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Abstract  Inspired by the birch bark, which has multilayered structures, we fabricated layer-by-layer (LbL) assembled 
montmorillonite (MMT) and poly(p-aminostyrene) (PPAS) nanocomposites on cotton fiber curved surfaces to provide 
protection from atomic oxygen (AO) erosion. The multilayer coated fibers had high flexibility, uniformity, defect free, ease 
of preparation and low cost. The AO erosion durability has been dramatically enhanced which was evidenced by testing in 
the ground-based AO effects simulation facility. And the dimension and surface morphologies of the fibers observed by SEM 
had few changes, indicating excellent AO erosion resistant ability of the coatings. These results provide us a new method to 
design fibrous materials exposed directly in low earth orbit environment. 
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INTRODUCTION 

Atomic oxygen (AO) erosion is one of the severe degrading factors to the space polymeric materials exposed in 
the low earth orbit (LEO), due to its high chemical reactivity and high impinging energy (approximately 5 eV)[1]. 
There are mainly two methods to improve space materials’ tolerance against AO. One method is to design new 
kinds of polymers, incorporating functional groups, such as silicon-, phenylphosphine oxide (PPO)-containing 
(co)polymers[2−11], which are converted to stable surface layer by AO interaction and inhibit further oxidation. 
This is so called “self-healing” ability. The other option, which is more frequently applied, is to introduce 
directly inert thin coatings (ca. 50−200 nm) of inorganic oxides on top of the polymeric materials, for instance, 
aluminum oxide-, silicon oxide-, phosphorous nickel-containing polymers, and so on[12−15]. To provide maximum 
protection, the coatings need to be relatively uniform and defect free. However, the inorganic coatings are 
somehow very brittle, and possess a crack tendency. 

Our inspiration for AO erosion protection comes from the outermost bark layer of a tree stem, which 
protects the interior tissues from external physical threats such as rain, hail and snow, and biological threats such 
as animals, insects, fungi and bacteria. Taken birch bark as an example, it is composed of densely 
interconnected, elongated cells, thus with large aspect ratio, forming multilayered structure[16, 17]. The 
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multilayered structure has high values of Young’s modulus (0.94 GPa), ductility (100%), and toughness (4 × 104 
J/kg), suiting for the maximum intensities of bending and twisting stresses at the curved surface. Furthermore, 
the bark is renewable with increasing circumference of the twig’s axis. We learn from nature, utilizing a simple 
and common method to fabricate multilayers of flat montmorillonite (MMT) nanoparticles, which has excellent 
mechanical strength and toughness, large surface-area-to-mass ratios, imitating the stretched cells in the bark, 
and of poly(p-aminostyrene) (PPAS) as the stick of the building bricks. The technique is called layer-by-layer 
(LbL) assembly[18]. Alternating monolayers are attracted to each other by electrostatic and van der Waals 
interactions[10, 19, 20]. It could increase concentration of inorganic filler, while reduce the phase segregation and 
make composites highly homogeneous, with nanoparticles and polymers well dispersed and interpenetrated, 
resulting in high stiffness and tensile strength[21−23]. It is worth noting that the multilayers are flexible due to 
noncovalent bonding[24, 25], enabling the fibers woven avoiding crack. Silicate MMT is highly AO inert, and the 
compact assembly inhibits AO attack. As far as we know, this is the first time to use LbL technique to fabricate 
flexible multilayer coatings on fibers for testing the AO erosion durability.  

EXPERIMENTAL 

Polystyrene (PS) with molecular weight of MW ≈ 1.7 × 105 (Sigma-Aldrich) was used as received. Na+-
montmorillonite (MMT) powder (Nanocor Corp.) was prepared and dispersed in deionic water under vigorous 
stirring for 1 week, then centrifugated under 4000 r/min before use. PPAS was synthesized by sequential 
nitration and reduction of PS. Degreasing cotton (Beijing Chemical Corp.) was treated as described in 
literature[29]. 

In the deposition process, the positively charged cotton fibers were immersed into the following solutions 
alternately for 5 min periods: (a) the anionic MMT solution, (b) the deionized water, (c) the cationic PPAS 
solution and (d) the deionized water. This deposition cycle was repeated until 25-layer MMT/PPAS films were 
deposited on cotton fibers. Multilayer film coated cotton fibers were dried at 80oC in vacuum for 1 night. 

The prepared multilayer coated cotton fibers as well as uncoated fibers were tested in the ground-based AO 
effects simulation facility at Beihang University. The configuration and characteristics of the facility were 
illustrated in references[26]. In the experiment, fibers were placed on a circular holder at the facility with diameter 
of 160 mm, and one end was covered with a small metal screw cap in order not to be blown away during air 
charge. All samples were held at a vacuum level of 1.5 × 10−1 Pa with oxygen as the medium. The AO tests were 
conducted with a flux at the target of 3.6 × 1020 atoms/cm2, which was calculated from the mass loss of the 
standard Kapton sample. The test periods were within 16 h. The mass change of all the samples was measured 
every 4 h using a DT-100 optical balance with a sensitivity of 0.5 × 10−4 g. 

RESULTS AND DISCUSSION 

We applied cotton fiber as the substrate of the multilayer coatings, for the consideration of its weak AO 
durability. In this case, we can easily estimate the AO shielding effect. In order to bind the multilayers 
successfully, pre-treatment of the hydroxyl group on the surface of cotton fibers with 2,3-
epoxypropyltrimethylammonium chloride was carried on to create cationic charges. Then LbL assembly of 
oppositely charged MMT and PPAS surrounds the cotton fiber entirely (see Fig. 1a). Figure 1(c) shows SEM 
photograph of fiber coated with MMT/PPAS multilayers from side view. Dense and defect-free multilayers were 
successfully fabricated. MMT contour interlocking in the adjacent layers can be seen, due to the different MMT 
sizes, location and the curvature of the surface. The cross-sectional view of SEM photograph in Fig. 1(b) gives 
us clearly curved multilayer shell around the cotton fiber core, indicating the successful formation of birch bark-
like protective multilayers. The coatings are flexible and stable at wide range of temperature. They can be bent 
arbitrarily even frozen in liquid nitrogen without break, crack or flaking off. Compared to the multilayer film 
fabricated on the flat substrate, the curved multilayers surrounding the fibers can be stuck tight once the entire 
film is completed. 
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Fig. 1  Schematic procedure of multilayer-coated cotton fibers (a) prepared by cyclic deposition of anionic 
MMT and cationic PPAS onto the curved surface of cotton fibers; SEM photographs of the cross-sectional 
(b) and side-view (c) of the treated fiber indicating the successful formation of birch bark-like multilayers 
The dashed line in (b) is the approximate interface between the cotton fiber and the multilayer coating. 

 
The multilayer-coated cotton fibers and naked fibers without coatings were tested in the ground-based AO 

effects simulation facility[26]. The normalized mass changes are shown in Fig. 2(a). For the naked cotton fiber 
exposed to the AO, the weight decreases dramatically with the erosion time increase. The organic matter is 
favorite reagent for AO. After 16 h of irradiation, the residual cotton is closed to zero (curve I in Fig. 2a). The 
SEM micrograph of cotton fiber surface after AO erosion is shown in Fig. 2(b). It is worth noting that the cotton 
fibers were so reactive that few fibers left after 16 h of erosion. We collected carefully small pieces of relics 
under the metal screw cap for SEM examination. The dramatic change in fiber diameter and numerous surface 
fragments indicated that the fiber was severely eroded by AO. 

Compared to the mass loss of cotton fibers, the fibers coated with 25-layer MMT are much more stable in 
the same AO fluence (curve II in Fig. 2a). Most of the weight loss happened at the beginning, probably as a 
result of the outest PPAS layer, isolated fragments, contamination deposit in the composite. After this, the final 
weight remains approximatively constant (ca. 92%), indicating that the left MMT multilayers provided excellent 
shielding from AO attack. SEM photographs show the details of the surface morphologies. One end of the fibers 
was not protected if cut by scissors before AO erosion. The inner cotton disappeared and the outer multilayers 
remained, forming a hollow pipe (Fig. 2c). From the image, we can calculate the thickness of the multilayer, 
which is around 350 nm. The physical dimension of the multilayer-coated fibers remained mostly intact. No 
apparent surface cracking or structural deterioration was observed. The wrinkle became more obvious from Figs. 
2(d), and 2(e), because the PPAS interlayer was reactive to AO resulting in the mass loss, while the MMT part 
was chemically inert. The outside MMT nanosheet could prevent AO attack the PPAS inside, and PPAS provide 
the bond to the outside MMT nanosheet. Therefore, the AO is hard to reach deeply to oxidize the polymer. If 
MMT nano-sheets deposited on the surface isolated instead of inter-stack, they could be flaked off the surface. 
AO could attack the polymers below, resulting small shallow holes. However, this erosion could be stopped by 
the lower continuous inorganic layers, preventing the weak cotton from AO exposure. That's to say, the 
protecting layers can be self healed. MMT/polymer composites system with lower MMT content have been 
considered as AO shielding materials[27, 28]. However, the high content of polymer provided more opportunities 
to react with AO resulting more mass lost. 
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Fig. 2  (a) The weight fractions as function of AO erosion time of naked (I) and multilayers coated (II) cotton 
fibers, indicating excellent protection provided by the coatings; SEM photographs of the naked fiber (b) and 
multilayers coated cotton fiber (d) and (e) after AO erosion showing the surface morphologies eroded by AO 
attack; (c) SEM photograph of a hollow pipe obtained from a coated  fiber with one of its ends exposed to AO

CONCLUSIONS 

We successfully developed the LbL assembly of inorganic MMT nanosheet and PPAS on cotton fibers to form 
uniform, flexible and defect-free multilayers coatings, which was inspired by the multilayer structure of birch 
bark. The multilayer coatings have excellent stability at a wide temperature range and AO environment, so as to 
provide the inner cotton fiber core effective protection from AO attack. These results lead us to design new 
fibrous materials exposed directly in LEO environment, which can be tolerant of AO erosion.  
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