
on thermal cycling, on super� cial contamination, and also on radi-
ation damage. Moreover, hypervelocity impacts with space debris
and micrometeroids can produce microholes and vents on the ex-
posed specimens that constitute optimal sites for the onset of the
AO attack. As the main consequence, all of the synergistic effects
already discussed are characterizedby nonlinearities in the erosion
process. This makes the descriptionof this phenomenonmore dif� -
cult, so that although several in situ missions and surveyshave been
performed to provide information on erosion rates, there is still a
considerablenumber of parameters characterizingthe operative en-
vironment of exposed specimens whose effects have not yet been
fully understood. Some tests have highlighted a dependence of the
erosion rates on the temperature of the samples, which periodically
varies along the orbit due to the alternation of direct sunlight and
shadow: This dependence is expected because the chemical reac-
tivity of the material to AO should be ruled by an Arrenhius type
law, even if the actual entity of the temperature effect is still to be
quanti� ed.

Laboratoryand in situ tests have also highlightedthe dependence
of the reaction rates on the attitude of the exposed specimens. This
effect is partly described by the concept of � uence itself because
the AO � ux depends on the cosine of the angle between the normal
to the surface and the velocity vector. However, for Kapton® and
Mylar® specimens,14¡16 it has been observed that the reaction yield
depends on the cosine of the angle between the surface normal and
the velocity of the AO stream raised to the 1.5 power. Neverthe-
less, because this effect has been measured only on a very limited
set of experimental data, it is usually neglected by commonly em-
ployedAO interactionsimulators,such as theATOMOX12 toolof the
SPENVIS package developed by ESA. The standard reaction yield
is, therefore, referred to normal incidence expositions for surveyed
materials. The attitude of the specimens is taken into consideration
only for the calculation of the impinging � ux and � uence.

Some Monte Carlo modeling techniques have been pro-
posed to evaluate the materials reactivity vs the atomic oxygen
irradiation.1;7;17;18 These models have been based on a complete
representation of the interactions between an impinging AO � ux
and the bulk material, that is, scattering without chemical reaction,
recombination to form nonreactive O2 , and production of volatile
oxides.1 The probabilityof these lattereventsmust beknown a priori
to developa reliablemodelingof hyperthermalAO attack.7 Further-
more, ray-tracingprocedureshavebeen combinedwith Monte Carlo
analysis to describe the oxygen atoms trajectories within the mate-
rial:Accordingto theBanks,1 Bankset al.,17 andSnyderandBanks18

model, impinging AO atoms can be grouped into equivalentMonte
Carlo reactive particles that interact with the � nite volume simula-
tion cells. Note that, even though the approachesdeveloped thus far
can provide clear understandingof the AO erosionphenomenafrom
a purely physical point of view, they are time and cost consuming
because they require access to powerful computers. The basic aim
of this paper is to provide a fast, simple, reliable technique to model
the interactionsof AO with polymeric materials. The approachhere

Table 1 Summary of experimental data for Kapton HN � lms � own on LDEF and Mir

Duration, Fluence, Eroded Initial mean Final mean
Mission months Location atoms/m2 thickness, m transmittance, % transmittance, %

LDEF 10 Trailing edge 1:79 £ 1024 a 5:4 £ 10¡6 b 78 25
LDEF 68 Space end 4:27 £ 1024 12:8 £ 10¡6 b 70 8
Mir 28 —— 2:33 £ 1024 c 7 £ 10¡6 77 6
Mir 42 —— 5:33 £ 1024 c 16 £ 10¡6 77 3

aFluence estimated by SPENVIS simulation.
bEroded thickness evaluated by assumption that R D 3:0 £ 10¡30 atoms/m3 for Kapton HN.
cFluence estimated by assumption that R D 3:0 £ 10¡30 atoms/m3 for Kapton HN.

presented is still based on a Monte Carlo simulation strategy, even
though the bulk material is discretized in microscopic simulation
cells and the detailedatomic and molecular structureof the attacked
polymer discarded, as developed by Banks.1 The proposed method
has the main advantage of relating both the erosion rates and the
degradationof the optical properties of the exposed polymers to the
AO � uence as a consequence of an assigned mission pro� le. The
model is validated by consideration of the results of experimental
surveys performed on specimens retrieved after in situ exposition
both on the Long Duration Exposure Facility (LDEF) and Mir mis-
sions. Validation of the model is centered around the degradationof
exposed Kapton thin � lms.

II. Analysis of Kapton Films Exposed on LDEF
and Mir: Experimental Results

Both the LDEF and Mir missions have been designed for expos-
ing samples of several materials to the LEO environment.Post� ight
experimentalinvestigationshave highlighteda sensiblereductionof
the thickness of the exposedsamples and a strong alteration of their
thermooptical properties. A summary of the � nal geometric and
optical properties of exposed unprotected Kapton HN � lms � own
both on LDEF and Mir is presented in Table 1: The spectral range
considered for the experimental analysis is 550–900 nm (Kapton
transmittance drops down below 550 nm), corresponding to a por-
tion of the visible electromagnetic radiation, near infrared.

The Kapton � lms exposed on LDEF were initially 125 ¹m thick.
The specimens exposed for 10 months were placed at the trailing
edgeof the satellite.The total AO � uence for these sampleshas been
evaluatedby the ATOMOX tool of the SPENVIS spaceenvironment
analysis suite,with considerationof the data concerningsolar activ-
ity during the � rst 10 months of LDEF missions, from April 1984
to February 1985, when the specimens were retrieved by SST.2;3

The eroded thickness has been evaluated under the assumption of a
reactionyield R D 3:0 £ 10¡30 atoms/m3 for Kapton HN. The initial
orbit of LDEF was circular, at an altitude of 509 km and an inclina-
tion of 28.4 deg to the equatorial plane. During its mission, which
lasted5.7 years(about70 months), theLDEF altitudedecreasedpro-
gressively to 324 km due to atmospheric drag. Therefore, the AO
� uence accumulated during the last year of � ight represents about
75% of the total exposure for the LDEF mission. Because the LDEF
attitude was pitched at about 8 deg, the space end of the satellite
received a total amount of AO � uence, which was about 5% of that
characterizing the LDEF trailing edge. Therefore, the total � uence
for specimens exposed during the entire 68-month mission is only
twice that for samples � own 10 months. The total eroded thickness
has also been evaluated for specimens exposed for 68 months by
considerationof a reaction yield R D 3:0 £ 10¡30 atoms/m3 .

For the Mir exposed specimens, which had an initial thickness
of 25 ¹m, the � rst experiment lasted 28 months, from July 1995 to
November 1997, whereas the second experiment lasted 42 months,
from July 1995 to January 1999. Because no data are provided
about the orientation of the specimens � own on the Mir station,
a SPENVIS simulation has been performed to estimate the total
leading-edge� uence. Moreover, the total � uence of AO for the ex-
posed specimens has also been evaluated by division of the exper-
imentally assessed eroded thickness by the Kapton reaction yield.
This value and the result of the SPENVIS analysis differ by an or-
der of magnitude, thus, highlighting that the specimens surface had
been oriented nearly parallel to the velocity vector and toward the
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Fig. 1 Effect of combined AO and UV exposition on LDEF Kapton
� lm specimens after 70-month exposure (data from Ref. 2).

space side,with directUV irradiation.The different� uence rates for
the 28- and 42-month � ights are related to the � uctuations in solar
activity during the Mir mission because the orbit of the station had
been held at a constant altitude of 400 km by periodical reboosts.
The inclinationof the Mir orbit was 51.6 deg to the Earth equatorial
plane.

The optical properties of the exposed Kapton � lms appear to be
stronglyreduced.Table 1 shows a clear correlationbetween the total
AO � uenceand theentityof transmittancereductionbeyond550nm.
Even though these effects have been thus far related mainly to sur-
face roughness, it is worth investigatingwhether any synergistic in-
teractions of AO bombardment with UV radiation can contribute to
the transmittancereduction in the 550–900-nmrange. In fact, LDEF
specimens had been exposed to 14,500 equivalent sun hours (ESH).
Moreover, though no reliable data are available about total sunlight
irradiation of Mir exposed specimens, it should be expected that
they have experiencedan electromagneticirradiationcomparableto
those of LDEF. If synergistic interactions between AO and UV ra-
diation occurred, they would have altered the chemical composition
of the polymer, providing signi� cant changes in the transmittance
spectrum, with particular emphasis in the infrared range.

Nevertheless,as shown in Fig. 1, the infrared transmittance spec-
trum for the LDEF exposed Kapton, given the working precision
of the spectrophotometer employed, does not exhibit any sensible
phase shift or peak alteration, showing that no chemical modi� ca-
tion has affected the polymer during its exposure to combined AO
� ux and UV radiation. In fact, the transmittance spectrum appears
to be simply shifted toward lower values. Therefore, the decrease in
transmittance,observedboth in LDEF and Mir specimens, is related
only to the surface roughening due to AO erosion.

This result is also con� rmed by previousworks2;3 on Kapton � lm
in situ exposure,which have alreadydemonstratedthat this material
is insensitive to UV radiation.

The spectra for the specimens exposed both on LDEF and on
Mir are presented in Figs. 2–5, which report experimentaldata.1;2;19

LDEF specimens geometry were circular disks (3-cm diam) made
of Kapton, rigidly � xed on a metallic substrate, whereas Mir speci-
mens were rectangular thin plates (5 £ 6 cm) � xed to metallic rigid
frames. It can be observedthat the reductionof transmittanceaffects
the whole wavelength range considered here, though the difference
between the spectra of exposedand unexposedspecimensdecreases
at increasing ¸. This latter effect is undoubtedly related to the in-
crease in surface roughness.

As was already underlined, the transmittance decrease is related
to the total amount of AO � uence for � own specimens. This obser-
vation is furthercon� rmed by analysisof the Kapton � lm spectra re-
ported here becausethe transmittanceloss is lower for the 10-month
� own specimens than for all others.

Fig. 2 Experimental transmittance spectrum for LDEF specimens:
10-month exposure, data from Ref. 2.

Fig. 3 Experimental transmittance spectrum for Mir specimens:
28-month exposure, data from Ref. 13.

Fig. 4 Experimental transmittance spectrum for Mir specimens:
42-month exposure, data from Ref. 13.
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Fig. 5 Experimental transmittance spectrum for LDEF specimens:
70-month exposure, data from Ref. 2.

The residual transmittance for Mir specimens is very low and ap-
parentlystableafter 28 monthsof exposure.19 However, theseexper-
imental data are not fully reliable because the sensibility threshold
of the spectrophotometer employed by the Russian researcher was
about 5% and the measurement error was about §1% (Ref. 19).

The Kapton � lm transmittance spectrum for the specimens ex-
posed on LDEF for 70 months differs slightly from the others pre-
sentedhere:The initial transmittanceis lower, and the � nal spectrum
shows a localmaximumabout870nm, as shown in Fig. 5. This latter
effect can be explained neither by considerations about the evolu-
tion of surface roughness, nor by measurement error because the
transmittance was surveyed several times and the spectrophotome-
ter employed was the same used in the case of 10-month exposed
specimens.The transmittanceincrease,which appearsonly in a very
narrow band of the spectrum, is probably related to the presence of
some contaminant substances during the � nal stage of the LDEF
mission, when the action of the neutral atmosphere was particularly
intense.2

III. Simulation of AO Erosion
Let us assume that a representativevolumeof material is split into

equal rectangularshaped cells, as shown in Fig. 6, whose length and
width are each represented by d and whose thickness is given by
h. The reaction probability for each cell exposed to the normal AO
� ux has the standard exponential form

prn D kr exp ¡.Ei =E f;1t / (1)

where Ei is the energy required for chemical interactions to occur,
E f;1t is the mean value of total kinetic energy stored in each cell by
the AO � ux during an assigned time interval1t , and kr is a reaction
constant that will be shown to be related to both the interaction
energy Ei and the cell thickness h. The differencebetween the total
kinetic energy of the impinging � ux and the energystored in the cell
volume by surface accomodation is accounted for by the reaction
constant kr , which is experimentallyevaluated through in situ tests.
Consequently, Eq. (1) differs from an Arrhenius type law utilized
for the reaction probability, such as that employed by Banks.1

The mean value of the total energy transported by the AO � ux is
given by the expression

E f;1t D 1
2
m0v2 F1t d2 (2)

where m0 D 2:657£ 10¡26 is the mass of an oxygen atom, F1t is
the AO � uence evaluated over the time interval 1t, and v2 is the
mean quadratic velocity of the � ux. Note that Nv2 given by the sum
of the squared orbital velocity vorb and the mean quadratic value of

Fig. 6 Prismatic cell for
Monte Carlo simulations of
AO attack.

the randomthermalmotionvelocities;therefore,it has the following
expression:

v2 D v2
orb C 3.kTg=m0/ (3)

wherek is theBoltzmannconstantand Tg is the absolutetemperature
of the neutral gas. For the interactionenergy Ei , let us introduce the
following expression:

Ei D !i d
2h (4)

where!i is the interactionenergydensity,calculatedfor1 m3 of bulk
material.Generally, the interactionenergy representsthe magnitude
of the total kinetic power that must be transferred to the material to
have a signi� cant probability of chemical interaction with the AO
impinging � ux. The values of E i for a speci� c material are closely
dependent on its composition.The estimation of the interaction en-
ergy density !i will be discussed in Sec. IV.

Substituting the expressions (2) and (4) into Eq. (1) yields the
following form for the reaction probability of a � nite volume of
material:

prn D kr exp ¡
³

2!i

m0v2 F1t

´
h (5)

which depends only on the thickness h of the simulation cells.
Let us consider a monodimensional array of N simulation cells

hit by a normal AO � ux, directed along the z axis (Fig. 7), where
N is a suf� ciently large integer number. The array just described
coincides with the � rst row of the matrix of simulation cells shown
in Fig. 7 according to expression (5). For each cell, there is a � nite
probabilityof being eroded.For this set of � nite volumes, the mean
eroded thickness can be evaluated as

N± D .±1 C ±2 C ¢ ¢ ¢ C ±N /=N D Nr h=N D prnh (6)

where ±i is the eroded thickness for each cell. Assuming that we
discretizethe oxygenetchingprocess,each � nite simulationvolume
can either survive or be completely eroded, so that the total amount
of thickness lost is simply given by the product of the number Nr of
etched cells and of their dimension h. The ratio between the latter
quantity and the total number of cells gives the mean value of the
eroded thickness, and, given that Nr =N D pr n for N ! 1, it yields
Eq. (6). When the same steps are followed, it is easy to show that
the mean quadratic value of the thickness lost is given by

±2 D
¡
±2

1 C ±2
2 C ¢ ¢ ¢ C ±2

N

¢¯
N D Nr h2

¯
N D prnh2 (7)

The standard deviation ¾± of a random variable ± is de� ned as

¾ 2
± D ±2 ¡ N±2 (8)

and so the substitution of Eqs. (6) and (7) into Eq. (8) yields

h2 pr n.1 ¡ prn/ D ¾ 2
± (9)

Equations (6) and (9) constitutea nonlinearsystem whose unknown
quantities are the thickness of the simulation cells and the reaction
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Fig. 7 Array of � nite volume for Monte Carlo simulations of AO attack: two-dimensional discretization of the bulk material.

constantkr , provided that the interactionenergy density!i has been
evaluated(Sec. IV), and that the AO � uence F1t and the temperature
T have been assigned. Under the assumption that

¯ D 2!i

¯
m0v2 F1t (10)

Eqs. (6) and (9) can be rearranged in the following form:

hkr e
¡¯h D ±1t ; h2kr e

¡¯h
¡
1 ¡ kr e

¡¯h
¢

D ¾ 2
±;1t (11)

where ¯ > 0 and the subscript 1t refers to the time discretization.
The nonlinear system (11) can easily be solved by simple alge-

braic passages that yield

kr D
¡
±1t

¯
h
¢
e¯h ; h D ±1t C ¾ 2

±;1t

¯
±1t (12)

When the standardapproachesto model AO erosionof materialsare
followed, the mean eroded thickness can be expressed as a function
of the total � uence F1t , resulting in

±1t D F1t R (13)

where R is the erosion yield expressed as m3/atoms.
The standard deviation ¾±;1t of the eroded thickness is the rms of

the roughenedmaterial surfaceafter beingexposedto an AO � uence
F1t :

¾±;1t D

vuut 1
N

NX

i D 1

¡
± i

1t ¡ ±1t

¢2
(14)

where N is the number of points where the ablation thickness t ,
corresponding to the � uence F1t , has been measured.

IV. Internal pressure: Evaluation of Erosion Yield R

Let us consider a � nite prismatic volume of an assigned isotropic
material (Fig. 6). From an initial referencecon� guration,a � nite in-
crement of pressure 1p is applied at constant temperature on all of
the faces of the elemental volume. Assume that we consider a refer-
ence system whose axes are parallel to the sides of the � nite prism;
the isothermal compressivemodulus and the volumetric thermal ex-
pansionmodulusat constantpressurecan be expressed,respectively,
as

1
V

³
@V

@p

´

T

D ¡3
1 ¡ 2º

E
(15)

1
V

³
@V

@T

´

p

D 3® (16)

Use of the expressions (15) and (16) yields the following equation
for the total ratio of volumetric change:

dV =V D ¡3[.1 ¡ 2º/=E] dp C 3® dT (17)

The internal pressure, or cohesive pressure, Âi of a substance is
de� ned as

Âi D
³

@U

@V

´

T

(18)

where U is the internalenergy.The partialderivative(18) represents
the reaction forces that a solid exhibits when it is subjected to an
isothermalvolumetricchange.These forcesare exertedon the exter-
nal surfaces of the solid volume, so that they can be represented by
a pressure: Nevertheless, this pressure also represents a volumetric
potential energy density, which yields the cohesion energy of a unit
volume of solid matter.

Expanding the partial derivative in Eq. (18) with the expres-
sion of the internal energy, together with Maxwell’s equation,
yields

³
@U

@V

´

T

D ¡p C T

³
@p

@T

´

V

(19)

When a transformationat constant volume is considered,the partial
derivativeof the pressurewith respect to the temperature is obtained
by Eq. (18), as follows:

³
@p

@T

´

V

D ® ¢ E

1 ¡ 2º
(20)

Combining Eqs. (18–20) yields the following expression of the in-
ternal pressure:

Âi D ¡p C ® ¢ E ¢ T

1 ¡ 2º
(21)

As is shown from Eq. (21), the internal pressure is dependent on
the actual pressure to which the solid is subjected, as well as on the
temperature of the material. When the typical LEO environmen-
tal parameters are considered, the external pressure for a material
directly exposed to space is very close to zero; therefore, it can be
neglected.Because the temperatureof the materials varies along the
orbit trajectory, the mean internal pressure must be evaluated given
different segments of the orbit itself. Details of this calculationwill
be discussed later.

The values of internal pressure Âi for 16 materials commonly
employed in space structures are reported in Table 2: The data are
orderedaccordingto increasingerosionyield R, and they have been
evaluated at a temperature of 273 K to develop a preliminary com-
parison. The typical value for the cohesive density energy is about
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Table 2 Internal pressure and reaction yield for metallic and polymeric materials

Material (T D 273 K and p D 0 Pa) E , Pa ºa ®, 1/K Âi , J/m3 R, m3 /atoms £ 1030

Gold 7.72EC10 0.42 1.44E¡05 1.897EC09 0.000
Aluminum 7.10EC10 0.33 2.27E¡05 1.294EC09 0.000
Titanium 1.16EC11 0.34 8.90E¡06 8.808EC08 0.000
Germanium 1.30EC11 0.30 6.10E¡06 5.412EC08 0.000
Al2O3 3.66EC11 0.22 7.20E¡06 1.285EC09 0.025
Te� on 1.80EC09 0.46 1.30E¡04 7.985EC08 0.100
Kynar 2.41EC09 0.34 1.50E¡04 3.084EC08 0.600
Graphite 4.80EC11 0.34 2.00E¡06 8.190EC08 1.200
Polystyrene 3.00EC09 0.33 7.98E¡05 1.922EC08 1.700
Epoxy resin 5.00EC09 0.35 4.38E¡05 1.993EC08 2.100
Carbon–epoxy 8.00EC10 0.12 1.00E¡05 2.874EC08 2.300
Polysulfone 2.50EC09 0.33 6.01E¡05 1.206EC08 2.400
Kapton 2.50EC09 0.34 4.0E¡05 6.279EC07 3.000
PEEK 3.50EC09 0.4 2.20E¡05 1.051EC08 3.000
Polymethylmethacrylate 2.20EC09 0.33 6.00E¡05 1.060EC08 3.100
Tedlar 2.62EC09 0.33 2.50E¡05 5.259EC07 3.200
Mylar 3.79EC09 0.35 1.70E¡05 5.863EC07 3.300
Polyethelene 2.40EC09 0.34 7.92E¡05 1.622EC08 3.300
Silver 7.60EC10 0.37 1.96E¡05 1.564EC09 10.500

aPoisson modulus of the material.

Fig. 8 Logarithm of internal pressure Âi vs experimental reaction yield R for polymeric materials in LEO.

1 GJ for metallic materials, whereas it is at least one order of mag-
nitude lower, about 100 MJ, for polymers. In Table 2, the internal
pressure is also compared to the reaction yields for the different
materials. As can be observed, metals and metals oxides, such as
Al2O3 , generally show high internal pressures and very low ero-
sion yields, with the exception of silver. The metals react to AO by
developinga � lm of super� cial oxide that can inhibit further chem-
ical reactions; however, the silver oxide does not stick to the metal
substrate and so this material can quickly be eroded if exposed to
energeticAO. For graphite and organic polymers, the AO combines
with the atoms within the polymer chain forming volatile oxides
and radicals, such as CO, OH, and NO, thus, producing a super� -
cial erosion.The Te� on® and the carbon–� uorine polymers are only
slightly eroded by AO because the C–F bond is very energetic, and
the F atoms have a very high electron density, providing an ef� cient
shield for the carbon atoms and their bonds.

For anisotropic materials, such as the carbon–epoxy listed in
Table 2, it is impossible to employ expression (21) directly to eval-
uate the internal pressure because there are different elastic and
thermal expansionmoduli with respect to the reference frame direc-
tions. This problem can be easily avoided if the anisotropicmaterial
is composed of two different isotropic phases, as occurs in standard
� ber reinforcedcomposites. In fact, in the latter case, it is suf� cient

to apply the law of mixtures, weighting the cohesive energy den-
sity of each phase by its volumetric fraction. The carbon–epoxy
data in Table 2 have been estimated under the assumption that the
composite is composed of 60% graphite and 40% epoxy resin.

The Monte Carlo simulation is performed by considerationof an
interactionenergy density !i . Because the erosion process involves
the formation of volatile or nonstickingoxides, leading to the com-
plete decohesion of the bulk material, it is reasonable to assume
that the interaction energy density is equal to the internal pressure
of the material because this latter provides an energy scale of the
bond interactionsamong atoms and moleculeswithin a solid phase.
Therefore, from now on, it is stated that

!i D Âi (22)

Once the interaction energy density (21) is given, the evaluation of
the kr constant can be performed using Eqs. (12), which relate kr to
the geometric measurings of the pro� le of the eroded surface, that
is, the mean ablated thickness and its rms.

The mean eroded thickness can be assessed by Eq. (13), once
the erosion yield R is known. The latter can be evaluated by the
use of the linear relation between the internal pressure and the
erosion yield itself, as highlighted in Fig. 8. The linear regression
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equation is

R D ¡1:3667 Âi C 28:1427 (23)

where the units of measure are the same as in Table 2.

V. Evaluation of Surface Roughness RMS
The roughness rms can be assessed by pro� lometric analysis

of AO eroded surfaces. Nevertheless, super� cial texturing causes
strong variations of both the light transmission and friction coef� -
cients of the eroded surfaces. These effects can be very important
in evaluating the global changes on the thermal and structural re-
sponse of materials exposed to the LEO environment.Therefore, an
indirectway of evaluatingthe surfaceroughnessrms of AO attacked
surfaces may consist of assessment of the variations of the spectral
coef� cients related to electromagneticwave interactionswith mate-
rials due to super� cial scattering,such as transmittance,re� ectance,
and absorbance.

Following Ogilvy,20 the changes in spectral transmittance and
re� ectance for rough surfaces due to multiple scattering can be ex-
pressed as

t D t0
£
1 ¡ .2¼=¸2/.n1 ¡ n2/

2¾ 2
¤

(24)

r D r0

£
1 ¡ .8¼=¸2/n2

1¾
2
¤

(25)

where t is the transmittance, r is the re� ectance, n1 and n2 are
the refractive indexes, ¸ is the wavelength, and ¾ is the surface
roughness rms. Because ¾ is not dependent on the reference frame
used to evaluate the geometry of surface pro� le, it can be assumed
that

¾ D ¾± (26)

The coef� cients t0 and r0 refer to the nominal transmittance and
re� ectance properties for an ideal � at surface. Because the mea-
surements of the refractive indexes are performed in air, it can be
assumed that

n1 D 1 (27)

whereas n2 stands for the refractive index of the material. Accord-
ing to Eqs. (24) and (25), both the transmittanceand the re� ectance
of the eroded surfaces diminish with increasing roughness. The re-
lations (24) and (25) are valid if the correlation length of surface
roughness is much greater than the wavelength, as will be assumed
hereafter. This hypothesis should be veri� ed directly by a pro� lo-
metric analysis of the eroded surfaces. However, data from in situ
missions con� rm the latter assumption because a huge reduction of
the transmittancecoef� cient has been highlighted,as will be shown
later. Moreover, still following Ogilvy,20 if the correlation length
of the surface roughness were much lower than the wavelength of
the incident electromagnetic radiation, both the spectral and total
transmittance would increase. It must be observed that Eqs. (24)
and (25) represent a solution of Maxwell’s equations in the limit of
large-scalesurface roughness.No approximationrelated to geomet-
ric optics has been introduced.

When a wavelength interval [¸1, ¸2] is considered,with ¸2 being
much lower than the correlation length of surface roughness, and
when the mean transmittances are de� ned as

t0 D 1

¸2 ¡ ¸1

Z ¸2

¸1

t0.¸/ d¸; Nt D 1

¸2 ¡ ¸1

Z ¸2

¸1

t .¸/ d¸ (28)

the following relation holds:

Nt=t0 D 1 ¡ 2¼¿ .n1 ¡ n2/
2¾ 2 (29)

where

¿ D

R
¸2

¸1

t0.¸/

¸2 d¸
R ¸2

¸1
t0.¸/ d¸

(30)

Similarly, for the mean re� ectances in the spectral range [¸1 , ¸2],

Nr=r0 D 1 ¡ 8¼½n2
1¾ 2 (31)

where

½ D

R ¸2

¸1

r0 .¸/

¸2 d¸
R

¸2

¸1
r0.¸/ d¸

(32)

Equations (29) and (31) allow us to evaluate the variations in the
mean transmittanceand re� ectancecaused by the surfaceroughness
of the material, with respect to the spectral interval [¸1 , ¸2]. If these
properties are measured on � own samples, the surface roughness
rms for thesepropertiescanbe easilyassessed.The meanabsorbance
for the spectral range considered can be simply expressed as

Na D 1 ¡ Nt ¡ Nr (33)

As can be deduced from Eqs. (29), (31), and (33), the mean ab-
sorbance coef� cient increases with surface roughness rms.

VI. Monte Carlo Simulation and Results
for Mir and LDEF Exposed Specimens

According to the simulation strategy proposed in this paper, the
vertical dimensionof the simulation cell h and the reactionconstant
kr can be assessed by the mean eroded thickness and the surface
roughness rms ¾ , which, in turn, can be obtained by the internal
pressure and the transmittance, or re� ectance properties over an
assigned spectral range. The simulation provides the evolution of
eroded thickness and surface rms by discrete steps of � uence F1t ,
corresponding to time intervals whose duration is 1t. As will be
later shown in detail, the exposure to the space environment causes
a strong diminution of both the transmittance and re� ectance of
exposed polymeric samples. This effect is clearly related to surface
roughening, as discussed in the preceding paragraph. This implies
that the AO exposed surfaces are characterized by the presence of
peaks and valleys, whose mean height and depth tend to increase
with � uence. On the contrary, the reaction probability pr n has been
estimated by the consideration of just one simulation cell layer,
instead of the complete array, which is assumed to be representative
of the discretized bulk material.

The actual reactionprobability for a simulation cell also depends
on its positioning with respect to the mean plane of the eroded
surface: A cell placed in a deep valley must have a lower reaction
probability than an element on a peak because of a complex effect
of � uid dynamics shadowing that depends mainly on the geometry
of the eroded surface itself. Figure 9 shows qualitatively that the
reaction probability prn of each cell depends on its position along
the z axis, that is, on the distance between the cell itself and the
plane of the eroded surface.

Fig. 9 Reaction probabilityvs the distanceof each simulationcell from
the mean plane of the eroded surface.
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Table 3 Surface roughness assessed by experimental mean transmittance ratio

Duration, Mean transmittance ¾± at the end
Mission months Location ratio, � nal/initial ¿ , 1/m2 of the mission, nm

LDEF 10 Trailing edge 0.3205 2.0067£ 10¡6 201.7
LDEF 70 Space end 0.1143 1.9139£ 10¡6 232.5
Mir 28 —— 0.0779 1.9381£ 10¡6 233.6
Mir 42 —— 0.0390 1.9381£ 10¡6 241.7

To model the effect of surface shadowing, it would be necessary
to describe fully the � uid dynamics of rare� ed supersonic neutral
gas streams interactions with rough surfaces, which represents a
problem whose analysis is beyond the scope of this work.

Therefore, to take into account the variation of the reaction prob-
ability related to the depth of the exposed simulation cell, a cut-off
integer number of cells qc, measured starting from the mean plane
of the eroded surface, is introduced.

When the simulation cell depth ratio is de� ned as

q D .±i j ¡ N±/=h (34)

where ±i j is the ablated thickness corresponding to the cell (i; j ) of
the simulation array, the following revised de� nition holds for the
reaction probability:

pr n D

(
kr exp ¡

¡
2!i

¯
m0v2 F1t

¢
h; q < qc

0; q ¸ qc (35)

In view of the preceding discussion, Eqs. (12) for the calculation
of the dimension h of the cells and of the constant kr remain valid
if and only if the � uence step F1t is small compared to the total
� uence of the mission. Consequently, the depth of the valleys for
the initial step of the simulation does not exceed the critical value
qc . When the � uence step F1t is assigned, both qc and the initial
surface rms increment must be set by a proper regression analysis
on experimental data, as will be discussed later. Finally, because
Eqs. (29) and (31) do not explicitly contain the correlation length
of the surface roughness,which is assumed to be much greater than
the highest wavelength of the spectral range [¸1 , ¸2], no estimation
can be made of the horizontal dimension d of the simulation cells,
for which ¸2 represents only a lower bound.

The Monte Carlo based method for simulating an AO attack on
polymeric materials has been applied here to Kapton thin � lms,
which were actually exposed on both LDEF and Mir. Initially, the
� uence step F1t has been set to 1022 atoms/m2 , which corresponds
to variable time intervals,dependingon the orbitalparametersof the
spacecraft, the level of solar activity, and the attitudeof the exposed
specimensand of the spacecraft itself.Moreover, other assumptions
have been introduced for the several parameters that de� ne the op-
erative environment for the missions examined, as follows:

1) The orbitalvelocityvorb has been set to 8 km/s. This hypothesis
is reasonablefor both Mir and LDEF, even thoughin the secondcase
vorb increased during the mission due to altitude reduction.

2) The temperature of neutral gas Tg has been assumed equal to
1000 K, though it can vary slightly due to solar activity and the
altitude range of LDEF.

The erosionyield R forKaptonhasbeenset to3 £ 10¡30 m3/atoms,
which represents the typical value in the literature. Note that the
linear � t (23) of erosion yield vs the natural logarithm of internal
pressureprovidesa valueof R equal to 3:2 £ 10¡30 m3/atoms,which
agrees well with the literature data. Therefore, the mean value of
the ablated thickness for the selected � uence step can be evaluated
by Eq. (13).

The assessment of the surface roughness evolution step ¾±;1t is
much more problematic.The experimentaldata fromMir and LDEF
specimens allows us only to calculate, by inversion of Eq. (29), the
surface rms ¾± at the end of each mission, as shown in Table 3,
whereas for Monte Carlo simulation, it is necessary to evaluate the
roughness change ¾±;1t , corresponding to the selected � uence step.

Fig. 10 Effect of a 30-nm initial surface roughness on the transmit-
tance ratio t/t0 of a 25-¹m Kapton � lm according to Eq. (29).

Moreover, the initial surface roughness and the cutoff number
qc are unknown. All of these parameters must be computed by a
nonlinear regression of simulated outputs vs experimental data. To
performthisanalysis,it hasbeenassumedthat the surfaceroughness,
which increases with the � uence step F1t , is related to the mean
ablated thickness according to the following relation:

¾±;1t D ° .1t; R/±1t (36)

where ° .1t; R/ must be determined by the regression analysis just
discussed.The initial value of surfaceroughnessrms ¾± has been set
to 30 nm, which, according to literature, is typical of Kapton thin
� lms.

It must be consideredthat the transmittancet0 in Eq. (24) refers to
an ideal � at surface,whose rms is zeroHowever, as shownin Fig. 10,
the effect of surface roughness limited to a few tens of nanometers
on the actual transmittance of the � lm is very small, and so it can
be neglected. Therefore, a small initial surface roughness can be
introduced in the simulations without correction of the values of
transmittance for virgin � lms, as listed in Table 1.

The unknown parameters, namely ° .1t; R/ and qc , have been
evaluated by minimizing the following quadratic function:

1.°; qc/ D
4X

i D 1

µ±
±

.sim/

i ¡ ±i

²2

C
¡
¾

.sim/

±;i ¡ ¾±;i

¢2

¶
(37)

where the subscript i refers to the four values of � uences of in situ
missions.The function1.° ; qc/ is obtained in a discretizedform by
varyingboth° .1t ; R/ andqc. Itsminimizationis simpli� edbecause
qc has integer values. From the experimental data concerning both
the LDEF and Mir missions, it has been obtained that

° .1t ; R/ D 0:7811; qc D 6 (38)

and, thus, Eqs. (12) yield

h D 4:34 £ 10¡8 m; kr D 0:8772 (39)
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The simulationparameters (38) and (39) are strictly related to the
� uence step F1t selected and depend on the material considered,
that is, Kapton HN in the present case. However, the � uence step
must be much lower than the total AO dose received during the
mission; otherwise the agreement between numerical results and
experimental data will be poor. Given the different locations of the
exposed specimens and their various orientationsvs the neutral gas
� ux, it can be concluded that parameters (38) and (39) identify the
Kapton HN interactionwith AO for a selected value of � uence step.
If this step is varied, parameters (38) and (39) must be reassessed
by evaluation of expressions (12) and by minimizing the quadratic
function (37). On the other hand, it can be observed that a � uence
step set to 1022 atoms/m2 corresponds to the mean irradiation for a
sample exposed for 12 h at the leading edge of a spacecraft at an
altitude of 500 km and an inclination of 51 deg, during moderate
solar activity.Therefore, the selected � uence step can be considered
suf� ciently small if compared to the AO global irradiation during a
LEO � ight lasting several months.

The results of the Monte Carlo simulations for the mean eroded
thickness, for the surface roughness rms, and for the mean transmit-
tance of the samples are reported in Figs. 11–13.

An orthogonal array of 105 simulation cells, providing 200 cells
along the x axis (length) and 500 cells along the z axis (depth), has

Fig. 11 Surface roughness rms: comparison between Monte Carlo
simulation results and experimental data.

Fig. 12 Eroded thickness: comparison between Monte Carlo simula-
tion results and experimental data.

Fig. 13 Mean normal transmittance in the spectral range (550–

900 nm): comparison between Monte Carlo simulation results and ex-
perimental data.

been considered: This number assures a suf� cient convergence of
the Monte Carlo method for both the mean eroded thickness and
the surface roughness rms. Note that both of the results concerning
the mean eroded thickness, as well as the surface rms, are in good
agreement with the experimental data for LDEF and Mir exposed
Kapton � lms. More precisely, the mean eroded thickness appears
to be slightly lower than that calculated by multiplying the erosion
yield and the total � uence. This result is clearly related to the intro-
ductionof a cutoff for the reactionprobabilityof the simulationcells
beneath the mean plane of exposedsurfaces. The surface roughness
rms reaches an asymptotic value about 249 nm, which corresponds
to an almost complete loss of mean transmittance in the spectral
range considered here. This trend has already been highlighted by
the examination of the Mir and LDEF data, as discussed earlier.
From the analysisof the dependenceof the simulated transmittance
on � uence, reported in Fig. 13, note that the values of the mean
transmittance for exposed Kapton are slightly underestimated for
� uences exceeding 3 £ 1024 atoms/m2 . This low accuracy can be
related to threshold sensibility of the spectrophotometeremployed
for the experimental surveys on � ow � lms. However, again from
Fig. 13, it is clear that the AO attack seriously affects the spectral
propertiesof exposedKaptonfor � uencesexceeding5 £ 1023 atoms,
due to the increased surface roughness. As is shown by Eqs. (31)
and (33), this effect strongly raises the absorbance of the kapton
� lms during � ight and, therefore, it must be taken into account in
the design stage.

VII. Conclusions
A Monte Carlo based approach to simulating the AO attack on

polymeric � lms exposed to the LEO space environment has been
presented and discussed.The basic assumption is that the bulk ma-
terial can be represented by an array of � nite volume simulation
cells, whose probability of being eroded is given in a standard ex-
ponential form, relating the total amount of kinetic energy stored by
an AO � ux in each simulation volume and the internal pressure of
the material itself. It has also been shown that the erosion yield R is
almost a linear function of the logarithmof the internal pressure for
polymeric materials. This observation has presented the possibility
of developmentof a tool to estimate the erosion yield of polymeric
materials, starting from their thermomechanicalproperties.

The pronounced diminution in the mean direct transmittance in
thin Kapton � lms has been related to surface roughening, via the
standard scalar equation of electromagnetic wave surface scatter-
ing. This observationhas allowed us to calculate the surface rms for
Kapton � lms exposed to the space environmenton both LDEF and
Mir, in the range between 550 and 900 nm. The Monte Carlo ap-
proachproposedhere requiresan input of the meaneroded thickness
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and the surfaceroughnessrms, correspondingto an assigned� uence
step of AO. These parameters have been calculated for LDEF and
Mir exposedKapton specimensby a nonlinear regressionon exper-
imental data. The outputs of the simulations are the mean eroded
thickness, the surface roughness rms, and the mean direct trans-
mittance for the spectral range, considered as functions of the total
AO � uence. Comparison between the results of the simulation and
the experimental data evidences good agreement for all of the pa-
rameters taken into consideration.Hence, the proposed method can
represent a valid tool to estimate the Kapton response to space en-
vironment exposure in terms of both mass loss and degradation of
spectral properties. The approach presented here can be employed
for other polymers, provided that the spectra of exposed specimens
are available. Further investigation is necessary to establish the re-
liability of the proposed method for space-employed materials, es-
pecially in the � eld of passive thermal control of spacecraft, such as
thermal blankets and sunshields.
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