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Shape memory cyanate ester is a class of shape memory polymers with high thermal stability and excellent space
environmental adaptability. In this study, a space-deployable device based on cyanate ester-based shape memory
polymer composite (CE-SMPC) was proposed, and its thermomechanical properties and shape memory behavior
were experimentally evaluated. The space-deployable device maintained a high shape fixity rate even after
prolonged exposure to high or low temperatures, which ensured its locking reliability in space applications. The

results of self-deployment experiments indicated that the space-deployable device exhibited good shape recovery
performance in both atmospheric and vacuum environments. The SMPC-based space-deployable device pre-
sented in this study was applied to China’s first Mars exploration mission to achieve autonomous locking and
release of the deployable engineering measurement subsystem on the probe.

1. Introduction

As typical representatives of stimulus-responsive materials, shape
memory polymers (SMPs) possess the ability to retain a temporary shape
and revert to their original shape in response to thermal, optical, elec-
trical, magnetic, or other stimuli [1,2]. SMPs have the advantages of
large deformability, low density, and adjustable transition temperature,
but poor mechanical properties and recovery force hinder their engi-
neering applications [3,4]. By doping reinforcing fillers into SMPs, the
mechanical properties of SMPs can be substantially enhanced without
weakening the shape memory properties [5]. Some micro- and nano-
materials tend to exhibit good magnetic conductivity, electrical con-
ductivity, or photothermal effects, so doping these micro- and
nanomaterials may impart magnetic, electrical, or optical driving
properties to SMPs [6,7].

In some deformable structures with high requirements for mechan-
ical properties, continuous fibers or fiber fabrics are more advantageous
than micro- and nanomaterials [8,9]. For example, Li et al. [10] fabri-
cated unidirectional fiber-reinforced shape memory polymer composites
(SMPCs) with different fiber contents. Herath et al. [11] prepared fiber
fabric-reinforced  epoxy-based SMPCs and investigated the
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thermomechanical properties and shape memory behavior of SMPCs.
Overcoming the shortcomings of SMPs such as low modulus/strength
and low recovery force, SMPCs have been widely used as functional and
structural materials in aerospace, medical devices and intelligent robots
[12]. In the aerospace field, SMPCs are expected to replace traditional
smart materials such as shape memory alloys for various
space-deployable structures and locking-release mechanisms due to
their low density and large deformability [13]. Zhang et al. [14]
designed an ultra-lightweight SMPC-based locking-release mechanism
for locking and deploying operations of CubeSats’ solar arrays. Liu et al.
[15] assembled multiple SMPC hinges to a solar array to achieve its
controlled deployment. Several space-deployable structures based on
SMPCs have passed proof-of-principle and have achieved preliminary
applications in spacecraft [16,17]. For example, an SMPC substrate
completed deployment experiments and radiation resistance validation
in geosynchronous satellite orbit [16]. Recently, the application of
epoxy-based SMPC in the Mars Exploration Project was first reported
[18].

Despite these advances, most of the applications of SMPCs in space-
deployable structures are focused on epoxy-based SMPCs. Compared
with epoxy-based SMPCs, cyanate ester-based SMPCs (CE-SMPCs) have
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Fig. 1. Design of the space-deployable device. (a) Original and temporary shapes of CE-SMPC laminate. (b) The shape programming process of CE-SMPC laminate.
(c) Two operating states of the space-deployable device based on CE-SMPC laminates. (d) Physical diagram of the space-deployable device. (e) The space-deployable

device was applied to the Tianwen-1 probe.

more stable thermodynamic properties, better resistance to space irra-
diation, and higher glass transition temperature (Tg) [19]. In this study,
space-deployable devices based on CE-SMPCs were proposed, and sys-
tematic experimental characterizations were carried out to verify the
thermomechanical reliability of the devices. Finally, the
space-deployable device was applied to China’s Tianwen-1 Mars probe.

2. Materials and methods
2.1. Structural design

The key component of the space-deployable device is an SMPC
laminate with an original rectangular shape (Fig. 1a). SMPC laminate
consists of cyanate-based SMP and carbon fiber fabric. Based on the
shape memory effect of SMP, the SMPC laminate was programmed into a
circular shape at a temperature above the T, of SMPC and a fixed tem-
porary shape was obtained by cooling (Fig. 1b). The SMPC laminate was
used as a space-deployable device in the deployable engineering mea-
surement subsystem on the Tianwen-1 Mars probe. As shown in Fig. 1c,
the SMPC laminate with a curved temporary shape locks the two
aluminum alloy blocks in the deployable engineering measurement
subsystem. After heating the SMPC laminate to a temperature above T,
the SMPC laminate is transformed from a curved to rectangular shape,
and the two alloy blocks are released and deployed.

2.2. Materials and fabrication

The raw materials used to manufacture SMPC laminates are shape
memory cyanate ester and carbon fiber fabric (Plain, 3K, 200 g m~2)
purchased from TORAY, Japan. Shape memory cyanate ester was syn-
thesized by adding bis (hydroxy)-terminated and bis(epoxy)-terminated

polyethers (Rm-OH and Rn-CH2CH20, Sigma-Aldrich (Shanghai)
Trading Co., Ltd.) to bisphenol A cyanate monomer (BACEM, Jiangsu
Wugiao Resin Factory, China) [20]. BACEM was melted in a beaker at
120 °C. Then the modifiers Rm-OH and Rn-CH2CH20 were added into
BACEM and stirred continuously for 30 minutes to obtain a homoge-
neous pre-polymerized solution. CE-SMPC laminates were fabricated by
a vacuum-assisted resin transfer molding process, and the mass fraction
of the fiber was about 50%. The six-layer carbon fiber fabrics were first
laid in a rigid mold wrapped in a vacuum bag, and then the cyanate
pre-polymerized solution was injected into the vacuum bag by a vacuum
pump. CE-SMPC laminates were obtained after being cured at 150 °C for
2 hours, 180 °C for 2 hours, and 210 °C for 3 hours. The heating rate was
0.25 °C/min "'

A 230-type film electric heater (Beijing Hongyu Space Technology
Co., Ltd.) with a resistance value of 28 Q was attached to the CE-SMPC
laminate. Double-sided pressure-sensitive tape acted as a binder be-
tween the laminate and the film heater, and 3 M 92# polyimide film tape
was used to wrap the laminate. Fig. 1d shows the images of the CE-SMPC
laminate before and after deployment. The space-deployable device
based on the CE-SMPC laminate was applied in the Tianwen-1 probe
(Fig. 1le) [21], before which it was subjected to three
deformation-recovery operations.

2.3. Characterization methods

The surface morphology of CE-SMPC was characterized by the digital
light microscope (VHX-900, Keyence, Japan). Fourier transform infrared
(FTIR) spectroscopy analysis of CE-SMPC samples was performed using
the FTIR spectrometer (Thermo Scientific Nicolet iS50). Thermogravi-
metric analysis (TGA) was carried out by a thermogravimetric analyzer
(NETZSCH TG 209) from 25 °C to 800 °C at 10 °C/min. Dynamic
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Fig. 2. Thermomechanical properties of CE-SMPC. (a) CE-SMPC samples. (b) Surface micromorphology of the sample. (c) FTIR spectrum. (d) Thermogravimetric
curve. (e) DTG curve. (f) Storage modulus curves of CE-SMPC after exposure to low temperature. (g) Effect of exposure time at low temperature on the storage
modulus. (h) Loss tangent curves of CE-SMPC after exposure to low temperature. (i) Effect of exposure time at low temperature on the T,.

Fig. 3. Effect of high or low-temperature exposure on the tensile properties of CE-SMPC. (a) Tensile stress-strain curves and (b) tensile properties at low temperature
(—65 °C) after long-term RT or low-temperature exposure. (c) Tensile stress-strain curves and (d) tensile properties at high temperature (95 °C) after long-term RT or
high-temperature exposure.
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Fig. 4. Self-deployment performance of the space-deployable device in the atmospheric environment. (a) Schematic diagram of the recovery angle. (b) Effect of high-
temperature exposure on shape fixity rate. (c) Effect of high and low-temperature cycling on shape fixity rate. (d) Self-deployment process of the space-deployable
device in the atmospheric environment. (e) Temperature distribution clouds of the space-deployable device during self-deployment.

mechanical analysis (DMA) of samples exposed to liquid nitrogen
(—196 °C) for various times (0-10 months) was accomplished through a
Dynamic Mechanical Analyzer (DMA Q800) with a loading frequency of
1Hz.

According to ASTM standard D3039/D3039 M, uniaxial tensile tests
of CE-SMPC samples exposed to different temperatures (—196 °C, 25 °C
or 95 °C) for 1 month were carried out by the MTS 809 axial/torsion test
system, and two test temperatures were selected, namely —60 °C and
95 °C. Self-deployment experiments of the space-deployable device
based on CE-SMPC laminates were conducted under both atmospheric
pressure and vacuum (pressure below 102 Pa). Self-deployment ex-
periments in the vacuum tank were carried out utilizing electrical
heating. A heating power of 30 W was applied to the device, and the
local temperature change in the device was monitored by a thermistor.

3. Results and discussion
3.1. Thermomechanical properties of CE-SMPC

The reinforcing phase in CE-SMPC is carbon fiber plain fabric in
which the warp and weft yarns are distributed at +45° (Fig. 2a and b).
Compared with unidirectional fibers, fiber fabrics not only enhance the
transverse/longitudinal mechanical properties of CE-SMPC but also
improve the shear resistance and fracture toughness of CE-SMPC. FTIR
spectroscopy was used to analyze the characteristic functional groups of
the cyanate ester resin. In the FTIR curve of CE-SMPC, the characteristic
peaks at 1366 cm™' and 1564 cm™' were stretching vibrational ab-
sorption peaks of 1,3,5-triazine groups, which indicated that the carbon-
nitrogen triple bond (-CN) of the cyanate group in the cyanate monomer
undergone self-polymerization (Fig. 2c) [20]. The thermal stability of

CE-SMPC was evaluated by TGA. Fig. 2d presents the TGA curve of
CE-SMPC, and the corresponding derivative thermogravimetry (DTG)
curve is shown in Fig. 2e, which reflects the rate of change in the mass of
the sample with temperature. The temperature corresponding to the
maximum decomposition rate is 397 °C, and the high thermal decom-
position temperature indicates that CE-SMPC possesses satisfactory heat
resistance.

The storage modulus curves of CE-SMPC after experiencing cryo-
genic exposure are given in Fig. 2f. The variable stiffness capability of
CE-SMPC was not affected after ten months of exposure to liquid ni-
trogen. No visible change in the initial storage modulus (30 °C) occurred
during the first six months of cryogenic exposure. After eight months of
cryogenic exposure, the storage modulus decreased but was still higher
than 7 Gpa (Fig. 2g), indicating that CE-SMPC still exhibited excellent
load-bearing capacity after long-term cryogenic exposure. As seen from
the loss tangent curves, long-term cryogenic exposure did not affect the
Ty of CE-SMPC, which was always maintained around 196 °C (Fig. 2h
and i).

CE-SMPC often experiences complex high or low-temperature envi-
ronments in various engineering applications, so it makes sense to
explore the mechanical properties of CE-SMPC after prolonged exposure
to high or low temperatures. The tensile responses of CE-SMPC at —60 °C
after one month of exposure to room temperature (RT, 25 °C) or low
temperature (—196 °C, liquid nitrogen environment) are given in Fig. 3a
and b. Cryogenic exposure slightly weakened the tensile modulus and
strength of CE-SMPC but enhanced the elongation at break. The tensile
properties of CE-SMPC at 95 °C after one month of exposure to RT or
high temperature (95 °C) are presented in Fig. 3c and d. High-
temperature exposure effectively improved the tensile strength and
modulus of CE-SMPC, which was attributed to the increase in crosslink
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Fig. 5. Self-deployment performance of the space-deployable device in the vacuum environment. (a) Equipment for thermal vacuum experiments. (b) Evolution of
the local temperature in the device with the power-on time. (c) Evolution of shape recovery rate with the power-on time. (d) The deployment process of the space-

deployable device in the vacuum environment.

density of the cyanate ester due to its post-curing in the high-
temperature environment.

3.2. Functional validation of space-deployable device

CE-SMPC is a viscoelastic composite, so the effect of temperature and
time on the shape fixity ability of CE-SMPC needs to be studied to
evaluate the long-term locking function of the space-deployable device.
As shown in Fig. 4a, the initial central angle of the curved device is 6,
and the central angle after experiencing long-term storage is 6, so the
shape fixity rate is defined as Shape fixity rate = 05 / 61 x 100%.

Fig. 4b presents the shape fixity rate of the device after exposure to
high temperature (95 °C) for different times, from which it is found that
the shape fixity rate gradually decreases as the exposure time increases.
Notably, the shape fixity rate eventually converges to a stable value.
Fig. 4c gives the shape fixity rate of the space-deployable device after
undergoing thermal cycling. Each cycle lasted 24 hours, with 12 hours of
exposure at 95 °C and 12 hours at —196 °C. After 25 thermal cycles, the
shape fixity rate of the device approached an equilibrium of 92.5%.

To verify the unlocking and deployment functions of the space-
deployable device, the shape recovery experiments were executed in
atmospheric and vacuum environments, respectively. The shape recov-
ery process of the device in the atmospheric environment is shown in
Fig. 4d, and the maximum shape recovery rate is 92%, where the shape
recovery rate is defined as Shape recovery rate = (01 - 02) / 61 x 100%.
The device was heated locally by a heat gun, and the temperature dis-
tribution cloud in the device during the heating process is presented in
Fig. 4e. A uniform temperature distribution in the device was observed.

The thermal vacuum deployment experiment of the space-

deployable device was performed in a thermal vacuum tank (Fig. 5a).
The temperature in the device gradually converged to the equilibrium
value of 220 °C with the power-on time (Fig. 5b). Fig. 5c depicts the
shape recovery rate versus power-on time. The shape of the device was
not changed during the first 60 s of heating because the temperature in
the device had not yet reached the T, of CE-SMPC. Rapid shape recovery
was observed as the temperature reached the T, of CE-SMPC. Fig. 5d
illustrates the thermal vacuum shape recovery process of the space-
deployable device, where the shape of the device remains stable after
heating for 120 s.

4. Conclusions

A space-deployable device based on CE-SMPC was designed and
validated for China’s Tianwen-1 Mars exploration mission. FTIR anal-
ysis, TGA, DMA and mechanical tests were carried out to characterize
the molecular structure and thermomechanical properties of CE-SMPC.
The test results demonstrated that CE-SMPC possessed high thermal
stability and mechanical properties. After high or low-temperature
exposure, the space-deployable device maintained a high shape fixity
rate, which ensured high locking reliability in space applications. Self-
deployment experiments of the device in atmospheric and vacuum en-
vironments were conducted, and the results confirmed that it can be
effectively deployed in both ground and space environments. The space-
deployable device based on CE-SMPC presented in this study was
applied to the Tianwen-1 Mars probe, enabling the autonomous locking
and release of the deployable engineering measurement subsystem on
the probe [21].
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