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Abstract

Recently, 3D-graphene infused polyimide (3DC/PI) films have shown to be an effective
protection coating for electrostatic discharge in spacecraft. However, these films are not suitable
for Low Earth Orbit (LEO) due to atomic oxygen (AO) erosion. Here, we used Polyhedral
Oligomeric Silsesquioxane (POSS) to enhance the AO durability of 3D-C/PI films. Three
different ways of adding POSS to the composite films were studied with ground-based AO
exposure. For all infusion approaches, their electrical conductivity behaviour is well preserved
and the presence of POSS results in reduced AO erosion yield. Of all the methods studied here,
incorporating POSS directly into PI results in the lowest erosion yield of 4.67 x 10-25 cmsz/O-
atom (one order of magnitude lower than that of Kapton). Adding POSS to PI, extends the
durability of the composite film beyond 10 years, making it an ideal protective material for long
term mission in LEO.
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1. Introduction:

Satellites for long term space missions are typically launched to low Earth orbit (LEO, at 200 -
800 km altitude) and geosynchronous equatorial orbit (GEO, at 35,786 km altitude) which are
characterized by harsh environmental conditions such as atomic oxygen (AO) (at LEO only),
ultraviolet (UV) and ionizing radiation, plasma, extreme thermal cycles (-120 °C to 120 °C every
orbital cycle), vacuum, impact by micrometeoroids, and space debris [1-4]. Almost 25% of
spacecraft failure modes, are linked to interactions with outer space environment [5]. Space
qualified polyimides (PIs), such as Kapton, are generally used in thermal blanket for satellites
(external layers in multilayer insulation, MLI)[6] to protect them from outer space environment.
Despite having high thermal stability, elastic modulus and tensile strength [7], Pls are vulnerable
to AO erosion at LEO and electrostatic discharge (ESD) in LEO and mostly in GEO.

The ESD and AO erosion of the Pls, are usually mitigated by applying protective coatings on
the outer layer. Conductive coating made of indium tin oxide (ITO) is used for ESD protection.
Protective coatings such as Al203, SiOz2, SnO2, or ITO [8-11], are used to reduce AO erosion.
However, these coatings are very brittle and are prone to crack upon folding or bending, even to
a small extent, resulting in increased sheet electrical resistance [12]. In addition, they are also
vulnerable to damage by micrometeoroids and space debris. Once the crack is formed, the
underlying substrate is subjected to AO attack, leading to erosion [8, 12]. Another method for
AO protection, is by adding fillers (hanomaterials) as additives [13-16] or by tweaking polymer
backbone [17-19]. These nanofillers, tend to cause inhomogeneous distribution, affecting the
structural integrity of the polymer matrix [20, 21].

In a previous work, three-dimensional (3D) Graphene foam (3D-C) [22-24] was infused as
filler in the PI to mitigate electrostatic discharge. A new method was developed, to obtain 3D-C
infused PI for space applications to prevent ESD build-up [25-27]. Adding 3D-C as filler
material helped to overcome the disadvantage associated with other fillers such as
inhomogeneous distribution. In addition, due to its interconnected structure, a very low filling
fraction is required to enhance the thermal and electrical conductivity of the Pl. 3D-C/PI
demonstrated good compatibility with GEO environment. However, 3D-C/PI film cannot be
used in LEO, where AO exposure is known to have a dominating effect on the space materials
leading to oxidation, surface erosion and mass loss and is of greater concern for long-term
missions [28]. The composite is expected to erode under long term AO exposure at LEO
altitudes. Carbon-based materials, e.g. 3D-C and PI are susceptible to erosion due to collision
with AO at a high relative velocity (5 eV), both in LEO and in laboratory testing [29]. For
example, Pls such as Kapton® have a high erosion yield of 3x10-24 cma/O-atom when exposed to
AO and are commonly used for assessing the AO flux in LEO ground simulation facilities [30].
Thus, 3D-C/PI film cannot be used in LEO environment, without any protection against AO
attack.

The objective of this work is to improve the AO durability of 3D-C/PI films and for this
Polyhedral oligomeric silsesquioxane (POSS), an organic-inorganic hybrid, has been used. POSS
has a cubic cage-like molecular structure, made of inorganic Si-O-Si framework (0.53 nm side
length), surrounded by up to eight organic groups with the empirical formula (RSiOw5)n. POSS,
which has already been used in a wide range of applications such as electronics, biological



systems and aerospace [31-35] is being incorporated both in polymers and carbon nanostructures
to improve their properties. Copolymerization, or incorporating POSS in polymer functional
groups helps to resist AO induced degradation [36-40]. It was found that when exposed to AO
the POSS organic groups are etched away and a surface SiO2 passivation layer is formed to
protect the polymer from further O-atom attack [41]. In addition, studies show that, adding POSS
into polymer matrices helps to improve their thermal stability, mechanical strength, viscosity,
impact and chemical resistance [42, 43]. In a recent work, Trisilanolphenyl (TSP)-POSS was
added to intrinsically AO-resistive phosphorous-containing PI film (FPI) to further enhance the
AO durability for long term applications. It was shown that 25 wt% of TSP-POSS could
significantly reduce the AO erosion yield to about 5.8% of that of FPI film.[44] POSS
nanoparticles were also chemically grafted (functionalization) on to different carbon surfaces
such as graphene, carbon nanotube [45], carbon dots [46], graphene oxide film [47], carbon
fibre [48], and fullerenes, to improve the properties of the composite structures, and for various
other applications [49-53]. Hence, in this work, both ways of adding POSS to the composite
film have been explored, to find the optimized method of AO protection using POSS. In any
composite structure, the mechanical behaviour and environmental stability depends greatly on
the matrix itself and the interface between the matrix and reinforcement [54-56]. These
properties can be enhanced by appropriately engineering the interface [57-59], to relieve internal
stress concentrations, or by tweaking polymer backbone. Moreover, it is essential to observe the
effect that the addition of POSS in various ways has on the composite mechanical properties.

In the present work, three different methods were utilized for adding POSS to 3D-C/PI1 and the
resulting hybrid films: 3D-C-POSS/PI (POSS in 3D-C alone), 3D-C/PI-POSS (POSS
incorporated in Pl alone) and 3D-C-POSS/PI-POSS (POSS incorporated in both 3D-C and PI)
were studied and compared. An optimised process, to improve the AO durability of 3D-C/PI has
been identified by comparing the sample properties. These POSS containing composite films,
along with 3D-C/PI films were subjected to ground-based AO exposure, to access their durability
in LEO. In addition, the effect of POSS on the electrical and mechanical properties of the
samples were studied and compared. Pyromellitic dianhydryde-oxydianiline (PMDA-ODA)
polyamic acid blends with different concentration of TSP-POSS were infused into the 3D-C
based foams [60]. Additionally, we have incorporated 3D-C with aminopropyl isobutyl POSS
(NH2-PQOSS) for the first time resulting in the entire surface of all the branches of 3D-C to be
uniformly covered with NH2-POSS nanoparticles. The POSS nanoparticles are physically
absorbed on the 3D-C surface forming a 3D-C-POSS composite foam structure. It was
demonstrated in the earlier work, that infusing Pl with 3D-C helps to avoid the ESD build up
[27], and in this work AO durability of 3D-C/PI is improved by adding POSS with no
detrimental effect on the electrical properties. We have demonstrated that, adding TSP-POSS to
the PI results in a composite film with good AO resistance along with higher mechanical
properties proving to be suitable for long term space applications. A slight reduction in the
stiffness of the films compared to that of pure Pl is observed. Weak physical bond between 3D-
C and POSS in addition to poor PI infiltration inside the 3D-C branches are suspected to reduce
the stiffness of the films lower than that of pure Pl. However, the composite samples are
potentially suited for use as the outer layer of thermal blankets in satellites as they undergo
mostly bending and only a minor tensile stress. For other applications, optimization of PI matrix
and the bonding between 3D-C and POSS should be explored.



2. Experimental Section:

2.1. Materials

The materials studied in this work are 3D-C foam, TSP-POSS-PI matrix blend and
Aminoproyllsobutyl POSS (POSS-NH2). POSS-NH2 was purchased from Alfa Chemistry (USA)
as crystalline powder and used as received. Tetrahydrofuran, anhydrous (THF) was purchased
from Sigma Aldrich (401757). Polyamic acid (PAA) solution of 15 wt% PMDA-ODA in N-
methyl-2-pyrrolidone (NMP) was purchased from Sigma-Aldrich (575801) to form the pristine
Pl matrix. Blends containing 5 and 15 wt% TSP-POSS in PAA were purchased from Hybrid
Plastics (PM1215.5 and PM1215.15, respectively) to form the TSP-POSS-PI matrices.

2.2. Preparation of 3D-C

The three-dimensional interconnected graphene foam-like structure (3D-C) was obtained by
template assisted direct thermal chemical vapour deposition (TCVD). Nickel (Ni) foam was used
as a template and catalytic substrate. The Ni foam was annealed at 1000 °C in a quartz tube
placed inside TCVD furnace under constant Ar and H2 flow. Annealing is done to clean the Ni
surface and to remove the oxide layer from the Ni surface. After annealing for about 5 minutes a
small amount of methane (CH4) was introduced into the tube following decomposition of
methane and deposition of graphene film on the surface of Ni foam. The whole synthesis process
was carried out under ambient pressure and after the growth period the samples were subjected
to rapid cool down to room temperature under constant Ar and Hz flow. The flow rate of CH4
and the growth time depends on the concentration of total gas flow and the Ni foam dimensions.
3D-C/Ni sample was then dip-coated with poly (methyl methacrylate) (PMMA) and heated to
protect the 3D-C structure while etching the Ni substrate. Once the PMMA has hardened
forming a protective film on the graphene surface, the samples were treated with hot dilute
hydrochloric acid (HCI) for about 3 to 5 hours or until the Ni substrate has been completely
etched off. Freestanding, ultralight and flexible graphene foam was then obtained by annealing
the samples for 1 h at 700 °C in Ar and H2 atmosphere in order to remove the PMMA [22, 23,
27].

2.3. Preparation of 3D-C-POSS

POSS-NH2 was incorporated into the as grown freestanding 3D-C foams as shown
schematically in Figure 1. THF was used as a solvent in order to disperse POSS-NH2
agglomerates and to provide a medium for attaching the POSS-NH2 to the 3D-C foam surface. A
small quantity of POSS-NH:2 powder was added to THF and mixed by ultra-sonication in an
ultrasonic bath for about 15 minutes. This helps to disperse or de-agglomerate the POSS particles
in the solvent. The fabricated 3D-C foams were then immersed in the solution and heated at 50
°C for about 4 hours. The foams were then removed, washed with DI water and dried by heating
at 110 °C for 30 minutes. The result is a POSS coated 3D-C foam structure.
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Figure 1. Schematic of the POSS-NH:2 used and its incorporation into 3D-C. a) POSS-NH2
molecular structure showing eight organic groups attached to the cubic Si-O-Si (inorganic)
framework (Si atom - red, O atom - dark blue and organic group - light blue); b) Schematic
illustration of POSS-NH2 incorporation onto 3D-C. 3D-C foams are first grown by template
assisted Chemical Vapour Deposition on a Ni substrate and then POSS-NH: is incorporated
using THF as a solvent. The samples are then washed in DI water to remove excess POSS and
dried to obtain 3D-C-POSS foams.

2.4. Preparation of 3D-C-POSS/PI Nanocomposite

Neat PAA solution and PAA blends with 5, and 15 wt % TSP-POSS content were infiltrated
into the 3D-C foams. The composite materials were formed by PAA solution curing into Pl
under gradual heating to 350 °C in nitrogen atmosphere, based on previously published
procedure [27]. For this study, four types of composite samples were prepared by adding POSS
to 3D-C and/or Pl as follows: 3D-C-POSS/PI, 3D-C-POSS/PI-POSS, 3D-C/PI-POSS and 3D-
C/P1 (no POSS). POSS-NHz2 is added to 3D-C and TSPPOSS is added to the PI.

2.5. Morphological and Chemical Characterization

Scanning electron microscopy (SEM) was used to take images of 3D-C before and after adding
POSS using, JEOL JSM-IT100. Additional SEM images were taken before and after the
exposure of the various composites to AO using, Zeiss Sigma 300 VP. Fourier transform infrared
(FTIR) spectroscopy measurements were performed in the range of 400 — 4000 cm-1 in
absorbance mode using Shimadzu IRPrestige-21 to investigate the chemical composition. Raman
spectroscopy (UHT S300 & WITEC CRM200 Raman with an Nd:YAG 532 nm laser as
excitation source) was performed at room temperature. X-ray photo electron spectroscopy (XPS)
measurements were used to assess the surface chemical composition. Survey scan was made to
determine the detectable elements and high-resolution spectra were obtained for C 1s for both
3D-C and 3D-C-POSS. Thermogravimetric analysis was done using Shimazdu Scientific
Instruments DTG-60H with a heating rate of 10 °C /minute under dry air atmospheric condition.



2.6. Atomic-Oxygen Exposure

Ground based AO exposure of the composite films were carried out using a laser detonation
hyperthermal AO pulsed beam [61]. The oxygen atoms in the AO beam were generated by
breaking down Oz2 gas in a conical nozzle using a CO2 laser with 7 J/pulse. The composite films
were cut into required dimensions and attached to Si substrate with an aluminum foil. They were
exposed to AO fluences of 7.18 x 1019 O-atom/cmz and 2.72 x 1020 O-atom/cm2 and their mass
loss was plotted against AO fluence. The erosion yield E (cms / O-atom), of the composite was
calculated as per ASTM E2089, standard testing method [62].

Am

1) E = apF

Where,

Am = Mass loss (g)

A = Exposed area (cmz2)

p = Density of the sample (g cm-3)

F = Atomic oxygen fluence (O-atoms/cmz), determined from the erosion of Kapton-H
reference sample [61].

Am of the exposed composites was measured using a microbalance (Sartoruis SE2 — readability
of 0.1 pg). The AO fluence was determined from etch depth measurement of a Kapton-H
reference sample using a profilometer. The LEO equivalent AO fluence was then calculated
using equations (1) and (2), the measured Kapton-H etch depth and its known erosion vyield,
3%10-24 cma/O-atom.

Am
AV
) Ad =% = e
A A
Where, Ad is the etch depth (cm) and AV is the etched volume (cms3).

2.7. Electrical Characterization

Electrical resistivity of the composite samples was measured using the same method as
described in the literature [27, 35]. Van der Pauw four-point probe method was used to measure
the temperature dependent electrical conductivity [63]. This method eliminates the effect of
contact resistance and sample geometry. A THMS600 Linkam stage was used to control the
sample temperature in N2 atmosphere. Current was applied and measured using a Keithley 220
programmable current source and Keithley 485 picoammeter respectively. Silver paint dots were
spread on the four corners of the sample surface to apply electrical contacts on the four points.
This non-destructive method prevented any substantial damage to the sample surface. A very
high input impedance (>200TQ) Keithley 6514 electrometer was connected to each of the four
contact points. A Keithley 2000 multimeter was used to measure the voltage difference between
each of the two electrometers. The current source, electrometers, multimeter, and sample



contacts were connected to a Keithley 7001 switch. Samples were tested before and after AO
exposure.

2.8. Mechanical Characterization

The mechanical properties of the films where measured using dynamic mechanical analysis
(DMA, TA Instruments Q800), at a temperature of 30 oC and a force ramp rate of 0.1 N/min. The
samples were cut into 20 mm x 4 mm rectangular shapes and five samples of each type were
measured. Stress strain curves were obtained during a tension test.

3. Results and Discussion
3.1. Morphological and Chemical Characterization

The surface morphology of 3D-C-POSS structure was observed by SEM. The top view SEM
images presented in Figure 2, shows the free-standing graphene foams and it can be seen in the
low magnification view images that the POSS-NHz2 is incorporated on the surface of the 3D-C
foams. POSS agglomerates of various sizes are clearly visible, coating almost the entire surface
of the 3D-C. The structure of the foam is preserved even after adding POSS.

-

Figure 2. Scanning electron microscopy. a-c) SEM images of 3D-C showing 3D
interconnected foam like structure and a smooth surface; d-e) SEM images of 3D-C after treating
with POSS-NH2 in THF solution showing the coating of POSS-NH2 on the foam surface. It can
be seen that the POSS-NH: agglomerates cover almost the entire surface of the foam branches.

Surface functional group analysis was performed by FTIR spectroscopy. Figure 3a shows the
FTIR spectra for 3D-C, POSS-NH2 and 3D-C-POSS hybrid structure. Bonds of absorbed carbon
dioxide from air can be seen in all the samples. The small peak at 2800 cm-1 in 3D-C foam can



be attributed to C-H, indicating that the graphene foam is H- terminated as Ar and H2 were used
as carrier gas for synthesis in the TCVD system. The FTIR spectra of POSS-NH2 shows a strong
peak at 1110 cm-1, corresponding to Si-O-Si bond in POSS cage structure. Strong double peaks
due to C-H stretching of the CH2 groups in the organic groups (R) were also observed in the
range of 2873-2960 cm-1. The C-N bond stretching causes the band at 1223 cm-1 conforming the
amine group in POSS. The peak for Si-C bond at 1230 cm-1 can also be seen. Similarly, the FTIR
spectra for 3D-C-POSS shows the strong peak at 1110 cm-1 and correspondingly weak bands
over 2750-3000 cm-1 (due to the isobutyl groups in POSS), signifying the absorption of POSS
onto graphene foam. There is also a broad band in the range of 3200 to 3600 cm-1 corresponding
to O-H and N-H stretching vibrations [64]. The FTIR results prove that POSS-NH2 is embedded
on the 3D-C surface through van der waals bonding. Raman spectra of 3D-C, POSS-NH2 and
3D-C-POSS is presented in Figure 3b. G-peak and 2D peak can be seen for pure 3D-C sample.
The intensity of the G-peak is about two times the intensity of the 2D peak indicating multi-layer
graphene [65, 66]. It can be seen from the Raman spectra of 3D-C-POSS that the characteristic
band of C-H functional group belonging to POSS spectra is also present in 3D-C-POSS spectrum
conforming that the POSS has been physically absorbed on the 3D-C surface.
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Figure 3. a) FTIR spectra of 3D-C (black, top) before the incorporation of POSS nanoparticles,
3D-C-POSS (red, middle) and POSS-NH:2 powder (green, bottom). FTIR spectra for 3D-C-
POSS displays a strong peak at 1110 cm-1 (Characteristic of Si-O-Si stretching band) and
comparatively week bands over 2750-3000 cm-1 (characteristic of isobutyl groups in POSS-NHz)
due to POSS nanoparticles [64]; b) Raman spectroscopy of 3D-C, POSS-NHz2, and 3D-C-POSS.
The Raman band in the range of 2800 to 3000 cm-1 indicates the presence of C-H functional
group in 3D-C-POSS.

Thermogravimetric analysis (TGA) was used to measure the thermal stability of 3D-C, POSS-
NH2 and 3D-C-POSS. Figure 4a shows the sample weight as a function temperature for the
three samples from room temperature to about 1100 °C under dry air atmosphere. POSS follows
two step thermal degradation in air, in which evaporation and oxidation competes with each
other. This complex phenomenon results in a residue that is thermally stable. In other words,
oxidation take place in the organic chains and produces ceramic, silica-like phase as a result of



cage crosslinking [67]. The initial weight loss for POSS-NH: occurs at 250 °C and fully subsides
by 375 °C. This is due to the incomplete decomposition (evaporation) of organic segments in the
POSS molecule. This is followed by oxidation in the organic chains leaving a residue of ~ 38%
at 1000 °C. From the TGA curve of 3D-C, it can be seen that there is a minor weight loss region
(3 to 4% below 300 °C) followed by major weight loss. This is due to the evaporation of
absorbed water and oxygen decomposition of surfactant residue. The primary decomposition
(complete oxidation of carbon) of 3D-C takes place at 803 °C. Complete weight loss for 3D-C is
attributed to its purity [68]. The thermogravimetric profile of 3D-C-POSS is characterized by an
initial 3% weight loss up to 200 °C due to thermal desorption of absorbed water molecules on the
foam surface followed by ~20% weight loss at ~ 300 °C due to POSS cage oxygen decomposition.
The higher weight loss associated with oxygen decomposition in 3D-C-POSS compared to 3D-C
can be attributed to the oxygen group in POSS molecules. 3D-C-POSS shows a residual weight
of around 25% at 1000 °C, which can be recognized to be due to the formation of dense Si-O
structure resulting from partial crosslinking of the POSS cages. This residue after TGA was
subjected to FTIR analysis and the absorbance spectra is shown in Figure 4b in comparison to
the spectra of 3D-C-POSS before TGA. It can be seen that Si-O-Si peak at 1110 cm-1 has shifted
to 1090 cm-1 indicating the formation of Si-O structure as a result of partial cross linking of
POSS cages [67, 69]. From the TGA analysis it is clear that the thermal stability of 3D-C has not
been altered by the addition of POSS particles.

Similar TGA curves (Figure S1) and FTIR spectra (Figure S2) were obtained for the
composite samples (3D-C/PI, 3D-C-POSS/PI, 3D-C/PI-POSS and 3D-C-POSS/PI-POSS). Si-O
residue is seen for the composite films that contained POSS. This was confirmed by the Si-O
stretching band at 1090 cm-1 in the FTIR absorbance spectra. In addition, the TGA measurements
show that the composite samples with POSS content in the Pl (3D-C/PI-POSS and 3D-C-
POSS/PI-POSS) have more Si-O residue indicating the higher amount of POSS in these films
compared to 3D-C-POSS/PI.
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Figure 4. a) TGA curves of 3D-C (black), 3D-C-POSS (red) and POSS-NH2 (green) under dry
air atmosphere, showing residual weight for both POSS-NH2 and 3D-C-POSS due to highly



dense Si-O structure of POSS formed by partial crosslinking; b) FTIR spectra of 3D-C-POSS
after TGA (red) treatment showing a broad band from Si-O stretching. The centre of the
absorption band shifted to lower wavenumbers (1090 cm-1) compared to FTIR absorbance peak
of 3D-C-POSS before TGA (black) (1110 cm-1) conforming the formation of Si-O structure
during thermal degradation [67].

XPS measurements were performed to further validate the incorporation of POSS onto 3D-C.
The elements and functional groups on the foam surface were examined. Figure 5a shows the
XPS survey spectrum for the samples. 3D-C shows only C 1s (284 eV) peak along with very
small trace of oxygen (O 1s peak). As expected, XP spectrum of POSS-NH2 shows C 1s (284. 7
eV), O 1s (532 eV), N 1s (358.9 eV), Si 2p (101 eV) and Si 2s (151.7 eV) peaks. The appearance
of Si 2p, Si 2s, and N 1s peaks along with increased O 1s peak in 3D-C-POSS with respect to
3D-C indicates that the POSS molecules are successfully incorporated on the 3D-C surface. The
surface composition for 3D-C and 3D-C-POSS are summarized in Table 1. 3D-C foam is mainly
composed of carbon with trace amounts of oxygen. After incorporation of POSS the carbon
content decreased from 98.2 to 66.3% and elements such as nitrogen and silicon were seen
accounting to 1.6% and 12.4%, respectively. The oxygen content also increased considerably
from 1.8 to 19.7%. This increase in oxygen content is due to the Si-O-Si structure in the POSS
cages. This is also reflected in the surface atomic ratio of O/C indicative of successful
incorporation of POSS. Figure 5b and 5c shows the high-resolution C 1s spectra for 3D-C-
POSS and 3D-C, respectively. The C-C content of 3D-C was 87.22%, which decreased to
78.98% after adding POSS coating on its surface. Similarly, the C-O % in the 3D-C and 3D-C-
POSS is 8.46 and 16.25, respectively. Thus, it is evident that the C-C content of the 3D-C foam
decreased, and the C-O content increased considerably after adding POSS-NH..
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Figure 5. a) XPS survey spectra of the 3D-C, 3D-C-POSS, and POSS-NH2 showing only C1s
peak for pure 3D-C whereas the peaks of N1s (398.98 eV), Si 2p (101 eV), and Si 2s (152 eV)
can be seen in both POSS and 3D-C-POSS indicating the successful incorporation of POSS onto
3D-C; b-c) High resolution C 1s spectra for 3D-C-POSS and 3D-C with their respective bonding
modes obtained via deconvolution of the main signal.

Table 1. Surface element analysis of 3D-C and 3D-C-POSS foams

Element Content (%)

C @) N Si o/C
3D-C 98.2 1.8 --- --- 0.018
3D-C-POSS 66.3 19.7 1.6 12.4 0.297

3.2. AO Durability

The composite films were exposed to AO, the dominant species in LEO altitudes. The films
were subjected to AO fluences of 7.18 x 1019 and 2.72 x 1020 O-atoms/cmz2. AO fluence of 2.72
x 1020 O-atoms/cmz is equivalent to about 5 months at an altitude of 500 Km [70]. Figure 6a-c
shows the surface of the composite films before AO exposure. Good infusion of the PI in 3D-C
can be seen for all the samples. Exposing 3D-C/PI and 3D-C-POSS/PI samples to 7.18 x 1019 O
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atoms/cmz resulted in erosion of the top PI matrix leaving the 3D-C network exposed, as seen in
Figure 6d and 6e. Before exposure only the top layer of 3D-C structure can be seen and after
exposure the PI is etched away revealing several layers of 3D-C branches. This shows the lower
AO erosion yield of 3D-C compared to that of PI as a result of strong carbon atoms bonding
present in 3D-C. Similar results of relatively low erosion yield were previously reported for
carbon structures, such as amorphous carbon or highly oriented pyrolytic graphite (HOPG) [5,
35, 71, 72]. Under the same AO fluence it can be seen that the PI layer of 3D-C-POSS/PI has
been etched away creating small holes and increasing the roughness, whereas for 3D-C-
POSS/PI-POSS and 3D-C/PI-POSS the PI top layer remained largely intact, as seen in Figure 6f.
The samples exposed to a higher fluence of 2.72 x 1020 O-atoms/cm2 showed a similar trend as
visible in Figure 6g-i, where both sample containing POSS in the Pl matrix experience the least
damage to the Pl phase compared to the samples with no POSS content in the PI. Figure 6j
shows the damaged surface of the 3D-C/PlI sample after the AO exposure at a higher
magnification. The typical morphology of a Pl surface damaged by hyperthermal AQO is clearly
seen [30]. While most of the damaged surface of the 3D-C-POSS/PI sample is similar to that of
the 3D-C/PI surface, the extensive Pl etching exposed the POSS covered 3D-C branches, as seen
in Figure 6k. This POSS cover layer on the 3D-C prevents its surface from being completely
exposed to AO. Unlike samples with no POSS content in the PI, both the 3D-C-POSS/PI-POSS
and 3D-C/PI-POSS samples show relatively uniformly spread micron sized particles on the
damaged PI surface, as seen in Figure 6l. These particles are most likely silica (SiOz2) produced
from the oxidation process of the POSS. This has been verified previously for the same TSP-
POSS/PI film exposed to AO fluence of 2.6 x 1020 O-atoms/cmz [73]. XPS survey spectra was
obtained before and after the AO exposure. It was found that the carbon content decreased
significantly, and the oxygen content increased, indicating the formation of SiO2. Furthermore,
high-resolution spectra of Si 2p peak indicated the oxidation of the POSS silicon oxide
(Si/0=1/1.5) and the formation of SiO:2 (Si/O=1/2) passivation layer. Thus, under further
exposure of 3D-C/PI-POSS and 3D-C-POSS/PI-POSS to higher AO fluences, the SiO2 particles
will eventually form a protective passivation layer on the PI preventing further etching from
taking place.

The composite films with POSS in the Pl matrix have enhanced resistance to AO as the
silsesquioxane moiety (RSiO15) reacts with the oxygen and forms a SiOz protective layer. The
silicon in the PI surface gets oxidized to SiOz2, after exposure to O-atoms. Hence with increasing
AO fluence, the organic content of the PI-POSS surface gets eroded and replaced by silica. The
surface of the composite film becomes almost entirely SiO2. This SiO2 passivation layer
ultimately limits the AO erosion rate [41].
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Figure 6 a-l. HRSEM images of three composite films (3D-D/PI, 3D-C-POSS/PI, 3D-C-
POSS/PI-POSS) exposed to different AO fluences (0, 7.18 x 1019, and 2.79 x 1020 O atoms cm-2)
showing the effect of AO exposure in each composite films. SEM images of the 3D-C/PI-POSS
before and after AO exposures show similar surface morphology to that of the 3D-C POSS/PI-
POSS sample (not shown).

Mass loss of the composite films were measured after they were exposed to the AO fluence.
Figure 7a shows the normalized mass loss measurements vs AO fluences and their linear fit. The
erosion yield of the samples were obtained from the slope of the mass loss curves shown in
Figure 7a, using equation (1). The results (Figure 7b) were compared to the accepted erosion
yield of Kapton H which is 3.0 x 10-24 cma/O-atom [61]. It can be seen that the erosion yields of
the two samples with no POSS content in the PI are similar, and their measured values are close
to that measured for Kapton H. In contrast, the measured erosion yield of two samples with
POSS content in the P1 (15 wt%) are about 70%-80% lower than that of Kapton H.
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Figure 7. AO exposure test. a) Mass loss vs AO fluences for 3D-C/PI, 3D-C/PI1-POSS, 3D-C-
POSS/PI, and 3D-C-POSS/PI-POSS at three fluences (0, 7.18 x 1019, and 2.72 x 1020 O-
atoms/cmz); b) Erosion yield of the samples obtained from mass loss and corresponding AO
fluence.

The erosion yield of 3D-C/Pl and 3D-C-POSS/PI were found to be 2.16 x 10-24 cma/O-atom
and 2.4 x 10-24 cma/O-atom, respectively. Thus adding 3D-C to PI reduced the erosion yield
(about 23% lower than Kapton H), mainly due to the lower erosion yield of the 3D-C compared
to PI [27]. This is attributed to the strong bonding of carbon atoms in the foam compared to that
of pure Pl. Majority of mass loss in the composite samples are that of the Pl which has an AO
erosion yield about one order of magnitude higher than that of sp2 carbon materials [5, 35, 71,
72]. Moreover, the measured erosion yield of 3D-C/PI-POSS and 3D-C-POSS/PI-POSS were
found to be 4.67 x 10-25s cma/O-atom and 6.88 x 10-25 cma/O-atom, respectively. These values are
about 60-70% lower than that measured for the 3D-C/PI and 3D-C samples that do not contain
POSS in the PI. In addition, these values are 85 and 77% lower than the erosion yield of Kapton
H, respectively.

LEO erosion time can be estimated assuming a layer thickness of 51 um, equivalent to that of
the outer layer of MLI blankets [6], and an AO flux of 2 x 1013 O-atoms/sec x cm2 (AO flux at
500 km altitude) [70]. Hence based on the erosion yield measured, the film is estimated to be
functional for about 15 years. The results show that protecting the Pl by adding POSS reduces
the composite film AO erosion yield. This is due to the fact that majority of the composite film
mass is POSS-PI with reduced erosion yield compared to pristine Pl. In addition, it is
understood that adding POSS only as a coating on the 3D-C does not effectively protect the
composite film, as it protects only the foam and does not prevent the Pl from etching away.
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3.3. Electrical Conductivity

Temperature dependent resistivity measurements were performed in order to investigate the
effects of the addition of POSS to the composite films and the exposure to AO have on the
embedded 3D-C conductivity, The measurements were made using the four-point van der Pauw
method at temperatures ranging from -100 °C to 200 °C. Measurements were made before and
after AO exposure and the sheet resistance plotted against temperature is shown in Figure 8a-b.
In(Rs T-112) is plotted against T-14 as Arrhenius curves in the insert and fit with linear trend lines.
The conduction behaviour of all the samples follow three-dimensional variable range hopping
(VRH) behaviour. This behaviour was predicted by Godet [74] as due to the carriers hopping
between energy levels within band-tails. The linear fitting lines of the VHR model by Godet [75]
is shown in Figure 8 c-d. This conduction mechanism is described by the equation,

© Ry(T) = ROOT%exp<(%)ﬁ)

Where, Roo - band tail’s resistivity pre-factor
To - Temperature coefficient containing the hopping parameters
d - Dimensionality of the hopping space

The hopping parameters are the density of the states and the localization length of the wave
function. Here, it is seen that the results fit the VRH model with a temperature dependence of T-
1/4. The VRH model shows a temperature dependence of exp((To/T)wa+d) and the data fits the
expression exp((To/T)w4) indicating that d = 3 and hence three dimensional electrical conduction
in 3D-C based composites [76]. Similar electrical conductivity behaviour was reported earlier for
both 3D-C and other carbon based materials [27, 35]. The temperature-dependent resistivity of
all the samples (3D-C/PI, 3D-C-POSS/PI, 3D-C/PI-POSS and 3D-C-POSS/PI-POSS) follow the
same trend with similar slopes signifying identical electrical conductivity properties. This is due
to the fact that the electrical conductivity behaviour is mainly dependent on the intrinsic
characteristic of the 3D-C foams. As seen in Figure 8 a-b, the resistivity curves for all the
reference samples (red markings) are showing the same behaviour indicating that the addition of
POSS to 3D-C and/or PI did not change or affect the electrical conductivity behaviour of the
composite. In addition, the VRH conductivity mechanism is well preserved even after Pl
infiltration as well as adding POSS to the foam or PI.

The sheet resistance of the composite films exposed to a LEO equivalent AO fluences of 7.2 x
1019 O-atoms/cm2 (Figure 8a) and 2.7 x 1020 O-atoms/cm2 (Figure 8b) were compared to the
reference sample (before exposure) in order to examine their durability to AO fluences
comparable to typical LEO spacecraft mission time. It can be seen that the sheet resistance of
3D-C/PI and 3D-C-POSS/PI have increased after each exposure while there is only a negligible
change in the case of 3D-C/PI-POSS and 3D-C-POSS/PI-POSS. Moreover, it can be seen that
the increase in sheet resistance measured for the 3D-C POSS/PI sample after exposure is lower
than that measured for the 3D-C/PI sample. This is due to the added protection of the POSS
covering the 3D-C and reducing the AO erosion.
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Figure 8. Electrical conductivity characterization before and after AO exposure. The sheet
resistance as a function of temperature of the various samples after exposure, a) to a fluence of
7.18 x 1019 O-atoms/cm2 (black); b) a fluence of 2.72 x 1020 O-atoms/cm2 (blue) compared to the
reference measurements performed on the samples before the exposure (red); c-d) Fitting of the
sheet resistance measurements to the VRH conductivity model. Results are shown according to
the VRH model: In(RsT-12) as a function of T-174 and compared to the model (dashed lines).

The VRH model was examined to gain further insight on the damage caused by AO to the 3D-
C foams embedded in the PI. The conductivity by the VRH model according to Godet is given

by equation [77].

(4)

1 —
o(T) = 0yoT 2exp <— (E)Hd

By transferring to resistivity (1/c)= p, we get

1

T

)
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© p(T) = pooT2exp ((TT—O)_“%)

In the linear representation:

(6) In (pT_%) = In(pgyo) + (Tlo)_“LdT_ﬁ

where p is the resistivity, T is the temperature, d is the dimensionality of the conductivity, To is a

factor related to localization parameter, and Poo is the exponential prefactor. Poo is dependent on
both lattice disorder and localization parameter. The correlation between localization parameter
(N(EF) y-3) and the To factor according to Goddet’s VRH model is:

(7) 310 = ToN(Ep)y 3

where N(EF) is the density of states in the Fermi level and y-1 is the localization radius which
equals the decay length of the electron wave function. Linear fitting was used to extract various
parameters for each sample and each exposure. As reported earlier, the dimensionality d was
found to be 3, indicating the multilayered structure of the 3D-C. Both the localization parameter

and Ooo Of the different samples for AO exposures were extracted and compared, as seen in
Figure S3 and S4.

It can be seen from Figure S3, that all localization parameters fall within the weak localization
range, | x 10-5 « N(EF)s-3 « 1. The extracted localization parameters are unaffected by the AO
exposure. The localization parameter is proportional to the density of states in the graphene grain
boundaries, where the hopping conductivity process takes place. This is attributed to the fact that
majority of the AO induced defects are not located at the grain boundaries but on the surface of
the top layer 3D-C grains themselves. Thus, no change in the hopping density of states and
therefore the localization parameter is expected. Indeed, the results depicted in Figure S3, shows
that all the samples retain roughly the same localization parameter value, regardless of POSS
content or AO exposure fluence. However, the conductivity of the samples with no POSS
content in Pl were affected, most notably due to mobile charge scattering on the increased
number of defects in the 3D-C grains. This is evident in the decrease in the coo parameter which
is dependent on the lattice disorder. As seen in Figure S4, the samples that did not contain any

POSS in the PI matrix have a reduction in their Ooo values indicating an increase in the 3D-C
grains lattice disorder due to the AO damage. In summary, the composite samples without POSS
in the Pl shows an increase in the sheet resistance as a result of AO induced defects. These
defects cause reduction in the conductivity and are probably limited to the outer layers of the
multilayered 3D-C foam. The sheet resistance after exposure to 2.72 x 1020 O-atoms/cmz has
increased by 200% to a value of 6 Q/o. However, the location and density of the AO induced
defects is still not enough to drastically change the conductivity mechanism. The samples with
the POSS containing Pl show no change in the measured sheet resistance, indicating that no AO
penetrated the POSS protected PI. These results show that Pl with POSS content (15 wt%) serves
as an effective protection layer to the 3D-C embedded in the composite, preventing AO damage.
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3.4. Mechanical Measurements

The stress strain curves obtained from the tension test is shown in Figure 9a and the results are
summarized in Table S1. The results show that the adding of POSS to the Pl matrix increases the
Young’s modulus of the composite by a measurable amount, as seen in Table S1 and Figure 9b.
The small size of POSS nano-cages, which restricts the mobility of polymer chains under
loading, is predicted to improve the modulus and possibly the yield strength of PI-POSS
compared to that of pure PI. This effect was documented in previous work conducted on Pl and
various POSS types, showing that an increase of POSS concentration would lead to an increase
in the rigidity of the composite system [78]. In addition, previous work indicate that a POSS
loading of 15 wt.% will lead to a reduction in the Pl mechanical properties compared to that of
Pl with a POSS loading of 5 wt.% [60]. This trend is visible in the decreased Modulus values
measured for the 15 wt.% POSS loaded PI1 films as compared to the 5 wt.% POSS loaded films.
This is due to the formation of POSS aggregates at the 15 wt.% loading. These aggregates size
and density affect the nanocomposite film mechanical properties [79].
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Figure 9. a) Stress — strain curves obtained from tension measurements on 4 types of samples.
3D-C/PI, 3D-C/PI-POSS (5 and 15 wt.%), 3D-C-POSS/PI, and 3D-C-POSS/PI-POSS (5 and 15
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wt.%), b) The measured Young’s modulus, (c) tensile strength, and (d) strain at break of the 6
sample types. Each result is an average of the at least five measured samples.

In contrast, adding POSS as a coating to the 3D-C structure has the opposite effect, reducing
the Young’s modulus slightly compared to that of the untreated composite material. This result is
expected as the POSS coating was found to have no chemical bonding to the 3D-C structure and
therefore decreases the adhesion of the Pl to the 3D-C surface reducing the stiffness of the
composite. The measured tensile strength and strain at break was found to be similar in all the
sample types without correlation to the POSS content, as seen in Table S1 and Figure 9. This is
contrary to previous works that show an increase in the tensile strength of Pl with a POSS
content of 5 %wt. compared to bare Pl [60, 78]. This may be due a lower than expected PI
volume filling in the composite films.

The measured proprieties for the 3D-C/P1 composite films are considerably lower than those of
a pure PI film. The Young’s modulus of pure PI films prepared in the same way as the PI infused
into the 3D-C was measured and found to be roughly 2 GPa, one order of magnitude higher than
that of the various 3D-C/PI films. This large variation in mechanical properties between the
composite films and their equivalent PI films indicates the existence of voids in the composite
film structure (regardless of the POSS content in the material used). This non-uniformity in Pl
infiltration into the 3D-C scaffolding can clearly be seen in SEM images of the 3D-C PI films
cross section. Typical SEM images, such as the one depicted in Figure 10a, clearly show the
lack of Pl matrix material in the middle of the film. In addition, the images clearly show that the
Pl did not infiltrate inside the hollow 3D-C structure (Figure 10b). Furthermore, delamination
between the 3D-C structure and the Pl matrix can be seen in the interface area between the two
materials. Thus, indicating the lack of proper adhesion which is the result of the weak physicals
bonds and the lack of any chemical bonding between the 3D-C and PI matrix.

Figure 10. SEM images of a cleaved 3D-C/PI composite film. a) A delamination between the
3D-C scaffolding and the PI matrix is clearly visible in the area marked by a dotted red line; b)
Cross section of the 3D-C scaffolding structure. While a PI cover is seen on the outer surface of
the 3D-C structure, the inside remained hollow. This indicates that the PI failed to infiltrate
inside the hollow 3D-C structure.
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These results show that these composite samples are still suited for use as the outer layer in
thermal blankets in satellites as they undergo mostly bending and are supported by the multi-
layered structure of the blanket. For other applications further optimization of the Pl matrix
should be explored, alternative Pl based matrix materials should be considered in order to further
increase the adhesion of the 3D-C scaffolding to the Pl matrix, thereby improving the composite
film mechanical properties. Several alternative polymer matrix materials have been considered
and preliminary results are promising.

4. Summary and Conclusion

The current study reports the synthesis of different 3D-C/PI based composite films by adding
POSS to 3D-C and/or PI and a comparison of the impact of POSS on the electrical and
mechanical properties along with their AO durability for LEO applications. The electrical
conductivity behaviour of all the composite films is mainly dependent on the intrinsic
characteristic of the 3D-foams and it is well preserved even after Pl infiltration as well as adding
POSS to the foam or PI. This is evident from the similar slopes followed by temperature-
dependent resistivity of all the samples. The composite films demonstrated sheet resistivity as

low as 1.8 Q/CJ at room temperature. The samples were also subjected to the LEO equivalent

hyperthermal (5 eV) AO fluences of 7.18 x 1019 O-atoms/cm2 and 2.72 x 1020 O-atoms/cm2. The
3D-C/PI composite samples without POSS content in the Pl matrix exhibited an erosion yield
close to that of Kapton H (23% lower). On the other hand, the erosion yield values of the
samples with POSS content (15 wt%) in the Pl matrix were measured to be 77 to 85% lower than
that of pure Pl Kapton H. The electrical conductivity of the films with POSS in Pl was found to
be well-maintained even after AO exposure. For 3D-C/PI and 3D-C-POSS/PI an increase in the
sheet resistance was measured as a result of AO exposure. However, the total conductivity is still
very high indicating that the defect induced conductivity reduction is limited to the outer layers
of the multilayer 3D-C foam. Adding POSS to the 3D-C foam reduced the Young’s modulus of
the material, while adding 5 wt% POSS to the Pl increases it. However, adding 15 wt% to the PI
increases the AO protection but have reduced benefit to mechanical properties compared to 5
wt% loading.

In conclusion, adding POSS as a coating to 3D-C alone does not seem to have any significant
effect on the composite erosion yield. This is expected since the majority of the film mass is Pl
and so films with unprotected Pl will show an erosion yield similar to pure Pl films. In terms of
stiffness, 3D-C/PI-POSS has the highest Young’s modulus followed by 3D-C-POSS/PI-POSS,
3D-C/PI and 3D-C-POSS/PI. The results indicate that POSS in PI prevents AO erosion in the
films with no detrimental effect on the electrical conductivity characteristics of the 3D-C
material. The study shows that, adding 15 wt% POSS content to the Pl matrix drastically
improves the durability of the 3D-C/PI composite to AO. Thus, making 3D-C/PI-POSS
composite films with a POSS content of 15 wt% in the polymer matrix a promising material for
LEO space applications.
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