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Polymermaterials exposed to a space environment exhibit strongly degraded properties because of environmental

factors, for example, atomic oxygen, vacuum ultraviolet, and radiation. In addition, the degradation of polymer

materials can be accelerated because of the synergistic effects of these environmental factors. For designing high-

reliability spacecraft, it is important to understand precisely the polymer materials’ degradation. In this report, the

synergistic effects of atomic oxygen and vacuum ultraviolet on polyimide films, Kapton H, and silver-coated

fluorinated ethylene propylenefilmswere investigated through comparison of the degradation behaviors after single,

sequential, and simultaneous irradiations. For both materials, there was no significant change attributed to the

synergistic effects in erosion yield and thermo-optical properties. However, the surface morphology of silver-coated

fluorinated ethylene propylene changed substantially depending on the irradiationmethod. Surfaces of silver-coated

fluorinated ethylene propylene were eroded by atomic oxygen, but were smoothed by vacuum ultraviolet. The

surface morphology after sequential irradiations differed depending on the irradiation sequence. A rougher surface

with low blunt cones was produced after simultaneous irradiation because of the interaction of the erosion by atomic

oxygen attacks and smoothing by vacuum ultraviolet irradiation. This report also describes the measurement

methods for fluence of each beam under simultaneous irradiation.

Nomenclature

Am = exposure area of the atomic oxygen fluence monitor,
Kapton H, 3:14 cm2

As = exposure area of samples
Em = erosion yield of the atomic oxygen fluence monitor,

Kapton H, 3 � 10�24 cm3=atom
Es = erosion yield of samples
F = atomic oxygen fluence
Fsim = atomic oxygen fluence under simultaneous

irradiation
X = distance form the outer edge of the sample holder
�mmsh = mass loss of the atomic oxygen fluence monitor,

Kapton H, placed on the sample holder
�mmlvp = mass loss of the atomic oxygen fluence monitor,

Kapton H, placed on the little vacuum-ultraviolet-
influenced position

�ms = mass loss of samples
�ts = thickness loss of samples
�m = density of the atomic oxygen fluence monitor,

Kapton H, 1:42 g=cm3

�s = density of samples

I. Introduction

T HE space environment includes numerous destructive
environmental factors such as atomic oxygen (AO), ultraviolet

(UV), various types of radiations, thermal cycling, meteoroids, and
space debris. Polymer materials used in spacecraft are usually
damaged both chemically and physically by these environmental
factors. Major environmental factors related to the degradation of
polymer materials’ properties are AO, UV, and radiation. Especially
in a low Earth orbit (LEO), materials that are exposed directly to a
space environment collide with AO at high velocity: about 8 km=s.
The exposed polymer materials are eroded and lose their weight

through such AO attacks, developing a light-diffusing needlelike
surface [1]. This change of the surface texture might decrease the
optical reflectance and increase solar absorptance. Moreover, AO
attacks degrade polymers’ mechanical properties [2]. Crack
initiations can be produced easily on the needlelike surface. These
degradations might cause a significant failure of spacecraft systems:
its thermal, optical, or structural design. Therefore, ground
simulation tests are mandatory techniques for space programs in
terms of the degradation assessment of space polymer materials.

In ground simulation tests, single, sequential, and simultaneous
irradiation tests using AO, UV, and radiation sources have been
carried out to simulate the space environmental degradation of
polymermaterials [3–5]. For somematerials, synergistic degradation
phenomena are observed only by simultaneous irradiation. For
instance, in a polyimide film, when vacuum ultraviolet (VUV)
irradiation is added to AO, the AO erosion is accelerated, resulting in
higher mass loss than the value predicted from AO fluence [6,7].
Therefore, the degradation of polymer materials is needed to be
assessed by the simultaneous irradiation.

In this report, the synergistic effects of AO andVUVon polyimide
films, Kapton H, and silver-coated fluorinated ethylene propylene
(Ag-coated FEP) films, which are commonly used for space, are
investigated through comparison of the degradation behaviors after
single, sequential, and simultaneous irradiations. All irradiation tests
were performed using the Combined Space Effects Test Facility in
Tsukuba Space Center, Japan Aerospace Exploration Agency
(JAXA) [8]. It is important to take an accurate measurement of AO
and VUV fluence to simulate a certain orbital environment via
simultaneous irradiation. However, it is difficult to measure
accurately the AO and VUV fluence under simultaneous irradiation
with the standard methods for the facility, because each beam affects
the detector for the other beam. The measurement methods to
determine the AO and VUV fluence under simultaneous irradiation
are also discussed in this report.

II. Experimental

A. Combined Space Effects Test Facility

1. Specifications and Configurations

Equipped with AO, VUV, and electron beams (EB) sources, the
Combined Space Effects Test Facility can irradiate these beams
simultaneously into an irradiation chamber with a high vacuum of
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about 10�5 Pa. Standard specifications of the facility are listed in
Table 1; its schematic view is shown in Fig. 1. The linear motion
feedthrough is installed in the irradiation chamber, which is located
over the sample holder and which can move parallel to the sample
holder’s plane. A photodiode or a quartz crystal microbalance
(QCM) can be attached on the linear motion feedthrough.

The AO generation in the facility is based on the laser detonation
phenomenon invented by Physical Science, Inc. The AO beam
source is composed of the pulsed valve and the pulsedCO2 laser at a
wavelength of 10:6 �m with a pulse energy of about 10 J. The
translational energy of the hyperthermal AO produced by the facility
is controlled at approximately 5 eV to replicate the LEO
environment.

The VUV sources, a total of 48 deuterium lamps (L2581;
Hamamatsu Photonics K.K.), are installed in the lamp chamber,
which had been purged using high-purity Ar gas. The VUV beam
from the lamps is concentrated by theCaF2 lens and collectionmirror
coated with Al and MgF2; it is then injected into the irradiation
chamber through anMgF2 plate separating the lamp chamber and the
irradiation chamber.

2. Standard Methods for Atomic Oxygen and Vacuum Ultraviolet

Fluence Measurements

Apolyimidefilm,KaptonH,mounted on the sample holder is used
as anAO fluencemonitor because of the fact that its knownmass loss

is proportional to the irradiated AO fluence [1]. The AO fluence is
calculated from the mass loss of the AO fluence monitor on the
sample holder through Eq. (1):

F��mmsh=Am�mEm (1)

The VUV irradiated on the samples is attenuated in its light path.
The spectrum of theVUV irradiated on the samples is estimated from
the original lamp spectrum [9] by considering these attenuations and
by calibrating with the VUV intensity on the sample holder at a
wavelength of 150–170 nm, which ismeasured using the photodiode
attached on the linear motion feedthrough placed over the sample
holder. Then, the integral intensity of VUV at a wavelength of 120–
200 nm is calculable from the estimated VUV spectrum.

B. Procedures for Establishment of Beam Fluence Measurements

Under Simultaneous Irradiation

1. Atomic Oxygen Fluence Measurement Under Simultaneous Irradiation

TheAOfluencemonitor, KaptonH,mounted on the sample holder
is exposed to AO and VUV during simultaneous irradiation. It is
noteworthy that the mass loss rate is accelerated by additional VUV
irradiation, as described before. Therefore, Kapton H on the sample
holder is not available for anAOfluencemonitor under simultaneous
irradiation. It is necessary to find a position that is sufficiently
irradiated by AO and which is little irradiated by VUV. The AO
fluence under simultaneous irradiation should be calculated from the
mass loss of the AO fluence monitor placed on such position.

First, the VUV-influenced area was distinguished using a
photodiode attached on the linear motion feedthrough. The photo-
diode started measurements of VUV intensity at the position just
over the outer edge of the sample holder; then, it was moved
gradually to the direction denoted as A in Fig. 1 while monitoring the
intensity. Secondly, to investigate whether AO can irradiate the
position where the VUV intensity is quite small, called the “little
VUV-influenced position,” the mass change of polyimide placed in
this position was evaluated during AO irradiation. The mass change
of polyimide was monitored using the QCM with gold electrodes
attached on the linear motion feedthrough. The sensor crystals were
coated with polyimide varnish (U-varnish; Ube Industries, Ltd.). As
the mass of the polyimide coating on the sensor crystal decreases by
AO irradiation, the frequency of the QCM increases. As a result, the
mass change is visible in situ. Then, VUV irradiation was added to
AO to confirmwhether VUV affects themass change of polyimide at
the little VUV-influenced position or not. Finally, the AO fluence
monitor, Kapton H, was set on the sample holder and the little VUV-
influenced position. The mass losses of Kapton H on both positions
were compared afterAO irradiation to estimate theAOfluence on the
sample holder from the mass loss of Kapton H placed on the little
VUV-influenced position.

2. Vacuum Ultraviolet Fluence Measurement Under Simultaneous

Irradiation

In simultaneous irradiation of AO and VUV, a photodiode detects
the total intensity of the VUV from the sources and from by-products
emitted in theAOgeneration process [10]. It is necessary to eliminate
the VUV emitted in AO generation from the total intensity to
determine the targeted VUV fluence, that is, VUV from the sources,
under simultaneous irradiation.

The VUV intensity during single AO or VUV irradiation, and
simultaneous irradiation of AO and VUV, were measured using a
photodiode attached on the linear motion feedthrough, which was
placed over the sample holder. The photodiode was covered with a
MgF2 plate (Nakajima Giken Co., Ltd.), which is known to have a
high transmittance at the VUV wavelength region, to protect its
sensing element from AO attacks.Fig. 1 Schematic view of the Combined Space Effect Test Facility.

Table 1 Standard specifications of the Combined Space Effects

Test Facility

Item Value

Vacuum 10�5 Pa (10�3–10�2 Pa during AO irradiation)
Sample Size: 25 mmdiam �max 3 mm thick

Exposure area: 20 mm diam
Quantity: 16 samples per holder

AO Method: laser detonation
Laser: pulsed CO2 laser
Laser wavelength: 10:6 �m
Pulse rate: 12 Hz
Laser output power: �10 J=pulse
Beam velocity: 8 km=s
Translational energy: 5 eV
Flux: �5 � 1015atoms=cm2 � s

VUV Source: 30 W deuterium lamps
Number of lamps: 48
Lamp current: 250–350 mA
Tube voltage: 70–90 V
Flux: 0:3–0:5 mW=cm2

(Integral intensity at a wavelength of 120–200 nm)
EB Accelerating voltage: 100–500 kV

Source current: 0.1–2.0 mA
Sample temperature �150–80 �C
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C. Evaluation of the Synergistic Effects of Atomic Oxygen

and Vacuum Ultraviolet

1. Materials

The polyimide films (25-�m thickness, Kapton H; DuPont) and
the Ag-coated (one side) FEP films (25-�m thickness; Sheldahl)
were used as tested samples. The 25-mm-diam samples were cut
from a sheet using a punch to fit the irradiation facility’s sample
holder. For Ag-coated FEP, the FEP surface side was exposed.

2. Single, Sequential, and Simultaneous Irradiations

Single, sequential, and simultaneous irradiation tests were
conducted using an AO and/or VUV source. The AO and VUV
fluence levels for each irradiation test are shown in Table 2. These
fluence levels were equivalent to those in the LEO environment
around 400 km altitude for 3 months, according to the analysis using
the Space Environment and Effect System (SEES: JAXA’s database
system for providing data and models related to space environments
and effects of space environments). In the simultaneous irradiation
test, the AO fluence was greater than that of the other tests because
the irradiation timewas adjusted to unify the VUV fluencewith other
irradiation tests. During irradiation tests, the sample surfaces were
kept at room temperature.

3. Mass and Erosion Yield Measurements

A microbalance (MX5; Mettler Toledo International, Inc.) was
used for mass measurements of samples before and after irradiation
tests. For the samples, water absorption into the sample is apparent
during weighing. For this reason, it must be compensated by
extrapolation of the mass increase curve plotted during weighing of
the sample to calculate the dry mass. The weighing procedure is as
follows: the sample is first stored in a desiccator for at least 24 h; it is
brought onto the microbalance under controlled ambient conditions,
23� 2 �C and 50� 5% relative humidity; the mass is plotted for
180 s after removal of the sample from the desiccator. That
measurement is thenfitted to a quadratic curve to obtain the estimated
dry mass from the intercept of the fitted curve.

From the mass change during irradiation, the erosion yield was
calculated using Eq. (2):

Es ��ms=As�sF (2)

where �s � 1:42 g=cm2 for KaptonH, and�s � 2:15 g=cm2 for Ag-
coated FEP.

4. Thermo-Optical Properties Evaluation

The thermo-optical properties, solar absorptance �S, and normal
infrared emittance "N were measured using a spectrophotometer (U-
4100; Hitachi High-Technologies Corp.) and a portable
reflectometer (TESA 2000; AZ Technology Corp.) before and after
irradiation tests.

5. Surface Morphology Observation

The surface morphology observations for pristine control samples
and irradiated samples were conducted using atomic force
microscopy (AFM, SPM-9500; Shimadzu Corp.).

III. Results and Discussion

A. Beam Fluence Measurements Under Simultaneous Irradiation

1. Atomic Oxygen Fluence Measurement Under Simultaneous Irradiation

TheVUV intensity at awavelength of 150–170 nm for the distance
from the outer edge of the sample holder, symbolized byX, is shown
in Fig. 2. In this figure, the position where X � 0 cm represents the
outer edge of the sample holder. It was indicated that the VUV
intensity decreased as the distance from the sample holder increased.
The intensity decreased to a few percent of that over the outer edge of
the sample holder at X � 14 cm. Therefore, the position where
X � 14 cm can be regarded as the little VUV-influenced position.

Figure 3 presents the measured frequency of the QCM and the
frequency change rate during singleAO irradiation and simultaneous
irradiation of AO and VUV. The QCM was located at X 	 16 cm,
which is in the little VUV-influenced position. Figure 3 shows that
the QCM frequency increased because of mass loss in the polyimide
coating with continuing AO irradiation. Furthermore, no marked

Table 2 AO and VUV fluence in irradiation tests

Irradiation method AO fluence,
1020 atoms=cm2

VUV fluence, 104 mJ=cm2

(at 120–200 nm)

Single AO 1.9–2.3 ——

VUV —— 1.1
Sequential AO! VUV 1.9–2.3 1.1

VUV! AO 1.9–2.3 1.1
Simultaneous AO
 VUV 2.7–3.0 1.1

Fig. 2 VUV intensity for the distance from the outer edge of the sample

holder.

Fig. 3 QCM frequency and frequency change rate at 16 cm distance

from the outer edge of the sample holder during AO and AO� VUV
irradiation.
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variation existed in theQCM frequency change rate at theVUVon or
off points. These results indicate that the VUV intensity level at the
little VUV-influenced position is sufficiently low that it does not
affect the mass loss of a polyimide.

Comparison of the mass loss of the AO fluence monitor, Kapton
H, between that on the sample holder and on the little VUV-
influenced position showed that the ratio of Kapton H’s mass loss on
the sample holder to that on the little VUV-influenced position,
�mmsh=�mmlvp, was 2.38. Consequently, the AO fluence under
simultaneous irradiation on the sample holder is calculable from the
mass loss of AO fluence monitor mounted on the little VUV-
influenced position through the following Eq. (3):

Fsim � 2:38�mmlvp=Am�mEm (3)

2. Vacuum Ultraviolet Fluence Measurement Under Simultaneous

Irradiation

Figure 4 shows the VUV intensity at a wavelength of 150–170 nm
on the sample holder during single VUV irradiation and
simultaneous irradiation of AO and VUV. The intensity was stable
in the single VUV irradiation. Then, the intensity increased
approximately 0:01 mW=cm2 by the addition of AO irradiation to
VUV. After halting AO irradiation, the intensity almost reverted to
the level of the previous single VUV irradiation. The increase of
VUV intensity during simultaneous irradiation might result from the
addition of VUV emitted in AO generation. In fact, the VUV
intensity under singleAO irradiationwasmeasured as approximately
0:01 mW=cm2, corresponding with the increased amount. There-
fore, the actual VUV-source intensity on the sample holder can be
determined by deducting the intensity measured in single AO
irradiation from the total intensity in the simultaneous irradiation.
Then, the integral intensity of VUV at a wavelength of 120–200 nm
under simultaneous irradiation is calculated from theVUV spectrum,
which was calibrated with the attenuations in the light path and the
actual VUV-source intensity on the sample holder.

B. Synergistic Effects of Atomic Oxygen and Vacuum Ultraviolet

1. Mass and Erosion Yield

After single AO, sequential, and simultaneous irradiation, that is,
AO-inclusive irradiation, Kapton H lost 2.5–4.0 mg of their weight;
Ag-coated FEP also lost 1.2–2.2 mg of their weight after AO-
inclusive irradiation. For both materials, the mass was changed little
by a single VUV irradiation.

The erosion yields calculated from the mass loss are presented in
Fig. 5. No obvious difference attributable to irradiation method was
detected in either sample, demonstrating that the sequential or
simultaneous irradiation has no effect on the erosion yield. However,
Yokota et al. reported that the polyimide erosion rate under
simultaneous irradiation, where VUV intensity was relatively high,

was increased as high as 400% greater than the case of single AO
irradiation [6]. This discrepancy is regarded to be due to the
difference of the relative intensity of VUV (VUV fluence was
divided by AO fluence). The VUV/AO intensity ratio in Yokota
et al.’s study was 4 � 10�15–8 � 10�15 mJ=atom, whereas, the ratio
in this study was 3:7 � 10�17–5:8 � 10�17 mJ=atom. Compared
with the results of the Evaluation of Oxygen Interaction with
Materials-3 experiment in LEO [11], Yokota et al. concluded that the
synergistic effect on polyimide erosion surely exists, but it was not
significant in the LEO environment where the relative intensity of
VUV is low [6]. The fluence of AO and VUVwas based on the LEO
environment in our present study, thus, our results agree with their
conclusion.

2. Thermo-Optical Properties

Changes of thermo-optical properties for Kapton H before and
after irradiation are shown in Fig. 6. The initial thermo-optical
properties of KaptonH are�S � 0:22� 0:01 and "N � 0:52� 0:01.
In both�S and "N , significant changes were found after AO-inclusive
irradiation. The �S was decreased slightly by VUV irradiation, but
the amount of reduction was within the measurement deviation.
These results reveal that AO attack is a major cause of the thermo-
optical properties’ changes. In general, �S depends strongly on
surface roughness. In fact, the surfaces of KaptonH irradiated byAO
were changed from glossy to matte, that is, to a diffuse surface with
low reflectance, thereby increasing �S. The �S increased similarly in
each sample after AO-inclusive irradiations, suggesting that the
surface roughness is equivalent in these samples and that synergistic
effects are insufficient to affect the change of �S. Moreover, the
decrease in "N is considered to result from the thickness loss. The
thinner the films become, the more infrared transmittance increases;
consequently, "N decreases. The "N of the sample irradiated by AO
and VUV simultaneously declined more than others, as shown in
Fig. 6b, probably because the AO fluence in the simultaneous
irradiation test was greater than those in other irradiation tests,
leading to a higher thickness loss. Figure 7 shows that no noticeable
difference exists between each sample after AO-inclusive irradiation
when the "N changes are normalized with the thickness loss. Here,
the thickness loss was calculated from the mass loss through Eq. (4):

�ts ��ms=As�s (4)
Fig. 4 VUV intensity on the sample holder during VUV and VUV �
AO irradiation.

Fig. 5 Erosion yield for a) Kapton H and b) Ag-coated FEP.
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Changes of the thermo-optical properties for Ag-coated FEP are
shown in Fig. 8. The initial properties of Ag-coated FEP are �S �
0:03� 0:01 and "N � 0:59� 0:02. Almost no change was apparent
in �S. After AO-inclusive irradiation, the samples showed a slight
decrease in the value of "N , but they were entirely within the
measurement deviation.

3. Surface Morphology

As presented in Fig. 9, theKaptonH after AO-inclusive irradiation
are characterized by needlelike surfaces, which is typical surface
morphology of AO-irradiated polymers [1]. No major difference
existed between surfaces after single AO irradiation and those after
sequential or simultaneous irradiation, which agrees with the result
of �S changes.

The surface morphology of Ag-coated FEP, shown in Fig. 10,
varied greatly depending on the irradiation method. The surface of
pristine control samples exhibited a roughish asperity. After single
AO irradiation, many sharp cones were produced on the surface,
similar to the needlelike surface of AO-irradiated Kapton H. In
contrast, the surface after single VUV irradiation was flatter than that
of the control. In addition, the surface irradiated by VUV after AO
(AO! VUV) was also smoothed. These phenomena suggest that
the surface asperity was lost by VUV irradiation. Considering these
results and the fact that FEP is highly sensitive to VUV [12], the

convex superior positions on the surface, for example, the tops
of cones, might be influenced strongly by VUV and thereby
decomposed preferentially. The sample irradiated by AO after VUV
(VUV! AO) exhibits a needlelike surface that is identical to that of
the sample irradiated by singleAO. The flat surface, which is thought
to be produced by VUV irradiation, was eroded by the subsequent
AO irradiation. Consequently, the surface morphology differed
depending on the irradiation sequence. In simultaneous irradiation,
the roughness development by AO attacks and the smoothing by
VUV irradiationmutually compete. Then, a rougher surfacewith low
blunt cones can be produced. Ag-coated FEP changed their surface
morphology with irradiation method, but there was no marked
difference in �S, as shown in Fig. 8a. The surface roughness of Ag-
coated FEP is too small to affect the value of �S.

Grossman et al. also evaluated the synergetic effects of AO and
VUV on surface morphology of Kapton and Teflon FEP [7,13].
According to their study, both Kapton and Teflon FEP formed
rougher surfaces after the simultaneous irradiation of AO and VUV,
comparedwith those after singleAO irradiation. This phenomenon is
obviously different from our current results. One of the reasons for
the difference is that the VUV/AO intensity ratio in Grossman et al.’s
study is higher than that in this study. In conclusion, VUV/AO
intensity ratio is an important factor in evaluation for synergetic
effects of AO and VUV on surface morphology.

IV. Conclusions

The measurement methods for AO and VUV fluence under
simultaneous irradiation were established as follows. The little
VUV-influenced positions that were sufficiently irradiated by AO
and which were little affected by VUV were found. By comparing
the mass loss of the AO fluence monitor, Kapton H, mounted on the
sample holder with that on the little VUV-influenced position, the
ratio of the Kapton H’s mass loss on the sample holder to that on
the little VUV-influenced position was determined. The AO fluence
under simultaneous irradiation was calculated from the mass loss of
AO fluence monitor mounted on the little VUV-influenced position
and the mass loss ratio.

The actual VUV-source intensity on the sample holder under
simultaneous irradiation was estimated by deducting the intensity
measured in single AO irradiation from the total intensity measured

Fig. 6 Change of a) solar absorptance and b) infrared emittance for

Kapton H.

Fig. 7 Infrared emittance change normalized with the thickness loss

for Kapton H.

Fig. 8 Change of a) solar absorptance and b) infrared emittance for
Ag-coated FEP.
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Fig. 9 Surface morphology for Kapton H of a) control, and after b) AO irradiation, c) VUV irradiation, d) AO! VUV irradiation, e) VUV! AO
irradiation, and f) AO� VUV irradiation.

Fig. 10 Surface morphology for Ag-coated FEP of a) control, and after b) AO irradiation, c) VUV irradiation, d) AO! VUV irradiation,

e) VUV! AO irradiation, and f) AO� VUV irradiation.
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in simultaneous irradiation. The integral intensity of VUV at a
wavelength of 120–200 nm under simultaneous irradiation is
calculated from the VUV spectrum, which was calibrated with the
attenuations in the light path and the actual VUV-source intensity on
the sample holder.

The synergistic effects of AO and VUV on Kapton H and Ag-
coated FEP were investigated using single, sequential, and
simultaneous irradiations, where both AO and VUV fluence were
equivalent to the LEO environment at around 400 km altitude for
3 months. Results showed no obvious difference in erosion yields
attributable to irradiation method for either material. Thermo-optical
properties of Kapton H were degraded by AO-inclusive irradiations,
and the degradation levels were similar in each sample. The Ag-
coated FEP underwent no marked changes in thermo-optical
properties after each irradiation. These results indicate that the
synergistic effects of AO and VUV have no influence on the erosion
yield and thermo-optical properties for either material under the
experimental conditions used in this study. Kapton H samples
exhibited needlelike surfaces after AO-inclusive irradiation; the
VUV irradiation had no effect on the Kapton H surface morphology.
For Ag-coated FEP, the surface irradiated by AO was also
characterized by a needlelike surface. The surface of Ag-coated FEP
irradiated by VUV become flatter than the original, which suggests
that VUV might have an effect of smoothing Ag-coated FEP
surfaces. After sequential irradiation, the surface morphology
differed depending on the irradiation sequence. A rougher surface
with low blunt cones was produced by simultaneous irradiation
resulting from the interaction between the erosion by AO attacks and
smoothing by VUV irradiation.
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