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As a new kind of smart material with shape changing and fixing abilities, the shape memory polymer
(SMP), has become a research hotspot for space deployment structures in recent years. In fact, studying
the space environmental adaptability of SMPs is an urgent research task, promoting their application in
the aerospace field. In this study, a chemical crosslinked cyanate-based SMP (T;~206°C) was exposed to
atomic oxygen in a ground simulation system. The irradiation effects of atomic oxygen were investigated
in terms of microscopic morphology, chemical structure, thermal stability, mechanical properties, loss fac-
tor and the storage modulus. After exposure to atomic oxygen, the cyanate-based SMP showed obvious
surface erosion. When the irradiation dose reached 10*? atoms/cm?, the surface was entirely peeled off,
and a new uneven surface emerged. However, the damage resulting from erosion was only on the surface
and had little effect on the mechanical performance or shape memory behavior. The tensile strength and
elastic modulus remained nearly constant at 66 MPa and 2000 MPa, respectively. Further, the effect of
sample thickness and depth of delamination should be comprehensively considered in practical applica-
tions. The shape memory properties remain excellent after atomic oxygen irradiation, and the average
shape fixity and shape recovery rates were 98.2% and 99.3%, respectively.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

Shape memory polymers (SMP) are a new kind of intelligent
polymer material that can change their shape from a certain tem-
porary state (an interim state) back to their original state (a per-
manent state) under external excitation [1-3]. Due to its excellent
shape memory effect (SME), SMPs have found their way in the
field of spatially deployable structures [4-6]. The SMP-based spa-
tial deployable structure can be folded on the ground and locked
into a small temporary shape. Furthermore, it can deploy and re-
cover to its original deployed shape under a suitable excitation
when it enters the service orbit. Spacecraft in orbit must inevitably
withstand the effects of harsh radiation environments, such as vac-
uum, heat, solar ultraviolet (UV) radiation, charged particle radia-
tion, atomic oxygen (AO), and geomagnetic fields [7-9]. The harsh
space environment can cause on-orbit damage to spacecraft mate-
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rials and structures [10,11]. Therefore, the materials used in space-
craft structures must undergo rigorous space environmental relia-
bility tests prior to application.

The density of AO is not high in a low earth orbit environ-
ment, and its effect can be ignored in static conditions. However,
for a spacecraft to fly along an orbit at a speed of about 8 km/s,
the beam density of AO impact must be approximately 1013-1013
atoms/(secm?). At such a high impact velocity, the average impact
energy of AO is about 5 eV [12], which is enough to break chem-
ical bonds in polymer materials. Due to powerful oxidizing prop-
erties, AO will cause oxidative erosion on the surface of exposed
elements, which causes mass loss and performance degradation
[13]. The oxidative erosion effect of AO also initiates gas volatiles
from organic materials. The volatiles condensate on the surface
of optical instruments and other equipment on satellites, causing
sharp declines in their optical performance [14-16]. Flight exper-
iments, long-term exposure experiments, and limited-term selec-
tive exposure experiments have confirmed that AO is one of the
leading causes of material performance changes [17-19]. There-
fore, the influence of AO on exposed materials in the space en-
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vironment require serious consideration. Several studies have fo-
cused on the performance of polyimide films exposed to the low
earth orbit AO environment, and the AO flux is generally lower
than 3.0 x 102! atoms/cm? [19-23]. However, there are few re-
ports on the spatial environmental adaptability of cyanate-based
SMPs. Cyanate-based SMPs have become critical aerospace candi-
dates due to their excellent high-temperature resistance [24] and
dielectric properties [25]. In fact, they have been used to make a
variety of space deployable structures, like thin and light mirrors
[26,27]. In our previous work, a series of cyanate-based SMPs were
studied using bisphenol A cyanate ester and two different modi-
fiers, polyethylene glycol and polybutadiene-acrylonitrile. This ma-
terial system had an adjustable Tg (up to 255°C) and good shape
memory performance [28]. Its UV radiation resistance has been
studied in a simulated space UV irradiation environment. The re-
sults show few significant changes in thermal-mechanical proper-
ties and shape memory properties before and after UV irradiation,
indicating that they have excellent UV resistance [29]. In this work,
we further investigate the performance of cyanate-based SMPs ex-
posed to up to 10 22 atoms/cm? of AO. The effects of the AO en-
vironment on the microstructure, chemical composition, mechan-
ical properties, thermal stability, and shape memory properties of
the cyanate-based SMPs are discussed. The AO fluence of the poly-
imide films exposed to all components of the LEO environment on
the Materials International Space Station Experiment (MISSE) plat-
form MISSE-1 was ~8 x 102! atoms/cm?2. The flight experiment of
MISSE-1 was retrieved after 3.9 years[21]. It can be calculated that
the AO fluence of our work is probably equivalent to the cumula-
tive dose of 5 years LEO flight.

Experimental
Materials and preparation methods

Bisphenol A cyanate monomer was supplied by JiangduWugqiao
Resin Factory (China). Polyethylene glycol was provided by Tian-
jin Guangfu Fine Chemical Research Institute (China). All reagents
were used as received. Firstly, cyanate monomer and polyethylene
glycol were heated to melting, separately, and then, the two com-
ponents were mixed under stirring. To obtain a prepolymer with-
out air bubbles, the mixture was placed in a vacuum furnace to
degas for 15 minutes. The degassed prepolymer was injected into a
mold consisting of two flat plates separated by silica gel strips for
curing. The curing process requires holding at 120°C for 2 hours,
curing at 180°C for 2 hours, and curing at 210°C for 5 hours. The
polyethylene glycol content was 28.6 wt%. Finally, a flat plate sam-
ple with a thickness of 2 mm was obtained.

AO exposure test

AO radiation environment experiments were performed using
an AO environment ground simulation system at Beijing Institute
of Spacecraft Environment Engineering, China. First, 5 eV of AO en-
ergy with a 5 x 10" atoms/cmZ?es flux under 6.0 x 10~2 Pa of
pressure were used in the accelerated test. The accumulated doses
of AO irradiation were 0, 3 x 102!, 6 x 102!, and 1022 atoms/cm?
for specimens SMCR-0, SMCR-1, SMCR-2, and SMCR-3, respectively.

Characterization method

The surface morphology of the cyanate-based SMP was char-
acterized by field-emission scanning electron microscopy (SEM;
Quanta 200FEG, FEI Corporation, US) under an acceleration voltage
of 30 kv.

The Fourier Transform infrared spectroscopy (FTIR) were
recorded with a SPECTRUM ONE spectrometer (Perkin Elmer Cor-
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Fig. 1. Images of cyanate-based SMP samples before and after AO irradiation.

poration, US) over a scan range of 4000-650 cm~! with a 4 cm™!
resolution and scan times of 8. The FTIR sample was scraped from
the exposed surface and prepared by the KBr disk method.

Thermogravimetric (TG) analysis was conducted on a TGA/DSC1
analyzer (Mettler-Toledo, Switzerland). The test sample used in the
experiment was a powder, scraped from the exposed surface, with
a total sample mass of 8-10 mg. The test was carried out at a heat-
ing rate of 10°C/min in a flowing nitrogen atmosphere, over a tem-
perature range of 25 to 800°C.

The storage modulus and tand of the samples were studied by
dynamic mechanical analysis (DMA; Q800, TA Corporation, US) in
a tensile mode, heating from 25°C to 350°C by 3°C/min. All runs
were performed at an amplitude of 10 pm, frequency of 1 Hz, and
minimum dynamic force of 0.1 N. Samples were shaped by a high
speed engraving machine to dimensions of 20 x 3 x 1 mm?3.

The quasi-static tensile test was performed on a Zwick/Roell
Z010 tensile testing machine (Zwick GmbH & Co. KG) with an
extensometer. The ambient temperature was 25°C, and the beam
moving speed was 5 mm/min. The tensile test piece was cut from
a polymer plate by a high-speed precision engraving machine, and
the size of the test piece was in accordance with standard ASTM
D638, Type IV.

The shape memory performance of cyanate-based SMP sam-
ples before and after AO irradiation was investigated using DMA
(DMA Q800, TA Corporation, US). The test was carried out in force-
controlled three-point bending mode. Real-time force, deflection
(displacement of the midpoint), and temperature were recorded
throughout the process. For the Nth cycle, the initial displace-
ment of the sample was defined as D,,yp. The sample was first bent
at 210°C, with a force of 0.1 N, and the deflection was recorded
as Dy;. Then, external force was removed when the sample fully
cooled to room temperature, and the displacement value was
recorded as D,,. The temperature was increased to 210°C again to
obtain the recovered shape, and the displacement was recorded as
D(n41)0, that is, the initial displacement of the (N+1)th cycle. The
shape fixation rate, Ry, and the shape recovery rate, Ry, of the Nth
cycle can be expressed as[29]:

Dn2 - DnO
R, = ———— x 100% 1
nf Dnl - DnO ( )
Dy —D
Ry = —2 — 2410 100% (2)

Dn2 - DnO
Results and discussion
Morphology and chemical structure

Fig. 1 is a comparison photograph of the cyanate-based SMP
samples before and after AO irradiation, and it shows that as the
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Fig. 2. Micromorphology of cyanate-based SMP before and after AO irradiation. (a) before exposure to AO (SMCR-0), (b) after exposure to 3 x 102! atoms/cm? of AO radiation
(SMCR-1), (c) after exposure to 6 x 102" atoms/cm? of AO radiation (SMCR-2), and (d-e) after exposure to 10 x 10?' atoms/cm? of AO radiation (SMCR-3).

total flux of AO irradiation increases, opaque, whitish, and rough
structures gradually emerged on the sample surface.

Morphology of cyanate-based SMP exposed to AO radiation was
observed by field-emission SEM. The SEM image shows that be-
fore exposure to AO radiation, the surface of SMCR-0 was flat and
smooth (see Fig. 2(a)). After exposure to 3 x 102! atoms/cm? of
AO radiation, the surface of SMCR-1 became rough and dense, and
tiny grooves less than 1 pm deep appeared on it (Fig. 2(b)). Erosion
increased with increasing AO irradiation dose. When the radiation
dose reached 6 x 102! atoms/cm?, part of the sample surface layer
was exfoliated. The right area of Fig. 2(c) shows a new surface af-
ter serious erosion, and the left area shows some initial surface
layer residues, weakly attached to the sample. The erosion depth
reached about 3 pm. When the radiation dose reached 10 x 102!
atoms/cm?, the erosion depth was about 5-20 pm and the surface
layer peeled off almost entirely, and the new surface (Fig. 2(e) and
the dark area of Fig. 2(d)) was uneven. Microscopic analysis indi-
cated that the main manifestations of AO erosion of cyanate-based
SMPs were increased roughness, grooves, plaques, and exfoliation
of the surface layer, consistent with previous research [30].

Changes in specific chemical functional groups were analyzed
by infrared spectroscopy. The infrared spectra of cyanate-based
SMP samples before and after exposure to AO are shown in Fig. 3.
Specifically, Figs. 3a, b, ¢, and d correspond to samples SMCR-
0, SMCR-1, SMCR-2, and SMCR-3, respectively. We know that the
cyanate monomer undergoes trimerization during the curing pro-
cess to form a three-dimensional network structure dominated
by six-membered oxygen-linked triazine rings [31]. Characteris-

tic peaks for the triazine rings are located at 1510-1560 cm~!
and 1356 cm~1[32-34]. As seen in Fig. 3, the characteristic peaks
of the triazine ring do not change significantly after AO expo-
sure. This is mainly due to the high bond energy of the triazine
rings, which is over 2000 kJ/mol. However, the exposed samples
show new bands in the stretching (3211 cm~') [35] and bend-
ing (1465 cm~!, 1423 cm~!, and 1403 cm™!) vibration regions
of the methyl C-H and hydroxyl O-H bonds. The new methyl C-
H bond is attributed to the breaking of the polyethylene glycol
chain under the attack of high-energy AO. The new hydroxyl O-H
bond could be attributed to intercalation of AO between the carbon
and hydrogen atoms, resulting in alcoholic or phenolic hydroxyl
groups.

In addition, two new characteristic peaks appeared around 1710
cm~! and 1780 cm~!, corresponding to the carbonyl C=0 stretch-
ing vibration of carboxylic acids or esters [36]. As the samples
were exposed to a large number of oxygen atoms, the high-energy
oxygen atoms could not only attack the chemical bonds but also
quickly combine with carbon atoms at the break in the chain to
form carbon-oxygen double bonds, resulting in these new peaks.
In the UV exposure test [29], the peak of C=0 was much more
striking when the exposure time reached 3000 ESH compared to
1000 ESH and 2000 ESH. In contrast, a striking C=0 peak appeared
with low flux AO irradiation (3 x 102! atoms/cm?). This feature
was attributed to the high energy of AO, making it easy to break
old bonds and form the new C=0 bonds.

Therefore, the effect of AO exposure on the chemical structure
of cycante based SMP can be summarized as follows. Firstly, the
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Fig. 4. TG curves of cyanate-based SMPs before and after AO irradiation.

sample surface was bombarded by high-energy AO. The benzene
and triazine rings were unchanged, but some of the C-H and C-C
bonds were broken. Soon, the oxygen atoms immediately partici-
pated in bond formation at the break, resulting in new C=0 and
0O-H bonds. At the same time, high-energy AO directly led to phys-
ical peeling of the resin, resulting in increased roughness, grooves,
plaques, and exfoliation of the surface layer, observed by SEM anal-
ysis.

Thermal stability

The TG curve of cyanate-based SMP before and after exposure
to AO is shown in Fig. 4. The initial thermal decomposition temper-
ature is defined as the temperature at which the mass loss of the
sample reaches 5%. As shown in the figure, the initial thermal de-
composition temperatures of SMCR-0, SMCR-1, SMCR-2, and SMCR-
3 are 356°C, 364°C, 372°C, and 368°C, respectively. Similar to UV

irradiation [29], the initial decomposition temperature of the sam-
ples after AO exposure increased by 8°C, 16°C, and 12°C, respec-
tively. The behavior occurred because there are unreacted small
molecules or impurities (water absorbed in the air, carbon diox-
ide, etc.) in the cyanate-based SMP samples. These small molecules
contained in the exposed samples (SMCR-1, SMCR-2, and SMCR-3)
were expelled from the sample when exposed to AO in high vac-
uum. However, the small molecules contained in the unexposed
sample (SMCR-0) were only released due to the gradual increase
in temperature in the TG test. Therefore, the initial thermal decom-
position temperatures of the exposed samples are higher than that
of unexposed SMCR-0. To verify this speculation, a control sam-
ple, SMCR-0’ were vacuum outgassed for 24 h before analyzing it
by TG analysis. As shown in Fig. 4, the initial thermal decomposi-
tion temperature of SMCR-0’ is 366°C, which is 10°C higher than
SMCR-0 and at the same level of the exposed samples. It is fur-
ther proved that the reason for the higher initial decomposition
temperature of AO-exposed samples (SMCR-1, SMCR-2, and SMCR-
3) is caused by the high vacuum, rather than the direct effect of
AO exposure. The thermal decomposition rate is generally defined
as the derivative of the thermogravimetric curve (DTG). As shown
in the DTG curve, above the initial decomposition temperature, the
sample weight began to decline sharply, and the thermal decom-
position rate increased with the increasing temperature, reaching a
maximum at 400°C.

The final carbon retention rate refers to the mass fraction of the
remaining sample when the sample mass no longer decreases and
gradually stabilizes to the original sample mass. Notably, the final
carbon retention rates of SMCR-0, SMCR-1, SMCR-2, and SMCR-3
were 19%, 17.6%, 19%, and 19.5%, respectively, showing an initial
decrease followed by an increase with an increase in AO exposure.
This is because the original three-dimensional molecular structure
of the residue that adhered to the sample surface after being bom-
barded by AO was destroyed, and its thermal stability deteriorated.
When the surface of the sample was completely exfoliated, a fresh
cyanate-based SMP surface with high thermal stability appeared,
resulting in a gradual increase of the final carbon retention rate.
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However, this change is relatively small, only within 2%, proving
that the AO exposure test had little effect on the thermal stability
of cyanate-based SMP samples.

Mechanical properties

The mechanical properties before and after exposure to AO un-
der vacuum are shown in Fig. 5. The tensile strengths of SMCR-0,
SMCR-1, SMCR-2, and SMCR-3 are all around 66 MPa (66 + 1, 67
+ 2,66 £+ 2, and 65 + 1 MPa, respectively). The average strain
at break of all samples were maintained between 6-8%, and the
elastic moduli were all around 2000 MPa (1950 + 40, 2070 + 50,
1980 + 20, and 2010 &+ 30 MPa). The sample thickness used in the
mechanical test was 3 mm. Although the AO exposure experiment
severely eroded the sample surface, it had little effect on the over-
all mechanical properties of the sample. Therefore, the scale of the
original sample thickness and depth of ablation must be consid-
ered comprehensively to determine whether protection is required
in practical use.

Dynamic thermomechanical properties

The dynamic thermomechanical curves of cyanate-based SMPs
before and after exposure to AO are shown in Fig. 6. We see that
the storage modulus curve of the sample has two stages: low tem-
perature high modulus and high temperature low modulus. The
storage modulus of the two stages differ by 2-3 orders of magni-
tude. This change in modulus manifests the viscoelasticity of the
prepared cyanate-based SMP and also shows that this cyanate-
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Fig. 6. DMA curves of cyanate-based SMPs before and after AO irradiation.

polyethylene glycol SMP system has network nodes (high temper-
ature and low modulus to ensure that the material does not slip)
and conversion segments (low temperature and high modulus to
ensure that it is used as a structural material), which are key fac-
tors yielding its shape memory effect [37].

In addition, after exposure to 3 x 102!, 6 x 10%!, and 10%2
atoms/cm? of AO, the tand curves did not change significantly, and
the curve peaks only shifted to the lower temperature within 6°C.
Moreover, as the AO dose increased, the storage modulus in the
high temperature section (rubbery modulus) gradually increased,
and the intensity of the tand peak decreased. As the rubbery mod-
ulus of a thermoset system is proportional to its crosslink density
[38-40], the increasing rubbery modulus and decreasing tané peak
intensity indicate that high-energy and high-density AO promotes
a crosslinking reaction of cyanate-based SMP while ablating the
surface of the material. This is thought to occur because AO is in-
volved in bond formation, which is also indicated in the infrared
analysis above.

Shape memory behavior

The shape memory processes of SMCR-0 and SMCR-3 Fig. 7)
show that the sample was bent and deformed by applying a force
of 0.1 N at 210°C (5°C above Tg), and the midpoint displacement
of both samples were over 5 mm (span = 20 mm). Ryf and Ry,
calculated using Eqgs. (1) and (2), of the two samples are shown in
Table 1. It is evident that Ryf and Ry of both SMCR-0 and SMCR-3
for the three shape memory cycles had good repeatability. The av-
erages of Ry and Ry, for the three shape memory cycles of SMCR-0
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Fig. 7. The impact of AO radiation on the shape memory effect of cyanate-based SMPs: (a) SMCR-0 and (b) SMCR-3.
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Table 1
Ry and Ry of cyanate-based SMPs before and after AO irra-
diation.
Sample N 1 2 3 Average
SMCR-0 Ry (%) 97.8 97.9 971 97.6
Rur(%) 969 970 99.0 976
SMCR-3 Ry (%) 98.3 98.2 98.2 98.2

Rnr (%) 986 993 999 993

were both 97.6%, and those of SMCR-3 were 98.2% and 99.3%, re-
spectively. Although the averages of R,; and Rnr of SMCR-3 (after
exposure to AO) improved by 0.6% and 1.7%, respectively, we be-
lieve that is in the error of the DMA measurement. Hence, these
results indicate that the AO exposure experiment not only has no
adverse effect on the shape memory performance of cyanate-based
SMP.

Conclusion

In this study, the adaptability of the cyanate SMP to AO in
the space environment was first studied by a ground simulation
test. Specifically, cyanate-based SMP samples were exposed to AO
at 0, 3 x 10%!, 6 x 10%!, and 1022 atoms/cm2. Following expo-
sure to high-energy and high-density AO, the chemical bonds of
the cyanate-based SMP were destroyed by bombardment, which
was manifested as changes in chemical bonds and physical peel-
ing of the surface resin. However, ablation was limited to the sur-
face layer of the sample and had no adverse effects on the thermal
stability, Tg, mechanical properties, and shape memory properties
of the sample. We believe that when using cyanate-based SMPs
in practice, the relative relationship between the sample thickness
and ablation depth (corresponding to the service time in orbit)
must be comprehensively considered. Under mild ablation, which
does not affect the mechanical properties of the sample, the influ-
ence of AO may not be considered. However, if the service time in
orbit is too long, the sample must be protected with an anti-AO
film, like polyimide. In addition, the development of cyanate-based
SMPs with intrinsic anti-AO properties is a promising research di-
rection.
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