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Standard Practices for
Ground Laboratory Atomic Oxygen Interaction Evaluation of
Materials for Space Applications1

This standard is issued under the fixed designation E2089; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 The intent of these practices is to define atomic oxygen
exposure procedures that are intended to minimize variability
in results within any specific atomic oxygen exposure facility
as well as contribute to the understanding of the differences in
the response of materials when tested in different facilities.

1.2 These practices are not intended to specify any particu-
lar type of atomic oxygen exposure facility but simply specify
procedures that can be applied to a wide variety of facilities.

1.3 The values stated in SI units are to be regarded as the
standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Terminology

2.1 Definitions:
2.1.1 atomic oxygen erosion yield—the volume of a material

that is eroded by atomic oxygen per incident oxygen atom
reported in cm3/atom.

2.1.2 atomic oxygen fluence—the arrival of atomic oxygen
to a surface reported in atoms/cm2

2.1.3 atomic oxygen flux—the arrival rate of atomic oxygen
to a surface reported in atoms·cm−2·s−1.

2.1.4 effective atomic oxygen fluence—the total arrival of
atomic oxygen to a surface reported in atoms/cm2, which
would cause the observed amount of erosion if the sample was
exposed in low Earth orbit.

2.1.5 effective atomic oxygen flux—the arrival rate of atomic
oxygen to a surface reported in atoms·cm−2 ·s−1, which would
cause the observed amount of erosion if the sample was
exposed in low Earth orbit.

2.1.6 witness materials or samples—materials or samples
used to measure the effective atomic oxygen flux or fluence.

2.2 Symbols:

Ak = exposed area of the witness sample, cm2

As = exposed area of the test sample, cm2

Ek = in-space erosion yield of the witness material, cm3/
atom

Es = erosion yield of the test material, cm3/atom
fk = effective flux, atoms/cm2/s
Fk = effective fluence, total atoms/cm2

∆Mk = mass loss of the witness coupon, g

3. Significance and Use

3.1 These practices enable the following information to be
available:

3.1.1 Material atomic oxygen erosion characteristics.
3.1.2 An atomic oxygen erosion comparison of four well-

characterized polymers.

3.2 The resulting data are useful to:
3.2.1 Compare the atomic oxygen durability of spacecraft

materials exposed to the low Earth orbital environment.
3.2.2 Compare the atomic oxygen erosion behavior between

various ground laboratory facilities.
3.2.3 Compare the atomic oxygen erosion behavior between

ground laboratory facilities and in-space exposure.
3.2.4 Screen materials being considered for low Earth

orbital spacecraft application. However, caution should be
exercised in attempting to predict in-space behavior based on
ground laboratory testing because of differences in exposure
environment and synergistic effects.

4. Test Specimen

4.1 In addition to the material to be evaluated for atomic
oxygen interaction, the following four standard witness mate-
rials should be exposed in the same facility using the same
operating conditions and duration exposure within a factor of
3, as the test material: Kapton(R)2 H or HN polyimide,
tetrafluoroethylene (TFE)-fluorocarbon fluorinated ethylene
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propylene (FEP), low-density polyethylene (PE), and pyrolytic
graphite (PG). The atomic oxygen effective flux (in
atoms·cm−2·s−1) and effective fluence (in atoms/cm2) for Kap-
ton H or HN polyimide should be reported along with the mass
or thickness loss relative to Kapton H or HN polyimide for the
test material, TFE-fluorocarbon FEP, PE, and PG. For atomic
oxygen interaction testing at effective fluences beyond 2 × 1021

atoms/cm2, Kapton H polyimide has been recommended in the
past, however E. I. du Pont de Nemours and Company (DuPont
(TM2)) has discontinued its manufacture. Kapton H polyimide
is the preferred replacement, but Kapton HN polyimide con-
tains atomic oxygen-resistant inorganic particles which begin
to protect the underlying polyimide, thus resulting in an atomic
oxygen erosion yield in low Earth orbit (2.81 × 10-24 cm3/
atom) that is slightly less than that of Kapton H (3.00 × 10-24

cm3/atom)) (1)3.

4.2 It is not necessary to test the four standard witness
samples for each material exposure if previous data exists at
the same exposure conditions and if the fluence for the test
sample is within a factor of 3 of the standard witness exposure.
When possible, the recommended standard witness polymer
materials should be 0.05 mm thick and of a diameter greater
than 5 mm. It is recommended that the pyrolytic graphite
witness sample be 2 mm thick and of a diameter greater than
5 mm. High-fluence tests, which may erode through the full
thickness of the standard polymer witness, can use the recom-
mended thickness sample materials by stacking several layers
of the polymer on top of each other.

5. Procedure

5.1 Sample Preparation:
5.1.1 Cleaning:
5.1.1.1 The samples to be evaluated for atomic oxygen

interactions should be chemically representative of materials
that would be used in space. Thus, the surface chemistry of the
samples should not be altered by exposure to chemicals or
cleaning solutions which would not be representatively used on
the functional materials to be used in space.

5.1.1.2 Wiping samples or washing them may significantly
alter surface chemistry and atomic oxygen protection charac-
teristics of materials, and is therefore not recommended.
However, if the typical use in space will require preflight
solvent cleaning, then perform such cleaning to simulate actual
surface conditions expected.

5.2 Handling—The atomic oxygen durability of materials
with protective coatings may be significantly altered as a result
of mechanical damage associated with handling. In addition,
unprotected materials can become contaminated by handling,
resulting in anomalous consequences of atomic oxygen expo-
sure. It is recommended that samples be handled such as to
minimize abrasion, contamination and flexure. The use of soft
fluoropolymer tweezers is recommended for handling poly-
meric films with protective coatings. For samples too heavy to
be safely held with tweezers, use clean vinyl, latex, or other

gloves which will not allow finger oils to soak through and
which are lint-free to carefully handle the samples.

5.3 Exposure Area Control:
5.3.1 Masking—Frequently it is desirable to limit the expo-

sure of atomic oxygen to one side of a material or a limited area
on one side of the material. This can be done by wrapping
metal foil (such as aluminum foil) around the sample, covering
an area with a sacrificial polymer (such as a polyimide),
salt-spraying to produce sites of atomic oxygen protection, or
by using glass to cover areas not to be exposed. It is
recommended that the protective covering be in intimate
contact with the material to prevent partial exposure of the
masked areas. When using metal foil within the RF or
microwave excitation region of an atomic oxygen source, it is
likely that electromagnetic interactions could take place be-
tween the metal and the plasma that could cause anomalous
atomic oxygen fluxes or shielding from charged species, or
both. It is important to expose the four standard witness
coupons in this configuration before any other testing to
determine the effects of the masking on the atomic oxygen flux.

5.3.2 Cladding—Samples which are coated with protective
coatings on one side can be clad together by means of
adhesives to allow the protective coating to be exposed on both
sides of the sample. The use of thin polyester adhesives (or
other non-silicone adhesive) is recommended to perform such
cladding. The use of silicone adhesives should be avoided
because of potential silicone contamination of the sample.
Although cladding allows samples to be tested with the
protective coatings on both faces, edge exposure of the samples
and their adhesive does occur and should be accounted for in
calculating erosion characteristics of the desired surfaces.

5.4 Dehydration and Outgassing (for Samples Undergoing
Weight Measurement)—Because most nonmetals and nonce-
ramic materials contain significant fractional quantities of
water or other volatiles, or both, it is recommended that these
types of materials be vacuum-dehydrated before weighing to
eliminate errors in weight because of moisture loss. Dehydrate
samples of a thickness less than or equal to 0.127 mm (5 mils)
in a vacuum of a pressure less than 200 millitorr for a duration
of 48 h before sample weighing to ensure that the samples
retain negligible absorbed water. Dehydrate and weigh thicker
samples periodically until weight loss indicates that no further
water is being lost. Dehydrate multiple samples in the same
vacuum chamber provided they do not cross-contaminate each
other, and that they are not of sufficient quantity so as to inhibit
uniform dehydration of all the samples.

5.5 Weighing—Because hydration occurs quickly after re-
moval of samples from vacuum, weighing the samples should
occur within five minutes of removal from vacuum dehydration
chambers. Reduction of uncertainty associated with moisture
uptake can be minimized by weighing the samples at measured
intervals following removal from vacuum and back extrapo-
lating to the mass at time of removal from vacuum. Weigh
samples using a balance whose sensitivity is capable of
measuring the mass loss of the atomic oxygen fluence witness
samples. For 2.54-cm-diameter by 0.127-mm-thick Kapton H
or HN polyimide fluence witness samples, a balance sensitivity

3 The boldface numbers in parentheses refer to a list of references at the end of
this standard.
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of 1 mg is acceptable for effective fluences of at least 1019

atoms/cm2. Weigh the samples at room temperature (20 to
25°C). If the temperature is outside this range, measure and
record at the time of weighing.

5.6 Effective Fluence Prediction:
5.6.1 Fluence Witness Samples:
5.6.1.1 If the test sample is a material that does not have any

protective coating, then use polyimide Kapton H or HN
samples to determine the effective atomic oxygen fluence. If
the test sample has an atomic oxygen protective coating, then
test an unprotected sample of the substrate material as well.
The unprotected sample can also be used to determine the
effective atomic oxygen fluence provided that in-space erosion
yield data is available. If such in-space data is not available,
then use a sample of polyimide Kapton H or HN should be
used for determination of effective atomic oxygen fluence
assuming an in-space erosion yield of 3.0 × 10−24 cm3/atom or
2.81 × 10−24 cm3/atom respectively.

5.6.1.2 It is recommended that where physically possible,
the atomic oxygen fluence witness material be exposed to
atomic oxygen simultaneously with the test samples to enable
calculation of the effective atomic oxygen fluence. If chamber
geometry prevents this, expose a fluence witness coupon just
prior to or immediately after the test sample. If high-fluence
exposure is necessary, quite often polymeric sheets are too thin
to survive long exposures. Therefore, thick coupons of poly-
imide or graphite are suggested to be used for high-fluence
weight or thickness loss measurements. The atomic oxygen
erosion yield of pyrolytic graphite relative to polyimide Kapton
H or HN is different in some ground laboratory facilities than
in space. Therefore, it is necessary to convert the mass loss or
thickness loss of the pyrolytic graphite to the equivalent loss of
polyimide Kapton H. This can be accomplished by simultane-
ous or sequential exposure of pyrolytic graphite and the
Kapton, and will enable the effective fluence to be calculated in
terms of Kapton effective fluence, which is the accepted
standard.

5.6.1.3 It is recommended that, periodically, samples of
Kapton H or HN, TFE-fluorocarbon FEP, polyethylene, and
pyrolytic graphite be exposed to atomic oxygen in the test
chamber to verify operational consistency and to allow com-
parisons to be made between this test facility, space, and other
ground-based systems. Report this data along with any test data
so that test results can be compared more easily.

5.6.2 Test, Standard Witness, and Fluence Witness Sample
Position and Orientation—Facilities typically experience some
spatial flux variation depending on how the atomic oxygen is
formed. Minimization of errors in effective atomic oxygen
fluence will be achieved if witness samples are placed as close
as possible to the same location as the test sample, and that the
exposed surfaces of the test sample and witness sample are
identical in size and orientation. The use of witness samples of
the same size, position, and orientation as the test samples is
recommended.

5.6.3 Inspection and Validation of Standard Witness and
Fluence Witness Sample Erosion—Visibly inspect and compare
witness samples with previously exposed witness samples that
have demonstrated acceptable performance to validate that

contamination of the surface of the sample has not occurred.
Contamination can look like oil spots on the surface, a
protective thin film, or other optical deviation from a normally
diffuse reflecting exposed surface. Compare the effective flux
for the witness sample with that from tests previously known to
be acceptable which were performed in the same facility to
ensure that neither contamination nor anomalous operation has
occurred.

5.6.4 Erosion Measurement—Measurement of atomic oxy-
gen erosion of test samples and witness samples generally can
be accomplished by weight loss or thickness loss measure-
ments.

5.6.4.1 Weight Loss—Weigh witness samples within five
minutes of removal from the vacuum chamber. Remove only
one sample at a time for weighing. The rest should remain
under vacuum to minimize rehydration mass increases. When
witness samples are of the same chemistry as the substrate of
protected samples, it is important to weigh both samples as
close as possible to the same time interval after removal from
vacuum.

5.6.4.2 Thickness Loss—Witness coupon material loss can
also be measured using various surface profiling techniques if
the exposure area is too small for accurate weight measure-
ments to be taken. Profiling can be accomplished by stylus
profiling, scanning atomic force microscopy, or other recession
measurement techniques. Take care when exposing samples to
atomic oxygen which will be subsequently used for profiling
measurements that a portion of the original surface is kept
intact and that a clear step exists between the original surface
and the atomic oxygen exposed portion. This requires that a
thin (<0.2 mm thick) removable mask be used that is in
intimate contact with the surface during the atomic oxygen
exposure to prevent scattering of atomic oxygen from the edges
of the mask, which would provide an artificial increase in
fluence on the sample.

6. Calculation

6.1 Atomic Oxygen Kapton Effective Fluence Determina-
tion:

6.1.1 Measurement of absolute fluence in ground laboratory
facilities is typically difficult to perform. In addition, such
measurements do not reliably predict in-space durability be-
cause of differences in erosion yields in the ground laboratory
facility compared to in-space. There is likely to be a substantial
dependence of erosion yield upon energy, fluence, and degree
to which the arriving oxygen atoms or ions have isotropic or
paraxial arrival, which is also material-dependent.

6.1.2 To assist in the prediction of in-space performance
based on ground laboratory atomic oxygen testing, it is
desirable, to measure an effective fluence for the material being
tested using a comparison of mass or thickness loss.

6.1.3 If in-space atomic oxygen erosion data is not available
for the material being tested, then an effective fluence can be
reported based on witness sample erosion of a material of
known in-space erosion yield (such as polyimide Kapton H or
HN). The witness sample material used must be reported along
with the result. Calculate effective flux and effective fluence
using the following equations:
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Effective flux 5 fk 5
∆Mk

AkρkEkt
(1)

Effective fluence 5 Fk 5 fkt 5
∆Mk

AkρkEk

(2)

where:
∆Mk = mass change in witness, g;
Ak = exposed area of witness, cm2;
ρk = density of witness, g/cm3;
Ek = erosion yield of the fluence witness material in space,

cm3/atom; and
t = duration of exposure, s.

6.2 Erosion Yield Calculation
6.2.1 Based on mass loss, the erosion yield of a material is

typically given in units of cubic centimetres per incident
oxygen atom. Calculate the erosion yield as follows:

ES 5
∆MS

ASρSFk

(3)

where:
∆MS = mass loss of the sample, g;
AS = surface area of the sample exposed to atomic oxygen,

cm2;
ρS = density of the sample, g/cm3; and
Fk = effective fluence, atoms/cm2 or actual fluence if

measured in space.

Because the fluence is typically based on the effective
fluence of a witness coupon, calculate the erosion yield as
follows:

ES 5
∆MSAkρkEk

∆MkASρS

(4)

where:
Ak = area of the witness coupon, cm3;
ρk = density of the witness coupon, g/cm3;
Ek = in-space erosion yield of the witness coupon, cm3/

atom; and
∆Mk = mass loss of the witness coupon, g.

6.2.2 Based on thickness loss, calculate the erosion yield as
follows:

ES 5
∆xS

Fk

(5)

where:
∆xS = thickness loss of the sample, cm and
Fk = effective fluence, atom/cm2 or actual fluence if mea-

sured in space.

If the effective fluence is also measured by thickness loss,
then calculate as follows:

ES 5
∆xSEk

∆xk

(6)

where:
∆xk = thickness loss of the fluence witness coupon, cm and
Ek = in-space erosion yield of the fluence witness coupon,

cm3/atom.

7. Report

7.1 Comparative Erosion Data Table—Report results of
atomic oxygen interactions with materials including compara-
tive erosion data on the four standard witness materials listed
in Table 1. Note mass loss data taken at temperatures other than
room temperature (20 to 25°C) with the sample temperature
reported as an additional column in Table 1.

7.2 Test Sample Data—Report materials used, effective
fluence, thickness loss or mass loss, assumed in-space erosion
yield for effective fluence measurement, and test sample
exposure and data for an unprotected sample of the same
material (where applicable) as in Table 2.

7.3 Description of the Atomic Oxygen Exposure Facility and
the Sample Exposure Environment—(Brief description of
atomic oxygen exposure facility including physical processes
and conditions used to produce atomic oxygen and, where
possible, quantification of the temperature of the samples
during exposure; the types, energy, and flux of species exposed
to the samples; and information on the atomic oxygen facility,
sample preparation, sample exposure, and sample mounting,
grounding or applied potential, sample surface orientation with
respect to atomic oxygen arrival direction, and measurement
equipment that could have impact on results and their accuracy
or the interpretation of the results.)

8. Precision and Bias

8.1 It is not possible to specify the precision of the proce-
dure in Practice E2089 for measuring the effects of atomic
oxygen interaction with materials because the atomic oxygen
exposure systems used are not prescribed.

TABLE 1 Comparative Erosion Data

Standard
Witness
Materials

Kapton H
or HN

Effective
Flux,

atoms/cm2

Kapton H
or HN

Effective
Fluence,

atoms/cm2

Thickness or
Mass Loss
Relative to
Kapton HN

Mea-
sured

Erosion
Yield

Assumed In-
Space Erosion

Yield,
cm3/atom

(2, 1)

Kapton H 3.00 × 10−24

Kapton HN 1 2.81 × 10−24

P E 3.97 × 10−24

F E P 2.00 × 10−25

P G 4.05 × 10−25

E2089 − 15

4

 



REFERENCES

(1) Spacecraft Polymers Atomic Oxygen Durability Handbook, NASA
HDBK-6024, National Aeronautics and Space Administration, June
2014, p. 67-69.

(2) de Groh, K. K., Banks, B. A., Mitchell, G. G., et al. “MISSE 6
Stressed Polymers Experiment Atomic Oxygen Erosion Data,” NASA/
TM—2013-217847, National Aeronautics and Space Administration,
2013, p. 14.

(3) Banks, B. A., “The Use of Fluoropolymers in Space Applications,” in
Modern Fluoropolymers, edited by John Schiers, John Wiley & Sons,
1997, Ch. 4, p. 110.

(4) Banks, B.A., and Rutledge, S. K., “Low Earth Orbital Atomic Oxygen
Simulation for Materials Durability Evaluation”, presented at the
Fourth European Symposium on Spacecraft Materials in a Space
Environment, CERT, Toulouse, France, Sept. 6-9, 1988.

(5) Banks, B.A., Rutledge, S.K., de Groh, K. K., Stidham, C.R., Gebauer,
L. and LaMoreaux, Cynthia, “Atomic Oxygen Durability Evaluation
of Protected Polymers Using Thermal Energy Plasma Systems,”
presented at the International Conference on Plasma Synthesis and
Processing of Materials, Denver, CO, Feb. 21-25, 1993 , NASA
Technical Memorandum 106855.

(6) Brinza, D. E., Editor, NASA Workshop on Atomic Oxygen Effects,
JPL Publication 87-14, Pasadena, CA, 1987.

(7) Caledonia, G.E., Krech, R.H., and Oakes, D.B., “Laboratory Studies
of Fast Oxygen Atom Interactions with Materials,” Proceedings of the
Sixth International Symposium on Materials in a Space Environment,
ESTEC Noordwijk, the Netherlands, Sept. 19-23, 1994, p. 285.

(8) Cross, J.B., Koontz, S. L., and Lan, E.H., “Atomic Oxygen Interaction
with Spacecraft Materials: Relationship between Orbital and Ground-
based Testing for Materials Certification,” 5th International Sympo-

sium on Materials in the Space Environment (Cannes, France, 1991).
(9) Cuthbertson, J. W., Langer, W.D., Motley, R.W., Vaughn, J.A.,

“Atomic Oxygen, “Atomic Oxygen Beam Source for Erosion
Simulation,” Fourth Annual Workshop on Space Operations Applica-
tions and Research, Albuquerque, NM, June 1990, NASA publication
CP-3103, Vol. II , pp. 734-741.

(10) Giapsis, K. P., Moore, T.A., and Minton, T.K., J. Vac. Sci. Technol.
A, 13, pp. 959-65, (1995).

(11) Koontz, S. L., Albyn, K., and Leger, L. J., “Atomic Oxygen Testing
with Thermal Atom Systems: A Critical Evaluation,” J. Spacecraft
and Rockets, 28, pp. 315 (1991).

(12) Minton, Timothy K., “Protocol for Atomic Oxygen Testing of
Materials in Ground-Based Facilities,” Version 2, JPL Publication
95-17, Sept, 1995.

(13) Silverman, E., “Space Environmental Effects on Spacecraft: LEO
Materials Selection Guide,” NASA CR4661, Part I and II, (1995).

(14) Stidham, C. R., Stueber, T. J., Banks, B.A., Dever, J.A., Rutledge,
S.K., and Bruckner, E.J., “Low Earth Orbital Atomic Oxygen
Environmental Simulation Facility for Space Materials Evaluation,”
presented at the 38th International SAMPE Symposium and
Exhibition, Anaheim, CA, May 10-13, 1993.

(15) Tennyson, R.C., “Atomic Oxygen Effects on Polymer-Based
Materials,” Canadian Journal of Physics, 69, 1190-1208, (1991).

(16) Wood, N. J., Roberts, G.T., Gabriel, S. B., and Tatnall, A.R.L.,
“Development of a Plasma Acceleration Source for a Ground-Based
Simulation of Atomic Oxygen,” Proceedings of the Sixth Interna-
tional Symposium on Materials in a Space Environment , ESTEC
Noordwijk, the Netherlands, Sept. 19-23, 1994, p. 265.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the Copyright Clearance Center, 222
Rosewood Drive, Danvers, MA 01923, Tel: (978) 646-2600; http://www.copyright.com/

TABLE 2 Test Sample Data

Materials
Used for:

Effective
Fluence,

atoms/cm2

Thickness
Loss, CM or
Mass Loss/

Area,A g/cm2

Assumed In-
space Erosion

Yield, cm3/atom

Effective fluence measurement
Test sample
Unprotected test sample
AWhen applicable.
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