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ABSTRACT 

The degradation of the mechanical properties of 
polyimide films exposed to a low earth orbit (LEO) 
environment was evaluated using tensile tests. In 
addition, the degradation mechanisms were 
investigated from exposed surface topography 
observations and fracture surface analyses. Polyimide 
films irradiated by atomic oxygen (AO) at a ground 
simulation facility were also evaluated similarly for 
comparison with degradation behaviors of the flight 
samples. The tensile strength and elongation of the 
flight samples decreased concomitantly with increased 
exposure duration, or with increased AO fluence. The 
exposed surfaces of the flight samples were eroded by 
AO attacks, eventually exhibiting a rough texture. In 
addition, the exposed surfaces showed some extremely 
deep concavities compared with the surrounding 
surfaces. Fracture surfaces exhibited characteristic 
radiated patterns initiating from the exposed surfaces. 
This result explains clearly that the ruptures of the 
flight samples started from the exposed surfaces. The 
degradation behavior of AO-irradiated samples was 
similar to that of the flight samples; the tensile strength 
and elongation decreased with increased AO fluence 
and the rupture originated from the AO-irradiated 
surfaces. Based on these results, the degradation of the 
mechanical properties of polyimide films exposed to 
the LEO environment is attributable to the rough 
texture formed by AO erosion. It is assumed that stress 
concentrates at a concave region on the rough surfaces. 
Subsequently, the concave region develops a surface 
crack, which becomes a rupture initiation point. In 
particular, deep concavities on the surfaces of the flight 
samples can increase the stress concentration and 
enhance degradation. 
 

1. INTRODUCTION 
Polyimide films have been applied as construction 

materials for flexible space structures such as solar 
sails and large flexible solar arrays [1–4]. The reason is 
that polyimide films have considerable resistance to 
high temperatures and high tolerance against radiation; 
they also have high specific strength and rigidity, high 

dimensional accuracy, and a low rate of thermal 
expansion. Deep understanding of space environmental 
effects on their mechanical properties is important for 
polyimide films used in flexible space structures. The 
degradation of their mechanical properties can 
engender deformation or rupture of the overall 
structure, possibly resulting in a spacecraft mission 
failure.  

The mechanical durability of polyimide films in a 
low earth orbit (LEO) environment has been assessed 
by means of space exposure experiments. Previous 
experiments reported that polyimide films exposed to a 
LEO environment exhibited a large degradation in their 
mechanical properties and the main cause of the 
degradation was considered to be atomic oxygen (AO) 
[5, 6]. However, further studies are needed to establish 
the relation between the level of degradation of 
mechanical properties and space exposure duration, 
and to understand the degradation mechanism. 

This study is intended to describe the deterioration 
of mechanical properties of polyimide films as a 
function of exposure duration in a LEO environment 
and to elucidate the degradation mechanisms. 
Polyimide films were exposed to a LEO environment 
in the Service Module/Micro-Particles Capturer and 
Space Environment Exposure Device 
(SM/MPAC&SEED) experiment; the polyimide films 
were included in the SM/SEED experiment samples [7, 
8]. After a 315-, 865-, and 1403-day exposure, the 
degradation of the mechanical properties of polyimide 
films was evaluated by means of tensile tests. The 
degradation mechanisms were investigated based on 
exposed surface topography observations and 
fractography. Polyimide films irradiated by AO at 
ground simulation facilities were evaluated similarly 
for comparison with the degradation behavior of the 
flight samples, offering profound insight into the 
degradation mechanisms. 
 

2. EXPERIMENT 
2.1 Materials 

The tested materials were 125-µm-thick polyimide 
films (UPILEX-S; UBE Industries Ltd.). The samples, 



which were punched out from a sheet by using a die, 
have a dumbbell shape, as shown in Fig. 1. The sample 
dimensions, except the length of the narrow section, 
are equivalent to that of the “Type IV” specimen of the 
American Society for Testing and Materials (ASTM) 
Standard D-638-03 [9]; the length of the narrow 
section of the samples used is approximately one third 
of that of the Type IV specimen. 

The samples were placed such that their 
longitudinal direction –the loading direction in tensile 
tests– coincides with the machine direction (MD) of 
the sheet to prevent anisotropy effects on the 
mechanical properties. Polyimide sheets are prepared 
via desolvation and thermal imidization of polyamic 
acid solutions that were cast into a sheet [10]. The 
polymer chains in polyimide sheets are oriented 
parallel to the sheet surface during thermal imidization; 
the characteristic orientation is known as “in-plane 
orientation” [11]. The amount of the oriented polymer 
chains differs according to the direction on the surface, 
leading to anisotropy of mechanical properties. 

Four 125-µm-thick polyimide films were stacked 
in the SM/SEED experiment; the total thickness of the 
stacked films was 500 µm. Polymer films exposed to a 
LEO environment are eroded and thinned by AO attack 
[12]. The erosion depth of the polyimide films during 
the planed experimental duration was calculated at 
about 250 µm. A single layer of 125-µm-thick 
polyimide film is expected to be completely eroded 
away during the experiment. Additionally, the retrieval 
time can be delayed; thus the samples are exposed to a 
LEO environment much longer than the planned 
duration. Therefore, the flight samples that were used 
consisted of four stacked layers in order to survive the 
SM/SEED experiment. In the AO irradiation tests, 
single-layer samples were used; the estimated erosion 
depth was below 125 µm at maximum AO fluence.  
 
2.2 Service Module/Space Environment Exposure 
Device Experiment 

Three units with identical sets of materials 
including polyimide films were launched on August 21, 
2001, and carried to the ISS. Subsequently, the units 
were set on the exterior wall of the Russian SM. After a 
315-, 865-, and 1403-day exposure, one of the three 
units was retrieved and returned to the Earth. Further 
information on the SM/SEED experiment is included 
in [13]. 

The estimated AO fluences for the flight samples 
are shown in Table 1. The first, second, and third 
retrieval samples are designated as Flight #1, Flight #2, 
and Flight #3 respectively in this report. The AO 
fluences resulted from the evaluations of AO 
monitoring samples (Vespel; DuPont) which were 
mounted on each unit [14]. 
 
 

2.3 Atomic Oxygen Irradiation Tests 
The AO irradiation test conditions are presented in 

Table 2. The AO irradiation testing was performed by 
using the “Combined Space Effects Test Facility” at 
Tsukuba Space Center, Japan Aerospace Exploration 
Agency [15]. The AO generation in the facility is based 
on a laser detonation phenomenon [16]. The AO 
velocity was controlled to approximately 8 km/s to 
simulate the LEO environment around the ISS; the 
translational energy at that velocity is 5 eV. The AO 
incidence is almost perpendicular to the sample 
surfaces. The AO fluence was estimated from the mass 
loss of AO monitors (Kapton H; DuPont), where the 
erosion yield is 3.0E-24 cm3/atom, by using the 
following equation [17]:  
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where 
F = total AO fluence, atoms/cm2 
∆mK = mass loss of Kapton H, g 
AK = exposure area of Kapton H, 3.14 cm2 
ρK = density of Kapton H, 1.42 g/cm2 
EK = erosion yield of Kapton H, 3.0E-24 cm3/atom 
 
2.4 Thickness Estimation 

The thicknesses of the samples after the 
SM/SEED experiment and the AO irradiation tests are 
necessary to calculate stress accurately in subsequent 
tensile tests. The thicknesses of the samples were 
obtained by subtracting the thickness loss from the 
original thickness. The thickness loss must be 
estimated by considering surface texture because the 
exposed surfaces of the flight and AO-irradiated 
samples were significantly roughened by AO erosion. 
Generally, numerous fine cones are formed on polymer 
material surfaces eroded by AO [12, 18]. The thickness 
loss (∆t) was expressed based on the erosion depth 
caused by AO attacks (∆d) and half the cone height 
(hc):  

2
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The erosion depth (∆d) and the cone height (hc) are 
given by the following equations, respectively [18]: 
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where 
∆ms = mass loss of samples, g 
As = exposure area of samples, cm2 
ρs = density of samples, g/cm3 (UPILEX-S: 1.47 g/cm3) 
Es = erosion yield of samples, cm3/atom 
 
 
 



2.5 Tensile Tests 
The mechanical properties were evaluated by 

means of tensile tests (Instron 5565; Instron Corp. and 
Autograph AG-5kNI; Shimadzu Corp.), according to 
ASTM D-638-03 [9]. The samples were installed with 
an initial grip separation distance of 60 mm. The 
crosshead speed was set to 50 mm/min. The stresses 
were calculated based on the thicknesses estimated in 
accordance with the procedures explained in 2.4. The 
strains were obtained by dividing the crosshead travel 
distance by the original gauge length of 9.85 mm. The 
tensile strength and the elongation were determined as 
the maximum stress and the strain respectively at the 
point of sample rupture. 
 
2.6 Exposed Surface Observations 

The exposed surfaces of the samples were 
observed by means of scanning electron microscopy 
(SEM) (JSM-6360NS; JEOL). The samples were 
deposited with Pt in preparation for SEM observations. 
The samples were tilted by approximately 45 degrees 
during observations to facilitate viewing of the surface 
topography. 

The AO-irradiated samples were rinsed in water 
before the Pt deposition to remove inorganic particles 
from the observed surfaces. As AO fluence increased, 
inorganic particles, which are intrinsically contained in 
the polyimide films, began to accumulate on the 
surface eroded by AO [19]. The particles were 
completely cleaned by rinsing because they can affect 
the clarity of images of the surface topography. 
 
2.7 Fracture Surface Observations 

After the tensile tests, the fracture surfaces of the 
samples were observed by using SEM (JSM-6360NS; 
JEOL). The samples were deposited with Pt for SEM 
observations. 
 

3. RESULTS 
3.1 Thickness Loss 

The thickness loss of the flight samples with 
exposure duration is presented in Fig. 2. Although the 
flight samples were expected to become thinner with 
increased exposure duration, or with increased AO 
fluence, their thickness loss remained nearly 
unchanged, i.e. between 5–13 µm in all flight samples. 
The thickness loss of the flight samples was much 
lower than the expected value of 250 µm 
approximately.  

The thickness loss of the AO-irradiated samples as 
a function of AO fluence is presented in Fig. 3. The 
thickness loss increased almost in direct relation to the 
AO fluence.  
 
3.2 Tensile Properties 

The tensile strength and elongation of the flight 
samples with respect to exposure duration are 

portrayed in Fig. 4. The tensile strength and the 
elongation demonstrated a tendency to decrease as the 
exposure duration increased. The tensile strength and 
the elongation of Flight #3 were approximately 80% 
and 30% respectively of the pristine control samples’ 
value.  

The tensile strength and elongation changes of the 
AO-irradiated samples are shown in Fig. 5. The 
AO-irradiated samples underwent a gradual decrease in 
their tensile properties with the AO fluence increase. 
The decrease in tensile strength and elongation at 
3.0E21 atoms/cm2 reached 70% and 25% respectively 
of the control samples’ values.  

The stress-strain curves of the flight and the 
AO-irradiated samples are presented in Fig. 6. All 
samples were strained to rupture with gradual 
hardening after elastic deformation. No apparent 
necking occurred during deformation in any sample. 
For both the flight and the AO-irradiated samples, their 
stress-strain curves almost fitted with that of the 
pristine control samples; their elastic modulus, yield 
stress, and strain-hardening rate after elastic 
deformation remained unchanged even after space 
exposure or AO irradiation, although their tensile 
strength and elongation decreased. 
 
3.3 Exposed Surface Topography 

Surface topographies of a pristine control sample 
and of the flight samples are presented in Fig. 7 and 
Fig. 8, respectively. The surfaces of all flight samples 
were eroded by AO attacks, eventually exhibiting a 
rough texture. In addition, contamination attachments 
and some holes, or extremely deep concavities 
compared with the surrounding areas, were confirmed 
on the surfaces of all flight samples. The flight samples 
showed a similar surface texture irrespective of 
exposure duration. 

Figure 9 portrays SEM images of the 
AO-irradiated samples’ surfaces. Numerous fine cones 
were formed on the surfaces by AO erosion, and the 
cones grew in height and diameter with increasing AO 
fluence; the surface roughness became remarkable as 
the AO fluence increased. The relation between the 
roughness of AO-irradiated polymer surfaces and AO 
fluence has been investigated through surface 
observations using SEM or atomic force microscopy, 
or Monte Carlo computational modeling [18, 20−22]. 
Our current results are consistent with those of past 
investigations.  
 
3.4 Fracture Surface Morphology 

The fracture surface morphology of a pristine 
control sample is portrayed in Fig. 10. A radiated 
pattern expanded from within the film. No visible 
defects such as voids or impurities were found at the 
center of the radiated pattern.  

Figure 11 shows fracture surfaces on the flight 



samples. The upper sides of the fracture surfaces 
correspond to the exposed surfaces. Radiated patterns 
that originated at the exposed surfaces, or rough 
surfaces eroded by AO, were observed in all flight 
samples. The regions around the origin of the radiated 
patterns were quite flat, and then the roughness 
increased with distance from the origin.  

Fracture surfaces of the AO-irradiated samples are 
shown in Fig. 12. The upper sides of these fracture 
surfaces correspond to the irradiated surfaces. The 
fracture surfaces of the AO-irradiated samples 
indicated an almost similar morphology to those of the 
flight samples. The radiated patterns started from the 
eroded surfaces and the regions around their origin 
were relatively flat. The flat regions expanded as the 
AO fluence increased; the fracture surface was totally 
flat at 3.0E21 atoms/cm2. In addition, at a higher AO 
fluence, many radiated patterns originating at the 
eroded surfaces were observed through entire fracture 
surfaces.  
 

4. DISCUSSION 
4.1 Contamination Effects 

The contamination attached on the flight samples 
can serve as a protective coating against AO. The main 
components of the contamination were considered to 
be SiO2, according to the evaluation of other samples 
for the SM/SEED experiment [23−25]. The SiO2 layer 
with a high AO durability protects the underlying 
polymer from AO erosion [19, 24]. Consequently, the 
thickness loss in the flight samples hardly progressed 
in spite of the increased exposure duration, and the 
amount of the thickness loss was far below the 
expected value (see Fig. 2). 
 
4.2 Mechanisms of Mechanical Property 
Degradation 

The fracture surface of the pristine control sample 
demonstrated that the rupture must start from the inside 
of the films (see Fig. 10). Defects such as voids or 
impurities in polymer films are expected to become 
starting points of rupture. However, no such defect was 
observed at the center of the radiated pattern. The 
weakness of the inside of the films is ascribed to the 
residual solvent. For thicker polyimide films, e.g. 125 
µm, the solvent does not dry out completely via 
desolvation; instead it remains inside. Polymer chains 
can be flexible because of the residual solvent and their 
in-plane orientation can become distorted [26]. 
Therefore, the polymer chains inside the films have a 
lower in-plane orientation than those near the surface 
[27]. The degree of the in-plane orientation affects 
mechanical properties: lower in-plane orientation 
results in lower tensile properties. Consequently, the 
inside of the pristine control sample with a low 
in-plane orientation showed local weakness and 
became the origin of the rupture. 

The degradation of the mechanical properties of 
the flight samples and the AO-irradiated samples is 
considered to occur by the same mechanism, resulting 
from the similarity in the samples’ degradation 
behavior (see Figs. 4 and 5), exposed surface 
topography (see Figs. 8 and 9), and fracture surface 
morphology (see Figs. 11 and 12). The radiated 
patterns expanding from the eroded surfaces by AO 
strongly suggest that the rupture originates from the 
eroded surfaces. It is assumed that stress concentrates 
at a concave region on the eroded surfaces during 
deformation. Subsequently, a crack starts to grow from 
the concave region when the concentrated stress 
reaches a critical level. In addition, the fracture 
surfaces of the flight samples and the AO-irradiated 
samples clearly showed mirror-mist-hackle areas, 
which are typical features on fracture surfaces of brittle 
materials such as ceramic and glass [28]. A mirror area 
is formed during the stable growth of cracks that are 
generated at failure origins, and mist and hackle areas 
are sequentially formed around the mirror area as the 
crack growth rate increases [29]. Generally, if failure 
progresses at a low stress, the energy released with the 
crack propagations is small, and thereby the mirror 
area expands [30]. This fact agrees with the result that 
the flat regions on fracture surfaces of the 
AO-irradiated samples expanded concomitantly with 
AO fluence, considering that their tensile strength 
decreased as the AO fluence increased. In conclusion, 
the flight and the AO-irradiated samples ruptured from 
the eroded surface in a similar mode to brittle 
materials. 

Mechanical property degradation of polyimide 
films is expected to increase as the roughness of the 
eroded surface increases, because rougher surfaces can 
enlarge the stress concentration and increase the 
starting points of the rupture. This description explains 
well the degradation behavior of the AO-irradiated 
samples. The mechanical properties of AO-irradiated 
samples degraded as the AO fluence increased (see Fig. 
5), and their surfaces also became rougher as the AO 
fluence increased (see Fig. 9). Meanwhile, the 
mechanical properties of the flight samples degraded as 
the exposure duration increased (see Fig. 4), although 
their surface texture showed no marked difference with 
respect to exposure duration (see Fig. 8).  

The degradation behavior of the flight samples 
with respect to AO fluence is compared to that of the 
AO-irradiated samples in Fig. 13. Flight samples were 
plotted with respect to AO fluence based on the 
analysis of the AO monitoring samples; the AO 
fluences for each flight sample are listed in Table 1. 
The flight samples marked a sharp decline as the AO 
fluence increased, compared to the AO-irradiated 
samples. The large reduction in mechanical properties 
of the flight samples might be attributable to the holes, 
which were observed on the exposed surfaces of all 



flight samples (see Fig. 8), because stress can readily 
concentrate at the holes during deformation. 
Conceivably, the depth of the holes increased as the 
AO fluence increased, leading to a severer 
deterioration of the mechanical properties. Further 
detailed research is required to clarify the formation 
process of the holes, their depth change with respect to 
AO fluence, and their effects on mechanical properties. 
 

5. CONCLUSIONS 
The tensile strength and elongation of polyimide 

films exposed to a LEO environment gradually 
decreased concomitantly with exposure duration. The 
flight samples showed equivalent behavior to the 
AO-irradiated samples in terms of mechanical property 
degradation, exposed surface texture, and fracture 
surface morphology. Polyimide films, whose surfaces 
displayed a rough texture because of AO erosion, 
ruptured from the rough surfaces, whereas the pristine 
control samples fractured from the inside of the film. 
The rough surfaces can induce stress concentration and 
then become starting points of cracks when polyimide 
films are subjected to an external force. In addition, the 
rougher surfaces can enhance stress concentration. 
Consequently, the mechanical properties of polyimide 
films degraded with AO fluence because the film 
surfaces became rougher as the AO fluence increased. 
The flight samples included some holes, or deeper 
concavities compared to the surrounding areas, on the 
exposed surfaces, denoting a larger degradation than 
the AO-irradiated samples.  
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Table 1 Environmental conditions for the flight 
samples [14] 

Sample 
designation 

Flight #1 Flight #2 Flight #3

Exposure 
duration, days 

315 865 1403 

AO fluence, 
atoms/cm2 *1 

2.04E20 2.57E20 2.70E20 

*1 Monitoring sample: Vespel 
 
 

Table 2 AO irradiation test conditions 

AO velocity, km/s 8.0 

AO flux, atoms/cm2·s 5.0E15 

AO fluence, atoms/cm2 

3.0E20 
8.5E20 
1.3E21 
1.8E21 
3.0E21 

Vacuum, Pa 1E-3–1E-2 

 
 

97 mm

9.85 mm

13 mm

6 mm 25 mm

R14 mm

R25 mm

 
Fig. 1 Dimensional drawings of the samples. 

 
 

 
Fig. 2 Thickness loss of flight samples with respect to 

exposure duration. 
 
 

 
Fig. 3 Thickness loss of AO-irradiated samples with 

respect to AO fluence. 
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Fig. 4(a) Tensile strength and (b) elongation of flight 
samples with respect to exposure duration. 
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Fig. 5(a) Tensile strength and (b) elongation of 
AO-irradiated samples with respect to AO fluence. 
 
 
 
(a) 

 
 

(b) 

 
Fig. 6 Stress-strain curves of (a) flight samples and (b) 

AO-irradiated samples. 
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Fig. 7 Surface topography of a pristine control sample.  
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Fig. 8 Surface topography of (a) Flight #1, (b) Flight 

#2, and (c) Flight #3. 
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Fig. 9 Surface topography of AO-irradiated samples at 
(a) 3.0E20 atoms/cm2, (b) 8.5E20 atoms/cm2, (c) 
1.3E21 atoms/cm2, (d) 1.8E21 atoms/cm2, and (e) 

3.0E21 atoms/cm2. 
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Fig. 10 Fracture surface morphology of a pristine 
control sample. 
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Fig. 11 Fracture surface morphologies of (a) Flight #1, 

(b) Flight #2, and (c) Flight #3. 
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50µmThe fracture surface is totally-flat.  
Fig. 12 Fracture surface morphologies of AO-irradiated 

samples at (a) 3.0E20 atoms/cm2, (b) 8.5E20 
atoms/cm2, (c) 1.3E21 atoms/cm2, (d) 1.8E21 

atoms/cm2, and (e) 3.0E21 atoms/cm2. 
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Fig. 13(a) Tensile strength and (b) elongation of flight 
and AO-irradiated samples with respect to AO fluence. 
 
 
 
 
 


