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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The damage behavior of shape memory 
phthalonitrile resin in LEO is first 
reported.

• The resin retains stable fundamental 
properties after space exposure.

• Gradient damage of curved surfaces was 
revealed in the space environment.

A R T I C L E  I N F O

Keywords:
Smart materials
Environmental degradation
Microstructural analysis

A B S T R A C T

Shape memory phthalonitrile (SMPN) resins have been exposed in low Earth orbit (LEO) environment aboard the 
China Space Station (CSS). The exposure experiment included one SMPN sample in its original flat shape and 
another in a temporary “U” shape. After exposure, the mass loss rate of the SMPN remains below 6.5%. Although 
SEM revealed severe surface erosion to a depth of approximately 28  μm and FTIR indicated damage to the 
aliphatic segment of SMPN, the results of nanoindentation, DMA, and TGA tests show that the fundamental 
properties of the exposed SMPN remained largely unaffected. It is worth noting that the SMPN sample with a 
temporary “U” shape still retained its temporary shape after exposure and could recover its original shape upon 
thermal stimulation, achieving a shape recovery rate of approximately 97%. Microstructural analysis of the 
recovery sample indicates that the outer surface of the exposed U-shaped SMPN displays gradient damage 
characteristics, which could inform the optimization of damage-resistant designs in spacecraft structures. Despite 
the surface erosion, this study demonstrates that the SMPN maintains stable performance after space exposure, 
indicating its potential to serve as a material suitable for space environments.

1. Introduction

Shape memory polymers (SMPs) are smart materials capable of 

recovering from a temporary shape to their original shape in response to 
external stimuli such as heat, light, electricity, or magnetic fields [1–4]. 
Owing to their programmable shape, strong responsiveness to external 
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stimuli, and lightweight, SMPs have demonstrated broad application 
prospects in the aerospace field, particularly in deployable structures 
and flexible spacecraft components, and hold great potential to replace 
traditional mechanical unfolding systems [5–7]. However, the space 
environment is extremely complex and harsh, particularly in low Earth 
orbit (LEO), where materials are subjected to high vacuum, atomic ox
ygen (AO), strong ultraviolet (UV) radiation, high-energy particle irra
diation, and extensive thermal cycling [8–10]. Prolonged exposure to 
the space environment can lead to significant degradation of the optical, 
thermal and mechanical properties, ultimately compromising the reli
ability of the spacecraft materials.

Although the performance of materials can be preliminarily evalu
ated through ground-based simulation, the complexity of the actual 
space environment makes it difficult for such experiments to accurately 
reflect the long-term service behavior of materials in orbit. With the 
advancement of space station construction, conducting exposure ex
periments in orbit has become a reliable approach for investigating the 
performance evolution of materials under space environmental condi
tions. Since 2001, NASA has continuously conducted the Materials In
ternational Space Station Experiment (MISSE) missions on the exterior 
of the International Space Station (ISS), involving the exposure of 
various materials such as polyimides (PI), polyethylene terephthalate 
(PET), liquid crystal polymers (LCPs), shape memory polymer compos
ites (SMPC), and 3D printed carbon fiber composites [11–14]. Subse
quently, the European Space Agency (ESA) and the Japan Aerospace 
Exploration Agency (JAXA) have also carried out a range of material 
exposure experiments on the ISS [15–17]. The implementation of space 
exposure experiments has significantly advanced the understanding of 
how the space environment affects material properties.

With the rapid advancement of space exploration and space station 
construction, the China Space Station (CSS) has entered a stage of 
normalized operation and has been conducting exposure experiments in 
space [18–21]. In this study, shape memory phthalonitrile resin (SMPN), 
one of the materials exposed on the CSS, is discussed. It contains one 
original flat sample and one sample with a temporary “U” shape. The 
samples were delivered to the space station on November 12, 2022, and 
were deployed for space exposure on March 8, 2023. After one year, the 
materials were retrieved from the exposure cabin in March 2024 and 
transferred into the space station for storage. Due to the limited space 
resources of the cargo spacecraft, the flat SMPN sample was returned to 
Earth together with the panel containing the flat samples in May 2024, 
whereas the U-shaped SMPN sample was packaged and sealed with the 
corresponding panel and was not returned to Earth until March 2025.

2. Material and methods

2.1. Preparation of samples for LEO environment exposure experiments

The preparation method of the SMPN has been previously reported, 
involving the use of monomers and end-capping agents, followed by 
high-temperature curing under the catalytic action of aromatic amines 
[22]. The cured SMPN was fabricated into a flat sample with dimensions 
of 36 × 33.5 × 2 mm, and another piece was processed into a 45 × 12 ×
2 mm specimen and deformed into a temporary “U” shape. The samples 
were categorized and mounted on separated metal plates, which were 
then carried to the CSS aboard the Tianzhou-5 spacecraft. During the 
exposure experiment, the samples were placed outside the cabin.

2.2. Testing and characterization of space retrieved samples

After samples retrieval, the exposed SMPN surface was characterized 
using a 3D Ultra Depth of Field Microscope (VHX-7000 N, KEYENCE). 
Subsequently, the flat samples were divided into multiple parts for 
different tests. Scanning electron microscope (SEM) was performed 
using a TESCAN AMBER, Fourier transform infrared (FTIR) spectros
copy was conducted using an INVENIO S (Bruker), and X-ray 

photoelectron spectroscopy (XPS) was carried out on AXIS Supar+
(Shimadzu). X-ray Diffraction (XRD) analysis was performed using a 
Rigaku Ultima IV diffractometer. Nanoindentation testing was con
ducted using UNHT (Anton Paar) with a maximum indentation depth of 
200 nm. Dynamic mechanical analysis (DMA) was conducted using a 
DMA Q800 (TA Co., America) in multi-frequency strain mode at a 
constant frequency of 1  Hz, with a temperature ramp from 25 ◦C to 
400 ◦C at a rate of 5 ◦C min− 1.Thermogravimetric analysis (TGA) was 
performed using a TGA/DSC 1 STARe System (METTLER TOLEDO) 
under a nitrogen atmosphere, with heating from 25 ◦C to 1000 ◦C at a 
rate of 10 ◦C /min.

2.3. Fabrication of composites

Carbon fiber (CF) reinforced SMPN composites were fabricated via 
prepolymer impregnation followed by hot-press curing. The CF used for 
composite was T300-type twill fabric purchased from Toray Industries. 
The prepolymer, consisting of the monomer, end-capping agent, and 
curing agent, was dissolved in N, N-dimethylformamide to form a ho
mogeneous solution, which was subsequently used to impregnate the CF 
fabrics, with the solid content of the resin was about 50%. The 
impregnated fabrics were subjected to stepwise heating at 100 ◦C for 1 h, 
150 ◦C for 30 min, and 200 ◦C for 15 min to remove the solvent, yielding 
SMPN-based composite prepregs. The resulting prepregs were then 
compacted and followed by gradient thermal curing in a high- 
temperature oven according to the following protocol: 220 ◦C for 2 h, 
260 ◦C for 4 h, 280 ◦C for 4 h, 300 ◦C for 4 h, 325 ◦C for 4 h, and 350 ◦C 
for 4 h, to obtain CF reinforced SMPN based composites (SMPNC). The 
composite containing one, two, and three layers of CF were prepared 
and denoted as SMPNC1, SMPNC2, and SMPNC3, respectively.

3. Results

3.1. Surface morphology evolution

Table 1 presents the mass changes of the material before and after 
space exposure. After 12 months of exposure, the weight of flat SMPN 
was 1325.0 mg, with a mass loss of approximately 6.36%, while the U- 
shaped SMPN exhibited a mass loss of about 3.05%. The mass loss ratio 
of the flat sample was higher than that of the U-shaped sample, which is 
mainly attributed to its larger surface directly exposed to various space 
damage. The erosion rate of exposed flat SMPN sample was calculated 
according to the reference report [23], resulting in a value of approxi
mately 1.19 × 10-24 cm2/atoms. In comparison with those polymers 
exposed on the ISS, SMPN shows a relatively lower erosion rate, and the 
corresponding comparative data are provided in the supporting infor
mation. However, the material lost from SMPN in the space environment 
can be released in other forms, such as decomposition gases or erosion 
generated particles, which may interfere with precision optical in
struments. Therefore, before this potential risk is fully eliminated, the 
application of SMPN in structures located near optical devices should be 
considered with caution.

Fig. 1 shows the digital images of the flat SMPN sample. Fig. 1a
displays an image of the samples taken on the ground before the expo
sure experiment. Fig. 1 shows the opening process of the storage box 
containing the exposed samples after the completion of the exposure 
experiment and their retrieval to the space station, and Fig. 1b presents a 

Table 1 
Mass losses of samples after exposure.

Parameter Flat sample U-shaped sample

Sample size 36 × 33.5 × 2 mm 45 × 12 × 2 mm
Original weight 1415.0 mg 642.8 mg
Weight after exposure 1325.0 mg 623.2 mg
Weight loss ratio 6.36% 3.05%
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snapshot of the opening process. Fig. 1c shows a digital photograph of 
the exposed sample after its return to Earth. The surface of the SMPN 
after exposure appears rough, and its microstructure is charactered 
subsequently.

As a control, the surface morphology of the original SMPN was 
examined using SEM. Fig. 2a shows that the original surface is smooth 
and flat, except for minor processing marks introduced during fabrica
tion. Fig. 2b present the magnified views of the exposed SMPN sample. 
Due to prolonged exposure to AO and various types of cosmic radiation, 
the surface exhibits a rough texture. Fig. 2c presents the image taken by 
3D ultra depth of field microscope of the same area. The sample surface 
displays height variations, with the central region being relatively lower 
than the surrounding areas. This may be attributed to the uneven dis
tribution of AO and charged particles and so on in the space environ
ment, which leads to intensified local erosion. Since this region is 
located near the center of the observation area, it results in the observed 
morphology.

The microstructure of the surface was further characterized by SEM. 
Fig. 2d shows that the surface of the exposed SMPN has undergone 
significant erosion, resulting in a dense microporous structure. Upon 
higher magnification observation, Fig. 2e reveals that the numerous tiny 
erosion pits almost entirely cover the observed area, which can be 
attributed to the harsher exposure to cosmic radiation, AO, and charged 
particles. Actually, this surface morphology of exposed SMPN is similar 
to that of exposed polymer such as PI and fluorinated ethylene propyl
ene after atomic oxygen erosion aboard the ISS [23]. The cross-sectional 
morphology of the SMPN, as shown in Fig. 2f, exhibits vertical erosion, 
with the affected depth reaching up to 28 μm. The results demonstrate 

that the surface of SMPN suffer from serious erosion in space environ
ment, which is similar to that observed in other exposed polymers 
eroded by atomic oxygen in LEO.

3.2. Surface chemical structure evolution

Fig. 3a illustrates the monomer structures of the raw materials and 
the curing cross-linked network structure of the SMPN, details of the 
preparation procedure can be found in our previous work [22]. Fig. 3b
compares the normalized FTIR spectra of ground SMPN with that of the 
exposed SMPN surface. The absorption peaks of isoindoline near 1713 
cm− 1 and phthalocyanine around 1013 cm− 1 are clearly distinguishable 
after exposure, although the intensities exhibit a slight decrease. The 
absorption peak corresponding to the triazine structure at 1519  cm⁻1 

and 1355  cm⁻1 still exhibits strong absorption. This indicates that the 
cross-linked structure of SMPN remains stable, which can be attributed 
to the high bond energy and robust network formed at high temperature, 
endowing the resin with excellent resistance to degradation under space 
environmental exposure. After space exposure, the stretching vibration 
peak at 2230 cm⁻1 associated with residual–CN groups almost disappear, 
and the absorption peaks of alkane groups (2800–3000 cm⁻1) signifi
cantly decrease. This observation suggests that segments in SMPN with 
relatively low bond energies, including –CH3 and residual –CN groups, 
are preferentially degraded under harsh space environmental 
conditions.

Further insights are provided by XRD analysis of the sample surface. 
As shown in Fig. 3c, the main diffraction peaks of the samples before and 
after exposure are both located at 2θ = 18–20◦, which is characteristic of 

Fig. 1. Digital image of (a) the flat SMPN sample on the ground, (b) the exposure samples in the space station, (c) the exposure SMPN sample after retrieval.

Fig. 2. (a) SEM image of original SMPN surface. (b) Magnified view and (c) 3D ultra depth of field microscope of the exposed SMPN sample. (d-e) SEM image of the 
surface and (f) SEM image of cross-section of the exposed SMPN sample.
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amorphous polymer. No peak shift or additional diffraction peaks are 
observed after exposure, indicating that the polymer chain structure 
remains stable. However, the primary diffraction peak of the exposed 
SMPN became broader and less intense, indicating an increase in 
structural amorphousness, which can be attributed to the scission of 
alkane segments caused by prolonged space exposure.

The X-ray photoelectron spectroscopy (XPS) was employed to 
analyze the surface chemical states and bonding information of the 
SMPN. Since SMPN is a chemically homogeneous resin, a random test 
point can serve as a reference to represent the bonding energy state of 
the material. Fig. 4a presents the XPS spectra of C 1s, O 1s, and N 1s for 
the ground control sample, with the corresponding chemical bonds 
identified through peak deconvolution. In the C 1s spectrum, in addition 
to the main peaks assigned to C–C (284.6 eV), C-O-C (286.0 eV), C≡N 
(286.5 eV), and C=O (287.9 eV), a characteristic π–π* shake-up satellite 
peak associated with aromatic conjugated structures is observed at 
292.4.[24] In the O 1s spectrum, the peaks at 531.3 eV and 533.0 eV are 
attributed to C–O–C and C=O, respectively. The peak at 399.8 eV in the 
N 1s spectrum belongs to C≡N. After space exposure, the SMPN surface 
exhibits mountain like morphologies due to the environmental erosion. 
To further clarify the evolution of surface chemical characteristics, two 
positions on the exposed SMPN surface were random selected for anal
ysis. A notable change in the C 1s spectrum is the attenuation of the π–π* 
shake-up satellite peak, as shown in both Fig. 4b and 4c, indicating the 
degradation of aromatic conjugated structures, which is associated with 
the scission of aliphatic segments that disrupts the aromatic network. 
Moreover, the enhancement of the C–O–C peak and the increase in its 
integrated area suggest surface oxidation of the SMPN, which can be 
ascribed to the erosive effect of atomic oxygen in the space environment. 
The results are also consistent with the O 1s spectrum, which shows a 
relative increase in the C–O–C component. This increase can be attrib
uted to the destruction of aliphatic segments on the SMPN surface by 
atomic oxygen. In the N 1s spectrum, the attenuation and disappearance 

of the C≡N peak at both test points suggests that the nitrile groups were 
degraded or eliminated due to the combined effects of AO, UV radiation, 
and high-energy particle bombardment in the space environment, which 
is consistent with the FTIR analysis. The erosion and damage on the 
SMPN surface caused by the LEO environment mainly result in enhanced 
C–O–C component and the breakdown of –CN groups.

3.3. Evolution of mechanical strength and thermal stability

To further evaluate the performance of the space-exposed SMPN, the 
reduced modulus and hardness were measured using nanoindentation. 
Fig. 5a and b respectively present the load–displacement curves of the 
original sample and the exposed sample, and the inset shows the 
morphology of the test area. Fig. 5c gives the measured reduced modulus 
and hardness. As the surface of the original SMPN is relatively flat, the 
five load–displacement curves exhibit highly consistent profiles. In 
contrast, the curves of the exposed SMPN show significant fluctuations 
due to surface roughening caused by space-induced erosion. However, 
the tested reduced modulus of both the original SMPN and the exposed 
SMPN is at the same level, approximately 4.5 GPa. The hardness of both 
samples is also comparable, at around 2.3 GPa. On the one hand, the 
rough surface introduces some interference in the accuracy of the test 
results for the exposed SMPN. On the other hand, the space environment 
primarily affects the surface chemical structure and physical 
morphology of SMPN, without causing significant degradation of its 
intrinsic physical and chemical properties.

Dynamic Mechanical Analysis (DMA) was used to investigate the 
thermodynamic behaviors of samples, Fig. 5d and Fig. 5e shows the 
temperature-dependent storage modulus curves of original and exposed 
SMPN, respectively. The storage modulus of both samples at room 
temperature remains at approximately 3000 MPa, and the glass transi
tion temperature (Tg) is around 260 ◦C. The thermodynamic behavior of 
the exposed SMPN is comparable to that of the original sample, 

Fig. 3. (a) Monomer structure and cross-linked network structure of SMPN. (b) FTIR spectra of ground and exposed SMPN samples. (c) XRD patterns on the surface of 
the samples.
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suggesting that one year of space exposure resulted mainly in surface 
erosion, without significantly affecting the internal properties of the 
SMPN.

The TGA results also corroborate the above analysis. Fig. 5f shows 
that the thermal decomposition temperature of exposed SMPN is 418 ◦C, 
which is slightly lower than that of original sample. The residual carbon 
content at 1000 ◦C of exposed SMPN decreased but remained at a high 
level, exceeding 57%. The slight decrease in thermal stability can be 
attributed to the damage of the surface aliphatic segment, which facil
itates the escape of small molecules upon heating. Additionally, the 
microporous structure formed by space erosion further promotes the 
release of pyrolysis-generated volatiles. However, since the space 
erosion occurs only on the surface of the SMPN and has not penetrated 
into its interior, the overall thermal stability remains at a high level.

3.4. Shape memory behavior of exposed SMPN

The shape memory behavior of the exposed SMPN was evaluated 
using the sample in the temporary “U” shape. Fig. 6a presents the 
original state of the U-shaped SMPN mounted on the metal substrate, 
and Fig. 6b illustrates a schematic of the U-shaped SMPN sample during 
space exposure. The outer surface of the upper section of the U-shaped 
SMPN faced the flow direction and was subjected to harsher space 
conditions than other parts. A thermistor was installed on the metal 
substrate to monitor the ambient temperature, and the temperature 

during the exposure experiment was maintained between 10 ◦C and 
38 ◦C, which is far below the Tg of the SMPN (~260 ◦C). Therefore, as 
shown in Fig. 6c, the U-shaped SMPN still maintained its temporary 
shape after exposure. The shape recovery process of the SMPN sample 
was conducted on a hot plate at 320 ℃. Fig. 6d shows that the temporary 
“U” shape gradually recovers to its original flat structure after 480 s, 
achieving a shape recovery rate of approximately 97%. The detailed 
recovery process is presented in Supporting Video 1. It turns out that the 
SMPN exposed to the space environment for 1 years still possesses 
excellent shape memory behavior. This is mainly because the effects of 
the space environment only cause limited surface damage to the SMPN, 
without degrading its intrinsic properties.

3.5. Surface morphology analysis of U-shaped SMPN

Owing to its distinctive temporary “U” shape, different regions of the 
SMPN were subjected to varying degrees of space damage. The digital 
photos of the outer and inner surfaces of the U-shaped SMPN sample 
after shape recovery are presented in Fig. 7a and Fig. 7b, respectively. 
Four distinct regions are clearly observed on the outer surface of the 
recovery sample and are designated as regions I, II, III and IV. On the 
inner surface, excluding the area covered by rivets, two distinct regions, 
designated as region V and region VI, can be identified. The micro
structures of these surface regions were further observed by SEM.

On the outer surface, two transition regions are first presented in 

Fig. 4. XPS spectroscopy of (a) ground and (b-c) exposed SMPN samples.
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Fig. 7c and 7d: one between region I and II, and another between region 
III and IV. Enlarged images of each region are subsequently provided. 
The curved surface of the U-shaped sample undergoes varied damage. 
Since half of the outer surface directly faced the particle flow, Fig. 7e
shows that region I suffers severe erosion. Its surface morphology is 
characterized by a compact array of acicular projections, indicative of 
typical AO-induced erosion, consistent with surface features observed in 
AO-eroded polymers aboard the ISS [23]. The erosion in region II is less 
pronounced than that in region I. Under higher magnification, parallel 
damage patterns are observed in Fig. 7f, which can be attributed to 
directional erosion caused by radiation and particle fluxes impinging 
tangentially on the U-shaped surface. Region III, located beneath region 
II, was subjected to considerably less radiation and erosion due to the 
shielding provided by region II, and therefore experienced relatively 
mild damage. As shown in Fig. 7g, its surface mainly exhibits shallow 
gully-like morphology, without deep erosion. Fig. 7h shows that region 
IV only exhibits a slightly rougher surface compared with the original 
morphology shown in Fig. 2a, which can be attributed to its close 

contact with the metal substrate and therefore minimally affected by the 
space environment.

At the inner side, region V, mainly positioned on the backlit side of 
region I, did not undergo direct radiation and was primarily affected by 
secondary environmental factors such as diffused atomic oxygen and 
charged particles. The blackened region VI in Fig. 7b is believed to result 
from oblique irradiation and particle flow impacting the inner surface 
during orbital cycles, when the spacecraft orientation allowed partial 
exposure of inner areas. Fig. 7i shows the transition zone between re
gions V and VI, with a more indistinct boundary than other transition 
regions, which can be attributed to the scattered radiation acting on 
region VI during the orbital cycle of the space station. Under higher 
magnification, region V exhibits pronounced surface cracking (Fig. 7j) 
due to diffuse AO and high-energy particle impact, whereas region VI 
shows directional erosion patterns (Fig. 7k), resulting from particle flux 
aligned with the orbital flow direction.

Another transition region is observed on the inner surface between 
region VI and the area beneath the mounted rivets, as shown in Fig. 7l. A 

Fig. 5. Nanoindentation test of (a) original and (b) exposed SMPN. (c) Reduced modulus and hardness of nanoindentation test. DMA curves of (a) original and (b) 
exposed SMPN. (c) TGA curves of original and exposed SMPN.

Fig. 6. (a) Digital photo of the original U-shaped SMPN sample. (b) Schematic diagram illustrating the space exposure of the U-shaped SMPN sample. (c) Digital 
photo of the retrieved U-shaped SMPN sample. (d) Shape recovery process of the exposed SMPN.
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clear boundary can be identified due to the shielding effect of the rivets. 
The high magnification SEM image in Fig. 7m shows that the area of 
region VI near the rivets exhibits not only surface crack but also 
numerous micropores, similar to those observed in Fig. 2e, indicating 
that the spatial corrosion in this area is more severe. This is primarily 
because the region is located at the edge of the U-shaped shielding, 
where it is more susceptible to the influence of space environmental 
factors such as AO and UV radiation. Beneath the rivet, the area sustains 
only minor damage, and the surface remains relatively smooth (Fig. 7n). 
Actually, both the outer and inner surfaces of the exposed U-shaped 
SMPN exhibit gradient damage, potentially offering valuable insights for 
the optimization of spacecraft structural designs against environmental 
degradation.

FTIR was employed to characterize the structural variations across 
the outer and inner surface. As shown in the inset images of Fig. 8, three 
positions were selected for testing on each side, and the corresponding 
curves are labeled P1 through P6. The obtained FTIR curves were 

normalized to allow for precise comparison. Fig. 8a shows that the 
spectrum of P3 on the outer surface is nearly identical to that of the 
ground sample, due to its adhesion to the metal substrate and conse
quent protection from space exposure. The absorption peak of P1 is 
similar to that of the exposed flat SMPN. Distinct absorption peaks 
corresponding to cross-linked structures, such as triazine at 1519  cm⁻1 

and 1355  cm⁻1, are observed clearly. The − CN groups (~2230 cm− 1) 
and aliphatic segments (2800–3000 cm⁻1) show reduced intensity, 
indicating the impact of space irradiation on this region. P2 was selected 
from the transition region of irradiation, and the corresponding ab
sorption peaks of aliphatic segments and − CN groups exhibit interme
diate intensity compare with those of P1 and P3. On the inner side, as 
shown in Fig. 8b, the absorption peaks associated with the cross-linked 
structure of SMPN remain prominent, whereas the absorption of − CN 
groups near 2230 cm⁻1 is attenuated in the tested regions. This suggests 
that even on the backside of the windward side, SMPN undergoes sur
face structural damage, which can be attributed to diffuse AO and 

Fig. 7. Digital photographs of (a) the outer surfaces and (b) the inner surfaces of the recovered SMPN. (c-h) SEM images of different regions on outer surface. (i-n) 
SEM images of different regions on inner surface.

Fig. 8. FTIR spectra from different regions on (a) outer surface and (b) inner surface.
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charged particles and so on. The effects of different space environmental 
factors on SMPN will be further explored in our future studies.

3.6. Carbon fiber reinforced composites

In practical applications, resin materials are often reinforced through 
composite techniques to enhance their properties. Hence, the composite 
of SMPN and CF was prepared, with composites containing 1, 2, and 3 
layers of CF named as SMPNC1, SMPNC2, and SMPNC3, respectively. 
The corresponding composite thicknesses were 0.48 mm, 0.62 mm, and 
0.91 mm. All samples were cut along the ±45◦ direction relative to the 
carbon fabric. The tensile stress–strain curves are shown in Fig. 9a. After 
composite reinforcement, the material strength is significantly 
improved. The tested SMPNC2 exhibits the best tensile performance, 
with a breaking strength of approximately 200 MPa at an elongation of 
1.7%, which far exceeds that of the pure SMPN. Fig. 9b shows the 
flexural stress–strain curves of the composites. The single-layer com
posite SMPNC1 exhibits almost no improvement in bending perfor
mance compared to SMPN, as the fibers are not aligned with the primary 
loading direction, and the bending load is mainly borne by the SMPN 
matrix. As the number of CF layers increases, the resulting thickness 
enhancement leads to higher strength and more effective stress distri
bution, thereby significantly improving the flexural performance of the 
composites. SMPNC2 exhibits a flexural strength exceeding 300 MPa, 
while that of SMPNC3 decreases. This reduction is not due to a loss in 
material strength, but rather results from the increased thickness of 
SMPNC3, which lowers the calculated bending strength. Fig. 9c presents 
the corresponding tensile and flexural modulus of SMPNC. When the 
number of CF layers exceeds two, both the tensile and flexural modulus 
are significantly enhanced, indicating that the SMPNC possesses greater 
load-bearing capacity and stability, thereby improving its safety and 
reliability.

The fracture morphology of SMPNC tensile specimens was analyzed 
via SEM to investigate the failure mechanisms of the composite. Fig. 9d
shows that the cross-section of SMPNC1 appears relatively flat, with 
good interfacial bonding between the carbon fibers and the resin. Min
imal plastic deformation and fiber pull-out are observed, indicating a 
predominantly brittle fracture behavior. The cross-section of SMPNC2 is 
rough and shows signs of interlayer separation (Fig. 9e). The composite 

exhibits a complex failure mode involving fiber fracture, matrix 
cracking, and interfacial debonding. It can be seen from Fig. 9f that the 
fracture surface of SMPNC3 exhibits prominent voids and interlayer 
separation. In some areas, CFs have detached from the matrix, forming 
large pores. The main failure modes are interfacial debonding and 
delamination. An increase in the number of layers leads to more complex 
tensile fracture behavior in SMPNC, primarily due to the development of 
complex stress gradients and shear stress concentration zones between 
layers during the tensile process of multilayer structures. When the 
interfacial bonding is weak, these stress concentrations readily lead to 
interlayer debonding or delamination cracks. In subsequent research, 
comprehensive investigations will be conducted on interface modifica
tion of fiber-reinforced SMPN composites to further enhance their me
chanical performance.

With the composition of CF, SMPNC can be processed into complex 
structures and still exhibits excellent shape memory properties. A 30 ×
30 × 30 mm3 square box with a thickness of approximately 0.55 mm was 
prepared using SMPNC2. It can be fixed either in a sheet configuration 
unfolded outward by 90◦ or in a folded structure bent inward by 90◦. 
The shape recovery processes of both temporary shapes are shown in 
Fig. 10a and Fig. 10b. Upon thermal stimulation, the temporary shapes 
gradually recovered to its original three-dimensional shape, with 
detailed recovery process provided in Supporting Video 2 and 3. The 
sheet configuration exhibits a smooth and gradual shape recovery to its 
original shape under thermal stimulation. In the folded temporary 
shape, heat transfer at the bottom is uniform. When the deformation 
temperature is reached, the release of stored energy on the inner folding 
surface is constrained by the outer surface. With the gradual recovery of 
the outer surface and the buildup of resilience in the inner surface, the 
release of stored energy leads to the shape recovery of the original box 
shape. The transformation of SMPNC from a two-dimensional to a three- 
dimensional structure can substantially enhance its value for spatial 
applications. And the integration of space-environment adaptability, 
stimuli-responsiveness, and enhanced mechanical strength endows 
SMPNC with great potential as a smart material for aerospace structures.

4. Conclusions

In this work, the damage to SMPN in the LEO environment was 

Fig. 9. (a) Tensile stress–strain curves and (b) flexural stress–strain curves of SMPNC. (c) Tensile and flexural modulus of SMPNC. (d-f) Fracture morphology of 
SMPNC tensile specimens.
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revealed for the first time. After being exposed on the CSS for 1 years, the 
mass loss ratio of the SMPN remains around 6%, primarily due to surface 
erosion. SEM reveals that the exposed surface of the SMPN exhibits a 
dense microporous structure, with an erosion depth of up to 28 μm. FTIR 
results of the exposed SMPN surface demonstrate the degradation of 
aliphatic segments and − CN groups, while the cross-linked structure 
remains comparatively stable. Nanoindentation, DMA, TGA tests indi
cate that the functional properties of the SMPN were not substantially 
affected. The exposed SMPN with a temporary “U” shape was still able to 
recover to its original shape upon thermal stimulation. Since its shape 
memory performance remained unaffected after exposure, SMPN can be 
considered a space-qualified smart material. The systematic investiga
tion of surface morphologies in the shape recovery SMPN indicates that 
the curved surface of the U-shaped sample undergoes gradient damage, 
which could inform the optimization of damage-resistant designs in 
spacecraft structures. CF-reinforced SMPN composites exhibit signifi
cantly enhanced mechanical properties while retaining shape memory 
performance, making them promising candidates for deployable aero
space structures.
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