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a b s t r a c t

Shape memory polymers (SMPs) are novel intelligent materials. Evaluation of the durability of SMPs in
the complex environment of future space applications helps to optimize their incorporation in space-
deployable structures. In this paper, we performed vacuum outgassing and ultraviolet (UV) radiation
exposure tests on a cyanate-based SMP with a glass transition temperature of 206 �C. The cyanate-based
SMP shows 1.04% of total mass loss and 0.01% of collected volatile condensable matter, as determined by
vacuum outgassing tests. Vacuum UV radiation deepened the color of the surface, shown little effect on
the thermal stability of the SMP sample. The irradiation induced some instability of the molecular
structure within the material, and this effect was gradually strengthened with the increase of exposure
time. However, UV radiation did not detectably change the mechanical properties of the cyanate-based
SMP; the tensile strength and elastic modulus remained essentially constant at 66 ± 2 MPa and
1940 ± 80 MPa, respectively. The average shape fixity rate and average shape recovery rate before and
after UV radiation were all above 97.6%, and the repeatability was satisfactory.

© 2017 Published by Elsevier Ltd.
1. Introduction

Shape memory polymers (SMPs) are novel intelligent polymer
materials that can recover their original shape from a temporary
deformation under a specific external stimulus [1,2]. The original
shape was obtained when the material was initially prepared, by
molding or mechanically machining, etc. The temporary shape can
be obtained by a mechanical deformation, such as bending,
stretching, twisting, and compressing from the original one. This
temporary shape can be fixed and stable over long times at certain
temperatures until an appropriate stimulus is applied to the poly-
mer that drives it to recover the original shape [3]. The most
common stimulus using to drive a SMP is heat. The thermal
responsive SMPs possess a typical switching temperature (Tsw),
which is usually based on a glass transition or a melting transition.
Once the SMP was reheated above Tsw, the previous fixed tempo-
rary shape could be changed back to the original shape. This shape
01
memory effect of polymer is attributed to the entropy elasticity of
the switching segments, which allows suppression and activation
of the molecular mobility for shape fixing and recovery, respec-
tively; and a crosslink network (either chemically or physically
crosslinked) that sets the permanent shape [4]. For nearly 40 years,
SMPs have enabled broad application prospects in areas such as
heat shrinkable tubes [5], intelligent textiles [6], medical equip-
ment and auxiliary equipment [7], photochromic materials [8],
information carriers [9], intelligent molds [10], and aerospace
deployable structures [11-13].

Cyanate resin is a thermosetting plastic that has a high glass
transition temperature of up to 400 �C. In addition, cyanate resin
also offers features such as lowdielectric loss, low hydroscopic level
and good thermal stability. These properties make cyanate ester a
suitable material for electronic circuit board, dielectric coatings,
high strength adhesives, aerospace composites and wave-
transmitting materials [14]. Currently, research efforts on
cyanate-based SMPs are focused mainly on aerospace deployable
structures [15,16]. Epoxy resin and cyanate ester exhibit excellent
compatibility and reactivity. Hence, epoxy resins are usually used as
a modifier and toughening agent in preparing cyanate-based SMPs
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[17-21]. The CRG company has designed two types of cyanate-based
SMPs; one is produced through a reaction between polyfunctional
cyanate monomers and monofunctional cyanate ester monomers
[22] and the other through a reaction between bi-functional
cyanate monomers and active molecules that contain active
hydrogen atoms [23]. Everhart et al. [24] developed a reusable heat
smart shaft based on the shape memory cyanate manufactured by
CRG. Our previous studies [25] investigated a series of cyanate-
based SMPs using bisphenol A cyanate ester and two different
modifiers, namely, polyethylene glycol and polybutadiene-
acrylonitrile. This series of materials features an adjustable glass
transition temperature (up to 255 �C) and excellent shape memory
properties.

The synthesis of cyanate-based SMPs has been widely studied.
However, to promote the practical application of cyanate-based
SMPs based on theoretical and experimental research, many is-
sues still need to be addressed. For example, the selection of SMPs
for spacecraft construction requires the identification of candidate
materials that can perform reliably in space. Understanding the
effects of space on the materials is an important step in the selec-
tion of candidate materials [26,27]. The outer surfaces of space
equipment are subject to factors such as high vacuum, the sun's
radiation, thermal cycling, atomic oxygen, electron radiation and
debris. High vacuum can induce degassing, evaporation, sublima-
tion and decomposition of spacecraft materials. These effects may
result in high-temperature surface-evaporated gas condensing on
low-temperature surfaces, which can contaminate these surface
and lead to changes in their physical and dielectric properties.
Barnes [28] investigated the volatility of a thermoplastic carbon/
polyether ketone composite material. Its total mass loss (TML) in
vacuum is less than 0.02%, and the collected volatile condensable
materials (CVCM) is less than 0.1%. This composite material meets
the requirements of standards for TML and CVCM for vacuum
outgassing of aerospace materials [29]. The in-orbit flight test data
of the Apollo spacecraft also demonstrated that the volatility of
small molecules of polymer materials in a high-vacuum sealed
environment and material aging and degradation caused by this
volatility were important factors that affected the safety of the
sealed cabin [30]. Solar electromagnetic radiation also has an effect
on polymer materials. In earth orbit, the solar constant is 1353 W/
m2, of which UV radiation accounts for approximately 8.7% (118W/
m2). Although UV radiation is only a small portion of solar elec-
tromagnetic radiation, its high photon energy can break chemical
bonds and degrade material properties [31,32]. George et al. [33]
and Smeenk et al. [34] reported that UV radiation has a signifi-
cant effect on the optical properties of the polymer and can induce
severe discoloration of the polymer matrix. These researches
[28,30-34] all focused on traditional polymer materials rather than
SMPs. In recent years, Leng et al. [35] investigated the property
changes of an epoxy SMP under gamma-ray radiation. Arzberger
et al. [15,16] characterized the vacuum outgassing of epoxy SMPs.
However, except the works of Leng et al. [35] and Arzberger et al.
[15,16], the adaptability of SMPs to space environment, which is the
subject of the current paper, has been rarely reported.

In this work, we focus on the effects of high vacuum and solar
radiation (specifically UV radiation) on thermal, mechanical and
shape memory properties of cyanate-based SMPs. The effects of
thermal cycling, atomic oxygen and electron radiation will be re-
ported in our forthcoming work.

2. Experimental

2.1. Preparation of a cyanate-based SMP

Bisphenol-A cyanate ester monomer was purchased from
JiangduWuqiao Resin Factory, China. Polyethylene glycol (PEG) was
supplied by Tianjin Guangfu Fine Chemical Research Institute,
China. Materials were prepared according to the method reported
earlier [25]. Cyanate ester monomer and PEG (71.4/28.6 w/w) were
fully melted at 100 �C and then mixed with mechanical stirring for
20 min. To obtain a bubble-free pre-polymer, the mixture was
degassed in a vacuum oven for 15 min and then injected into
preheated glass molds. Three-step curing was performed at 120 �C
for 2 h, 180 �C for 2 h and 210 �C for 5 h. Finally, a cyanate-based
SMP sheet with a thickness of 2 mm was obtained.

2.2. Equipment and methods of space environmental exposure test

The outgassing property of the cyanate-based SMP in vacuum
was tested first. The test was performed in an outgassing test
environment using a DH series electric thermostatic incubator. A
BP2110D high precision electronic balance (with an accuracy of
0.01 mg) was used to measure sample weight. The samples were
kept at a constant temperature (23 �C) and humidity (50%) for 24 h.
Samples were then vacuum outgassed for 24 h at 125 �C and a
vacuum pressure of 4 � 10�4 Pa to 1 � 10�4 Pa with a collecting
board condensation temperature of 25 �C. Finally, the samples were
returned to a constant temperature of 23 �C and a humidity of 50%
for 24 h. Two parameters, total mass loss (TML) and collected vol-
atile condensable materials (CVCM), are regularly measured in the
outgassing test. Total mass loss is defined as the total weight of the
material that runs out of a specimen, which is maintained at a
specific constant temperature and operating pressure for a specific
period of time. The TML value is calculated from the mass of the
specimen before and after the test and is expressed as a percentage
of the initial sample mass. Collected volatile condensable materials
is defined as the quantity of outgassed matter from a test specimen
that condenses on a collector maintained in a specified constant
temperature for a certain period of time. CVCM is expressed as a
percentage of the initial specimen mass and is calculated from the
condensate mass determined from the difference in mass of the
collector plate before and after the test [29].

The vacuum-UV radiation environment experiments in this
paper were performed using the Efficient UV radiation environ-
ment experiment system at Beijing Institute of Spacecraft Envi-
ronment Engineering. The wavelength of radiation spectra using in
the acceleration test were 200e400 nm with 5 times the solar
constant. The pressure was lower than 1.3 � 10�3 Pa, and the
exposure time was 600 h. The overall irradiation dose was 3000
equivalent solar hours (ESH; 1 ESH ¼ 1353 W/
m2 � 8.7% � 3600 s ¼ 4.2 � 105 J/m2). Samples were taken after
every 200 h (1000 ESH) and referred to as SMCR-0ESH, SMCR-
1000ESH, SMCR-2000ESH, and SMCR-3000ESH.

2.3. Characterization methods

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR, SPECTRUMONE, Perkin Elmer Corporation, US)
was used to characterize the chemical structure of the cyanate-
based SMP. Thin film samples were used in a test spectrum range
of 4000e650 cm�1 with a 4 cm�1 resolution and scan times of 8.

UVevis spectroscopy measurements were conducted by
UVevis. spectrophotometer (UV-2600, Japan) in the wavelength
range from 1100 nm to 250 nm, in transmission mode, taking the
air as reference.

Dynamic mechanical analysis (DMA) of the cyanate-based SMP
was performed using a DMS Q800 (TA Corporation). Stretching
mode was selected for this test at 1 Hz, and a minimum dynamic
force of 0.1 N was used. The amplitude was 10 mm, and the test
temperature range was 25 �Ce350 �C with a heating rate of 3 �C/



Fig. 1. Image of the cyanate-based SMP before and after UV radiation.
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Fig. 2. UV�visible transmittance spectra of the cyanate-based SMP with various du-
rations of UV exposure.
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min. Samples were shaped by a high speed engraving machine to
the dimensions of 20 � 3 � 1 mm3.

Thermogravimetry analysis was performed using a TGA/DSC1
(Mettler-Toledo, Switzerland) thermal gravimetric analyzer. Pow-
der samples were prepared by filing the bulk samples. The sample
weights were approximately 8e10 mg. Tests were performed at a
heating rate of 10 �C/min in a flowing nitrogen atmosphere within
the temperature range of 25 �Ce800 �C.

The static tensile test was carried out with the Zwick/Roell Z010
universal machine with a stretching rate of 5 mm/min at room
temperature. Tensile specimens were cut from a polymer plate
using high speed engraving machine. The sample size was taken
from the ASTM standard D638, type IV.

The cycling shape memory behavior of the elastomer was
characterized on a DMA Q800 in controlled-force mode using a
three-point bending fixture. The sample size was 30 � 3 � 1 mm3.
Under the controlled-force mode, the instrument itself records the
real-time force, deflection (displacement of the control point) and
temperature of each preset process. For the cycle N, the initial
displacement was recorded as Dn0, the displacement after loading
the downward force of 0.1 N at 210 �Cwas recorded asDn1, the fixed
displacement after cooling to 50 �C and unloading was recorded as
Dn2, and the displacement after recovery at 210 �C, which is also
treated as the initial displacement of the cycleNþ1, was recorded as
Dðnþ1Þ0. The shape fixity rate Rnf and shape recovery rate Rnr of the
cycle N were calculated using the following equations:

Rnf ¼
Dn2 � Dn0

Dn1 � Dn0
� 100% (1)

Rnr ¼
Dn2 � Dðnþ1Þ0
Dn2 � Dn0

� 100% (2)

3. Results and discussion

3.1. Outgassing test in a vacuum environment

The mass loss of polymer material in vacuum is an important
evaluation criterion to determinewhether the material can be used
as an aerospace material. The requirement for an aerospace mate-
rial is that its TML does not exceed 1.00% in a vacuum and its CVCM
does not exceed 0.1% [29].

The TML and CVCM values of the cyanate-based SMP obtained
from tests in a vacuum environment were 1.04% and 0.01%,
respectively. Most material loss occurred from the desorption of
surface-adsorbed gases, the release and separation of gases dis-
solved in the material and the release of penetrating gases. The
CVCM value of the cyanate-based SMP (0.01%) fully met the criteria
of the standard (less than 0.1%), whereas the TML value (1.04%)
exceeded the standard limit by 0.04%. The excess of 0.04% for this
parameter corresponds to a material outgassing effect that could
cause high-temperature-surface-released gases to condense on and
potentially contaminate the low-temperature surfaces of the
spacecraft. Thus, the material requires further degassing treatment
to reduce the volatile material content to less than 1.0% before its
incorporation as a spacecraft material.

3.2. Effect of vacuum UV radiation on chemical structure

First, we observed the effect of different exposure durations of
UV radiation on the surface color of the cyanate-based SMP. Fig. 1
shows the sample surface color changing from bright yellow
(before irradiation) to brown yellow (after irradiation). The color
gradually deepened as the UV radiation dose was increased. Fig. 2
shows UV�visible transmittance spectra of the cyanate-based
SMP with various durations of UV exposure in the wavelength
range from 250 to 1100 nm. All the SMP samples could block the UV
light below 400 nm, and the transparency decreased with the
increasing UV exposure time in the visible region. In detail, the
transmittance of 600 nm wavelength of light decreased from 70%
(0ESH) to 64% (1000ESH), 57% (2000ESH), 51% (3000ESH), respec-
tively. This implies that exposure to UV radiation may results in
color and transmittance change of the material and is consistent
with earlier reported observations [36].

Some changes in physical properties of UV exposed polymers,
such as discoloration, have been directly related to chemical
changes [37]. The cyanate-based SMP contains large amounts of
benzene rings and benzene-like triazine rings from the cyanate
ester monomer and the curing reaction. These two functional
groups each exhibit a high bonding energy (>2000 kJ/mol). The
cyanate-based SMP also contains CeO bonds (bond energy 326 kJ/
mol) from the polyethylene glycol and the cyanate ester monomer.
The IR spectra of the cyanate-based SMP before and after UV ra-
diation (Fig. 3) indicate that most of the characteristic peaks,
including the two triazine rings at 1558 cm�1 and 1356 cm�1

remained unchanged. However, a new characteristic peak appeared
at 1718 cm�1 in the spectra of UV exposed SMP samples, which
corresponds to the C]O stretching vibration peak [38]. This peak
was much more striking when the UV exposure time went up to
600 h (3000 ESH). The appearance of the C]O bond after UV ra-
diationwas supposed to be attributed to the breaking of one end of
low-bond-energy CeO after exposure to UV radiation, which
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Fig. 3. FTIR spectra of the cyanate-based SMP before and after UV radiation.
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generated carbonyl groups C]O with much higher bond energy
(728 kJ/mol), resulting in a lower molecular weight of the system.
The other end of the breaking CeO bonds would connect to each
other, resulting in a crosslinking reaction in the system. This reac-
tion mechanism was consistent with previous report that moieties
such as -CH2NH-, -CH2O-, or COCH]CH- are oxidation-sensitive
and enhance radical formation [39]. This finding indicated that
the although the main net points of crosslinking network, the
benzene ring and benzene-like triazine rings, was unchanged, there
were some other crosslinking and degrading reactions occurred
within the material. The effect of UV radiation on the material's
chemical structure can be summarized as follows: With the in-
crease of irradiation time, the effects of UV radiationwere gradually
strengthened, resulting in the change of molecular structure.
Crosslinking, degradation, breaking of weak bonds and formation
of more stable chemical bonds may be involved in the complex
photo-chemical process. Because there was only one characteristic
peak (1718 cm�1) in the FTIR spectra obviously changed after the
UV radiation, we could not precisely define the detailed chemical
reactions. Fortunately, the mechanical properties analysis in a later
part of this paper demonstrates that these reactions do not signif-
icantly alter the material's mechanical properties.
3.3. Effect of vacuum UV radiation on thermal stability

Fig. 4 shows that thermal gravimetric (TGA) curves of the
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cyanate-based SMP before and after UV radiation essentially over-
lapped for the testing temperature range. The char yield at 800 �C
for all four samples was 19%, indicating the UV radiation has no
effect on the thermal stability, including thermal decomposition
rate or final char yield. The only different between the TGA curves
before and after UV radiation is the initial thermal decomposition
temperature (the temperature at which the sample weight drops to
95%). With increasing irradiation dose, the initial thermal decom-
position temperature increased by about 10 �C. The reason is that
there exist some unreacted small molecules, impurities, absorbed
water from the air and carbon dioxide in the original unexposed
sample. These small molecules escape from the sample because of
the pressure induced by vacuum UV radiation. Thus, higher purity
cyanate-based SMP remains. Because of the high degree of chem-
ical crosslinking and three dimensional network structure, the
initial thermal decomposition temperatures for all the samples are
above 356 �C, which is the evidence of the excellent heat resistance
of the cyanate-based SMPs [40].

3.4. Effect of vacuum UV radiation on mechanical properties

Fig. 5 compares themechanical properties between the cyanate-
based SMP samples before and after UV radiation. The tensile
strength remained at 66MPawithin 2MPa standard deviation after
UV radiation. As the irradiation dose increased, strain at break of
the four samples was 7 ± 1%, 6 ± 1%, 7 ± 1% and 6 ± 1%, respectively.
These values lie between 5% and 8%. The tensile modulus of the
material did not decrease even after 3000 ESH UV radiation. The
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average elastic modulus was above 1940 MPa, and the standard
deviation was less than 80 MPa. This result indicates that UV ra-
diation induces minimal changes to the chemical bonds inside the
polymer. Similar result was reported by Shimamura et al. [41] and
George et al. [33], they found that UV radiation only affects a thin
layer of the surfaces and has little impact on mechanical properties.
Accordingly, the changes that are induced involve only a few
functional groups and small molecule impurities near the surface of
the cyanate-based SMP; thus, they have no detectable effect on the
major molecular structure of the polymer and no detectable effect
on the overall mechanical properties of the material.
3.5. Effect of vacuum UV radiation on tan d and storage modulus

The loss modulus is commonly used to express the polymer
deformation energy lost or converted to heat, which corresponds to
the damping. The storage modulus describes the elastic recovery
ability of the polymer material after deformation. It represents the
energy stored in the elastic deformation of a viscoelastic material.
The storage modulus is essentially the Young's modulus. The ratio
of the loss modulus to the storage modulus is defined as the loss
factor, tan d. The change of tan d reflects the viscoelastic charac-
teristics of the molecule [42].

Fig. 6 shows the DMA curves of the cyanate-based SMP before
and after UV radiation. The storage modulus curves of the cyanate-
based SMP before and after UV radiation are overlaid at room
temperature. This result is consistent with the above mechanical
analysis in that the tensile modulus of the materials displays no
significant difference before and after irradiation. The peak of tan
d curves did not significantly change with 1000 ESH and 2000 ESH
irradiation compared to the sample before irradiation. However,
the peak of tan d curves moves to the lower temperature, from
206 �C to 197 �C, when the irradiation dose reached 3000 ESH.
SMCR-3000ESH also exhibited a lower storage modulus at high
temperature (>150 �C) than that of the other samples. Although
infrared analysis and mechanical property analysis indicate that UV
radiation did not show significant effect on the chemical structures,
the breaking of the unstable bonds (CeO) may result in lower
crosslinking density. Thus, the change of tan d peak temperature
and storage modulus might result from a possible degradation to
smaller molecular weight chains which is going to plasticize the
materials [43]. Thus, we could also find that the intensity of tan
d peak of SMCR-3000ESH show the highest value among all the
Fig. 6. Storage modulus and loss factor (tan d) of the cyanate-based SMP before and
after UV radiation as functions of temperature.
samples, which also implies a lower crosslinking density [37].

3.6. Effect of vacuum UV radiation on shape memory behavior

It is expected that if an SMP were used in a space deployable
structure, a long flight would precede arrival at the expansion
location. In other words, the SMP would be exposed to radiation in
space before its shape memory function is exploited. Hence,
investigation on the effect of irradiation in space on the shape
memory function of the cyanate-based SMP is of great necessity.

The shape memory properties of unexposed sample (a) SMCR-
0ESH and post-exposed sample (b) SMCR-3000ESH are character-
ized and shown in Fig. 7. Samples were first heated to 210 �C (4 �C
above the glass transition temperature), and a 0.1 N force was
applied to shift the midpoint. The shape was fixed after cooling and
the force withdrawn. Samples were heated to 210 �C again to
complete a shape memory cycle. Calculations indicated that the
shape fixity rates of three shape memory cycles were 97.8%, 97.9%
and 97.1% for sample SMCR-0ESH with an average shape fixity rate
of 97.6%. The shape recovery rates were 96.9%, 97.0% and 99.0% with
an average shape recovery rate of 97.9%. The shape fixity rates of
three shape memory cycles were 97.8%, 97.9% and 98.0% for sample
SMCR-3000ESH with an average shape fixity rate of 97.9%. The
shape recovery rates were 98.2%, 98.8% and 98.9% with an average
shape recovery rate of 98.6% (Table 1). It can be concluded that the
shape fixity and recovery rates of the cyanate-based SMP are not
significantly altered by 3000 ESH UV radiation. The average shape
recovery rate increased by 1% compared to the control sample. The
test repeatability is excellent. These findings indicate that UV ra-
diation has no harmful effect on the shape memory properties of
the cyanate-based SMP. In addition, Fig. 7 shows a gradual increase
of the displacement at a given loading force from the first to the last
cycle on SMCR-3000ESH. As we analyzed in the DMA test, the UV
radiation might cause the degradation to smaller molecular weight
chains which is going to plasticize the material [43]. So we suppose
that the UV degradation might be the origin of that effect. The
degradation of the polymer to lower molecular weight might to
some extent endow some plasticization which will endow ratch-
eting deformation (cyclic creep) accumulates [44,45], in other
words, higher displacement at the same loading force during the
cyclic test.

4. Conclusion

The effects of UV radiation were investigated in terms of
microscopic morphology, chemical composition, mechanical
properties, tan d and thermal properties. Outgassing tests in a
vacuum environment indicated that the TML of the cyanate-based
SMP in vacuumwas 1.04%, slightly higher than the standard limit of
1.00%. The materials require a degassing treatment before use in
space. UV radiation deepened the sample surface color and lowered
the transmittance of the visible light. With the increase of irradi-
ation time, the effects of UV radiationwere gradually strengthened,
resulting in the change of molecular structures. Degradation,
breaking of weak bonds and formation of more stable chemical
bonds may be involved in the complex photo-chemical process. UV
radiation has no effect on the thermal stability of cyanate-based
SMPs, including thermal decomposition rate or final char yield.
The tensile strength remained within 66 MPa ± 2 MPa with an
average elastic modulus of 1940 ± 80 MPa. The DMA curves shows
that the sample exposing to 3000ESH UV radiation exhibits a lower
crosslinking density which may result from the UV degradation of
the polymer. The average shape fixity rate and shape recovery rate
of samples before and after UV radiation were each above 97.6%.
The rates improved after irradiation, and the repeatability was



Fig. 7. Effect of UV radiation on the shape memory effect of the cyanate-based SMP (a) SMCR-0ESH, (b) SMCR-3000ESH.

Table 1
Shape fixity rate (Rnf ) and shape recovery rate (Rnr) of the cyanate-based SMP before
and after UV radiation.

Sample N 1 2 3 Average

SMCR-0ESH Rnf (%) 97.8 97.9 97.1 97.6
Rnrð%Þ 96.9 97.0 99.0 97.6

SMCR-3000ESH Rnf (%) 97.8 97.9 98.0 97.9
Rnr(%) 98.2 98.8 98.9 98.6

F. Xie et al. / Polymer Degradation and Stability 138 (2017) 91e9796
satisfactory. Overall, vacuum UV radiation has an insignificant ef-
fect on the performance of the cyanate-based SMP due to its stable
three dimensional network structure.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China [Grant No. 11225211].

References

[1] J. Leng, X. Lan, Y. Liu, S. Du, Shape-memory polymers and their composites:
stimulus methods and applications, Prog. Mater. Sci. 56 (7) (2011)
1077e1135.

[2] F. Xie, L. Huang, J. Leng, Y. Liu, Thermoset shape memory polymers and their
composites, J. Intelligent Mater. Syst. Struct. 27 (18) (2016) 2433e2455.

[3] M. Behl, M.Y. Razzaq, A. Lendlein, Multifunctional shape-memory polymers,
Adv. Mater. 22 (31) (2010) 3388e3410.

[4] T. Xie, Recent advances in polymer shape memory, Polymer 52 (22) (2011)
4985e5000.

[5] S. Ota, Current status of irradiated heat-shrinkable tubing in Japan, Radiat.
Phys. Chem. 18 (1-2) (1981) 81e87.

[6] J. Hu, S. Chen, A review of actively moving polymers in textile applications,
J. Mater. Chem. 20 (17) (2010) 3346e3355.

[7] A. Lendlein, R. Langer, Biodegradable, elastic shape-memory polymers for
potential biomedical applications, Science 296 (5573) (2002) 1673e1676.

[8] T. Xie, X. Xiao, J. Li, R. Wang, Encoding localized strain history through wrinkle
based structural colors, Adv. Mater. 22 (39) (2010) 4390e4394.

[9] T. Pretsch, M. Ecker, M. Schildhauer, M. Maskos, Switchable information car-
riers based on shape memory polymer, J. Mater. Chem. 22 (16) (2012)
7757e7766.

[10] H. Du, L. Liu, J. Leng, H. Peng, F. Scarpa, Y. Liu, Shape memory polymer S-
shaped mandrel for composite air duct manufacturing, Compos. Struct. 133
(2015) 930e938.

[11] Y. Liu, H. Du, L. Liu, J. Leng, Shape memory polymers and their composites in
aerospace applications: a review, Smart Mater. Struct. 23 (2) (2014) 023001.

[12] J.L. Reed Jr., C.D. Hemmelgarn, B.M. Pelley, E. Havens, Adaptive wing struc-
tures, in: E.V. White (Ed.), Smart Structures and Materials 2005-Industrial and
Commercial Applications of Smart Structures Technologies, SPIE, San Diego,
CA, United states, 2005, pp. 132e142.

[13] X. Lan, Y. Liu, H. Lv, X. Wang, J. Leng, S. Du, Fiber reinforced shape-memory
polymer composite and its application in a deployable hinge, Smart Mater.
Struct. 18 (2) (2009) 024002.

[14] T. Fang, D.A. Shimp, Polycyanate esters: Science and applications, Prog. Polym.
Sci. 20 (1) (1995) 61e118.

[15] S.C. Arzberger, N.A. Munshi, M.S. Lake, J. Wintergerst, S. Varlese, M.P. Ulmer,
Elastic memory composite technology for thin, lightweight space and ground-
based deployable mirrors, in: W.A. Goodman (Ed.), Optical Materials and
Structures Technologies, SPIE, San Diego, CA, United states, 2003, pp.
143e154.

[16] S.C. Arzberger, M.L. Tupper, M.S. Lake, R. Barrett, K. Mallick, C. Hazelton,
W. Francis, P.N. Keller, D. Campbell, S. Feucht, D. Codell, J. Wintergerst,
L. Adams, J. Mallioux, R. Denis, K. White, M. Long, N.A. Munshi, K. Gall, Elastic
memory composites (EMC) for deployable industrial and commercial appli-
cations, in: E.V. White (Ed.), Smart Structures and Materials 2005-Industrial
and Commercial Applications of Smart Structures Technologies, SPIE, San
Diego, CA, United states, 2005, pp. 35e47.

[17] B. Rajendran, K.S.S. Kumar, R.S. Rajeev, C.P. Reghunadhan Nair, Epoxy-cyanate
ester shape memory thermoset: some aspects of phase transition, viscoelas-
ticity and shape memory characteristics, Polym. Adv. Technol. 24 (7) (2013)
623e629.

[18] K.S. Santhosh Kumar, A.K. Khatwa, C.P. Reghunadhan Nair, High transition
temperature shape memory polymers (SMPs) by telechelic oligomer
approach, React. Funct. Polym. 78 (1) (2014) 7e13.

[19] R. Biju, C.P. Reghunadhan Nair, Effect of phenol end functional switching
segments on the shape memory properties of epoxy-cyanate ester system,
J. Appl. Polym. Sci. 131 (23) (2014) 41196.

[20] K. Wang, G. Zhu, Y. Wang, F. Ren, Thermal and shape memory properties of
cyanate/polybutadiene epoxy/polysebacic polyanhydride copolymer, J. Appl.
Polym. Sci. 132 (23) (2015) 42045.

[21] R. Biju, C. Gouri, C.P. Reghunadhan Nair, Shape memory polymers based on
cyanate ester-epoxy-poly (tetramethyleneoxide) co-reacted system, Eur.
Polym. J. 48 (3) (2012) 499e511.

[22] T.H. Tong, R. Hreha, B.J. Vining, Shape Memory Cyanate Ester Copolymers:
United States, 2008. US 20080021188Al.

[23] R.D. Hreha, B.J. Vining, R.M. Schueler, D.M. Nickerson, Shape Memory Cyanate
Ester Copolymers: United States, 2010. US 20100137554A1.

[24] M.C. Everhart, D.M. Nickerson, R.D. Hreha, High-temperature reusable shape
memory polymer mandrels, in: E.V. White (Ed.), Smart Structures and Ma-
terials 2006-Industrial and Commercial Applications of Smart Structures
Technologies, SPIE, San Diego, CA, United states, 2006, p. 61710K.

[25] F. Xie, L. Huang, Y. Liu, J. Leng, Synthesis and characterization of high tem-
perature cyanate-based shape memory polymers with functional poly-
butadiene/acrylonitrile, Polymer 55 (23) (2014) 5873e5879.

[26] K.T. Kern, P.C. Stancil, W.L. Harries, Long, R. Edward, S.A. Thibeault, Simulated
space environmental effects on a polyetherimide and its carbon fiber-
reinforced composites, SAMPE J. 29 (3) (1993) 29.

[27] V. Skurat, E. Barbashev, Y. Dorofeev, A. Nikiforov, M. Gorelova, A. Pertsyn,
Simulation of polymer film and surface behaviour in a space environment,
Appl. Surf. Sci. 92 (92) (1996) 441e446.

[28] J.A. Barnes, F.N. Cogswell, Thermoplastics for space, S.A.M.P.E. Q. 20 (3) (1989)
22e27.

[29] Standard Test Method for Total Mass Loss and Collected Volatile Condensable
Materials from Outgassing in a Vacuum Environment, ASTM International,
West Conshohocken, PA, 2015.

[30] L.J. Leger, R.W. Bricker, Apollo experience Reports: Window Contamination,
Apollo Experience Report Window Contamination, National Aeronautics and
Space Administration, Washington, DC, 1972.

[31] J. Dever, A. Pietromica, T. Stueber, E. Sechkar, R. Messer, Simulated Space
Vacuum Ultraviolet (VUV) Exposure Testing for Polymer Films, 39th Aero-
space Sciences Meeting and Exhibit, American Institute of Aeronautics and
Astronautics, 2001.

[32] J. Dever, C. McCracken, E. Bruckner, Vacuum ultraviolet radiation character-
ization of RF air plasma and effects on polymer films, in: J.I. Kleiman,
Z. Iskanderova (Eds.), Protection of Materials and Structures from Space
Environment: ICPMSE-6, Springer, Netherlands, Dordrecht, 2003, pp.
335e350.

[33] P.E. George, S.G. Hill, Results from analysis of Boeing composite specimens

http://refhub.elsevier.com/S0141-3910(17)30054-X/sref1
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref1
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref1
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref1
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref2
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref2
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref2
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref3
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref3
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref3
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref4
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref4
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref4
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref5
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref5
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref5
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref6
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref6
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref6
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref7
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref7
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref7
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref8
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref8
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref8
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref9
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref9
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref9
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref9
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref10
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref10
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref10
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref10
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref11
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref11
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref12
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref12
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref12
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref12
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref12
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref13
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref13
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref13
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref14
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref14
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref14
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref15
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref15
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref15
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref15
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref15
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref15
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref16
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref17
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref17
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref17
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref17
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref17
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref18
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref18
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref18
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref18
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref19
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref19
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref19
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref20
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref20
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref20
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref21
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref21
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref21
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref21
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref22
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref22
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref23
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref23
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref24
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref24
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref24
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref24
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref25
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref25
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref25
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref25
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref26
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref26
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref26
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref27
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref27
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref27
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref27
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref28
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref28
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref28
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref29
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref29
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref29
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref30
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref30
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref30
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref31
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref31
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref31
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref31
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref32
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref32
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref32
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref32
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref32
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref32
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref33


F. Xie et al. / Polymer Degradation and Stability 138 (2017) 91e97 97
flown on LDEF Experiment M0003, in: A.S. Levine (Ed.), LDEF: 69 Months in
Space. First Post-Retrieval Symposium, NASA, 1992, p. 1115. CP-3134, NASA.

[34] N.J. Smeenk, C. Mooney, J. Feenstra, P. Mulder, T. Rohr, C.O.A. Semprimoschnig,
E. Vlieg, J.J. Schermer, Space environmental testing of flexible coverglass al-
ternatives based on siloxanes, Polym. Degrad. Stab. 98 (12) (2013)
2503e2511.

[35] J. Leng, F. Xie, X. Wu, Y. Liu, Effect of the g-radiation on the properties of
epoxy-based shape memory polymers, J. Intelligent Mater. Syst. Struct. 25
(10) (2014) 1256e1263.

[36] J. Pospı�sil, S. Ne�spurek, Photostabilization of coatings. Mechanisms and per-
formance, Prog. Polym. Sci. 25 (9) (2000) 1261e1335.

[37] L.W. Hill, H.M. Korzeniowski, M. Ojunga-Andrew, R.C. Wilson, Accelerated
clearcoat weathering studied by dynamic mechanical analysis, Prog. Org.
Coatings 24 (1e4) (1994) 147e173.

[38] F. Portillo, O. Yashchuk, �E. Hermida, Evaluation of the rate of abiotic and biotic
degradation of oxo-degradable polyethylene, Polym. Test. 53 (2016) 58e69.
́

[39] J.F. Rabek, Photodegradation of Polymers, Springer, Berlin Heidelberg, 1996.
[40] M.L. Ramirez, R. Walters, R.E. Lyon, E.P. Savitski, Thermal decomposition of

cyanate ester resins, Polym. Degrad. Stab. 78 (1) (2002) 73e82.
[41] H. Shimamura, T. Nakamura, Investigation of degradation mechanisms in

mechanical properties of polyimide films exposed to a low earth orbit envi-
ronment, Polym. Degrad. Stab. 95 (1) (2010) 21e33.

[42] M.A. Meyers, K.K. Chawla, Mechanical Behavior of Materials, Prentice-Hall,
1999.

[43] M.S. Rabello, J.R. White, Photodegradation of polypropylene containing a
nucleating agent, J. Appl. Polym. Sci. 64 (13) (1997) 2505e2517.

[44] X.H. Shen, Z.H. Xia, F. Ellyin, Cyclic deformation behavior of an epoxy polymer.
Part I: experimental investigation, Polym. Eng. Sci. 44 (12) (2004) 2240e2246.

[45] R.W. Meyer, L.A. Pruitt, The effect of cyclic true strain on the morphology,
structure, and relaxation behavior of ultra high molecular weight poly-
ethylene, Polymer 42 (12) (2001) 5293e5306.

http://refhub.elsevier.com/S0141-3910(17)30054-X/sref33
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref33
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref34
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref34
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref34
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref34
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref34
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref35
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref35
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref35
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref35
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref36
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref36
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref36
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref36
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref36
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref37
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref37
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref37
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref37
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref37
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref38
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref38
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref38
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref38
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref39
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref40
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref40
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref40
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref41
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref41
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref41
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref41
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref42
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref42
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref43
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref43
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref43
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref44
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref44
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref44
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref45
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref45
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref45
http://refhub.elsevier.com/S0141-3910(17)30054-X/sref45

	Effects of accelerated aging on thermal, mechanical and shape memory properties of cyanate-based shape memory polymer: I va ...
	1. Introduction
	2. Experimental
	2.1. Preparation of a cyanate-based SMP
	2.2. Equipment and methods of space environmental exposure test
	2.3. Characterization methods

	3. Results and discussion
	3.1. Outgassing test in a vacuum environment
	3.2. Effect of vacuum UV radiation on chemical structure
	3.3. Effect of vacuum UV radiation on thermal stability
	3.4. Effect of vacuum UV radiation on mechanical properties
	3.5. Effect of vacuum UV radiation on tan δ and storage modulus
	3.6. Effect of vacuum UV radiation on shape memory behavior

	4. Conclusion
	Acknowledgments
	References


