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Abstract Atomic oxygen (AO) is a dominant compo-
nent of the low earth orbit and can erode most spacecraft
material. We demonstrated the application of graphene to
enhance AO erosion resistance of spacecraft polymers.
Graphene-reinforced epoxy resin nanocomposites were
prepared by solidification of epoxy resin in solution
with dispersed graphene flakes and their AO erosion
resistance was investigated in a plasma-type ground-based
AOQ effects simulation facility. The nanocomposites were
characterized by X-ray diffraction, scanning electron
microscopy, thermogravimetric analysis, and X-ray pho-
toelectron spectroscopy. Results based on erosion kinetics
revealed that a 46 % decrease in mass loss and a 47 %
decrease in erosion yield were achieved by addition of only
0.5 wt% of graphene. Further analysis of the surface
morphology and composition showed that the graphene
nanoflakes could serve as barriers to protect underneath
from AO erosion. Thus, this approach provides a novel
route for improving durability and reliability of spacecraft
material, especially polymers.

W. Zhang - M. Yi - Z. Shen - X. Zhao - X. Zhang - S. Ma
Beijing Key Laboratory for Powder Technology Research
and Development, Beijing University of Aeronautics and
Astronautics, 37 Xueyuan Street, Beijing 100191,
People’s Republic of China

W. Zhang - M. Yi - Z. Shen (X)) - X. Zhao

Plasma Laboratory, Ministry-of-Education Key Laboratory
of Fluid Mechanics, Beijing University of Aeronautics
and Astronautics, 37 Xueyuan Street, Beijing 100191,
People’s Republic of China

e-mail: shenzhgbhu@gmail.com

@ Springer

Introduction

Graphene, a monolayer of sp>hybridized carbon atoms
arranged in a two-dimensional lattice, has attracted
increasing attention in recent years owing to its exceptional
properties such as super-mechanical, electrical, thermal,
and chemically inert properties [1-3]. Very recently,
polymer/graphene nanocomposites have attracted a tre-
mendous amount of attention because graphene fillers with
very low loading have the potential to match or exceed the
performance of large quantities of traditional composite
fillers [4, 5]. However, most work within this aspect was
mainly emphasized on enhancing mechanical or electrical
properties of polymers by adding graphene fillers. And,
exploiting the application of graphene in polymers with
special functionality is still under way.

On one hand, it has been experimentally demonstrated
that a monolayer graphene membrane is impermeable to
standard gases [6]. Meanwhile, molecular simulations
shown that even defective graphene is a suitable candidate
for making impermeable nanomembranes for future
applications [7]. These results indicate functional applica-
tions of graphene as light and effective materials for
resisting gas penetration. Most importantly, simulation
work showed that though graphene can be easily oxidized
by atomic oxygen (AO) which forms strong chemical
bonds on its surface, the minimum energy barrier for an
oxygen atom passing from the top to the bottom side of
monolayer graphene is as high as 5.98 eV and graphene
with more layers will pose higher energy barrier [8].
Accordingly, it can be anticipated that graphene flakes
could protect the polymer underneath from AO erosion
because they pose a high energy barrier to AO diffusing
from the top of the graphene flakes to the reactive polymer
surface underneath.
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On the other hand, it has been well known that AO, the
dominant component and the most active species of the low
earth orbit (LEO) atmosphere, can result in erosion and
degradation of most spacecraft material [9, 10]. The transla-
tional energy of AO collisions is about 4.5-5 eV, which is
sufficient to break the polymer bond and induce oxidative
decomposition [11, 12]. Epoxy resin is a thermosetting
polymer widely used on spacecraft. It has excellent
mechanical and chemical properties, including high dimen-
sion stability, hardness, flexibility, and excellent chemical
resistance [13]. However, epoxy resin is susceptible for the
AO attack and cannot meet the requirements of long lifetime
spacecrafts [14]. Hence, much work has been carried out to
obtain an AO erosion-resistant epoxy resin. So far, several
methods have been conducted to protect material from ero-
sion, one of which is to disperse fillers into the matrix. Such
fillers can resist AO erosion and in the micron- or nanosized
range. Moreover, filling particles can make composites still
possess high AO erosion resistance even when large and deep
defects appear on the material surface [15].

Taking these above-mentioned considerations into
account, here we turn to the application of graphene in
spacecraft material and investigate the AO erosion resis-
tance of graphene-reinforced epoxy resin. In this paper,
nanocomposites were prepared by incorporating graphene
flakes into an epoxy resin matrix using acetone as the
processing solvent followed by a solidification process
[16]. The graphene flakes prepared here by jet cavitation
method were characterized by atomic force microscopy
(AFM), transmission electron microscopy (TEM), and
Raman spectrum and X-ray diffraction (XRD). The nano-
composites were characterized by XRD, scanning electron
microscopy (SEM), thermogravimetric analysis, and X-ray
photoelectron spectroscopy (XPS). AO erosion resistance
of these nanocomposites with different graphene loadings
was investigated by exposure experiments in a plasma-type
ground-based AO effects simulation facility. The effect of
graphene flakes on the AO erosion resistance of epoxy
resin was analyzed and the AO erosion resistant mecha-
nism was discussed.

Experimental
Preparation of graphene

Graphene dispersion was prepared by a jet cavitation method
which was reported previously [17]. First, graphite dispersion
with an initial graphite concentration of 3 mg mL ™" was first
treated in the designed jet cavitation device under pressure
20 MPa for 1 h. Second, the treated dispersion was centri-
fuged by a centrifuge (L-600, Changsha XiangYi, China) at
2000 rpm (x568g) for 30 min to remove large particles.

Then, the supernate was collected as graphene dispersion for
further characterization and application. Finally, a large
quantity of the above supernatant was vacuum filtered
through a nylon membranes (pore size 450 nm) supported on
a fritted glass holder [18]. The obtained filter cakes were
peeled out of the membranes and further dried overnight in a
vacuum oven at 80 °C. The dried graphene cakes were
retained for use in preparing nanocomposites.

Preparation of epoxy resin/graphene nanocomposites

First, dried graphene cakes of specified mass were redispersed
in acetone in a sonic bath (KX-1620HG, Beijing Kexi,
China). Second, the epoxy resin (E51, a class of bisphenol A
epoxy resin) with calculated mass was introduced into the
above suspension followed by further bath sonication for
30 min at room temperature to achieve uniform dispersion.
This method is more efficient at dispersing fillers into viscous
systems compared with other techniques, such as conven-
tional stirring [19]. Third, solvents and gas were removed in a
vacuum oven for 2 h at 70 °C [20, 21]. Subsequently, a
stoichiometric amount of curing agent, ethidene diamine, was
added to the above graphene/epoxy resin mixtures followed
by degassing in a vacuum oven for 3 h to remove gas [22]. In
the final step, the mixtures were cast onto a glass plate and
cured at room temperature for 5 h, 50 °C for 5 h, and 80 °C
for 5 h.

We prepared epoxy resin/graphene nanocomposites by the
solution mixing method and performed AO effects simulation
experiments. Our motivation was to examine if the addition of
graphene can improve the AO erosion resistance of material.
To study the effect of different graphene loadings on the AO
resistance, nanocomposites with 0, 0.05, 0.1, and 0.5 wt%
graphene loadings were prepared.

Atomic oxygen effects simulation experiment

The AO exposure experiment of all samples was conducted
in the ground-based AO effects simulation facility designed
by our group, in which AO is generated by discharging the
cathode filament confined by a multiple magnetic field [23].
During the experiment, samples were placed on a circular
holder in the vacuum chamber of the facility, in which the
pressure was 0.15 Pa. In order to know the mass change of
samples during the AO exposure, samples were periodically
removed from the vacuum chamber and weighed. The mass
loss of Kapton could be used as a standard to calculate the
AO fluence by the following equation [24]:

AM
F =
PAE,

(1)

Here, F is the AO fluence (atom cmfz), AM, is the mass
loss of the Kapton sample (g), p is the density of Kapton
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(g cm_3), A is the area of the Kapton sample (cmz), and
E, is the erosion yield of Kapton (in general E, =
3.0 x 107%* cm® atom™). In this study, for a test period of
about 50 h, the AO fluence was about 11.8 x 10%° atoms/cm2,
which was equivalent approximately to the AO fluence of
253 days at an altitude of 400 km.

Characterization

Height profile and morphology of graphene flakes were
investigated with AFM CSPMS5500 (Being Nano-Instru-
ments, China) equipped with a 13.56-m scanner in tapping
mode. TEM imaging of graphene flakes and nanocomposites
was performed using a JEOL JEM-2010FEF operated at
200 kV. Raman spectrum was collected on a dried graphene
cake. The Raman measurements were made on these filtered
and dried graphene cakes using a Renishaw Rm2000 using a
514-nm laser. XRD patterns of these nanocomposites and
graphene cake were gained using a Bruke D8 Advance. The
mass of samples before and after AO exposure was mea-
sured using a DT-100 balance with a sensitivity of
0.00005 g. Surface morphology of samples was measured
using a LEO 1530VP SEM. Surface compositions of the
samples were determined using an ESCALAB-250 X-ray
photoelectron spectrometer (XPS).

Results and discussion

Characterization of graphene and epoxy resin/graphene
nanocomposites

Knowledge about the lateral size of the graphene here pre-

pared by jet cavitation method is important for preparing
epoxy resin/graphene nanocomposites. AFM and TEM were
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Fig. 1 a A representative AFM image of a monolayer graphene.
b A typical bright field TEM of several few-layer graphene flakes.
¢ Raman spectra measured at 514 nm excitation for a dried graphene
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utilized to visually gain the information about lateral size. A
representative AFM image in Fig. 1a shows the deposited
individual graphene flake with lateral size of ~ 1.6 pm and
thickness of ~0.77 nm, which may be monolayer or at most
bilayer. Figure 1b illustrates a typical bright field TEM of
several graphene flakes deposited on a TEM grid. The flake
lateral size is around several micrometers with some large
flakes of ~5 pm. It should be noted that the large flakes
play an important role in enhancing mechanical interlocking
and inhibiting gas diffusion in the nanocomposites. The
graphene used for reinforcing epoxy is composed of such
individual graphene flakes. These individual graphene flakes
can be made into cakes by vacuum filtering the graphene
dispersion through porous membrane. The Raman spectrum
and XRD spectrum of the graphene cake is presented in
Figs. 1c and 2b, respectively. The 2D band of the graphene
cake is obviously different from that of the pristine graphite,
indicating the nature of few-layer graphene [25]. The
graphene cake is made of thin and small graphene flakes, the
crystalline size of which is much smaller than that of pristine
graphite. As a consequence, as shown in Fig. 2a, b, for the
graphene cake, the intensity of the (0002) peak sharply
decreases, the (0004) and (1011) peaks disappear, and the
FWHM of the (0002) peak increases as a result of Scherrer
broadening [26, 27].

X-ray diffraction is also an important tool for deter-
mining whether fillers are present individually in nano-
composites. Fig. 2 shows the XRD patterns of graphite,
graphene cake, pure epoxy resin, and epoxy resin/graphene
nanocomposites with varying contents. The typical dif-
fraction peak of graphene was observed at around 26.6°
and a very broad peak at around 20° of the pure epoxy resin
was observed due to its amorphous nature. The XRD pat-
terns of nanocomposites only showed the diffraction peak
of the pure epoxy resin, whereas the crystalline peak of
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Fig. 3 A SEM image of a fracture surface of nanocomposite with a
graphene loading of 0.5 wt%

graphene disappeared, indicating that graphene was fully
dispersed into individual nanoflakes in the resin matrix and
the regular and periodic structure of graphene disappeared
[28, 29].

Figure 3 shows a SEM image of the fractured surface of
an epoxy resin/graphene nanocomposite sample with
0.5 wt% graphene, in which black arrows point to graphene
flakes. It can be seen clearly that graphene flakes protrude
out of the fracture surface and several thin and transparent
graphene flakes are clearly well-dispersed in the epoxy
resin matrix. Figure 4 and Table 1 compare the thermal
stability of the pure epoxy resin and the nanocomposite
containing 0.5 wt% graphene. There are two steps in the
degradation of the nanocomposite [30]: The first step, from

Table 1 Comparison of TG results between the pure epoxy resin and
the nanocomposite containing 0.5 wt% graphene nanoflakes

Material Half life Final Char residue
temperature degradation contents (%)
(°O) temperature (°C)

Epoxy resin 381.0 536.2 11.0

Nanocomposite ~ 415.3 579.6 16.4

around 200 °C, is due to the existence of water and other
solvent in the graphene; the second step, roughly from
400 °C, which is the degradation of the polymer, has
shifted to a higher temperature range than for the pure
epoxy resin. This suggests strong interaction between the
resin matrix and graphene at the interface, which would
decrease the mobility of polymer chains and increase the
thermal stability of nanocomposites. Moreover, the nano-
composite have a char residue higher than the graphene
content, which is attributed to the presence of charred
graphene flakes inhibiting further thermal degradation of
resin molecules [31]. Obviously, the improvement of the
thermal stability also contributes to the durability of epoxy
resin/graphene nanocomposites in the space environment,
where the variation of temperature is tremendous.

Atomic oxygen resistance of epoxy
resin/graphene nanocomposites

Figure 5 is the mass loss and the erosion yield (volume of
material removed per oxygen atom arriving) versus AO
fluence for different samples [32]. At the beginning of the
exposure experiment, the mass loss of these samples is
nearly the same because surfaces of nanocomposites are
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Fig. 5 Mass loss and erosion yield of the epoxy resin and
nanocomposites

almost composited of resin and the graphene was covered.
However, the mass loss of the pure epoxy resin increases
linearly with the AO fluence; in other words, the erosion
yield is a fixed value. In contrast, as the AO fluence
increases, the mass of nanocomposites loses at an
increasing slow rate, namely the erosion yield reduces,
which indicates that the AO erosion resistance is improved
by filling graphene flakes. Furthermore, the larger the fill-
ing amount of graphene, the better the AO erosion resis-
tance of nanocomposites. After 50-h exposure, the mass
loss and the erosion yield of the nanocompoiste containing
0.5 wt% graphene decrease to 54 and 53 % of those of the
pure epoxy resin, respectively.

Figure 6 shows the surface morphology of the pure
epoxy resin sample before and after AO exposure. The
surface of the pure epoxy resin sample is smooth and
uniform before AO exposure. After the AO exposure
experiment, the surface is significantly roughened and
forms the “corduroy-like” structures, indicating that the
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epoxy resin is eroded significantly by AO. Figure 7 shows
surface morphology of the nanocomposite containing
0.5 wt% graphene before and after AO exposure. Com-
paring Figs. 6 and 7, it can be seen that the surface
characteristic of the nanocomposite sample is significantly
different from that of the epoxy resin sample after the AO
exposure. The surface of the nanocomposite is just
slightly accidented, suggesting that the AO do not erode it
severely and it can resist the AO erosion. In contrast,
Fig. 8 shows the difference of surface morphology
between the pure epoxy resin and the nanocomposite.
Graphene nanoflakes are on the surface of the nanocom-
posite clearly as shown in Fig. 8b, in which the resin on
the surface was eroded at the early stage and graphene
flakes are exposed subsequently. With the increased AO
fluence, more and more graphene nanoflakes are exposed
and covered the underlying resin to prevent resin from
further AO erosion.

Figure 9 shows XPS spectra of epoxy resin and nano-
composite samples before and after the AO exposure.
Table 2 indicates the carbon content and the oxygen con-
tent of epoxy resin have little change because the interac-
tion between epoxy resin and AO forms volatile oxidation
products. In contrast, the carbon content of the nanocom-
posite decreases significantly, while the oxygen content
increases. It indicates that graphene nanoflakes remain on
the material surface after oxidation, which is in agreement
with the analysis of surface morphology.

The AO erosion resistance of epoxy resin/graphene
nanocomposites contributes to the following factors: AO
erosion begins with AO diffusing into material. It is
reported that gas permeability through polymer films can
be reduced by 50-500 times even with small loadings of
nanoflakes. The dispersion of impenetrable graphene of the
high aspect ratio and surface area into polymer matrices
provides a tortuous path for the diffusing gas atoms,
enhancing the gas barrier properties as compared to neat
polymer [33-35]. The barrier properties of the nanocom-
posites may further be improved by the addition of fillers
which can react with the penetrating gas and stop the gas
from advancing their diffusion. Graphene can easily be
oxidized by AO which forms strong chemical bonds. With
more and more graphene exposing on the surface, it can
protect the underneath from erosion by posing a high-
energy barrier to any absorbed oxygen atom diffusing from
the top of the graphene to the interface between the
graphene and the reactive surface underneath [36]. In
addition, graphene is oxidized and epoxy groups form on
the surface of graphene after the AO experiment [8]. Basic
thermodynamic considerations show that it would take
more than 6 eV to decompose the epoxy group to molec-
ular CO [37], which is higher than the energy of AO
collisions.
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Fig. 6 SEM photographs of the
epoxy resin a, b before the AO
exposure and ¢, d after the AO
exposure

Fig. 7 SEM photographs of the
nanocomposite containing

0.5 wt% graphene nanoflakes a,
b before the AO exposure, ¢,

d after the AO exposure

Conclusions XRD and SEM analyses show the graphene homoge-

neously distributed in the matrix and the TGA result
In this study, epoxy resin/graphene nanocomposites were  indicates that the thermal stability of the nanocom-
prepared by the solution mixing method. The results of  posite is improved. Compared with the pure epoxy resin,
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Fig. 8 SEM photographs after
the AO exposure of a the pure
epoxy resin, b the
nanocomposite containing

0.5 wt% graphene nanoflakes
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Fig. 9 XPS spectrums of a, b the epoxy resin before and after the AO experiment, ¢, d the nanocomposite containing 0.5 wt% graphene
nanoflakes before and after the AO experiment

Table 2 Surface composition

. Material Treatment Surface content by XPS (%)

of the pure epoxy resin and the

nanocomposite containing C 0 N

0.5 wt% graphene nanoflakes

before and after exposure to AO Epoxy resin Before the AO experiment 82.419 15.160 2.421
After the AO experiment 77.279 18.231 4.49

Nanocomposite Before the AO experiment 82.313 15.132 2.555

After the AO experiment 58.462 33.243 8.295
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the AO erosion resistance of epoxy resin/graphene nano-
composites is improved. A 46 % decrease in mass loss and
a 47 % decrease in erosion yield were achieved by the
addition of only 0.5 wt% of graphene. And, SEM and XPS
analyses present evidence that after the resin on the
nanocomposites surface is eroded, the graphene flakes are
exposed on the surface and protect the material underneath
from AO erosion. The AO erosion resistance is also
ascribed to a tortuous path for the diffusing gas atoms
because of the graphene flakes dispersed in epoxy resin and
the high-energy bond formed by the interaction between
graphene and AO. In principle, this method can be applied
to enhance AO erosion resistance of spacecraft material
and extend the life time of spacecrafts.
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