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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Ming-Qiu Zhang Deployable components and structures are a crucial part of space exploration. Due to fewer parts, low weight and
cost, shape memory polymers (SMPs) and their composites (SMPCs) are considered ideal candidates for this.

Keywords: However, lower thermal stability and poor durability in the space environment have limited their applicability.

Deployable thin wall structures This research work details the development of Graphene Nanoplatelets (GNP) filled Glass Fibre (GF) reinforced

Durability of shape memory polymer

it cyanate ester-based SMPC with 0/90° and +45° sandwich fibre lay-up configuration capable of multidirectional
composites

. - shape programming. The SMP matrix was synthesised by mixing Cyanate Ester and Polyethylene Glycol (PEG)
High-temperature applications 3 A A . A )
Load-bearing applications with added GNP. SMPC was fabricated by pouring the SMP mixture into a pre-prepared glass mould with the
Shape memory polymer composites added GF layers. The synthesised SMPC showed shape programming and recovery at 169.01 + 0.62 °C and stable

thermomechanical properties at the temperature of 130 °C. Durability tests at extreme environmental conditions
including Atomic Oxygen exposure, thermal vacuum aging, and elevated-temperature behaviour tests were
conducted as these tests evaluate the durability and applicability of the SMPC for use in Earth’s orbits and lunar
environments. The performances of the samples before and after durability tests were measured through me-
chanical tests, shape memory effect tests and a series of characterisation methods such as microscopic image
analysis, FTIR and dynamic mechanical analysis. According to the results, AO exposure affected the SMPCs by
eroding their surface. There were no changes in the chemical structure of the SMPC yet the thermomechanical,
mechanical and shape memory properties were decreased without compromising their safe operational levels
such as storage onset temperatures (128.79 + 3.08 °C), maximum tensile stress (114.99 + 21.52 MPa), shape
fixity (100 %) and recovery ratios (100 %). The erosion resistance of the GNP-filled SMPCs was improved with
~54.35 % less erosion than the SMPC without GNP. The vacuum thermal aging slightly slowed shape recovery
from 31.17 % to 8.32 % at 160 °C due to PEG crosslink degradation, however, 100 % shape recovery was
achieved at the end. Further durability tests under cryogenic temperatures and effects after vacuum thermal
cycles are warranted to observe the synergistic effect on the SMPC for future developments. Exploring the
scalability and additive manufacturability of the developed SMPC can be advantageous in the future while
mitigating challenges such as complex shape programming, long-term materials degradation, resource efficiency
and compliance with safety standards.
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1. Introduction

Since the beginning of smart material inventions, shape memory
polymers (SMPs) have become an integral branch of smart material-
based application developments [1]. Their ability to be programmed
into complex shapes and recover back to their original shape by affecting
the polymeric structure using external stimuli such as—heat, light,
electricity, moisture and magnetism [2-5] has distinguished them from
other smart materials. Furthermore, the availability of synthesised SMPs
in a plethora of thermo-mechanical properties, mechanical properties,
durability levels, densities and shapes has made them ideal candidates
for numerous applications such as deployable structures [6,7],
bio-medical devices [8], satellite components [9] and aerospace com-
ponents [10]. With the recent developments of high-performing SMPs
such as—polyimide [11], isopthalamide (MPA) [2] and cyanate ester
[12] based SMPs with high-temperature resistance, irradiation resis-
tance and additive manufacturing capability have paved the path to
developing space-related applications in recent years. Most of the
SMP-based deployable components for space applications are used in
microgravity environments where operational loads of the structures are
insignificant and therefore no strength requirement for significant me-
chanical properties [13,14] of the SMP material. In a study done by
Higgins M. et al. (2020) [15], it was determined that pursuing a hybrid
concept of inflatable and rigid habitats will be more desirable after
comparing a number of concepts according to their features such as
shapes, launch mass/volume, ease of construction, expandability and
maintenance. Therefore, the development of a space-grade SMP that can
bear applied operational loads fills the gaps in future requirements such
as deployable dwelling units and modular habitats on the moon and the
other planets.

The extraterrestrial environment, commonly referred to as outer
space, presents formidable challenges. Despite its harsh conditions,
human-made objects not only survive but also flourish in various orbits
[16], including low earth orbit (LEO), medium earth orbit (MEO) and
geostationary orbit (GEO). Furthermore, ambitious plans are underway
to establish a lunar base, marking a significant leap towards our cosmic
exploitation including the Artemis mission by NASA. Both LEO and
Lunar environments reach +120 °C and +125 + 2 °C of high tempera-
tures as well as —120 °C and —173 °C of cryogenic temperatures,
respectively [17,18]. Apart from that, short and long thermal cycles,
high vacuum, atomic oxygen exposure in LEO, and charged particle
exposure in Lunar, UV and Gamma radiation are relatively common
conditions in LEO and Lunar environments. While LEO objects experi-
ence 16 thermal cycles a day, Lunar objects experience 1 thermal cycle
over 28 day period with 14 days of sun and 14 days of nights [17-20].
Due to these reasons, an SMP that needs to be used in LEO or Lunar
conditions must go through intensive durability testing to be a useable
material.

Even with the recent developments in new grades of SMPs, the
inherited weak mechanical properties of polymers are often mitigated
by adding reinforcing fillers and fibres [21-24]. A recent book chapter
by Gowri M. et al. (2022) [25] Further, discusses the reinforcement of
composite materials with both natural and synthetic fibres enhancing
the mechanical properties of SMPs. This makes the shape memory
polymer composites (SMPCs) suitable for load-bearing and structural
applications. However, the lower mechanical properties of the SMPs and
SMPCs at elevated temperatures limit their ability to be used in above
mentioned environments. To qualify for the deployable components or
structures, an SMP should have higher activation temperatures, stable
thermo-mechanical properties at elevated temperatures, low outgassing,
high fracture toughness and most importantly durability in extreme
environments. Cyanate ester is a well-developed grade of advanced
thermoset polymer that consists of the above-mentioned space-worthy
properties [26,27]. It has undergone several accelerated aging tests such
as vacuum outgassing, vacuum UV radiation exposure, atomic oxygen
exposure and vacuum thermal cycles under space conditions and
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survived [28-32]. The robustness of Cyanate ester SMPs has been
extensively discussed in recent reviews by the leading author [27,33].

This research work focuses on using cyanate ester SMP developed by
the authors (Jayalath S. et al. (2024) [34]) and fabricating a glass
fibre-reinforced SMPC for the development of load-bearing structural
components for LEO or lunar-related applications. Among reviewed
high-performing SMPs such as Epoxy, Polyimide, Styrene and Cyanate
ester-based SMPs, Cyanate ester and Polyimide have gone through the
NASA-STD-6001 materials for spacecraft tests and passed. They also
have shown the best thermomechanical properties over 200 °C and the
best radiation resistance. Availability, cost, ease of synthesis and low
toxicity of BACE were considered as the major factors selected for this
study. Compared to readily used carbon, aramid, and basalt fibres, the
inherited flexibility of glass fibres has given freedom to the SMPCs to be
programmed and recovered efficiently [35]. Graphene Nanoplatelets
were used as a nanofiller to increase the thermal conductivity of the
shape memory properties since both cyanate ester and glass fibres are
less effective in heat conduction. The SMPC that has been developed in
this study can maintain its storage modulus stable over the highest
temperatures at LEO and Lunar environments. The shape memory effect
(programming and recovery) takes place at Tan(5) peak temperature
(Ts) enabling the SMPC to serve its design purpose effectively. This is
due to the increased rubbery properties of the polymer over its storage
onset temperature. Furthermore, SMPC is fabricated with 0/90° and
+45° glass fibre sandwich layer configuration (TX) to support multidi-
rectional stresses and shape programming [36]. The effect of adding
GNP as a thermal filler is also tested during this study. As per the
durability evaluation, SMPCs were tested under 48 h of AO exposure, 4
weeks of vacuum thermal aging and up to 140 °C of elevated tempera-
tures. Finally, suitability analysis was done by calculating the di-
mensions of a hemispherical dish-ended thin wall pressure vessel using
the SMPC parameters in the worst-case scenario.

The development of this SMPC that can withstand multi-directional
stresses, extreme environmental conditions and thermo-mechanical
stability at high temperatures is a game-changing material for multi-
ple applications. Load-bearing components in orbital satellites
(switches, hinges, and truss booms), as well as deployable thin shell
structures (dwelling units and modular habitats for space and the
moon), can be mentioned as two key applications.

2. Experimentation
2.1. Materials and specimen preparation

2.1.1. Materials

For the SMP synthesis, the Bisphenol-A cyanate ester monomer
(BACE, M,, = 278.31) was acquired from Wenzhou Blue Dolphin New
Material Co. Ltd, China. As the shape memory effect modifier, Poly-
ethylene Glycol (PEG, M, = 600) were supplied from Chem Supply
Australia. Graphene Nanoplatelets (GNP) (surface area: 750 g/rnz) were
supplied from Sigma-Aldrich Australia and used as a thermal filler in the
SMPC. Glass fibre fabric (GF) (plain-weave, 200 g/mz, ATL Composite,
Australia) was used as the reinforcing fibre.

2.1.2. SMP synthesis

SMPs were synthesised with the stochiometric ratios of 9:1 (BACE:
PEG) aiming to achieve storage onset glass transition temperature (Tg)
around 130 °C. All the chemicals were used as received. BACE and PEG
mixture was fully melted at 90 °C and 0.6 wt% of GNP was added and
then mixed using a probe sonicator (Bandelin SONOPLUS 200 W, Ger-
many) with 50 % amplitude, 30 s ON and 5s OFF for 20 min keeping the
temperature of the mixture above 90 °C. Meanwhile, glass moulds with
laid-up glass fibre layers were prepared and a chemical mixture was
poured from a side (Fig. 1). Then the mixture was degassed inside a
Labec vacuum oven in 11.15 kPa (~89 % vacuum/111.46 mbar) at
100 °C for 30 min. The chemical mixture was cured at 100 °C for 3 h, at
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Fig. 1. SMPC fabrication flow chart.

120 °C for 5 h, at 180 °C for 2 h and at 210 °C for 5 h. Finally, SMPC
sheets with 3 mm thickness and ~18 % fibre volume fraction were ob-
tained, and specimens were cut per the ASTM/ISO standards (details
mentioned in each test procedure) using a waterjet cutter.

2.1.3. Fabrication of the SMPC specimens

SMPC with the three 0/90° and three +45° sandwich glass fibre
layout configurations were fabricated with and without GNP. Neat SMP
and GNP-filled SMP samples were also fabricated as controlled samples
for the thermo-mechanical property comparison (Table 1). Glass Fibre
(GF) lay-ups were arranged as shown in Fig. 2(a). Microscopic images of
the fibre lay-ups are shown in Fig. 2(b).

2.2. Atomic oxygen exposure test

SMPC samples were exposed to Atomic Oxygen with the use of the
AO interaction facility available at the National Space Test Facility
(NSTF), Australian National University, Canberra. GTX and NTX sam-
ples with and without GNP were exposed to AO to study the effect of
adding GNP as a thermal filler. First, SMPC sheets with the dimensions of
220 x 122.25 mm? were fixed into the custom-made Aluminium sample
holder to avoid AO exposure to the surfaces except for the top surface.
Samples were kept inside the plasma chamber as shown in Fig. 3 and
then they were exposed to AO plasma (Fig. 3) with a flux of 5.46 x 10
atoms/cm>.s in 30 Pa (~99 % vacuum/0.3 mbar) of pressure at room
temperature. Initially, samples were weighed and then kept under the
AO exposure for 24 h continuously. After weighing for the second time,
samples were exposed to another 24 h and then the final weights were
taken. Overall, 48 h of AO exposure to the SMPCs according to the set
parameters in the plasma chamber is equal to 300 days of AO exposure
in a 550 km lower earth orbit [37]. Samples with the dimensions of 10 x
10 mm? test pieces were cut from the exposed SMPC for characterization
and morphology tests with FTIR and SEM, respectively. The rest of the

Table 1

SMP and SMPC sample nomenclature and glass fibre lay-up configuration.
Sample Sample Specifications 0/90° GF +45° GF
Name layers layers
N Neat SMP 0 0
G SMP +0.6 % GNP 0 0
NTX SMP + GF Layers 3 3
GTX SMP +0.6 % GNP + GF Layers 3 3

\:::1

Fig. 2. (a) SMPC glass fibre lay-up configuration and (b) microscopic image of
NTX samples with visible 0/90° and +45° fibre lay-ups.

e

AO-exposed SMPC sheets were cut into standard samples with water jet
cutting for thermomechanical properties using the DMA, mechanical
properties with tensile and flexure tests and shape memory property
tests.

2.3. Vacuum thermal aging test

The vacuum aging test was carried out using a Labec vacuum oven in
11.15 kPa (~89 % vacuum/111.46 mbar) at 140 °C. GTX SMPC samples
were used for the vacuum thermal aging test and each set of samples was
kept from 1 to 4 weeks under above mentioned conditions. Vacuum-
aged SMPC samples were tested for the change in their chemical struc-
ture, thermomechanical property, tensile property and shape memory
behaviour. Afterwards, the results were compared with control SMPC
samples.

2.4. Material characterization and mechanical property evaluation

The changes that happened to the SMPC before and after different
exposures were tested using a few methods. The changes to the chemical
structure of the polymer and the morphology were measured using FTIR
analysis and then using microscopic and SEM image analysis, respec-
tively. The thermomechanical and mechanical property changes were
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Fig. 3. Atomic Oxygen interaction facility and SMPC samples before and dur-
ing AO exposure.

tested using Dynamic Mechanical Analysis (DMA) and then using tensile
and flexural tests, respectively. The results of these tests can provide an
accurate prediction of the durability of the developed SMPC in terms of
the chemical, thermomechanical and morphological stability of the SMP
matrix. ATR-FITR analysis was conducted using SHIMADZU IRAffinnity-
1S equipment to identify the chemical structure changes. SMPC samples
with the dimensions of 10 x 10 mm? were used for this scan in the
spectrum range of 3000-450 cm ™! with an 8 cm ™! resolution and 5 scan
times. Dynamic mechanical analysis (DMA) of the SMPCs was performed
using TA Instruments hybrid rheometer (Discovery HR-2) under ASTM
D7028 standard. Specimens were tested using the dual cantilever fixture
with 1 Hz frequency, 25 pm axial displacement and temperature ramp of
5 °C/min from 25 to 220 °C. Each SMP sample was tested, and their
storage modulus and tan(8) behaviours were analysed. The storage onset
temperature (Ts) of the graph was taken as the primary T, value since the
stability of the storage modulus was critical for the applications of the
SMPCs. However, tan(8) peak temperature (Ts) was considered as the
secondary Ty value since it is important to determine the shape pro-
gramming and recovery temperature.

The surface morphology of the SMPCs before and after AO exposure
was initially observed with LEICA DMS300 and Olympus DSX1000 high-
definition microscopes. Then in-depth observations were carried out
using ZEISS EVO 18 scanning electron microscopy (SEM) at an accel-
eration voltage of 10 kV after coating the SMPC surfaces with gold.
Further analysis of the SEM images was carried out with Gwyddion 2.64
SPM data visualisation and analysis tool.

Mechanical properties of a material play a crucial role in the appli-
cation designing stage. As a load-bearing and shape-changing material
in a micro-gravity environment (e.g., pressure vessel, release mecha-
nism), understanding the tensile and flexural behaviour of a material is
important. Therefore, the tensile and flexural properties of vacuum-aged
and AO-exposed SMPCs were tested using an MTS 100 kN uni-axial
tensile testing machine according to ASTM D638-22 and ASTM
790-17 standards, respectively. Samples with dimensions of 25 mm x
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250 mm with a crosshead speed of 2 mm/min were used for the uniaxial
tensile test. The gauge length of the used extensometer was 25 mm, and
the strain data were measured separately to the crosshead displacement.
Equations mentioned in section A2.25 were used to calculate the stress
and strain. Young’s modulus of the samples was calculated using the
trendline drawn for the strain measured using the extensometer. Flex-
ural properties were measured using the samples with the dimensions of
13 mm x 70 mm and using 2 mm/min crosshead speed. The flexural
stress, strain and modulus were calculated according to the equations
mentioned in section 12 of the used standard. Furthermore, the effect of
increasing temperature on the SMPCs was studied by testing the tensile
and flexural properties of the NTX and GTX samples using an MTS 10 kN
uni-axial tensile testing machine with an attached environmental
chamber. Samples were tested at 25, 100, 120 and 140 °C for their high-
temperature mechanical properties.

Finally, a suitability analysis is carried out to calculate the limita-
tions of the developed GTX SMPC. “Section VIII Rules for Construction of
Pressure Vessels” by the American Society of Mechanical Engineers
(ASME) was used for this suitability analysis. Equations from the sub
section UG-27(3) (ASME VIII) [38] for a hemispherical dish end, thin
wall pressure vessels were used for this calculation.

2.5. Shape memory effect evaluation

The fold-deploy test method [39] was used to calculate shape fixity
(Rp) and recovery (R;) ratios using equations (1) and (2). SMPC samples
were heated and bent using the environmental chamber attached to the
MST 10 kN tensile machine [40]. First, the chamber was heated up to
~T5 (170 °C) at a rate of 5 °C/min. During the Ryevaluation [35], SMPC
samples were kept at ~ Tg (170 °C) for 15 min in the environmental
chamber and bent 75 + 6° with a diameter of 12 mm three-point
bending setup at a 1 mm/min crosshead speed (Fig. 4(a)) and the
fixed angles were measured using a DAR-200 digital angle ruler (Fig. 4
(b)). After that, SMPCs were reheated, the recovery process was moni-
tored at the mentioned temperatures, and the R, was calculated. SMPC
Ry, 20-220 were calculated by keeping the SMP strips at 20, 40, 60, 80, 100,
120, 140,160, 180, 200, and 220 °C for 30 min inside the oven,
respectively.

O

Ry =2 % 100% ¢))
gmax
Ofixed — O,

R,:M « 100% )

max

Fig. 4. (a) Shape fixation at 75 + 6 °C inside the environmental chamber and
(b) shape fixity and recovery angle measurement by digital angle ruler.
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3. Results and discussion
3.1. Morphological and chemical structure changes

3.1.1. Surface morphology of AO-exposed SMPCs

Changes after 48 h of AO exposure on GTX and NTX were visible to
the naked eye, and they are depicted in Fig. 5 (a & c). Digital microscope
images from both low (Fig. 5(a & ¢)) and high-definition microscopic
images in Fig. 5(b & d) shows severe erosion on the SMPC surfaces. Due
to the AO exposure-induced erosion, mass losses in GTX and NTX were
measured as 0.4 g and 0.5 g, respectively. Further analysis done with the
SEM images of AO-exposed GTX and NTX shows the AO-induced sur-
faces in detail (Fig. 6). Using Gwyddion 2.64 SPM data visualisation and
analysis tool, first multiple images were cropped into 25 x 30 pm? areas,
image surface data were levelled by the mean plane subtraction option
and then the 3D views of the image data were generated. Dimensions of
the groves were measured using the distance measuring tool and the
groove density was calculated manually. According to the analysed
images, both GRX and NTX showed grooves created by AO (Fig. 6(c &
f)). While the grooves in GTX are ~1 pm wide with a distribution of
~0.24 grooves/pm 2, NTX shows ~0.63 pm wide groves with a distri-
bution of ~0.46 grooves/um~2. Furthermore, GTX shows shallow depth
of grooves at ~92 nm and NTX shows deeper grooves at ~142 nm.
According to these values, AO exposure has given GTX ~54.35 % less
erosion and a smoother surface after 48 h compared to NTX. Even
though erosion due to AO is inevitable, surface morphology differences
in GTX and NTX clearly show that the added GNP has acted as a barrier
to AO protecting the polymer matrix from further erosion.

The further erosion protection of the developed Cyanate ester-based
SMPC can be achieved by adding protective coatings [41] on the
GNP-filled SMPC to AO erosion can be explained through several factors.
AO attacks the materials by diffusion. Yet, according to the studies
[42-44] even small amounts of GNP can significantly reduce gas
permeability in polymer films by 50-500 times. This improvement
comes from the well-dispersed GNP achieved by the sonication process
during the SMPC fabrication stage. Since GNP is essentially

0 hours
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impermeable and has a large surface area and high aspect ratio, it cre-
ates a twisting, labyrinthine path for the AO atoms to travel through the
SMP matrix. This complex pathway makes it much harder for the AO to
reach and erode the underlying Triazine and Isocyanurate structure
compared to a neat SMP structure.

3.1.2. FTIR analysis of vacuum thermal aged and AO-exposed SMPCs

To analyse the chemical structure changes to AO exposed and vac-
uum thermal aged SMPCs, an FTIR analysis was carried out and shown
in Fig. 7. FTIR spectrums show the existence of Isocyanurate at 1465
em~! and 1720 ecm™! through the (O=C—N) transmittance groups as
well as the Triazine rings through the peaks at 1357 cm™! and 1550
em~ L Furthermore, peaks induced from (—C—0O—C—) and (—CHy—)
groups, respectively at 1072 cm™! and 2862 cm ™! show the existence of
PEG. An (—O—C =N) group-induced peak can also be seen at 2360 cm !
(Fig. 7(a)) in NTX samples due to remaining uncured cyanate ester
groups [45].

According to Fig. 7(a), AO has not affected the chemical structure of
the SMPC. Even after 48 h of AO exposure, above mentioned groups
remain unchanged in terms of their peak intensity due to the high bond
energy (over 2000 kJ/mol) of the Isocyanurate and Triazine groups
[31]. If the Oxygen atom hits the polymeric surface with enough energy,
it can bond with carbon atoms on the polymeric surface. However, if
another AO atom strikes this bond, the -C-O-C- will break from the rest of
the structure eroding the surface further [46]. This can be mentioned as
the reason for the unchanged chemical structure in AO-exposed SMPCs.

Interestingly, the peak at 1720 cm ! induced by the carboxyl groups
of Isocyanurate has increased in intensity over the 4 weeks. Isocyanurate
is one of the two key groups responsible for the stable Cyclcomatrix
structure of Cyanate Ester SMP which increased the thermomechanical
stability of the polymer [34]. This can be due to the post-curing effect
that happens in the SMP matrix during thermal aging, and it can be
mentioned as the only chemical reaction during the vacuum aging
process. However, due to lower bond energy, peaks (2862 cm™! and
1072 em™!) induced by PEG seem to be reduced in intensity over the 4
weeks. This can be due to the degradation of PEG crosslinks at high

48 hours

Fig. 5. AO exposed GTX samples (a),(b) and NTX samples (c),(d) under Leica and Olympus microscopes, respectively.



S. Jayalath et al.

EHT=10.00 kV
WD= 3.5mm

Signal A= SE1
Mag= 200KX

Date -2 May 2024
Time -12.41:55

ZEISS

-48 hours

2um EHT= 10.00 kV
WD= 9.5mm

Signal A= SE1
Mag= 400K X

Date -2 May 2024
Time :12:34:21

Composites Science and Technology 258 (2024) 110870

EHT=10.00kV
WD = 8.5mm

Signal A=SE1
Mags 400KX

Date -2 May 2024
Time :12:01:05

48 hours

2 pm EHT= 10.00 kV
WD= 85mm

Signal A=SE1
Mag= 400K X

Date :2 May 2024
Time :11:48:28

Fig. 6. (a),(d) Unexposed GTX and NTX samples. (b),(e) AO exposed GTX and NTX samples. (c),(f) Surface roughness analysis of GTX and NTX after 48 h of

AO exposure.

temperatures. This behaviour is also discussed in section 3.2.

Overall, AO has not significantly affected the chemical structure of
the SMP. Yet, vacuum thermal aging for 4 weeks at 140 °C has affected
the SMP by breaking PEG chains leading to further thermomechanical,
mechanical and shape memory property changes. This will be further
discussed in the next sections.

3.2. Thermomechanical property analysis

Storage modulus and tan(8) behaviour of SMPs and SMPCs were
analysed to identify the variation after adding GNP, glass fibres, the
effect of AO exposure and vacuum aging. The addition of GNP has
resulted in an increase of storage modulus in 0.19 GPa and kept them
over the whole temperature range (Fig. 8(a)). This can be mainly due to
GNP obstructing the polymer chain movements. However, Kaftelen-

Odabs1 H. et al. (2022) [47] show that the increased amounts of gra-
phene can drop the storage modulus values due to uneven dispersion of
graphene in the matrix. This is further explained by the tensile and
flexural behaviour of the NTX and GTX SMPCs in section 3.3.
Interestingly, the addition of glass fibre layers to the SMP resulted in
around 2 GPa increment of storage modulus at room temperature as well
as more stable storage modulus behaviour with increasing temperature
(Fig. 8(a)). This effect has been studied and demonstrated by Mohan T.
et al. (2023) [48] and Song P. et al. (2024) [49]. Furthermore, Tan(8)
half peak width (S;,2) remains in the region between 27.8 + 0.43 to
32.99 4 0.31 °C (Table 2). This shows the addition of GNP and fibre has
not affected on uniformity of the network structure of the SMP severely.
However, the area under the Tan(8) peak reduced from 31.61 + 0.51 to
20.31 £ 0.11 °C in N and NTX, respectively decreasing the relaxation
ability of the fibre-reinforced SMPC. It is important to emphasise that
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Table 2
T, and Tan(8) analysis of the SMPs and SMPCs.
SMP/SMPC T (Storage Ts (Tan(5) Tan(d) half Area under
Sample Onset)/°C peak)/°C peak width (S;,  Tan(8) peak/
2)/°C °C
N 129.99 + 175.91 + 32.99 +0.31 31.61 + 0.51
0.35 0.50
G 125.01 + 171.97 + 32.29 £ 0.25 28.69 + 0.28
0.25 0.36
NTX 130.23 + 168.04 + 29.10 £ 0.33 20.31 £ 0.11
1.12 1.10
AO Exposed 124.54 + 167.72 + 30.22 + 0.06 20.16 + 0.08
NTX 1.87 0.13
GTX 131.68 + 169.01 + 27.80 + 0.58 18.63 + 0.07
1.79 0.62
AO Exposed 128.69 + 165.11 + 27.16 + 0.43 19.98 + 0.51
GTX 0.69 0.32
GTX Week 0 131.68 + 169.01 + 27.80 + 0.58 18.63 £+ 0.07
1.79 0.62
GTX Week 1 138.86 + 173.03 + 26.26 + 0.87 17.42 + 0.97
1.62 0.69
GTX Week 2 141.22 + 175.60 + 26.85 + 0.86 17.84 + 0.16
0.67 0.09
GTX Week 3 140.37 = 176.14 + 27.38 £ 0.88 17.86 + 0.18
2.77 0.29
GTX Week 4 142.67 + 178.05 + 26.79 + 0.14 17.60 + 0.07
3.63 0.63

the addition of fibres can be considered a suitable answer to the storage
modulus stability problem faced by many cyanate ester based SMPs.

The storage modulus and Tan(8) behaviour of AO exposed and un-
exposed NTX and GTX samples are graphed in Fig. 8(c). Even though,
the Tan(8) behaviour of both SMPCs remains relatively unchanged in the
region from 165.11 + 0.32°C to 169.01 + 0.62 °C (Table 2), the storage
modulus behaviour of NTX has been severely affected by the AO expo-
sure dropping by ~0.56 GPa over the temperature range until ~125 °C.
Furthermore, NTX shows a higher T (storage onset) drop of 5.69 °C
compared to GTX (2.99 °C) after 48 h of AO exposure. The addition of
GNP as a barrier to less erosion and structural changes in the SMP matrix
can be mentioned as the reason for this behaviour.

After going through four weeks of vacuum thermal aging, GTX
samples from each week were tested for their thermomechanical
behaviour and DMA graphs were drawn as shown in Fig. 8(b). GTX
samples showed an increase in storage onset T values from 131.68 +
1.79 °C to 142.67 + 3.63 °C and Tan(d) peak Ts from 169.01 + 0.62 °C
to 178.05 + 0.63 °C. This can be due to the thermal aging-induced PEG
chain session at high temperatures over a long period. Interestingly,
after the first week of vacuum aging, storage onset shows relatively
stable values over the next 3 weeks (Table 2). Furthermore, S; /5 and the
area under Tan(d) peak remains relatively unchanged (Fig. 8(d))
showing the stability of the polymer network structure. Due to that, it is
safe to assume, that only PEG crosslinks are affected during the vacuum
thermal aging process compared to thermally stable isocyanurate and
triazine structures [32] in the SMPC. According to Cao S. et al. (2011)
[50] and Xu X. et al. (2019) [51] storage modulus behaviour with
increasing temperature is proportional to Young’s modulus of the
polymer materials. Since GTX SMPC shows stable storage modulus (3.75
+ 0.15 GPa at 130 °C in week 0) even after vacuum thermal aging (3.8
+ 0.4 GPa at 130 °C in week 4), shows the thermomechanical stability of
the SMPC. From the perspective of the load-bearing application at
higher temperatures, this behaviour is favourable once the SMPC has
recovered and performed its primarily designed function since the SMPC
will become much more stable in the high-temperature region without
losing its other required properties.
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3.3. Mechanical property analysis

3.3.1. High-temperature behaviour of the SMPCs

The tensile and flexural behaviour of the SMPCs were tested and
analysed at elevated temperatures, before and after AO exposure and
vacuum-thermal aging. Since the design temperature of the SMPCs lies
at 130 °C, the mechanical properties were evaluated until 140 °C. The
initial Young’s modulus of 7.91 GPa is reduced to 1.4 GPa at 140 °C in
the GTX samples and 7.43 GPa is reduced to 1.04 GPa at 140 °C in the
NTX samples (Fig. 9 (a & b)). Furthermore, the maximum stress of the
GTX and NTX samples at 140 °C was calculated as 52.06 MPa (118.54 +
3.35 MPa at 25 °C) and 46.98 MPa (133.49 + 2.11 MPa at 25 °C),
respectively. The maximum stress drops in GTX and NTX were 56.08 %
and 64.81 %, respectively. However, the flexural stress drop (from 25 °C
to 140 °C) of GTX and NTX shows similar percentages of 68.73 % and
69.72 %, respectively (Fig. 10 (a & b)). Moreover, once the SMPCs
reached 120 °C and the maximum flexural stress, their deflection
movement kept going without an increasing load (Fig. 10(c & d)). In
comparison, GTX SMPCs are not severely affected by added GNP con-
cerning the mechanical behaviour of NTX SMPCs. Excellent dispersion
of GNP into the voids of the SMP network structure can be mentioned as
the reason for this behaviour. Furthermore, these results are important
for the designing stage of the applications considering different service
temperatures.

3.3.2. Effect of AO exposure and vacuum thermal aging on the mechanical
properties

According to the tensile behaviour of AO-exposed SMPCs (Fig. 9(d)
and Table 3), both NTX and GTX show similar behaviour in terms of
Young’s modulus and maximum strain. However, GTX shows a higher
drop of maximum stress at 29.07 % compared to a 7.21 % drop in NTX.
On the other hand, the maximum flexural stress of AO-exposed GTX
increased from 11.5 % compared to a decrease of 1.7 % in NTX (Fig. 10
(e)). Overall, both tensile and flexural modulus are decreased to some
extent (Tables 3 and 4) after the AO exposure. Even though the
maximum tensile stress of GTX was reduced, its maximum flexural stress
has been increased.

The effect of vacuum thermal aging on GTX was tested and tensile
graphs were drawn for each week (Fig. 9(c)). According to Table 5, the
mechanical properties of the GTX SMPCs are affected by a 3.29 % in-
crease in Young’s modulus, 26.3 % decreased maximum stress and 15.6
% decreased maximum strain over 4 weeks. Interestingly, it was noted
that all the above mechanical properties were either stabilized or
slightly increased over time. This can be due to the degradation of more
heat susceptible PEG crosslinks and thermally stable Isocyanurate and
Triazine structures.

3.4. Shape memory effect analysis

The shape memory behaviour of the SMPC samples was studied by
analysing the shape fixity (Ry) and shape recovery (R;) percentages. NTX
and GTX samples showed 100 % shape fixity ratios during shape pro-
gramming. Both NTX and GTX samples stayed under 10 % of R, at 140 °C
as a requirement for application development (Fig. 11(a, b & c)). The
rapid shape recovery started around the Tan(8) T4 values of each SMPC.
However, GTX shows higher and quicker shape recovery behaviour
compared to NTX samples (Fig. 11(a & b)). This can be due to higher
thermal conductivity influenced by GNP in GTX samples.

In terms of shape memory behaviour within the AO-exposed SMPCs,
NTX was mostly affected. Compared to the AO-exposed GTX samples,
NTX shows a delayed recovery (Fig. 11(a) with increasing temperature.
Before the AO exposure, GTX and NTX showed 27.64 % and 17.04 %
shape recovery at 160 °C. After the AO exposure, GTX showed 19.42 %
shape recovery while NTX dropped to 7.06 % shape recovery at 160 °C.
Even though both shape recovery percentages have dropped, GTX SMPC
has shown better performances compared to the NTX SMPC. This can be
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Fig. 9. Tensile behaviour of (a) NTX and (b) GTX at high temperatures. (c) Effect of vacuum thermal aging on the tensile behaviour of GTX samples. (d) Tensile

behaviour of AO exposed/unexposed SMPC samples.

due to less surface erosion on GTX due to GNP, protecting the PEG
crosslinks within and inheriting higher thermal conductivity.

Further proving the degradation of PEG crosslinks in the SMPC
matrix, vacuum thermal aged GTX samples showed a drop in shape re-
covery efficiency over the 4 weeks (Table 6). The R, 0f 31.17 % at 160 °C
of the initial GTX SMPCs has dropped to 8.23 % at the same temperature
after 4 weeks of vacuum thermal aging (Fig. 11(c)). In a study done by
Ping Z. et al. (2023) [32] shows no adverse effect on the shape fixity and
recovery properties in the BACE SMP after vacuum thermal cycling.
However, these SMP samples were kept at 170 °C for 50 h maximum
with the thermal cycling between —170 °C and +170 °C. Therefore,
thermal degradation/chain scission of PEG crosslinks over time can be
mentioned as the reason for this significant delay in shape recovery.

Another important aspect to consider during the shape memory
behaviour of the developed SMPC is the damage to the fibres and the
matrix during shape programming and recovery. This has been experi-
mentally evaluated by Jayalath S et al. (2024) [36]. According to that
GTX samples have shown a 48.7 % drop in maximum tensile strength
after the shape recovery due to fibre slippage Fig. 11(d). However,
depending on the programmed angle, programmed temperature and the
programmed rate, the incurred damage can be varied.

3.5. Suitability analysis of the SMPC for the orbital and lunar thin wall
structures

After evaluating the performances of the developed SMPC, a suit-
ability analysis of the material as a good candidate for space and lunar
applications can add value to this study. As one of the possible designs of
dwelling units, the hemispherical dish end thin wall pressure vessel was
considered to calculate the maximum inner diameter of a hemispherical

thin wall made from the developed SMPC. According to the property
analysis done in the previous sections, the mechanical properties of the
GTX SMPC are at their weakest at 140 °C. Calculation of the dimensions
of a pressure vessel with 101,325 Pa (1 atm) internal pressure with its
weakest properties can set a benchmark for further development of the
material as well as possible applications. UG-27(3) (ASME VIII) equa-
tions (Eq:3, 4 & 5) [38,52,53] were used for the calculation by consid-
ering the worst-case scenarios (Table 7) such as the maximum stress at
140 °C, safety factors, and join efficiency of the composites. 385.8 mm
(Eq:3), 776.3 mm (Eq:4) and 777.69 mm (Eq:5) were calculated as the
maximum internal diameter of the cylindrical shell and hemispherical
shell of the pressure vessel that can be achieved using the GTX SMPC.
Even though these dimensions are not enough for human dwelling units,
this diameter can be further increased by adding more fibre layers or
different fibres such as carbon, Kevlar or basalt fibres to the composite
and increasing the thickness. Furthermore, micro-gravity in the LEO and
the moon (1.62 ms~2) and stabilising mechanical properties during the
vacuum thermal aging process will enhance the stability of the structure
further. As a dwelling unit, additional protective layers will be added
[54] to protect the structure from debris, charged particles, and tem-
perature fluctuations.
Cylindrical shell: circumferential stress

p,_ 2(SE-06P) 3
P
Cylindrical shell: longitudinal stress
p,_ 2(28E—04P) @

14
Spherical shell
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Table 3
Young’s modulus, max stress, and max train results of AO exposed/unexposed
samples.

Table 5
Young’s modulus, max stress, and max train results of vacuum thermal aged GTX
samples.

Sample Young’s modulus Max Stress Max Strain (5d/
(GPa) (MPa) do)
Unexposed NTX 7.43 +£0.14 133.49 £ 2.11 0.016 £ 0.001
AO Exposed 7.23 £0.20 123.87 £ 1.03 0.014 + 0.002
NTX
Unexposed GTX 7.91 +£0.77 118.54 + 3.35 0.045 £ 0.006
AO Exposed 7.47 +£0.33 84.08 + 12.55 0.010 £ 0.000
GTX
Table 4

Flexural modulus, max flexural stress, and max flexural train results of AO
exposed/unexposed samples.

Sample Flexural modulus Max flexural Stress ~ Max flexural Strain
(GPa) (MPa) (6d/dp)

Unexposed 4.43 +0.14 170.81 £ 1.41 0.041 £ 0.004
NTX

AO Exposed 4.06 +0.17 167.91 + 6.21 0.056 + 0.030
NTX

Unexposed 5.59 £+ 0.30 178.85 £ 0.76 0.033 £ 0.000
GTX

AO Exposed 5.45 + 0.37 199.42 + 16.21 0.039 + 0.004
GTX
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Sample Young’s modulus (GPa) Max Stress (MPa) Max Strain (5d/dp)
Week 0 7.91 +0.77 118.54 + 3.35 0.045 + 0.006
Week 1 7.22 £+ 1.05 77.01 + 34.54 0.030 + 0.013
Week 2 7.37 £ 1.24 76.13 + 38.24 0.028 + 0.009
Week 3 7.46 +1.26 74.19 + 36.30 0.027 + 0.009
Week 4 7.65 £ 0.16 87.36 + 4.52 0.038 + 0.028
2t(2SE— 0.2 P)
Di=———+——= 5)

P

3.6. Summary of the durability analysis

Two main durability tests and their effect were discussed throughout
this discussion. Firstly, AO exposure has eroded both GNP-filled and
unfilled SMPC. However, GNP-filled SMPC (GTX) showed less suscep-
tibility with a groove depth of ~92 nm to AO erosion compared to the
NTX samples (~142 nm groove depth). Even though there are no
changes in the chemical structure after the AO exposure, the storage
modulus, mechanical properties, and shape recovery of NTX showed a
higher drop compared to the property drop in GTX samples (Table 2,
Table 3, Table 4 and Fig. 11(a&Db)).

The vacuum thermal aging over 4 weeks has affected the SMP
chemical structure due to the thermal decomposition of PEG crosslinks.
This is identified from the reduction of the 2862 and 1027 cm ™! FTIR
spectrum peak reduction over the 4 weeks. The storage onset and tan(5)
temperature increase (Table 2), Young’s modulus increase (from 3.29
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Table 6
Shape recovery behaviour of vacuum thermal aged GTX samples over the 4
weeks.

Temperature Shape Recovery Percentage
¢o Week 0 Week 1 Week 2 Week 3 Week 4
20 0.00 + 0.00 + 0.00 + 0.00 + 0.00 +
0.00 0.00 0.00 0.00 0.00
40 0.00 + 0.00 + 0.00 + 0.00 + 0.00 +
0.00 0.00 0.00 0.00 0.00
60 0.31 + 0.30 + 0.18 &+ 0.05 + 0.18 &+
0.43 0.42 0.13 0.06 0.25
80 1.30 £ 0.66 + 0.45 + 0.05 + 0.27 +
0.88 0.93 0.25 0.06 0.37
100 1.84 £ 0.75 + 1.63 + 0.05 + 0.27 +
0.54 0.80 1.41 0.06 0.37
120 2.47 + 1.62 £ 2.98 + 0.05 + 1.06 £
0.37 0.13 2.19 0.06 0.63
140 7.23 + 4.48 + 6.95 + 111 + 3.26 +
1.37 0.36 2.99 0.52 1.11
160 3117 + 19.47 + 22.83 + 5.58 + 8.23 +
9.52 2.11 3.97 0.70 0.10
180 86.72 + 78.59 + 84.17 + 90.73 £ 84.70 +
7.06 1.52 0.02 1.77 5.53
200 100.00 + 100.00 + 100.00 + 100.00 + 100.00 +
0.00 0.00 0.00 0.00 0.00

%), and maximum strain decrease (from 15.6 %) over 4 weeks also
strengthen the above fact since the fewer amounts of PEG crosslinks
increased the storage modulus stability of the SMP and increased its
brittleness [34].
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Table 7
Considered parameters for the calculation.
Parameters Values
SMPC Thickness (t) 3 mm
Internal Pressure (P) 101,325 Pa (1
atm)
Maximum Tensile Stress of GTX SMPC (S) at 140 °C (worst-case 52.6 MPa
scenario)
Safety factor for long-term static pressure (for composite 4
materials)
Joint efficiency (E) (worst-case scenario) 0.5

4. Conclusion

In this research work, the durability of the cyanate ester-based SMPC
was evaluated under extreme service environments in space such as
elevated temperatures, vacuum thermal environment and AO exposure
separately. The effect of added GNP into the SMPC matrix was also
evaluated under elevated temperatures and AO exposure. A suitability
analysis was also done to determine the ability to construct a thin wall
structure using the developed SMPC under worst-case scenarios. The
following conclusions were drawn after testing for the morphological,
chemical, thermomechanical, mechanical and shape memory changes of
the SMPCs.

1. GNP added to GTX SMPC showed increased protection compared to
NTX SMPCs against the AO exposure-induced micro-erosion.

2. While there is no significant change in the chemical structure of the
SMPC due to AO exposure. Vacuum thermal aging has affected the
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PEG crosslinks to be reduced. This has affected the thermo-
mechanical, mechanical and shape memory properties of the SMPC.

3. The vacuum thermal aging induced stable thermo-mechanical and
mechanical property stability is favourable to the long-term service
of the SMPC once the shape memory effect-related application is
done.

4. The shape memory effect of GNP-added GTX SMPCs showed better
shape recovery ability compared to NTX SMPCs even after the AO
exposure.

5. Developed GTX SMPC specifications were suitable for constructing
thin shell pressure vessels closer to 0.4-0.8 m in diameter and higher
dimensions are possible increasing the number of fibre lay-ups, the
thickness of the composite, and using high-strength fibres.

Overall, GNP has acted as a good thermal conductive filler while
active as a protective material for AO exposure-induced erosion. Even
though, AO exposure-induced surface erosion is unavoidable, fabricated
SMPC survived 300 days in a 550 km LEO orbit without significantly
changing the thermo-mechanical, mechanical and shape memory
properties. For longer service time, a protective coating on the SMPC
components is recommended. Vacuum thermal aging also showed
favourable behaviours in GTX and NTX with stable mechanical prop-
erties over the exposed time. Finally, developed Cyanate ester-based
SMPC has shown comparatively stable thermo-mechanical and me-
chanical properties in addition to excellent shape memory properties
even after exposure to extreme conditions. Therefore, developed SMPC
can be undoubtedly suggested for load-bearing-deployable thin wall
components that can withstand multidirectional stresses. Thin shell
structural components (for dwelling units) that can be programmed to
save storage space in payload fairings and then can be deployed during
construction are another important application suitable for the devel-
oped SMPC. In addition, further tests are warranted to study the syn-
ergistic effects including cryogenic temperatures, long-term materials
degradation and thermal cycles on the SMPC before the component and
structure design stage. Future developments and tests such as testing the
effect of different dispersion variabilities of GNP, the effect of protective
coatings on the SMPC for the AO exposure, light activation methods,
complex shape programming for structural parts such as hemispherical
shells and cylindrical shells can be done. Challenges such as cost,
resource efficiency and compliance with safety standards should be
addressed for the long-term sustainability of the SMPC-based space
applications.
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