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ABSTRACT: We report a series of PI composite fibers containing polyhedral oligomeric silsesquioxane
(POSS). These fibers were fabricated by a three-step process consisting of the in situ polycondensation of
POSS and polyamic acid, wet spinning, and thermal imidization. X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray spectroscopy proved that POSS enriched the surface of POSS/PI composite
fibers during wet spinning. This surface enrichment enhanced the resistance to atomic oxygen (AO) erosion.
After exposing the POSS/PI composite fibers to AO fluence up to 2.93×1020 atoms cm−2, the fibers still
displayed excellent AO resistance. With increased POSS content from 0 wt% to 20 wt%, the retention of
fracture strength and initial modulus considerably improved from 54% to 93% and from 64% to 91%,
respectively. Moreover, the decay rates of fracture strength of the composite fibers obviously decreased at
the same AO fluence with increased POSS content from 0 wt% to 20 wt%. AO erosion at a larger fluence
further resulted in more effective AO resistance for composite fibers with higher POSS content. XPS results
suggested as well that silicate passivated layers formed on the fiber surfaces after AO exposure, and these
layers prevented the fibers from further AO erosion.
KEYWORDS: polyimide fibers, polyhedral oligomeric silsesquioxane, atomic oxygen, surface enrichment

1. INTRODUCTION
Polymeric fibers and fabrics have been applied extensively to the flexible construction elements of

spacecraft mounted on their external surfaces. Such elements include different fastener assemblies, tensional
cables, flexible sheetings and screens, railings, and safety lines used by astronauts [1,2]. These polymeric
fibers are subjected to high-energy atomic oxygen (AO) attack (∼4.5 eV) in low Earth orbit (LEO), which is
the dominant composition of the upper atmosphere of Earth in the altitude between 200 and 700 km [3].
Such attack causes the rapid degradation of polymer materials and leads to hazards on the mechanical
properties [4-9]. The resistance of polymeric fibers to AO attack can be improved by utilizing AO-durable
coatings, such as SiO2, Al2O3, or SnO2 [10-13]. However, these inorganic coating materials are prone to crack
and even peel off from the fiber surface during thermal cycling, folding, or bending because of the
insufficient adhesive strength and the difference in thermal expansion coefficients between the inorganic
coatings and polymeric fibers [14]. The cracks in the coating allow AO to attack the underlying polymeric
fibers and can result in undercutting phenomena, and ultimately, mechanical failure of the polymeric fibers.

A promising approach for producing LEO survivable polymeric fibers is incorporating
oxidation-resistant nanoscale components in the form of additives into the polymer matrix. Polyhedral
oligomeric silsesquioxane (POSS, empirical formula RSiO1.5) are ideal candidates for this approach [15-19].
POSS-containing polymer nanocomposites have shown significantly lower AO erosion yields versus pure
polymer. In Minton’s study [16], POSS was incorporated into the main chain and side chain of polyimide (PI)
backbone to produce two types of POSS/PI. After AO erosion, these two types showed similar resistance
performances. Depending on the weight percentage of the POSS cage, the erosion yield of the POSS/PI may
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be as low as ∼0.01 that of the pure PI (or Kapton H). With a hyperthermal AO fluence of 2.70 ×1020

atoms cm−2, the erosion yields of 7.0 wt% Si8O12 side chain POSS/PI and 7.0 wt% Si8O11 main chain
POSS/PI were 0.15 and 0.13×10−24 cm3 atom−1, respectively. According to Lei’s report [20], POSS modified
by two amine was copolymerized with 4,4′-oxydianiline (ODA) and pyromellitic dianhydride (PMDA) to
prepare POSS/PI. The composites containing 29.7 wt% POSS showed the lowest erosion yield of 0.9×10−25

cm3 atom−1. The as-prepared POSS/PI copolymers not only manifested excellent AO resistance but also
displayed good thermal and mechanical properties. Nevertheless, the preparation process was complicated,
difficult to operate, and relatively costly. In this regard, Qian [17] et al. prepared several trisilanolphenyl
POSS/PI blends with different contents of POSS, and the AO resistance of the blends and POSS/PI
copolymers was further investigated. For all POSS/PI materials, the AO resistance increased with increased
POSS cage loading, which became more effective at higher AO fluence. Under similar POSS cage loadings
and exposure conditions, the TSP POSS/PI blends showed comparable erosion yields to the POSS/PI
copolymers, with specific samples of blends and copolymers achieving erosion yields as low as 0.066×10−24

cm3 atom−1 with an AO fluence of 5.93×1020 atoms cm−2.
A major challenge in the development of polymer nanocomposites is the control of nanoparticle

dispersion in polymer matrix [21,22]. However, these studies essentially focused on the efficient and
homogenous dispersion of nanoparticles within a whole matrix and the suppression of aggregation of a
nanoparticulate phase; scarce literature reported on utilizing enrichment in polymer/nanoparticle
nanocomposites to create surfaces with specific morphologies [23,24]. Certain applications can benefit from
the targeted arrangement of nanoparticles on polymer surfaces [25]. The ideal situation for the resistance to
AO erosion involves the nanoparticles being confined to the polymer surface.

Surface enrichment in melt-blended POSS/polymer nanocomposites has been reported [26].
Researchers demonstrated that the surface enrichment of POSS nanoparticles helps improve the surface
hydrophobicity and tribological properties of POSS/polymer nanocomposites by annealing the melt and
heating the solid blend [27]. POSS nanoparticles show preferential enrichment to air–polymer interfaces,
which are driven by low surface energy, and the formation of larger aggregates at the surface than in the bulk
[28,29]. However, the majority of these studies to date have focused on polymer bulk and film materials [30].
Only few works centered on nanoparticle dispersion and morphological evolution in polymer fibers during
wet spinning, which is commonly utilized in high-performance fiber manufacturing for materials such as
aramid, poly(p-phenylenebenzobisoxazole), carbon, and PI fibers. In wet spinning, the dual diffusion of the
solvent and nonsolvent between the fresh fluid filament and the coagulation bath cause the polymer
solidification, which is the fundamental process governing the fiber structure [31,32]. The migration of
POSS in nanocomposites may be driven by the counter diffusion of solvent and nonsolvent, which are totally
different from the surface enrichment of the POSS in melt-blended POSS/polymer nanocomposites.

Aromatic PI fibers are desirable spacecraft materials because of their excellent thermal stability,
chemical resistance, and outstanding mechanical properties [33-38]. However, PI fibers are eroded
significantly under AO exposure [39]. In our previous work, AO-resistant properties of PI fibers containing
phosphorous groups in PI molecular chains have been reported [40-43]. With increased phosphorus content
of PI fibers from 0% to 60%, mass loss of the fibers decreased significantly from 1.80 mg cm−2 to 0.75 mg
cm−2, the retention of tensile strength and Young’s modulus of the fibers significantly increased from
47.78% to 64.87% and from 59.15% to 66.04% under the highest AO fluence of 5.0×1020 atoms cm−2.

In this study, a series of novel POSS/PI composite fibers was fabricated by a three-step process
consisting of the in situ polycondensation of POSS and polyamic acid (PAA), wet spinning, and then thermal
imidization. The dispersion behavior of POSS in composite fiber was systematically investigated. The
current investigation will provide some suggestion on controlling the surface enrichment of POSS during wet
spinning and improving the resistance to AO erosion.
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2. EXPERIMENTAL METHODS

2.1. Materials
ODA (>99.5%) and PMDA were purchased from Shanghai Research Institute of Synthetic Resins, and

PMDA was dried in vacuum at 233 °C for 2 h prior to use. N,N-Dimethylacetamide (DMAc, analytical
purity ≥99.5%) was purchased from Tianjin Fine Chemical Co., Ltd. and distilled over CaH2 under reduced
pressure. Trisilanolphenyl POSS was obtained from Hybrid Plastics, Inc. Kapton® H films were purchased
from DuPont, Inc. All other chemicals were used as received.
2.2. Preparation of POSS/PAA Solutions

The preparative route of POSS/PI fibers by wet spinning is shown in Scheme 1. A series of POSS/PAA
solutions was initially prepared from mixtures of ODA, PMDA, and different POSS contents. The
POSS/PAA solutions with 10 wt% POSS was prepared as follows. POSS (13.20 g, 0.01 mol) and ODA
(56.80 g, 0.28 mol) were charged into a flask equipped with a stirrer under nitrogen atmosphere, followed by
the addition of DMAc (672.0 g). The solution was stirred for 1 h, and then PMDA (61.87 g, 0.28 mol) was
added under stirring at 0 °C. The resulting solution was stirred for another 24 h at room temperature. Other
POSS/PAA solutions containing 5 wt%, 15 wt%, and 20 wt% of POSS were also prepared through the same
steps.

Scheme 1. Synthetic route of POSS/PI composite fibers.

2.3. Preparation of POSS/PI Composite Fibers
The POSS/PI composite fibers were spun by wet spinning with a homemade spinning machine as

shown in Scheme 2 [44]. The viscous POSS/PAA solutions in DMAc were filtered, degassed, and then
extruded through a spinneret (100 holes, 0.12 mm/hole) at room temperature. The fresh fluid filaments were
entered into a coagulation bath (mixture of water and DMAc with a volume ratio of 1:1) and coagulated into
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nascent fibers, followed by washing thoroughly with water and drying to remove residual solvent. The
as-spun POSS/PAA fibers were subjected to thermal imidization at 350 °C followed by heat drawing with
the ratio of 1.5 at 480 oC to produce POSS/PI composite fibers. The diameters of all the fibers were in the
range of 15-20 μm.

Scheme 2. Schematic of the wet spinning of POSS/PI composite fibers.

2.4. Morphological, Structural, and Chemical Composition Characterization
Fourier transform infrared (FTIR) spectrum was recorded on a VERTEX 70 spectrometer at a spectral

resolution of 400-4000 cm−1. The surface chemical composition of fibers before and after AO exposure was
analyzed by XPS using an ESCALAB 250Xi electron spectrometer from Thermo Scientific Corporation with
monochromatic Al Kα radiations. The morphology of surface and cross-section of fibers before and after AO
exposure were examined by a field-emission scanning electron microscopy (SEM, Hitachi S-4800). The
samples were sprayed with Pt before observation. The chemical composition of fiber cross-section was
investigated using energy dispersive X-ray spectroscopy (EDX, Bruker) in conjunction with SEM to
determine their Si, O, and C contents. To observe the POSS-rich domains, the elemental mapping of these
sections were also analyzed on the sample images.
2.5. Thermal and Mechanical Characterization

Dynamic mechanical analysis (DMA) was conducted by a Rheometric Scientific DMTA-V at 1 Hz with
the heating rate of 3 °C min−1 in a temperature range from 100 °C to 450 °C. Thermogravimetric analysis
(TGA) was then performed with a TA Q50 instrument at a heating rate of 10 °C min−1 from 50 °C to 800 °C
under nitrogen atmosphere. The measurement of mechanical properties was carried out on an XQ-1
instrument at a strain rate of 20 mm min−1, and the initial distance between grippers was 20 mm. Each
sample was tested more than 20 times, and the average value was used for the final properties.
2.6. Ground-based Simulated AO Exposure Experiment

The AO exposure experiment was performed in a ground-based AO effects simulation facility, a type of
filament discharging plasma-type atomic oxygen simulation facility. Collision ionization and the dissociation
of oxygen molecules by electrons formed oxygen plasma, which mainly includes neutral O atoms, electrons,
O2+, O+, and molecular oxygen. PI fibers of 20 cm length were placed on the platform in a vacuum chamber
for AO exposure. In this work, different AO irradiation times were used (Table 1). The corresponding AO
fluence of each irradiation test was calculated on the basis of the mass loss, irradiated area, density, and
erosion yield of the Kapton® H film as described by the literatures [1, 44, 45]. The Kapton films were cut
into 1×1 cm2 squares and placed on the platform randomly for the average AO fluence. All the samples were
weighed at 5, 10, 15, 20, and 30 h. AO fluence was calculated from the mass loss of Kapton® H film through
Equation (1):

   /F M AE (1)
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where F is the total AO fluence (atoms cm−2), ΔM was the mass loss of Kapton (g), ρ was the density of
Kapton (1.42 g cm−3). A was the exposure area of Kapton (1 cm2), and E was the erosion constant of Kapton
(3×10−24 cm3 atom−1). The AO stream in the vacuum chamber was nearly uniform in our experiment. The
POSS/PI composite film and POSS/PI composite fiber samples were weighed and analyzed after different
AO exposure times [46].

Table 1. Experimental conditions of the simulated AO exposure.

AO exposure time (h) 5 10 15 20 30

AO fluence (atoms cm-2) 5.40×1019 1.01×1020 1.48×1020 1.94×1020 2.93×1020

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of POSS/PI Composite Fibers
Fig. 1 shows the FTIR spectra of POSS nanoparticles, PI fiber, and POSS/PI composite fibers with

different POSS loading. For the PI fiber, the peaks at 1774 and 1722 cm−1 belong to the C=O group of
asymmetric and symmetric stretching vibrations of the aromatic imide ring, respectively. The peak at 1360
cm−1 is attributed to the C–N stretching vibration of the imide ring. The peak at 734 cm−1 implies the
appearance of imide ring bending vibration. The above-mentioned results indicate that PAA fibers have been
successfully converted into PI fibers. For POSS/PI composite fibers, new bands are obviously detected. The
two peaks at 1428 and 690 cm−1 are attributed to the Ar–Si and Si–C stretching vibrations, respectively, of
POSS. Moreover, with increased POSS content from 0% to 20%, the intensity of the two peaks above
showed a clear increase, which indicates that the POSS is introduced into the PI fibers successfully.

Fig. 1. FTIR spectra of POSS nanoparticles, PI fiber, and POSS/PI composite fibers with the POSS content of 5 wt%,
10 wt%, 15 wt%, and 20 wt%.

1. 3.2. Distribution of POSS in the Composite Fibers
To evaluate the POSS content on the surface of POSS/PI composite fibers, the quantitative analysis of

the surface elemental composition is initially carried out by XPS based on the silicon percentage on the
surface, and the corresponding results are listed in Table 2. With increased POSS addition from 5 wt% to 20
wt%, the silicon content on fiber surface shows an obvious increase from 6.52 wt% to 10.58 wt%. On the
basis of POSS addition content, the calculated silicon content in composite fibers were 2.42 wt%, 4.50 wt%,
6.35 wt%, and 7.99 wt%, corresponding to POSS addition of 5 wt%, 10 wt%, 15 wt%, and 20 wt%,
respectively. Obviously, both experimental and calculated values of silicon content in composite fibers
showed an increase with increased POSS addition amount. However, the experimental values of silicon
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content on the fiber surface were higher than the calculated silicon content in composite fibers. The results
indicate the enrichment of POSS nanoparticles on the surface of composite fibers through wet spinning. To
confirm these findings, we used energy dispersive X-ray in a scanning electron microscope (SEM-EDX) and
EDX Si mapping to further study the distribution of POSS in composite fibers by observing the
cross-sectional morphologies of samples prepared by brittle breaking at low temperature. The POSS contents
of the specific locations, i.e., near surface and center in the cross-sectional area of composite fibers, were
determined, and the Si contents were fairly variable along the radial direction of the fiber cross-section (Fig.
2). Additional silica content was clearly observed near the fiber surface than at the fiber center. Moreover,
the low POSS amount added in fibers gave rise to the obvious distributed disparity (Fig.s a2-a3, b2-b3, and
c2-c3) corresponding to the fibers with POSS contents of 5 wt%, 10 wt% and 15 wt%. When the POSS
addition amount was increased to 20 wt%, the small difference in silicon distribution is shown in Fig.s d2-d3.
We also performed a quantitative analysis on silica content by SEM-EDX, and the results are listed in Table
2. When the added POSS amount was raised from 5 wt% to 20 wt%, the silicon contents near the fiber
surface showed a clear increase from 5.81 wt% to 11.58 wt%, and those in the fiber center displayed an
increase from 1.22 wt% to 3.28 wt%. Specifically, the silicon contents near the fiber surface were 5.81 wt%,
8.29 wt%, 10.25 wt% and 11.58 wt%, and those in the fiber center were 1.22 wt%, 2.46 wt%, 2.83 wt%, and
3.28 wt%, corresponding to the added POSS amount of 5 wt%, 10 wt%, 15 wt% and 20 wt%. Notably, the
calculated silicon contents in the fiber bulk were much lower than the contents near the fiber surface, but
higher than the contents in the fiber center. The results confirmed the POSS enrichment on the surface of the
POSS/PI composite fibers.

Table 2. Calculated and measured values of silicon content in the POSS/PI composite fibers.

Sample POSS (wt%)
Calculated

silicona
(wt%)

Surface b

(wt%)

Near-surface
c

(wt%)
Center c

(wt%)
5 wt% POSS/PI 5.0 2.42 6.52 5.81 1.22

10 wt%
POSS/PI

10.0 4.50 8.00 8.29 2.46

15 wt%
POSS/PI

15.0 6.35 9.82 10.25 2.83

20 wt%
POSS/PI

20.0 7.99 10.58 11.58 3.28

aThe theoretical value calculated by the addition of POSS
bThe surface silicon content by XPS.
cThe silicon content from cross-section by EDX.
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Fig. 2. Si elemental analysis of the cross-section of 5 wt% POSS/PI (a1-a3), 10 wt% POSS/PI (b1-b3), 15 wt%
POSS/PI (c1-c3), and 20 wt% POSS/PI (d1-d3) by the SEM-EDX. C means the scanning areas at the fiber central
cross-section, and NS represents the scanning areas near the fiber surface. a2-d2 show the Si mapping at the central

region (C), and a3-d3 display the Si mapping near the surface region (NS).

The formation of surface enrichment is mainly ascribed to the double diffusion process of the solvent
and the nonsolvent during fiber coagulation (Scheme 3). In wet spinning, when the viscous solution of
POSS/PAA in DMAc is extruded through small holes of a spinneret and enters into the coagulation bath
(DMAc/water), the solvent (DMAc) molecules begin to diffuse out of the freshly formed fluid filament, and
non-solvent (water) molecules diffuse in simultaneously [47]. This process is the primary mechanism for the
polymer solidification into fibers from solution in the coagulation bath, which is a quaternary system
consisting of the polymer, solvent, nonsolvent, and nanoparticle. The main factors affecting the surface
enrichment of fibers during the coagulation process include concentrations of DMAc, H2O and POSS, radius
of the extruded filaments, thickness of the outer layer gel phase, and spinning speed. Scheme 3 shows a
sectional view of a single extruded filament. The Z axis is the axial direction beginning from the spinneret to
the take-up roller along the bath. The R axis is the radial direction on the fiber starting from the center to the
outer surface. The dual diffusion initially occurs on the surface of the fluid filament, and a layer of skin
forms. The thin skin disrupts the dual diffusion process and restrains the POSS diffusion out of the fibers.
The different diffusion rates of DMAc and H2O from the solidified filament is a dominant factor affecting
the POSS diffusion in the coagulation process. With the outward diffusion of DMAc, POSS nanoparticles
show favorable mobility and diffuse from the center to the surface of the filaments, attributing to better
miscibility of POSS (solubility parameter of 9.8×10-3 (cal m-3)1/2) and DMAc (solubility parameter of
11.1×10-3 (cal m-3)1/2) than that of POSS and water (solubility parameter of 23.2×10-3 (cal m-3)1/2) [48]. A
kinetic competition between POSS outward diffusion and the gradual thickening of the outer layer gel phase
impacts the dispersion characteristic of POSS, which results in the formation of surface enrichment of POSS
in composite fibers. The preferential migration of POSS offers an avenue to surface modification.
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Scheme 3. Schematic of extruded PAA filament in the coagulation bath and the dual diffusion process.

3.3. Thermal Properties of POSS/PI Composite Fibers.
The glass-transition temperatures (Tg) of the fibers are investigated by DMA. As shown in Table 3 and

Fig. 3a, the Tg of composite fibers increases from 382 °C to 401 °C with increased POSS content from 0 wt%
to 20 wt%. The results indicate that incorporating POSS can confine the segmental motion of the PI chain
because of the π–π stacking of the phenyl rings in PI and the hydrogen bond interactions between the
trisilanolphenyl groups in POSS and carbonyl groups [49].

Fig. 3b shows the TGA curves of the PI and composite fibers. With increased POSS content from 5
wt% to 20 wt%, the 5% weight-loss temperatures (T5%) of the composite fibers are in the range of
560–570 °C, which indicates excellent thermal stability similar to that of PI fibers with the T5% value of 568
°C (Table 3).

Table 3. Thermal and mechanical properties of POSS/PI composite fibers.

Fig. 3. DMA and TGA curves of PI and POSS/PI fibers.

3.4. Mechanical Properties of POSS/PI Composite Fibers

Sample

Thermal Properties Mechanical Properties

Tg

(°C)
T5%

(°C)
Fracture

strength (GPa)
Initial modulus

(GPa)
Elongation

(%)

PI 382 568 0.58 ± 0.03 7.41 ± 0.33 8.01 ± 0.77

5 wt% POSS/PI 390 568 0.59 ± 0.02 7.37 ± 0.40 8.27 ± 0.43
10 wt% POSS/PI 397 570 0.60 ± 0.04 7.58 ± 0.41 9.08 ± 0.74
15 wt% POSS/PI 400 564 0.56 ± 0.03 7.22 ± 0.39 8.59 ± 0.66
20 wt% POSS/PI 401 560 0.44 ± 0.03 6.78 ± 0.46 7.95 ± 0.50
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For the requirements of space application, the mechanical property is considered a significant parameter
[26]. Fig. 4 shows the variation of mechanical properties with different POSS contents. With increased POSS
content from 0 wt% to 10 wt%, the mechanical properties of POSS/PI composite fibers only display a
negligible increase in fracture strength and initial modulus with the average values of 0.59 GPa and 7.48 GPa
compared with the pristine PI fiber with a fracture strength of 0.58 GPa and initial modulus of 7.41 GPa.
When the POSS content was increased to 15%, the mechanical properties of the fibers deteriorated, and the
fracture strength and initial modulus became 0.56 GPa and 7.22 GPa, respectively. However, when the POSS
loading reached 20 wt%, the fracture strength and initial modulus of the fibers decreased to 0.44 GPa and
6.78 GPa, respectively. Although the interactions of hydrogen bonds and π–π stacking exist in a composite
fiber system, surface enrichments cause the aggregation of POSS nanoparticles on the fiber surface, which
can weaken the above interactions. Moreover, when amount of POSS added exceeds a certain critical value,
POSS nanoparticles aggregate on the surface and in the bulk and produce defect points in the PI matrix.
These observations show the negative effects on the mechanical properties of POSS/PI composite fibers.

Fig. 4. Fracture strength (a) and initial modulus (b) of POSS/PI composite fibers added with different POSS amounts.

3.5. Mass Loss and Surface Morphologies of Fibers after AO Erosion
The POSS/PI composite fibers are exposed to variable simulated AO fluences between 5.4×1019 atoms

cm−2 and 2.93×1020 atoms cm−2 to characterize their resistance to an AO environment.
In the current work, the mass loss of POSS/PI composite films was replaced by those of corresponding

fibers. As a result, the low weights of the fibers lead to error in the mass test. The mass loss in the films is
shown in Table 4 and Fig. 5. In the whole test, the Kapton® film is used as a standard. With increased AO
fluence from 5.4×1019 atoms cm−2 to 2.93×1020 atoms cm−2, the mass loss of Kapton film and pristine PI film
showed a clear increase from 0.023 mg cm−2 to 0.125 mg cm−2 and 0.025 mg cm−2 to 0.110 mg cm−2. For the
POSS/PI films, the mass loss revealed a lower decrease than that of the mass losses of Kapton and pristine PI
film. With the increase of AO from 5.4 ×1019 atoms cm−2 to 2.93×1020 atoms cm−2, the mass losses of 5 wt%
POSS/PI, 10 wt% POSS/PI, 15 wt% POSS/PI, and 20 wt% POSS/PI exhibited slow increases from 0.01 mg
cm−2 to 0.04 mg cm−2, 0.005 mg cm−2 to 0.035 mg cm−2, 0.005 mg cm−2 to 0.020 mg cm−2, 0.005 mg cm−2 to
0.015 mg cm−2, respectively. Under the same AO fluence, the mass loss of the POSS/PI films decreased with
a rise in POSS content. With increased POSS content from 0 wt% to 20 wt%, the mass loss of the films
decreased from 0.025 mg cm−2 to 0.005 mg cm−2 at 5.40×1019 mg cm−2 AO fluence, from 0.04 mg cm−2 to
0.005 mg cm−2 at 1.01×1020 atoms cm−2 AO fluence, from 0.06 mg cm−2 to 0.01 mg cm−2 at 1.48×1020 atoms
cm−2 AO fluence, from 0.075 mg cm−2 to 0.01 mg cm−2 at 1.94×1020 atoms cm−2 AO fluence, and from 0.11
mg cm−2 to 0.015 mg cm−2 at 2.93×1020 atoms cm−2 AO fluence. Notably, when the POSS contents were
raised to 15 wt% and 20 wt%, the mass loss showed the same values at low AO fluence, i.e., 5.40×1019

atoms cm−2, 1.01×1020 atoms cm−2, 1.48×1020 atoms cm−2, and 1.94×1020 atoms cm−2 AO fluence. Results
indicated that the AO resistance of the POSS/PI films improved with augmenting POSS content. With
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increased POSS content to a certain extent, i.e., 20 wt%, the AO resistance seems to be a constant at low AO
fluence.

Table 4. Mass loss of PI films under different AO fluences.

Sample

Mass lossa

5.40×1019

atoms cm-2

(mg cm-2)

1.01×1020

atoms cm-2

(mg cm-2)

1.48×1020

atoms cm-2

(mg cm-2)

1.94×1020

atoms cm-2

(mg cm-2)

2.93×1020

atoms cm-2

(mg cm-2)

Kapton film 0.023 0.043 0.063 0.083 0.125

Pristine PI 0.025 0.040 0.060 0.075 0.110

5 wt% POSS/PI 0.010 0.020 0.025 0.030 0.040

10 wt% POSS/PI 0.005 0.010 0.020 0.025 0.035

15 wt% POSS/PI 0.005 0.005 0.010 0.010 0.020

20 wt% POSS/PI 0.005 0.005 0.010 0.010 0.015

a Using Equation (1) to calculate the total AO fluence with Kapton® film in this Table.

Fig. 5. Mass loss of POSS/PI films versus AO fluence.
SEM observation provides a visualized understanding on the surface morphological evolution in Fig. 6.

Prior to the AO exposure, the surfaces of all fibers were smooth and flat without obvious defects (Fig.s
6a0-e0). After AO exposure experiment with increased fluence from 0 atoms cm−2 to 2.93×1020 atoms cm−2,
the surface morphologies of all fibers changed distinctly from smooth to gully like and displayed numerous
densely distributed etching tunnels. For pristine PI fibers, the numbers and sizes of etching tunnels
dramatically increased, and the “gully-like” morphology broadened and deepened with increased AO fluence
from 1.01×1020 atoms cm−2 to 2.93×1020 atoms cm−2 (Fig. 6(a1-a3)). This effect resulted in the coalescence of
rims and formation of interconnected net structure. Obviously, the pristine PI fiber suffers serious AO
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surface erosion under the given AO fluence. This kind of “gully-like” morphology may be due to the
“undercutting” effects of AO erosion. The high-energy AO impacted the fiber surface and formed the defect
points (pits or cracks) and served as channels for the AO to undercut into the polymer. All the defect points
were amplified with the extension in AO erosion time [50]. However, the surface morphologies of POSS/PI
composite fibers showed obvious improvement compared with that of the pristine PI fiber after the AO
exposure experiment. With increased POSS content from 5 wt% to 15 wt%, the surface roughness of
composite fibers showed a clear decrease after exposure at the same AO fluence, although the roughness of
the fibers displayed increased AO fluence from 0 atom cm−2 to 2.93×1020 atoms cm−2. Notably, when the
added POSS content reached 20 wt%, the surface roughness of composite fibers showed a slight change
without obvious defect, even when the AO fluence was increased to 2.93×1020 atoms cm−2 (Fig. 6(e3)).
Actually, the POSS cage was further oxidized to silica, and a self-passivating network was created on the
surface of POSS/PI composite fibers under AO exposure; this network can then protect the fibers from
further AO erosion [19].

Fig. 6. Fiber surface morphologies of (a0-a3) pure PI, (b0-b3) 5 wt% POSS/PI, (c0-c3) 10 wt% POSS/PI,
(d0-d3) 15 wt% POSS/PI, and (e0-e3) 20 wt% POSS/PI after exposure to AO with a fluence at (a0-e0) 0,
(a1-e1) 1.01×1020 atoms cm−2, (a2-e2) 1.94×1020 atoms cm−2, and (a3-e3) 2.93×1020 atoms cm−2.

3.6. Surface Elemental Analysis by XPS after AO Erosion

To reveal the AO resistance mechanism of POSS/PI composite fibers, we adopted XPS measurement to
detect changes in chemical component and elemental states on the surface of composite fibers before and
after AO exposure. Fig. 7 shows the XPS survey spectra of 10 wt% and 20 wt% POSS/PI composite fibers
before and after AO exposure with an AO fluence of 2.93×1020 atoms cm−2, and the elemental species and
contents are presented in Table 5. Besides C1s and O1s peaks, small Si 2p and Si 2s peaks near 100 eV were
observed before AO erosion in the XPS curve of composite fibers. After AO exposure, the contents of
carbon atoms for 10 wt% and 20 wt% POSS/PI composite fibers decreased from 76.59% to 30.20% and from
74.72% to 26.15%, respectively. However, the contents of oxygen atoms for 10 wt% and 20 wt% POSS/PI
composite fibers showed a clear increase from 18.63% to 45.19% and from 18.54% to 45.23%, respectively.
Notably, the contents of silicon atom exhibited a dramatic growth from 3.81% to 22.78% and from 5.09% to
27.2%, for the 10 wt% and 20 wt% POSS/PI composite fibers. Actually, strong oxidizing AO can react with
the atoms on fiber surfaces, such as carbon, hydrogen, nitrogen, and silicon. During the AO exposure process,
some of these atoms were transformed to volatile gases, and the corresponding atom content was decreased
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considerably. However, the formed silicon dioxide were nonvolatile; therefore, the oxygen and silicon
contents rose dramatically on the surface [50]. Furthermore, the position and relative intensity of the peak at
101.9 eV assigning to Si−O changes obviously when the fibers were exposed to AO (Fig. 7b), which
corresponds to a structural change from the RSiO1.5 (POSS) at 101.9 eV to the high oxidation state of SiO2

(103.3 eV). From the XPS results shown above, we confirmed that the surface-enriched POSS were
transformed to the silica layer under the AO erosion and can cause the fibers to show excellent AO resistant
character.

Fig. 7. (a) XPS survey spectra and (b) high resolution Si spectra of 10 wt% and 20 wt% POSS/PI composite fibers
before and after AO exposure.

Table 5. Surface composition of the POSS/PI composite fibers before and after AO exposure.

Type of
element

Elemental content (%)
10 wt% POSS/PI 20 wt% POSS/PI

Unexposed Exposed Unexposed Exposed
C 76.59 30.20 74.72 26.15
O 18.63 45.19 18.54 45.23
Si 3.81 22.78 5.09 27.20

3.7. Mechanical Properties of Fibers after AO Erosion
Decrease in mechanical performance caused by AO erosion is a main problem to be solved for the

high-performance fibers applied in LEO at present[4,52]. Consequently, the mechanical properties of
POSS/PI composite fibers before and after AO exposure are shown in Fig. 8. The fracture strength and initial
modulus of pristine PI fiber almost linearly decreased with a constant decay rate with increased AO fluence
from 0 atoms cm−2 to 2.93×1020 atoms cm−2, and the values rapidly decreased from 0.59 GPa to 0.32 GPa and
from 7.41 GPa to 4.73 GPa. Such substantial decrease in mechanical properties of the fibers under AO
exposure was fatal to the spacecraft in LEO. By contrast, under the same AO erosion conditions, the changes
in mechanical properties of the POSS/PI fibers were remarkably lower. With increased AO fluence from 0
atom cm−2 to 2.93×1020 atoms cm−2, the fracture strengths of the composite fibers with POSS contents of 5
wt%, 10 wt%, 15 wt%, and 20 wt% showed decreases from 0.59 GPa to 0.38 GPa, 0.61 GPa to 0.52 GPa,
0.56 GPa to 0.50 GPa, and 0.45 GPa to 0.42 GPa, respectively. For the initial modulus of the composite
fibers with POSS contents of 5 wt%, 10 wt%, 15 wt%, and 20 wt%, the values declined from 7.37 GPa to
5.15 GPa, 7.58 GPa to 6.89 GPa, 7.22 GPa to 6.12 GPa, and 6.78 GPa to 6.20 GPa with increased AO
fluence from 0 atom cm−2 to 2.93×1020 atoms cm−2. Definitely, the retention of fracture strength and initial
modulus of the fibers increased from 54% to 93% and 64% to 91% with increased POSS contents from 0
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wt% to 20 wt%. Notably, although the pristine fracture strengths of the 15 wt% POSS/PI and 20 wt%
POSS/PI composite fibers were slightly lower than that of pristine PI fiber, the retentions of fracture strength
and initial modulus of the two samples were obviously higher than that of the pristine PI fiber after AO
exposure. These results demonstrate that the AO resistance of the POSS/PI composite fibers improved
considerably with increased POSS content. Thus, the improved AO resistance is likely sustainable even
under increased AO fluence conditions; this notion implies that the service time of POSS/PI composite fibers
applied in LEO can be effectively extended [50].

Fig. 8. Variation in (a) fracture strength, (b) initial modulus, and (c) fracture strength decay rate of POSS/PI composite
fibers with AO fluences.
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To quantitatively investigate the AO resistance of these fibers, the decay rate of mechanical
performance of fibers was adopted as a relevant parameter for evaluating and comparing the AO resistance
of the fiber materials. The fracture strength decay rate was defined in Equation (2) as follows:

D = (SO – S)/F (2)
where D is the fracture strength decay rate (Pa cm2 atom−1), So denotes the pristine value of fracture strength
(Pa) before AO irradiance, S represents the retention value of fracture strength (Pa) after AO irradiance, and
F is the AO fluence (atom cm−2). The decay rate of these fibers is calculated, and the detailed results are
shown in Fig. 8(c). The strength decay rate of PI fiber was found to be similar under the different AO
fluences, with an average decay rate of 9.1×10−13 Pa cm2 atom−1. The strength decay rates of the POSS/PI
composite fibers revealed a dramatic decrease from 9.2×10−13 Pa cm2 atom−1 to 1.9×10−13 Pa cm2 atom−1,
8.9×10−13 Pa cm2 atom−1 to 2.0×10−13 Pa cm2 atom−1, 8.8×10−13 Pa cm2 atom−1 to 1.3×10−13 Pa cm2 atom−1,
9.3×10−13 Pa cm2 atom−1 to 1.5×10−13 Pa cm2 atom−1, and 9.2×10−13 Pa cm2 atom−1 to 1.0×10−13 Pa cm2 atom−1

with increased POSS content from 0 wt% to 20 wt% with AO exposure at 5.4×1019, 1.01×1020, 1.48×1020,
1.94×1020, and 2.93×1020 atoms cm−2. Furthermore, with increased AO fluences, the strength decay rates of
the POSS/PI composite fibers presented a downward trend. The results indicate that the AO surface erosion
exerted a gradually decreasing influence on the mechanical properties of the POSS/PI composite fibers with
incremental POSS contents and AO fluences.
3.8. Relationship between Structure and AO Resistance Properties

For the POSS/PI fibers, the mass loss revealed a lower decrease than the mass loss of Kapton film and
pristine PI fiber. With increased AO from 5.4 ×1019 atoms cm−2 to 2.93×1020 atoms cm−2, the mass losses of
5 wt%, 10 wt%, 15 wt%, and 20 wt% POSS composite fibers exhibited a slow increase from 0.01 mg cm−2 to
0.04 mg cm−2, 0.005 mg cm−2 to 0.035 mg cm−2, 0.005 mg cm−2 to 0.020 mg cm−2, and 0.005 mg cm−2 to
0.015 mg cm−2, respectively.

Meanwhile, the surface morphologies of POSS/PI composite fibers showed an obvious improvement
relative to that of pristine PI fiber after AO exposure experiment. When the POSS content was raised from 5
wt% to 15 wt%, the surface roughness of composite fibers clearly decreased after exposure at the same AO
fluence, although the roughness of the fibers displayed increased with increased AO fluence from 0 atom
cm−2 to 2.93×1020 atoms cm−2. Notably, when the added POSS content reached 20 wt%, the surface
roughness of composite fibers shows a slight change without obvious defect, although the AO fluence was
increased to 2.93×1020 atoms cm−2.

At the AO fluence of 2.93×1020 atoms cm−2, the retention of fracture strength and initial modulus of the
fibers showed an increase from 54% to 93% and 64% to 91% with increased POSS content from 0 wt% to 20
wt%. The strength decay rates of the POSS/PI composite fibers dramatically decreased from 1.9×10−13 Pa
cm2 atom−1 to 1×10−13 Pa cm2 atom−1 at the AO fluence of 2.93×1020 atoms cm−2 with increased POSS
content from 0 wt% to 20 wt%.

The mechanism of decreased mechanical performance of the fibers originated from the crack of the AO
erosive fiber surface defects as observed from SEM [50]. Defect points, such as cracks or pits, in the fiber
surface are expected to become initiation points of rupture. We assumed that when the fiber samples were
loaded, stress concentrates at the defect region on rough surfaces produced by AO erosion, and then the
defect region can develop a surface crack perpendicular to the loading direction [53]. The stress concentrated
at the initial defect points reached a critical level, and the cracks began to grow and lead to failure. Therefore,
a roughened surface can enlarge the stress concentration and reduce the rupture strength. As considered from
fiber surface SEM analysis after AO exposure, the pristine PI fiber shows the roughest surface. As a
consequence, the pristine PI fiber achieved the highest strength decay rate [54]. By contrast, the surface of
POSS/PI composite fibers were smoother than that of PI fiber because of the formation of a dense surface
layer of silica through the reaction of POSS and AO. Accordingly, the AO attack exerted a lower influence
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than that of PI fiber on the mechanical performances of POSS/PI. Furthermore, given the increased content
and surface enrichment of POSS, a continuous protective layer can be formed on the surfaces and effectively
maintains the mechanical properties of POSS/PI composite fibers.

4. CONCLUSIONS
A series of POSS/PI composite fibers was initially prepared by in situ polymerization, followed by wet

spinning and thermal imidization, with a POSS loading of 0 wt% to 20 wt%. The thermal and mechanical
properties, and AO resistance performance of the POSS/PI composite fibers were subsequently investigated
systematically. The main results are summarized as follows:
(i) With increased POSS content from 0 wt% to 20 wt%, the Tgs of POSS/PI fibers increase from 382 °C to
401 °C, and the T5% was in the range of 560–570 °C, indicating good thermal properties for composite fibers.
(ii) After AO exposure with the fluence of 2.93×1020 atoms cm−2, the mass loss of the composite films reveal
an obvious decrease from 0.110 mg cm−2 to 0.015 mg cm−2, with POSS content increasing from 0 wt% to 20
wt%; POSS/PI fibers display a compact surface, whereas the pure PI fiber possesses a loose surface; the
retention of fracture strength and initial modulus is improved dramatically from 54% to 93% and 64% to
91%, respectively; the strength decay rate reveals a dramatic decrease from 1.9×10−13 Pa cm2 atom−1 to
1.0×10−13 Pa cm2 atom−1. Therefore, the composite fibers display excellent AO resistance even at higher
fluence.
(iii) The quantitative analyses of the specific locations show that POSS nanoparticles enrich on the POSS/PI
fiber surface. This effect is attributed to the kinetic competition between the POSS’s outward diffusion and a
gradual thickening of the outer gel layer in the dual diffusion process. Consequently, a thin silica layer forms
easily on the fiber surface upon AO exposure, which can protect the fibers from further AO erosion.
These results show that the synthesized POSS/PI composite fibers possess excellent AO resistance
performance and are highly promising for use as space materials.
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