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ABSTRACT: A series of polyimide/titania (PI/TiO,)
hybrid films have been successfully synthesized based on
titanium tetrabutoxide (Ti(OEt)y), 3,3 ,44'-bezonphenone
tetracarboxylic ~dianhydride (BTDA), 4,4'-oxydianiline
(ODA), and 1,3-bis(aminopropyl) tetramethyldisiloxane
(APrTMOS) by a sol-gel process. The atomic oxygen (AO)
exposure tests were carried out using a ground-based AO
effects simulation facility. The chemical structure of PI/
TiO, films was characterized by Fourier transform-infrared
(FT-IR) spectroscope before and after AO exposure. The
glass transition temperature (T,) and mechanical proper-
ties were examined by dynamic mechanical analysis
(DMA) and universal mechanical testing machine, respec-
tively. The tensile strength and elongation of the hybrid

film decreased with the increase of TiO, content, whereas
the T, increased with the increase of TiO, content. The
effects of TiO, content on the morphology and structure
evolvement of PI/TiO, hybrid films were also investigated
using field emission scanning electron microscopy (FE-
SEM) and X-ray photoelectron spectroscope (XPS), respec-
tively. The results indicated that a TiO,-rich layer resulting
from the Ti(OEt), formed on the PI film after AO expo-
sure, which decreased the mass loss rate and obviously
improved the AO resistance of PI films. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 123: 143-151, 2012

Key words: polyimide; titania; atomic oxygen; XPS; low
earth orbit

INTRODUCTION

Various kinds of spacecraft traveling in low earth
orbit (LEO), altitudes ranging from 100 km to 1000
km, where atomic oxygen (AO), ultraviolet (UV)
radiation, vacuum ultraviolet (VUV) radiation, ther-
mal cycling, and impact of small fragments are pres-
ent, and these can break organic bonds. Many
ground simulation experiments and in-orbit testing
indicate that the principal component (AO) of the
LEO environment have a strong impact on the per-
formance of polymers.'™

Aromatic polyimides (PIs) have a wide range of
applications as high-performance materials in the
aerospace industries because of their excellent prop-
erties such as tensile strength, modulus, thermal
stability, and dielectric. However, the interaction of
AO with PIs located at the outer surfaces of a space-
craft cause organic bond cleavage. The resulting
bond cleavage can give rise to chain scission and/or
crosslinking that cause physical, mechanical, and
optical property changes in the polymers.” "
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Because of no commercially available PIs being
resistant to degradation by AO irradiation, one
approach is PIs protected from AO erosion by using
a coating'"'? or ion injection'>'” to form a protective
layer on the material surface. However, it is very
difficult to fabricate a defect-free uniform AO pro-
tective coating. And the oxidation damage of the
underlying polymer may proceed through pinhole
and scratch defects by undercutting erosion.'®'” The
AO resistant polymer development has recently
focused on copolymerization, blending, or hybrid
technology to introduce AO resistant component
such as silica-containing'®** or phosphorus-
containing®?* component into the PI matrix. There-
fore, a new protective layer can be formed even if
there are some defects from manufacturing, trans-
portation, or impact of small fragments.

During the past decades, organic-inorganic hybrid
nanocomposites have received extensive interests
from both the academic and industrial domain.
Organic—inorganic hybrid PI films such as PI/
Si0,,27% PI/Al,O5,%° Pl/titania (TiO,),*°>? and PI/
V,05> have been widely reported. And some of
them have been evaluated as AO resistant coating or
films.

In our previous work,* we developed a Zr-
containing PI hybrid film which offer better AO
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Figure 1 Flow chart of the procedures to prepare the PI/TiO, hybrid films.

resistance. We therefore hope that PI/TiO, hybrids
could provide another way to make PI with desirable
AO resistant properties. In this current work, a series
of PI/TiO, hybrid films were synthesized by using a
sol-gel process to study the effect of the composition
on the morphology, thermal, mechanical, and AO
resistant properties of the material. Titanium tetra-
butoxide (Ti(OEt);) was chosen as a precursor for
TiO,. To maximize the interfacial compatibility
between the organic and the inorganic phase, 1,3-
bis(aminopropyl) tetramethyldisiloxane (APrTMOS)
was introduced into the hybrid system. The AO ero-
sion resistance was evaluated through AO exposure
testing on our ground-based AO effects simulation
facility. The effects of TiO, content on the morphol-
ogy and structure evolvement of PI/TiO, hybrid
films were investigated using field emission scanning
electron microscopy (FE-SEM) and X-ray photoelec-
tron spectrometer (XPS), respectively.

EXPERIMENTAL
Materials

Ti(OEt)s (Shanghai Shenzhong Fine Chemical
Engineering Ltd., China), 4,4’-oxydianiline (ODA,
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Shanghai Chemical Reagent Corp., China), and
APrTMOS (Alfa Aesar®, China) were used as
received. 3,3',4,4'-Bezonphenone tetracarboxylic dia-
nhydride (BTDA, Beijing Multi. Tech. Co., Ltd,,
China) was dried in a vacuum oven at 150°C for 12
h prior to use. Acetylacetone (Acac, Guangdong
Xilong Chemical Co., Ltd., China) was used as
chelating agent to stabilize the titanium alkoxide.
N-Methyl-2-pyrrolidone (NMP, Beijing Chemical
Reagents Corp., China) as solvent was vacuum dis-
tilled and stored with 4 A molecular sieves before
use.

Preparation of PI/TiO, hybrid films

In this study, we prepared a series of PI/TiO,
hybrid films by a sol-gel process as shown in
Figure 1. ODA and NMP were added into a 250 mL
three-neck round-bottom flask equipped with a mag-
netic stirrer, a nitrogen inlet, and a gas outlet. As to
poly(amic acid) (PAA) with 10 wt % calculated TiO,,
after the ODA had dissolved completely, 0.19 g of
APrTMOS was added into the flask dropwise under
a nitrogen atmosphere. The mole ratio between
ODA and APrTMOS was 0.98 : 0.02. The PAA solu-
tions with a solid content of 20 wt % were obtained
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Figure 2 FT-IR spectra of PI/TiO, hybrid film TO, T1,
and T5 before AO exposure.

by adding an equal mole of BTDA into the flask and
stirring for at least 4 h at ambient temperature. Then
18.50 g of titanium precursor solution which was
obtained from 1 mol of Ti(OEt), and 4 mol of Acac
was added into the flask dropwise under mechanical
and ultrasonic agitation over a period of 60 min.

The freestanding films were made by casting the
PAA solutions onto a dust free glass plate by an
automatic film applicator. The resulting PAA thin
films were then stepwise heated under an air atmos-
phere at 80, 120, 150, 200, 250, and 300°C, for 1h at
each temperature. On cooling, the films were
stripped off the glass surface by immersion of the
glass plate into water. The hybrid films have an
average thickness of 3540 pm in final. The calcu-
lated TiO, concentration were approximately 0, 1, 3,
5 and 10 wt %, assuming complete imidization,
complete conversion of the Ti(OEt), to the TiO,, and
no residual solvent. The identification numbers of
these hybrid films were TO, T1, T3, T5, and T10,
respectively. The films are too brittle to strip off
from the glass in one piece with the TiO, concentra-
tion about 10 wt % theoretical amount. The TiO,
portions in the hybrid films were calculated by
assuming that the sol-gel reaction proceeded
completely.

Characterization

The Fourier transform infrared (FT-IR) spectra were
recorded between 4000 and 400 cm ' on a Nicolet
NEXUS-470 spectrometer for PI and PI/TiO, hybrid
film TO, T1, T3, and T5 before and after AO expo-
sure. The mechanical properties of the solution-cast
films were measured according to ISO 527-3-1995.
The test specimens were prepared by cutting the
films into 10-mm-wide strips with a total length of
120 mm with a drawing rate of 5 mm/min at room
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temperature. Dynamic mechanical analysis (DMA)
was performed using a DMA-7e from Perkin-Elmer
at heating rate of 5°C/min from RT to 300°C. A rec-
tangular specimen of 50 x 5 x 0.04 mm® was used
in the tensile geometry mode, at a frequency of 1
Hz. The glass transition temperature (T) was taken
as the temperature at which tand showed a maxi-
mum. A minimum of five specimens were tested.

AO exposure experiment was performed by using
a ground-based AO effects simulation facility with
filament discharge oxygen plasma. The films were
machined to the size of 1 cm x1 cm squares before
test. The samples were dried in vacuum oven at
200°C for 2 h to remove solvents. A 15 h AO expo-
sure was carried out during which the samples were
weighted at regular intervals to investigate the rela-
tionship of mass loss (AM) as a function of exposure
time (). As for the vacuum chamber, the working
air pressure was 0.15 Pa, the discharging voltage
was 120 V, and the discharging current of the lamp
was 140 mA. AO accumulation flux was calculated
by mass loss of standard commercial Kapton® H
film with the following formula:

F=AM/(p-A-7) )

where F indicates AO accumulation flux (atom/
cm?), AM is mass loss of film (g), p indicates mate-
rial density (g/ cm?), A is sample area (cm?), and vy is
erosion rate of material (cm®/atom). As for Kapton®
H film, p = 1.4 g/cm® and y = 3 x 10 ** cm®/atom.
AO accumulation flux in period of 15 h is 4.88 x
10%° atom/cm? which is equivalent to the AO accu-
mulation flux of ~ 104 days at altitudes of 400 km.

The mass of the sample was measured with a DT-
100 balance, sensitivity is =1.5 x 107> g. A FE-SEM
(American FEI corp., X.30S-FEG) was used to
observe the surface morphology and aggregate
structure of sample before and after AO irradiation.
The fracture morphology was also examined using
the FE-SEM.

An XPS (Japan ULVAC-PHI corp., PHI Quantera)
with a Al Ka X-ray source was used to analyze the
elemental composition and valence of the film sur-
face before and after AO exposure. To compensate
for surface charging effects, all binding energies
(BEs) were referenced to the C 1s hydrocarbon peak
at 284.8 eV.

RESULTS AND DISCUSSION
Infrared analysis

In the IR spectrum of Figure 2, the disappearance of
amic acid absorptions at 1650-1700 cm ™ (C=ONH)
and 2400-3400 cm ' (C=OOH) in all spectra, to-
gether with the appearance of characteristic imide

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 FT-IR spectra of PI/TiO, hybrid film T3 before
and after AO exposure.

absorption bands at 1778 cm ' (C=0 asymmetric
stretch) and 1720 cm™' (C=O symmetric stretch),
1381 cm ™' (C—N stretch), 1110, and 720 cm ™' (imide
ring deformation) indicate the transformation of
o-carboxyl amide to the imide ring, therefore
confirming the complete imidization of the PAA.
Further, the disappeared of Ti—OH cm ™' (around
3400 cm™ ') indicate that most of the Ti(OEt), has
been converted into the Ti—O—Ti network. Accord-
ingly, a broad absorption band in the vicinity of
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400-850 cm ™! corresponds to the Ti—O—Ti network,
and the intensity of this broad absorption band
increased with increasing TiO, contents, which
provided the evidence of the formation of the three-
dimensional Ti—O—Ti network in the hybrid films.

Figure 3 illustrates the FT-IR spectra of the pre-
pared PI-TiO, hybrid thin film T3 before and after
AO exposure. From the curves of T3 before AO
exposure, it can be seen that there are no absorption
bands at 3000-3500 cm ™' which indicate that all
Ti—OH has been converted to the inorganic phase
composed of Ti—O—Ti linkages.

It is worth mentioning that with range of 3500-
2500 cm ', absorption bands were found after AO
exposure. Among that peaks, the new band at 3500-
3000 is attributed to a small amount of Ti—OH and
Si—OH. Also, the double peaks at 2950 and
2850 cm ™' represent —CH, asymmetrical stretch
vibration and symmetrical stretch vibration. It is
interesting that the relative absorption intensity of
the Ti—O—Ti in the range of 400-850 cm ' versus
the cyclobenzene C (y..) has increased.

The SEM photos of T3 show the Ti—O—Ti 3D
network on the outside surface of the hybrid film
T3, and the block chain of —N—(CH,);—Si(CHj3),—-
O—S5i(CH3),—(CHy)s—N— (APrTMOS) bonding the
PI main chain was ruptured. Consequently, the
—CH; peaks were obviously higher than that of PI/
ZrO, hybrid film after AO experiment in our

Figure 4 Fracture surface SEM images of PI and PI/TiO, hybrid films: scale bar: 1pum.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Mechanical and Thermal Properties of
PI/TiO, Hybrid Films

Theoretical Tensile
TiO, content strength Modulus Elongation
Sample (wt %) T, (°C)* (MPa) (GPa) (%)
TO 0 298.1  127.0 3.4 6.5
T1 1 308.7 147.8 4.1 6.0
T3 3 324.2 81.9 37 2.4
T5 5 344.8 40.5 37 11
T10 10 —° — — —

@ Glass transition temperature determined by DMA.
" The film was too brittle to measure.

previous research.>® During the AO attack, the PI
main chain was attacked by AO to give rise to OH/
H,O. Hereafter, Si—OH and Ti—OH continued to
form on the sample during the AO experiment.

Fracture surface morphology

The SEM micrographs of the fractured surface of
hybrid film are shown in Figure 4. The distributions
of TiO, and microphase separation were investigated.
When the TiO, content is less than 1 wt %, the
fractured surface is very smooth, and the inorganic
particles of TiO, are scarcely seen from Figure 4(a,b).
The hybrid films showed good compatibility between
polymer matrix and the TiO, phase. However, when
the TiO, content exceeded 3 wt %, the compatibility
became worse. The micrograph of Figure 4(c,d)
reveals that little particles of TiO, exist, indicating a
very poor interfacial bond between the two phases.

Mechanical and thermal properties

The mechanical properties of the PI/TiO, hybrid thin
film are presented in Table I. It is remarkable to
observe that the tensile strength increases with
increasing of the theoretical TiO, content up to 1 wt
% and then reduces to 40.5 MPa with the increase of
the theoretical TiO, content up to 5 wt %. The tensile
strength increases by 16.4%, whereas the elongation
at break decreases with the increase of TiO, content.
The dependence of the moduli of all studied hybrid
films on the TiO, content is shown in Table I. The
moduli of the hybrid film represent a maximum with
the TiO, content up to 1 wt %, and then beginning to
reduce to 3.7 GPa and remaining the same up to 5 wt
%. The film T10 was too brittle to test. The improve-
ment of mechanical properties should be the results
of the formation of the bonding site between the
organic polymer phase and the inorganic phase,
within a proper range of the crosslink density, the
strain and toughness can be controlled.
The glass transition temperatures
by dynamic mechanical-temperature

measured
relaxation

147

behavior are shown in Table I. The presence of TiO,
increases the T,. The increase of the T, may be
attributed to the interfacial interaction and possible
crosslinking between the PI and TiO,. The results
indicate that the mobility of the PI chains was re-
stricted by the TiO, crosslinking sites. On the other
hand, the increase in T, values could indicate that
the free volume of PI/TiO, hybrid film is much
larger than that of the pure PI because of TiO,
particles crosslinking sites.

Mass loss

A series of PI/TiO, hybrid films were prepared by a
two-step approach based on BTDA, ODA, ArPT-
MOS, and Ti(OEt),. To study the effect of the intro-
duction of TiO, on the AO resistant properties
hybrid films, the ground-based AO exposure experi-
ments were carried out. The mass loss of PI/TiO,
hybrid films as a function of AO exposure time is
shown in Figure 5. As exposure time goes on, not
unexpectedly, the mass loss of Kapton® H increases
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Figure 5 Mass loss of PI and PI/TiO, films as a function
of (a) exposure time and (b) TiO, content during AO
exposure.
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Figure 6 SEM surface morphologies of (a) TO, (b) T1, (c) T3, and (d) T5 after 15h AO exposure.

nearly with a linear erosion rate which indicate the
Kapton has been eroded severely. However, it can
be clearly seen from Figure 5(a) that the mass loss
rate of PI/TiO, hybrid films decreases with increas-
ing of the TiO, content. The mass loss decreases in
the order of Kapton > T0 > T1 > T3 > T5. The mass
loss of T3 and T5 exceeded 3 wt % theoretical TiO,
content increases slowly with the increase of
exposure time. When the TiO, content increased to
5 wt % (T5), the mass loss after 15 h AO exposure is
decreased to 0.2 mg/cm?, which is approximate 6%
that of Kapton® H. It can be observed remarkably
that 5h, 10h, and 15h curves demonstrate a decline
tendency excluding 2h curve as shown in
Figure 5(b). The mass loss of 2h curve slightly
increases with increasing of TiO, content until
1 wt %. It could be that little TiO, might accelerate
the degradation of film surface as catalyst via irradi-
ation by lamp light in the vacuum chamber. These
results indicate that one kind of enriched Ti protec-
tion layers form on the surface of the hybrid film
prevent the further erosion. The higher TiO, con-
tents exhibit better AO resistance.

Changes in surface morphology

Figure 6 illustrates the surface morphologies of TO,
T1, T3, and T5 films after 15 h (4.88 x 10*° atom/
cm?) AO exposure. As shown in Figure 6(a), the
surface of the films changes dramatically after 15h

Journal of Applied Polymer Science DOI 10.1002/app

AQ irradiation and exhibit a “hill-like” morphology
with lots of micropores surrounding the “hill,” indi-
cates that they suffered serious erosion. This kind of
morphology may be due to the “undercutting”
effects of AO erosion, other studies have also shown
obvious changes after AO exposure.” >’ The reason
for the changed surface morphology can be attrib-
uted to low molecular weight debris of polymers,
CO, and CO, evacuated from the surface leaving
holes below.

The surface morphology of PI/TiO, hybrid film
T1 after 15 h AO exposure is shown in Figure 6(b),
which is completely different from film TO. The
surface of hybrid film T1 exhibits more holes and
ravines, which can be ascribed to evacuate of CO,
and form of TiO, network initially. As for Figure
6(c,d), low “relief-like” morphology can be seen,
which might be composed of the compact three-
dimensional TiO, network. When the density of
TiO, network reach to a certain amount, the mor-
phology look more like a TiO,-rich layer.

XPS analysis

The elemental composition of PI/TiO, hybrid film
before and after AO exposure was calculated from
the wide scan spectra as shown in Table II. The AO
reaction taken place on the surface of the hybrid
film T3 causes that the relative concentration of C
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TABLE II
The Surface Composition of the PI/TiO, Hybrid Films
TO0 and T3 Before and After the AO Effects Experiment

Sample TO T3

Element concentration (%)

Before AO After AO Before AO After AO

Element peaks exposure exposure exposure —exposure
Cls 75.10 75.14 78.65 59.04
O1s 19.87 21.93 18.10 31.93
Nis 5.03 2.93 3.26 0.57
Ti2p3 0.0 0.0 0.0 8.46

decreased from 78.65% to 59.04% and N from 3.26%
to 0.57%, whereas the relative concentration of O
increased from 18.10% to 31.93%. The concentration
of Ti increased to 8.46% sharply. The incorporation of
oxygen exceeds the loss of oxygen by evacuation of
volatiles. The Ti oxides are nonvolatile and remain
on the surface of the hybrid film, which results in an
increase of Ti.

According to XPS standard spectra databases, the-
oretical composition and relative references,®** the
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XPS spectra of the hybrid film was deconvoluted.
The curve-fitting procedure including the addition
of possible components, the area and positions of all
components was carried out and then adjusted to
obtain the best fit. The curve-fitting results of C 1s,
O 1s, N 1s, and Ti 2p before and after AO irradia-
tion are shown in Figure 7 and Table IIL

First, Figure 7(a) shows the C 1s XPS spectra of T3
hybrid film before and after AO exposure. It is seen
that the C 1s BE has no evidently shifts before and
after AO exposure. The C 1s line consists of five
components, the most intense peak at 284.8 eV, and
the others weaker peaks at 284.3 eV, 285.4 eV, 286.1
eV, and 288.4 eV, respectively, before AO exposure.
The first two peaks are usually assigned to C—H of
the ODA molecular chain and imide phenyl ring,
the peak at 285.4 eV is C*—C=0O connected to the
carbonyl carbon on the backbone of the polymer
chain. The well-defined broad peak at 288.4 eV is
due to carbonyl groups on the PI chain. The obvious
changes are the intensity of all peaks almost
decreases after AO exposure. To our surprise, the
appearance of peak at 2839 eV assigned to
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z 5
£ i £
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Figure 7 XPS spectra (a) C 1s, (b) O 1s, (c) N 1s, and (d) Ti 2p of T3 hybrid film before and after AO exposure.
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TABLE III
XPS Surface Component Analysis of T3 Before and After AO Exposure
Before AO exposure After AO exposure
Element Binding Binding
peaks energy (eV) Assignments Area (%) energy (eV) Assignments Area (%)
Cls — — — 283.9 Unsaturated 18.2
284.3 C—H (imide phenyl ring) 26.7 284.4 C—H (imide phenyl ring) 12.4
284.8 C—H (ODA phenyl ring) 27.7 284.8 C—H (ODA phenyl ring) 33.6
285.4 Cc*—C=0 259 285.1 Cc*—C=0 17.5
286.1 C—N, C—0O 8.4 285.7 C—N, C—0O 16.6
288.4 C=0 11.3 288.3 C=0 1.6
Ols — — — 529.8 TiO, 54.2
531.6 C=0 67.8 531.1 C=0 444
532.8 Cc—0—C 322 532.8 Cc—0—C 14
Nls 400.3 C—N—C 100 399.7 C—N—C 100
Ti2p — — — 458.6 Ti2p3,» 69.1

unsaturated C* may be ascribed to the saturated C
on the phenyl ring changing into unsaturated C* via
abstracting hydrogen reaction. These results indicate
that C oxide volatiles are formed because of AO
attacking weak sites of PI molecule chain.

Second, the deconvolution spectra of O 1s before
and after AO exposure are shown in Figure 7(b).
Unexpectedly, the peak corresponding to TiO, is not
observed before AO exposure. The reasonable expla-
nation is that the content of TiO; is too low. The BE
at 531.6 eV is attributed to the oxygen of the C=0
bond and at 532.8 eV is attributed to the C—O—C
bond before AO exposure. As expected, the new
peak at 530 eV is attributed to the TiO, appearance
after AO exposure, whereas the relative O element
concentration increases. It can be concluded that the
TiO; layer forms on the surface of the film. The BE of
N elements before and after AO exposure is shown
in Figure 7(c). Both peaks show the similar shape
around 400 eV, which is assigned to the N on the PI.
The BE of N has no obvious shifts, whereas the in-
tensity of the peak decreases after AO exposure. A
weak peak is observed in this current work for the
C—N—C peak located at 400.2 eV, it disappeared in
all spectra of PI/ZrO, hybrid film in our previous
study. It could be partial cleavage of the imide ring.

The curve-fitting N 1s indicates a decrease in
concentrations of nitrogen in the imide ring. Incor-
poration of C 1s and O 1s suggests that the imide
rings are indeed the weakest bonds which undergo
substantial changes during AO exposure.

In addition to the above changes, the BE of Ti ele-
ment before and after AO exposure is compared, as
shown in Figure 7(d). Prior to AO exposure, the lack
of Ti 2p peaks in this spectra is suggestive of the
content of TiO; less than detecting inferior limitation
of XPS (0.1% atom concentration). Besides, the probe
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depth of XPS (approximate 7-10 nm) should be
taken into account. AO exposure causes appearance
of two new peaks location at 458.6 eV and 464.2 eV
of the main component of Ti 2p. Incorporation with
the Ti—O—Ti peak in the Ols line indicates the exis-
tence of a considerable amount of TiO, on the
surface of the PI/TiO, film.

CONCLUSIONS

In this paper, the PI/TiO, hybrid films have been
successfully synthesized using sol-gel process with
TiO, concentration up to 10 wt %, followed by ther-
mal imidization. The chelating agent, Acac, was
used to reduce the gelation rate of titanium alkoxide.
Such a composite design afforded the films out-
standing degradation resistance behavior in a space-
simulating AO environment. The AO resistant prop-
erties of PI/TiO, hybrid films increased with the
increase of TiO, contents. The mass loss of PI/TiO,
hybrid films shows nonlinear character; when the
content of TiO, reached 5 wt %, the mass loss of PI/
TiO, hybrid film reduces to 6% of Kapton® H film.
In AO exposure environment, it can be concluded
that C—N bond will react with AO preferentially,
which results in the scission of the molecular chain
of PI and the formation of volatiles resulting in the
mass loss. Although hydrogen cannot be observed
in the XPS spectra, it most likely reacts rapidly with
the AO to form water which desorbs. The TiO, is
proved to play a key role preventing the erosion by
AO by forming a TiO,-rich protective layer on the
film surface. The combination of higher glass transi-
tion temperature and improved AO resistance makes
these films promising polymers for potential space
applications in LEO.
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