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A B S T R A C T   

Cyanate Ester (CE)/Polyethylene glycol (PEG) based shape memory polymers (SMPs) offer a sustainable solution 
for space applications due to their high glass transition temperature and durability. PEG is a type of oligomer 
used as a shape memory effect modifier for CE. Due to the low toughness of CE-based polymers, they are often 
modified with epoxies to increase their toughness. However, the high molecular chain length of PEGs can also act 
as a plasticiser increasing the toughness of the CE/PEG-based SMPs instead of epoxies. This study explores the 
synergistic use of PEG with CE to optimise SMPs with comparable mechanical and shape memory properties, 
along with tailorable glass transition temperatures. During the synthesis, PEG 600, 1000, 2000 & 4000 were 
individually combined with CE monomers in varying stoichiometric ratios to produce a set of SMP specimens. 
Thermo-mechanical properties, and shape memory properties were experimentally obtained and graded as a 
function of different molecular weights of PEGs and their stoichiometric ratios. CE SMPs modified with PEG600 
and 1000 exhibited stable storage moduli and therefore selected for further investigation. A single-parameter 
empirical model was developed to correlate Tg with stoichiometric ratios, enabling the prediction of Tg values 
for different CE: PEG600/1000 ratios or vice versa. The tensile and flexural properties at elevated temperatures 
were also studied. Notably, the use of lower molecular weight PEGs mitigated the storage modulus drops, while 
higher molecular weight PEGs significantly improved the toughness. Moreover, synthesised SMPs in the Tg range 
of 125–130 ◦C using PEG600 and PEG1000 showed improved stability of storage modulus. The SMP with 
PEG600 showed better thermo-mechanical properties, storage modulus stability at higher temperatures, and 
shape memory behaviour compared to the SMP with PEG1000. This research contributes to developing robust 
and adaptable SMPs for space environments, bridging the gap between mechanical performance and shape 
memory capabilities.   

1. Introduction 

Shape memory polymers (SMPs) are a type of polymers that can be 
programmed and recovered under a specific stimulus such as heat, 
electricity, light, magnetism, pH levels, etc. [1–6]. Researchers all over 
the world are currently developing SMPs and SMP composites (SMPCs) 

to be used in space applications such as low earth orbit (LEO) satellites 
[7–11]. The majority of SMP components in space applications are 
comprised of Deployable hinges [9,12,13], booms [14], structures [15], 
solar arrays [16,17] and switches [18] which are not designed for load- 
bearing structural applications [19,20]. The main reason for using them 
only for non-structural applications is the inherently weaker thermo- 
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mechanical properties of the polymers [21]. As a rule of thumb, the 
temperature in environments such as LEO varies between − 120 to 
+120 ◦C [22,23] and the lunar environment varies between − 173 to 
+127 ◦C [24,25]. However, SMP components operating at LEO, medium 
earth orbit (MEO) and deep space environments can survive due to the 
zero gravity environment [26]. 

Notably, existing SMPs including the high-temperature SMPs in the 
last few decades were not designed to withstand the elevated tempera-
ture applications despite their higher Tg/ transition temperatures 
[26,27]. The activation temperature of the shape memory effect depends 
on the tan(δ) peak temperature or the storage modulus onset tempera-
ture. Since the tensile behaviour of the polymer can be predicted using 
the storage modulus of the polymer [28], the convenient activation 
temperature for load-bearing SMPs can be identified as the storage 
modulus onset temperature. Therefore, SMPs should exhibit an activa-
tion or transition temperature well above the operational range of the 

load-bearing component or structure, while maintaining consistent 
storage modulus behaviour. 

To be qualified as a space-rated material, the material should un-
dergo rigorous durability testing [26]. Cyanate ester-based SMPs are an 
emerging type of material that can overcome the limits set by several 
space durability test standards (ASTM E595 for the tests in vacuum, 
E2089 for the Atomic Oxygen Exposure and E512 for the electromag-
netic and particulate radiation) and survive [29–32]. Cyanate ester has 
been often modified with epoxies [33] to increase their toughness as 
well as with nitriles and oligomers [34] to achieve the shape memory 
effect. Among them, cyanate esters modified with polyethylene glycols 
have shown outstanding durability in space-simulated environments 
[29–32]. However, continuously decreasing storage modulus with the 
temperature has been identified as a critical challenge for structural or 
load-bearing smart applications [26]. To address this, our research fo-
cuses on synthesising a novel cyanate ester SMP by leveraging different 
molecular weights of PEGs. 

This project aims to synthesise and develop an SMP that is me-
chanically stable at high temperatures and capable of use in structural or 
load-bearing applications in space environments. Two major targets of 
this work are (1) to synthesise the SMP with a stable storage modulus till 
it glass transition temperature (Tg) and (2) to synthesise the SMP by 
varying the stoichiometric ratios to tune the Tg in the range of 
125–130 ◦C. 

The outcome of this research will fill a gap in the space industry not 
only by providing a smart material that is suitable for LEO application 
but also a Tg tailorable smart materials that can be used load load- 
bearing applications that can be used in spaces as well as terrestrial 
applications. Furthermore, the SMP can be further developed by adding 
reinforcing fibres becoming a shape memory polymer composite 
(SMPC). This research will further contribute significantly to the 
advancement of smart materials, ensuring their resilience in space en-
vironments while enabling adaptability for various applications. 

2. Experimentation 

2.1. Materials and specimen preparation 

Bisphenol-A cyanate ester monomer (BACE, Mn = 278.31) was pur-
chased from Wenzhou Blue Dolphin New Material Co. Ltd., China and 
Polyethylene Glycols (PEG, Mn = 600, 1000, 2000 and 4000) were 
purchased from Chem Supply Australia. SMPs were synthesised with 
different stochiometric ratios of BACE: PEG as indicated in Table 1. All 
the chemicals were used as received. BACE and PEG mixture was fully 
melted at 100 ◦C and mixed using a mechanical stirrer for 30 min. Then 
the mixture was degassed inside a vacuum oven at 100 ◦C. The bubble- 
free, transparent mixture was poured from a side of preheated Teflon 
peel ply-covered glass moulds. The curing cycle was 100 ◦C for 3 h, at 
120 ◦C for 5 h, at 180 ◦C for 2 h and at 210 ◦C for 5 h. Finally, SMP sheets 
with 2 mm thickness were manufactured, and specimens were cut as per 
the ASTM/ISO standards using a waterjet cutter. 

Fig. 1 shows the flowchart of the approach that has been used for this 
experiment. As the main parameters for the synthesis of the SMP, mo-
lecular weights of the shape memory property/ toughness modifiers 
(PEGs) and the stoichiometric ratio between BACE and PEGs were 
changed. Stage 1 shows the use of different PEG modifiers and stoi-
chiometric ratio variations to understand their effect on the SMP 
behaviour. During Stage 2, each selected specimen’s Tg vs BACE stoi-
chiometric ratio graphs were fitted with a curve to get the generic model 
into an equation. This equation aimed to be modified and used to 
fabricate SMPs with tailored Tg values that suit the environment. Stage 3 
compares the selected SMP combinations in terms of mechanical and 
shape memory properties and chooses the SMP with adequate properties 
for space applications. 

Table 1 
SMP synthesis, stoichiometric ratios.  

SMP Name PEG (Mn) BACE: PEG 

A4 4000 21:1 
A2 2000 21:1 
A1 1000 21:1 
A0.6 600 21:1 

B4–1 4000 36:1 
B4–2 4000 26:1 
B4–3 4000 16:1 
B2–1 2000 16:1 
B2–2 2000 11:1 
B1–1 1000 16:1 
B1–2 1000 11:1 
B1–2 1000 6:1 
B0.6–1 600 11:1 
B0.6-2L 600 6:1 
B0.6-2M 600 7:1 
B0.6-2H 600 8:1 

B1F 1000 9.5:1 
B0.6F 600 7.25:1 

B0.6–9 600 9:1  

Fig. 1. Flowchart of the approach to filter a suitable SMP.  
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2.2. Characterization 

FTIR analysis of cured SMPs was carried out using SHIMADZU 
IRAffinnity-1S equipment to identify the chemical structure of the SMP. 
Dynamic mechanical analysis (DMA) of the SMPs was performed using 
TA Instruments hybrid rheometer (Discovery HR-2) under ASTM D7028 
standard. Specimens from each SMP group were tested using the dual 
cantilever fixture with 1 Hz frequency, 25 μm axial displacement and 
temperature ramp of 5 ◦C/min from 25 to 200/250 ◦C. Each SMP sample 
was tested, and their storage modulus graphs were analysed as one of the 
main objectives of this experimental work. Storage modulus changes vs 
temperature were graphed in log scale and the storage onset value of the 
graph was taken as the primary Tg value of the SMPs. Moreover, storage 
modulus stability was measured by calculating the secant storage 
modulus drop within the first 50% of the graph since it is the most linear 
part of each graph. During stage 2, differential scanning calorimeter 
(DSC) measurements were made on a TA instrument Discovery DSC-25 
for cured and uncured samples of B1F and B0.6F. Samples were heated 
from 25 to 350 ◦C with a 10 ◦C/min heating rate. Thermograms of these 
cured and uncured graphs were utilised to calculate the curing per-
centage of the SMPs, and thermograms of the cured SMPs were used to 
calculate the secondary Tg values of the SMPs. 

All thermomechanical, mechanical and shape memory property tests 
were repeated three times (sample number, N) and the statistical pa-
rameters such as mean values (μ), standard deviations (s), and popula-
tion standard uncertainties (u) were calculated using the measured 
values [35]. 

2.3. Shape memory effect evaluation 

The fold-deploy test method was used to calculate shape fixity (Rf) 
and recovery (Rr) ratios using eqs. 1 and 2. During the Rf evaluation 
[20], SMPs were kept at Tg + 20 ◦C for 15 min and bent 90◦/120◦/180◦

with a diameter of 12 mm and the fixed angles were measured. After 
that, SMP were reheated, and the recovery process was monitored at the 
mentioned temperatures, and the Rr was calculated. SMP Rr,110–150 were 
calculated by keeping the SMP strips at 110, 120, 130, 140 and 150 ◦C 
for 30 min inside the oven respectively. During this test, three mea-
surements from three SMPs in each group were taken and their mean 
values and standard deviations were calculated for the analysis. 

Rf =
θfixed

θmax
×100% (1)  

Rr =
θfixed − θend

θmax
×100% (2)  

2.4. Mechanical property evaluation 

SMPs’ tensile strength, flexural strength and impact strength were 
determined according to ASTM D638, ASTM D790 and ASTM D6110 
standards. An MTS 10 kN (Insight Electromechanical) uni-axial testing 
machine with an environmental chamber was used to evaluate the 
tensile behaviour and flexural strength at ambient and elevated tem-
peratures at 110, 120, 130 and 140 ◦C. TYPE IV SMP specimens with 25 
mm gauge length were used for the tensile test and tested with a 2 mm/ 
min strain rate. 70 × 12.7 mm2 rectangular specimens were used for the 
flexure test with the strain rate of 2 mm/min. An Instron Dynatup 8200 
drop-weight impactor was used to conduct the impact test at the 
ambient temperature. Rectangular samples of 63.5 × 12.7 mm2 with a 3 
mm deep notch were used for the impact test. 

3. Results and discussion 

3.1. Synthesis reactions of the SMP 

Understanding the chemical structure of the synthesised polymer is 
important to understand the behaviour of the SMP. FTIR analysis of the 
cured SMPs (Fig. 2) was used to identify peaks related to the chemical 
structure. Furthermore, previous work done by Kumar S. et al. (2014) 
[36] and Ma J.et al.(2014) [37] were used to develop (Fig. 3) the 
chemical reactions throughout the curing process. B0.6 and B1F samples 
were selected to analyse since they were synthesised to have the same Tg 
values. According to the FTIR spectrum analysis of B0.6F and B1F SMPs, 
peaks from (O=C-N) transmittance groups of Isocyanurate appear at 
1465 cm− 1 and 1720 cm− 1. Peaks at 1357 cm− 1 and 1558 cm− 1 appear 
due to the Triazine rings. The existence of the ether groups (-C-O-C-) and 
(-CH2-) in PEGs can be confirmed by the peaks at 1072 cm− 1 and 2862 
cm− 1 respectively. Furthermore, the absence of -OCN peaks at 2317 and 
2363 cm− 1 shows that the SMPs have been fully cured. 

3.2. Storage Modulus behaviour analysis 

The storage modulus changes of samples A0.6, A1, A2 and A4 which 
have different molecular weights but the same 21:1 (BACE: PEG) ratio 
were compared (Fig. 4(a)). It is clear that the drop of storage modulus is 
significant with the increasing molecular weight/ molecular chain 
length of PEGs [38] hence showing the low stability of the SMPs with 
PEG2000 and PEG4000. For the SMP samples synthesised with PEG 600, 
1000, 2000 and 4000, the mean secant gradients of the modulus drop 
(Fig. 4(b)) were 3.65, 8.74, 11.23 and 11.65 MPa/◦C respectively and 
the Tg (storage onset) value drop was from 232.96 ± 1.40, 222.66 ±
1.28, 188.47 ± 2.55 and 178.43 ± 2.87 ◦C respectively. As shown in the 
graphs in Fig. 4(a), SMPs synthesised with PEG600 and 1000 showed 
improved stability of the storage modulus with a modulus drop gradient 

Fig. 2. FTIR spectral peaks of B0.6F and B1F SMPs.  
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Fig. 3. Reactions of BACE and PEGs towards the SMP synthesis.  
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Fig. 4. (a) Storage Modulus changes with the different molecular weights of PEGs in the same stoichiometric ratio (21:1), (b) magnified section for the storage 
modulus drop secant gradient calculation. Storage modulus variation of the SMP with (c) PEG600 (B0.6 samples) and (d) PEG1000 (B1 samples) stoichio-
metric ratios. 

Fig. 5. (a)Tg variation with the different molecular weights of PEGs and BACE: PEG stochiometric ratios. (b) Storage modulus and tan() graph of B0.6F-9 SMP. (c) 
DMA log storage modulus vs temperature and (d) DSC thermogram of the SMPs. 
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of less than 10 MPa/◦C. Since this can be considered a stable storage 
modulus within a certain temperature range, SMPs with PEG600 and 
1000 modifiers were selected for stage 3. Furthermore, storage modulus 
with the change of stochiometric ratios of the same molecular weights of 
PEGs (PEG600 and 1000) were also observed (Fig. 4(c & d)). It clearly 
shows that the amount of the PEG with the same molecular weight also 
influences the increased instability of the storage modulus hence 
decreasing the storage modulus onset Tg of each SMP. The storage 
modulus drop gradient of the SMPs with B1 samples is quite significant 
compared to B0.6 samples due to the effects of both increasing moles 
and higher molecular chain length than B0.6. Apart from the shape 
memory effect, PEGs with long chain molecules have imparted some 
flexibility to the SMP and reduced its original Tg value of the BACE by 
plasticising the parent matrix. 

By changing the PEGs with different molecular weights and the 
stoichiometric ratios (Stage 1) between BACE: PEGs, the following 
conclusions were drawn. 

Table 2 
Composition and thermomechanical properties of the SMP system.  

SMP 
Name 

PEG 
Type 

Stoichiometric Ratio 
(BACE:PEG) 

Ave. Tg (◦C Log 
storage modulus 
onset) 

Tg (◦C 
DSC) 

B0.6F 600 7.25:1 129.50 ± 0.33 108.39 ±
1.85 

B1F 1000 9:1 124.85 ± 0.62 105.08 ±
0.74  

Fig. 6. (a) Fitted curves and modelled curves of the Tg variation with respect to 
change of the stoichiometric ratios of BACE: PEG and (b) Storage modulus 
behaviour of B0.6–9 SMP with storage onset Tg value of 160.69 ± 0.89 ◦C. 

Table 3 
Fitted equations.  

Function type Exponential decay function 

Fitted Equations: Fitted curve PEG600 (Mn = 600) 

Tg = 241.4 − 436.44e

(
− x

0.0088Mn

)

R2 value 
(Coefficient of Correlation) 

0.9964 

Fitted Equations: Fitted curve PEG1000 (Mn = 1000) 

Tg = 258.31 − 376.62e

(
− x

0.0088Mn

)

R2 value 
(Coefficient of Correlation) 

0.9963 

Modelled Equation: for both curves: 

Tg = (0.042Mn + 216.31) − (526.17 − 0.1496Mn)e

(
− x

0.0088Mn

)

Tg = (0.042Mn +216.31) − (526.17 − 0.496Mn)e

(
− x

0.0088Mn

)

(3)   

Fig. 7. Curing Kinetics of B0.6F (a) and B1F (b) SMPs.  
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1. The increase of the PEG molecular weights (from 600 to 4000) in the 
SMP reduces its storage modulus stability.  

2. The increase of the certain PEG ratio in an SMP also reduces the 
storage modulus stability of the SMP.  

3. SMPs made with 21:1 ratio using PEG600 and PEG1000 showed 
higher storage modulus stability with drop rates less than 10 MPa/ 
◦C.  

4. The effect of using PEG with lower molecular weights than 600 can 
increase the storage modulus stability while decreasing the tough-
ness of the SMP. In the same way, PEG with higher molecular weights 
than 4000 can lead to lower storage modulus stability and higher 
toughness in the SMP.  

5. The reason for this behaviour was identified as the plasticisation of 
the BACE parent matrix from the long-chain molecules in PEGs. 

3.3. Glass Transition Temperature Variation Analysis 

The glass transition temperature can be often defined through many 
theoretical ways depending on the application such as recrystallisation, 
thermo-mechanical changes, modified cohesion energy method and 
other methods [39].To understand the Tg variation with different mo-
lecular weights of PEGs and the stoichiometric ratios between BACE and 
PEGs, the log storage onset Tg value of each sample mentioned in Table 1 
were graphed (Fig. 5(a)) for their (BACE: PEG) stoichiometric ratios. 

B0.6F and B1F were synthesised using this behaviour in Fig. 5(a) to 
achieve the storage modulus onset Tg in the range of 120–130 ◦C. Tg 
values (Table 2) of the two SMPs were calculated considering the storage 
modulus onset point as well as the midpoint half-height values of the 
DSC curve as shown in Fig. 5(d). The log scale storage modulus onset 
point was selected as the primary Tg value (Fig. 5(c)) since the authors of 
this research are looking to develop an SMP that can sustain stable 
mechanical properties at elevated temperatures closer to the Tg value. 
Furthermore, the tan(δ) peak width at half of the peak height (S1/2) of 
the B0.6F-9 samples shows the relaxation behaviour of the SMP in a 
range of 32.6 ◦C (Fig. 5(b)) compared to the 48 ◦C range in neat BACE 
[40]. The area under this peak has also been reduced from 7.1 (in neat 
BACE) to 3.45. The addition of PEG has caused a decrease in the width 

Table 4 
Shape fixity and recovery ratios of B0.6F and B1F SMP samples.  

Sample No Programmed angle Rf (%) at 25 ◦C Rr(%) at Tg + 20 ◦C 

B0.6F 
1 90◦ 100 ± 0.00 100 ± 00 
2 120◦ 95.83 ± 0.71 100 ± 00 
3 180◦ 92.22 ± 0.87 100 ± 00 

B1F 
1 90◦ 100 ± 0.00 100 ± 00 
2 120◦ 96.67 ± 0.99 100 ± 00 
3 180◦ 97.78 ± 1.85 100 ± 00  

Fig. 8. Visual observation of B0.6F and B1F SMP shape recovery at 25, 110, 120, 130, 140 and 150 ◦C.  

Fig. 9. Shape Recovery ratio variation of B0.6F and B1F.  

S. Jayalath et al.                                                                                                                                                                                                                                



Reactive and Functional Polymers 201 (2024) 105949

8

and area of the tan(δ) peak indicating a higher mean of the network 
density and a greater homogeneity of the SMP network structure 
respectively. 

After analysing the Tg variation of B0.6F and B1F with respect to the 
change of stochiometric ratios change of the BACE, the data points were 
fitted into two curves as shown in Fig. 6(a) and equations (Table 3) were 
developed using the curve fitting technique. One model equation was 

derived by combining these two fitted empirical equations (Eq.3) where 
Tg for specific BACE: PEG ratio or vice versa can be calculated by 
providing the molecular weight (Mn) of the PEG as 600 or 1000. To 
validate the developed model, an SMP was synthesised with BACE: PEG, 
9:1 ratio and the SMP was tested with DMA and the storage modulus 
graph was analysed. According to the calculation using the model 
(Eq.3), the Tg value was calculated as 162.13 ◦C. The experimental value 

Fig. 10. Storage modulus variation of B0.6F and B1F over 5 thermal cycles.  

Fig. 11. Elevated temperature tensile testing setup and (a) tensile specimens, (b) tensile failure at room temperature and (c) elongated specimen at 140 ◦C.  
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has given a close storage onset Tg value at 160.69 ± 0.89 ◦C (Fig. 6(b)). 

3.4. Curing kinetics verification of the selected SMPs 

The chemical formulation and the curing kinetic parameters signif-
icantly affect the SMP properties. In this study, the authors aimed to 
compare the thermo-mechanical and shape memory properties against 
two different BACE: PEG combinations; hence curing parameters were 
kept constant. Fig. 7 illustrates the immediate DSC results of the uncured 
and cured SMP samples. It clearly showed the melting temperature of 
BACE monomer (in white crystal form) at 78.19–79.01 ◦C with an 
endothermic peak and the melting temperature of PEG1000 at 
~36.64 ◦C. Furthermore, both uncured BACE: PEG resin mixtures have 
undergone an exothermic peak at 237.7 ± 0.78 ◦C and 239.8 ± 0.83 ◦C 
in B0.6F and B1F respectively. Similarly, cured Cyanate Ester SMP 
samples showed a quasi-linear response. The area under exothermic 
peaks represents the generated heat during the curing process. 
Exothermic peak area differences between uncured and cured B0.6F and 
B1F were 45.28 ± 1.12 and 17.36 ± 1.85 (W/g).◦C respectively. Eq.4 
determined the curing percentage cure percentage of the SMP was equal 
to 99.76% and 99.7% in B0.6F and B1F respectively, which provides a 
solid platform which to compare thermo-mechanical and shape memory 
properties. 

%Cure =
|ΔHuncured − ΔHcured|

|ΔHuncured|
*100% (4)  

3.5. Shape memory effect analysis 

The shape memory effect of B0.6F and B1F were calculated and 
plotted as shown in Table 4 and Fig. 9. Furthermore, Fig. 8 shows the 
variations during the shape recovery of the SMPs with 90◦, 120◦, and 
180◦ programmed angles and recovery percentages at 110, 120, 130, 

140 and 150 ◦C temperatures. B1F showed 5.56% better shape fixity 
ratios compared to B0.6F during the programming of 180◦ angles. 
However, both have performed equally during the shape programming 
of lower angles having slight shape fixity ratios deviation from 0 to 
0.84%. 

As one of the important aims of this research, a lower recovery ratio 
of the SMPs was expected to happen below the Tg and a higher recovery 
ratio, closer to the Tg. According to Fig. 8 and Fig. 9, B0.6F has shown 
lower recovery ratios in the satisfactory range of 70–80% while B1F is 
showing a premature recovery ratio of 90–100% at 130 ◦C. Hence, it is 
clear that B0.6F SMP has shown the required shape recovery behaviour 
compared to B1F SMP. 

As a newly developed method, SMP samples were tested for their 
thermo-mechanical properties with DMA with 5 continuous thermal 
cycles, storage modulus variations over these 5 thermal cycles were 
graphed with both B0.6F and B1F samples (Fig. 10). All the thermal 
cycles were programmed from 25 to150◦C. After the first cycle, storage 
modulus in both B0.6F and B1F decreased from 18.1% and 26.1% 
respectively. B0.6F kept the storage modulus between 2 and 2.15 GPa in 
the next 4 cycles while B1F kept its storage modulus gradually 
increasing from 1.49 to 1.71 GPa in the next 4 cycles. This can be 
explained through the chain scission of the PEGs that happens during the 
thermomechanical cycles [26]. Since PEG crosslinks (soft segments that 
are responsible for the shape recovery effect) are subjected to break 
before more thermally stable isocyanurate and triazine network struc-
tures, it can affect the SMP by increasing the shape fixity while 
decreasing the shape recovery properties. However, this behaviour can 
be considered a stable thermomechanical behaviour in both SMPs since 
there is no significant drop in the maximum storage modulus behaviour 
after the first thermo-mechanical cycle. 

l/l0l/l0

l/l
0

Fig. 12. (a) Tensile Stress vs Strain behaviour of B0.6F and B1F SMPs at room temperature (25 ◦C), (b) Stress vs Strain variations of B0.6F and B1F SMPs at 
increasing temperatures, (c) Tensile and Storage modulus percentage variation of B0.6F and B1F with the increasing temperature and (d) Max-strain behaviour of 
B0.6F and B1F with increasing temperature. 

S. Jayalath et al.                                                                                                                                                                                                                                



Reactive and Functional Polymers 201 (2024) 105949

10

3.6. Mechanical property analysis 

Both B0.6F and B1F were synthesised to have the same Tg range 
(125–130 ◦C). Therefore, the mechanical properties of the SMPs are 
expected to show the same shape memory behaviour that can be acti-
vated in the same temperature range. The elevated temperature testing 
setup and the tensile behaviour of the SMPs are shown in Fig. 11. The 
tensile behaviour of the two SMPs (B0.6F and B1F) at room temperature 
(25 ◦C) and elevated temperatures is shown in Fig. 12(a & b) respec-
tively. B0.6F showed a higher tensile modulus of 1.15 ± 0.12 GPa and 

lower max-strain of 0.059 ± 0.004 and B1F showed a lower tensile 
modulus of 0.897 ± 0.010 GPa and comparatively higher max-strain of 
0.123 ± 0.008. Both samples showed a maximum stress in the range of 
65.94–67.64 MPa. However, the mechanical properties of these two 
samples with the increasing temperatures (Fig. 12) showed a significant 
drop in the tensile modulus and yield strength of the two SMPs while 
increasing the strain. B1F showed a drop of 87.29% and 74.4%, and 
B0.6F showed a drop of 86.09% and 71.8% from their original tensile 
modulus and stress at break respectively. 

Furthermore, the change of tensile modulus (E) was graphed with 
respect to their storage modulus (G′) as shown in Fig. 12(c). It shows a 
gradual drop of both tensile and storage modulus values with the 
increasing temperature. Even though the storage modulus of B0.6F is 
slightly higher than B1F, the tensile modulus of both SMPs shows similar 
tensile modulus drop with increasing temperature. The weak thermal 
stability of PEGs can be mentioned as a reason for this behaviour. It is 
interesting to note that the yield stress and yield strain were decreased 
with increasing temperature showing no yield point after the Tg. This is 
caused by separated crosslinks from the polymer chains with the 
increased temperature causing lower intermolecular bonding and mo-
lecular rigidity [41]. 

The max-strain behaviour of the SMPs with the temperature showed 
an increase of the strain and a sudden drop after passing 130 ◦C as shown 
in Fig. 12(d). It is worth noticing that the max strain is recorded inside 
the Tg range (125–130 ◦C), and strain drop afterwards can be due to the 
weakening thermal stability of PEGs. This max-strain behaviour under 
increasing temperature graph also shows 6.33% less max strain and low 
strain trend in B1F (PEG1000) compared to the B0.6F. This behaviour 
aligns with the storage modulus drop of the SMPs with the increasing 
temperature which is influenced by the molecular weight/chain length 
of the PEGs. 

The flexural behaviour of the SMPs is shown in Fig. 13 at room 
temperature and 100 ◦C. It shows an 87.96% flexural stress drop in 
B0.6F and a 96.6% drop in B1F. While this data shows lower flexural 
strength in B1F SMP, it also indicates that B1F SMPs are easier to pro-
gram into different shapes at lower temperatures than B0.6F SMP. This is 
due to the higher molecular weight/ chain length of the PEG1000 and its 
weak thermal stability at higher temperatures. However, pointing out 
the effect of the molecular weight difference in each SMP, the impact 
energy absorbance (Fig. 14) is 50.87% higher in B1F than in B0.6F. 

3.7. Selection of materials and ratios for the final SMP composition 

The gathered information through the various experiments is 
depicted in Fig. 15. According to that, it is important to note that the 
selected two SMPs (B0.6F and B1F) show significantly improved 
thermo-mechanical properties. The material B1F showed relatively 
better performances in shape fixity, impact energy absorbance, and 
ductility. However, B0.6F has shown better mechanical properties such 
as tensile strength, tensile modulus, flexural strength and relatively 
higher storage modulus and tensile properties at elevated temperatures. 
Therefore, B0.6F SMP shows the potential for shape memory compo-
nents due to the following three major reasons. (1) comparable stability 
of the storage modulus with increasing temperature (Fig. 4(c & d)), (2) 
higher shape retention ability till the targeted temperature during shape 
recovery (Fig. 9), and (3) higher and constant storage modulus during 5 
thermomechanical cycles (Fig. 10). Furthermore, the properties of 
existing SMPs which were developed for high temperature applications 
were also compared. Table 5 shows that B0.6F SMP shows compara-
tively equal properties in terms of mechanical and shape memory 
properties. 

4. Conclusion 

This paper details the synthesisation of an SMP with optimized 
thermomechanical and shape memory properties and the potential to be 

l/l0

l/l0
Fig. 13. Flexural Stress vs Strain behaviour of the SMPs (a) at room tempera-
ture and (b) at 110 ◦C. 

Fig. 14. Impact Energy absorbance of B0.6F and B1F specimens.  
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used for applications at temperatures higher than room temperature. 
Cyanate ester resin was mixed with different molecular weights of PEGs 
until the most stable thermo-mechanical properties of the mixture (SMP) 
were achieved. The thermomechanical behaviour of 16 different com-
positions were experimentally analysed to identify the most stable 
thermo-mechanically SMP configuration. During the process of syn-
thesisation, it has been noticed that the increased molecular weight of 
PEG significantly de-stabilize the thermo-mechanical behaviour. The 
reason for this behaviour was identified as the plasticisation of the BACE 
parent matrix from the long-chain molecules in PEGs. 

Two key SMP configurations were selected B0.6F and B1F and 
continued the experimental programme to identify the best SMP 
configuration. An empirical model was developed to calculate the 
required chemical stoichiometric ratios to synthesise SMPs based on 
PEG600 and PEG1000 to achieve the required Tg values. The model 
predictions have shown an excellent correlation with the experimentally 
obtained Tg values for various CE: PEG molar ratios. 

B0.6F and B1F SMPs were tested for shape memory properties and 
mechanical properties at a wider range of temperatures from 30C to 
140C. The following are the major conclusions drawn from this research.  

1. Both B0.6F and B1F SMPs show 100% shape recovery. However, the 
shape retention ability of B0.6F with increasing temperature plays 
are major role during the application level, making the B0.6F SMP 
superior compared to B1F.  

2. B0.6F tends to show better storage modulus stability with increasing 
temperature as well as over 5 thermomechanical cycles during the 
dynamic mechanical analysis (DMA).  

3. B0.6F shows higher tensile and flexural properties than B1F at room 
temperature 30 ◦C as well as at high temperatures from 100 to 
140 ◦C.  

4. B1F shows higher impact energy (toughness) and tensile strain than 
B0.6F due to higher molecular chain length in PEG1000 crosslinks. 

In summary, this research has successfully developed a novel SMP 
suitable for the manufacturing of load-bearing components and struc-
tures for LEO and lunar environments. The outcomes of this research 
which is a robust material for structural applications beyond room 
temperature, contribute a wealth of new knowledge to the space in-
dustry. Further, the incorporation of a range of reinforcing fibres could 
transform these SMPs into SMP composites for a broader range of space 

Fig. 15. Property comparison diagram of B0.6F and B1F SMPs.  

Table 5 
Comparison of properties of existing SMPs.  

Based polymer Tensile Strength 
(MPa) 

Tensile Strain (%) Tensile Modulus (GPa) Shape Fixity (%) Shape Recovery (%) Reference 

B0.6F 67.64 5.9 1.15 96.02 100 – 
B1F 65.94 12.3 0.89 98.15 100 – 
BACE – – – 98.00 100 2014 [36] 
BACE 70.60 4.5 2.71 98.20 95 2022 [42] 
BACE 66.00 7.0 1.90 97.60 97.6 2023 [30] 
MPA (poly-N, N′-(m-phenylene) 

isophthalamide) 
~70.00 15.0 ~1.90 99.00 97 2024 [43]  
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applications. 
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