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Abstract

Shape memory polymer (SMP) belongs to a unique class of smart materials that has the
ability to return to its original shape from a deformed temporary shape when subjected to
external stimuli such as electricity, light, magnetism, pH value, moisture, and heat. This
external stimulus helps the polymer recover its permanent shape by increasing the
temperature above the polymer’s glass transition temperature (Tg). The popularity of
inflatable space structures has increased due to their low weight, high reliability, low
volume, low cost, and easy packing. Antennas are one such space structure used to send and
receive information over large distances. Antennas keep on moving in a constant path around
the earth in different orbits. During movement in the orbits, the antennas are exposed to a
constant variation in the temperature. This variation in temperature affects the dimensions
of the antenna, thus having an adverse effect on the transmission of desired information. So,
the idea of using shape memory polymer is to restrict the deviation of required dimensions.
SMP plays a vital role in compensating for the dimension variation to keep the antenna
structure in a definite shape due to its shape memory effect (SME). In the present study, the
property of an SMP material is assigned to a beam which is modeled and simulated on a
commercial finite element software Abaqus FEA. A hyperelastic model (Neo-Hookean) and
generalized Maxwell model with viscoelastic property were used for simulation. It was
found that when heat is provided to the SMP, viscoelastic prony's parameters, thermal
expansion coefficient with varying heating rates, and temperature range have a significant
effect on the total time taken to regain the desired shape.

Keywords: Shape memory polymer, glass transition temperature, finite element,
viscoelastic, hyperelastic, antenna.

1. INTRODUCTION

Shape memory materials have the property to remember their original state of shape when
deformed. Shape memory alloy (SMA) is a prime shape memory material which has varied
applications ranging from space to biomedical. These alloys are able to transform between
austenite and martensite phases based on temperature variation. This phase transition is used
to deform the permanent shape and also to recover the distorted shape. Some of the common
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examples of SMAs are Ni-Ti and Cu-Zn. One such recent advancement is the emergence of
shape memory polymer (SMP). Nowadays, polymers and their composites are widely used
due to their outstanding properties like high strength to weight ratio, higher corrosion
resistance, as well as excellent tailorability with low processing cost. SMPs return to their
previous shape after a substantial plastic deformation under externally applied stimuli like
direct heating, electrically induced heating, magnetically induced heating, light, and
chemicals [1-4]. The most frequent triggering stimuli is heat, which raises the polymer's
temperature over its glass transition temperature (Tg), where the permanent shape is
distorted and regained.

Moreover, SMPs have extraordinary properties, such as higher recoverable strain (~400%)
than conventional SMAs (~8%), which makes them viable for many researchers and
industrialists [5—7]. Since weight is an important factor in any space mission, the use of SMP
becomes advantageous as they have a weight significantly lower than that of SMA. Antennas
are one of the most often used space structures for transmitting and receiving data over long
distances. Antennas constantly rotate around the earth, experiencing a continuous
temperature variation. These temperature variations alter the antenna component, changing
the size and inhibiting data transmission. To limit the deviation of the components, SMPs
can be used to constrain the changes allowing the antenna to maintain its shape without any
change in the dimensions [8]. When the temperature hits a particular threshold value, the
SMP starts to deform. As the temperature on the surface of the antenna is constantly
fluctuating owing to the earth's rotation, SMP goes through many stages of expansion and
contraction in a single day. Hence, there would be many recovery cycles during the course
of its lifespan and experimentally verifying these cycles could be a challenging task.
Polymeric bonds, cross-linking (chemically or physically), and functional groups all have a
role in determining SMP characteristics [9]. There are primarily five steps to program a
shape memory polymer. The polymer is first heated above Tg. The polymers stretch a little
when the heat opens up the bonds. The chains are twisted around each other and locked
while the polymer is below Tg. However, when the temperature increases above Tg, the
polymeric chains gets soften and starts to behave like rubber. In the second stage, an external
load is given to the polymer, altering its dimension to achieve a temporary shape occurring
at a high temperature. In the third stage, the temperature is allowed to lower below Tg. In
the presence of load applied from the outside, cooling the polymer locks it in the transitional
form. Unloading is done in the fourth stage, which determines the stress relaxation factor,
thereby helping to find the shape fixity of the polymer. In the final stage, the polymer is
reheated to regain its original permanent shape. External stimuli such as heat, electricity,
and light are delivered to the SMP, activating the polymer's bond and causing it to restore
its form. The temperature at which an SMP transitions is determined by a number of
parameters [1,10,11]. The Tg varies in direct proportion with the molecular weight of the
polymer. A higher molecular weight means the chains are less mobile, which raises the Tg.
Due to double bonds and bulky functional groups, the chain's mobility is restricted, resulting
in a more significant Tg. The Tg value also increases due to cross-linking in the polymer.

The thermomechanical properties of an SMP are determined by using the constitutive
equations. A typical linear viscoelastic model may be used to characterise the polymer's
overall properties. Under varied conditions, the constitutive equation may predict the strain
for different programming stages [12]. In the present study, programming of an SMP
material is done to analyse the compression behaviour for three temperature ranges from 25-
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45, 25-55 and 25-65 °C. The strain fixity and shape recovery ratio have been reported for
the listed temperature ranges.

2. MODELLING AND PROGRAMMING

In the present work, two constitutive models are used to model SMPs. Primarily, the thermo-
viscoelastic is the first model, while the secondary is phase transition model. The material
is considered viscoelastic in the thermo-viscoelastic model, which is just an assembly of
springs and dashpot, commonly known as the Maxwell model [13]. The thermo-viscoelastic
model is quietly able to predict the polymer's behaviour based on time-temperature
dependent responses for a full shape memory cycle. The thermo-viscoelastic model requires
a high number of material parameters, and fitting the numerous parameters into one equation
to obtain a generalized curve is complex and cumbersome.

2.1. Viscoelastic Model

Viscoelasticity is a term that refers to materials that are both viscous and elastic. One of the
most prominent viscoelastic models is the generalized Maxwell model, which recognizes
that material relaxation is a continuous process rather than an instantaneous event. A dashpot
and a spring are linked in series in the Maxwell model. They are placed in parallel in the
extended Maxwell model. When the temperature reaches the material's glass transition, the
relaxation modulus (E) has a strong reliance on time. However, this dependency is greatly
reduced when the temperature range is far away from Tg [14].

E(t, Trer) = E(art, T) (1)

The Time-Temperature Superposition (TTS) principle is very well applicable to explain the
influence of viscoelastic materials over a varied time and temperatures [15]. The shift factor
(ar) is used to connect the modulus at a reference temperature (Trr) and time (t) to the
modulus of relaxation at any time (a,t) and temperature (T), as shown in equation (1). The
Trer and shift factor are usually determined from the Tg of the polymer as stated by WLF or
Arrhenius equation [16]. After changing the curves, the master curve is obtained. Finally,
the equation is fit onto the master curve where prony's series parameters are produced as
shown in the equation (2).
t

E(t)=Ew+ Y, Ee% @)
2.2. Hyperelastic Model

Rubber-like materials with a high elastic deformation region relative to other materials are
modeled using the hyperelastic material model [17]. The stress-strain relationship in a
hyperelastic model is derived from the density function of strain energy. This model is
utilized near Tg in which the rubbery state of polymer is seen. The material hyperelastic
reaction is modeled using the Neo-Hookean material model with a slow uniaxial strain rate.

2.3. Programming

The simulation is performed using the finite element-based software Abaqus FEA. Five
phases of programming are performed on the SMP. The first stage is heating the polymer
to a specific temperature and maintaining it. The second phase entails introducing uniaxial
compression as an external load. The dimension of the beam is 200 mm x 15 mm x 3 mm
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where one end is rigidly fixed, and a compressive deformation of 20 mm is given in the
form of load on the other end. The material is cooled to room temperature in the third stage.
The load is removed and then reheated again in the final stage to witness the SME. For this
purpose of model analysis, the Neo-Hookean parameters and viscoelastic parameters are
drawn from the paper of Arrieta et al. [18]. Shape memory behaviour was observed for the
polymer for different temperature ranges and the recovery and fixity ratios were calculated.

3. RESULTS AND DISCUSSION

The relationship between shape memory effect, and the temperature variation were found
to be in good agreement. The simulation of SME in the temperature range of 25-45 °C is
shown in Figure 1. After compression, when unloading takes place, the strain developed in
the polymer significantly reduces from 20 mm to 11.49 mm, showing the shape fixity to be
58.95%, indicating poor SME. This indicates that the transition temperature is far away as
many spring-back effects are seen. But as the temperature increases, it is seen that the shape
fixity reaches 90.95% in the temperature range of 25-55 °C (Figure 2), which improves
even further in the range of 25-65 °C (Figure 3), showing a fixity value of 93.29%. This
indicates that the spring-back effect gets lower as the temperature increases up to a certain
value offering a good range of shape fixity.

Figure 1. SME simulated in Abaqus FEA subjected to a compressive load during 25-45
°C: (a) Initial temperature of 25 °C, (b) Heat at 45 °C, (c) Load at 45 °C, (d) Cool up to
25 °C, (e) unload, (f) and again, reheat up to 45 °C.
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Figure 2. SME simulated in Abaqus FEA subjected to a compressive load during 25-55
°C: (a) Initial temperature of 25 °C, (b) Heat at 55 °C, (c) Load at 55 °C, (d) Cool up to
25 °C, (e) Unload, (f) and again, reheat up to 55 °C.

Figure 3. SME simulated in Abaqus FEA subjected to a compressive load during 25-65
°C: (a) Initial temperature of 25 °C, (b) Heat at 65 °C, (c) Load at 65 °C, (d) Cool up to
25 °C, (e) Unload, (f) and again reheat up to 65 °C.
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Similarly, the shape recovery ratio also increases as the temperature reaches Tg. The values
obtained are 64.33%, 74.93% and 90.99% when temperature rises from 45, 55 and 65 °C,
respectively (Figure 1-3). This shows that as we move towards Tg, the spring back effect
decreases, thus increasing fixity and recovery, which is depicted in Figure 4. Initially, the
stresses are high at lower temperatures, and the polymeric chain is intact. As temperature
increases, the chain starts opening and bond breakage takes place, making it more flexible
and easy to recover. Hence, it can be inferred that the SMP is not programmable at lower
temperatures showing poor fixity and recovery. But as the temperature keeps on rising and
reaches in the range of Tg, a good amount of shape fixity and recovery is achieved, which
makes it suitable for various space applications.

100 w 25°C-45°C = 25°C-55°C 25°C-65°C

% Fixity / Recovery
3
(=]

Shape fixity ratio Shape recovery ratio

Figure 4. Shape fixity and shape recovery ratio for different temperature ranges.

4, CONCLUSION

In the current work, the shape memory effect of the SMP under uniaxial compressive strain
was investigated using temperature variations as the external stimulus. Modeling and
simulation is performed using the Abaqus FEA software by adopting the thermo-visco-
hyperelastic theory. Many space actuators are subjected to compressive loads, and this
model helps to determine the variation of SMEs under this loading condition. It is observed
that the temperatures have a tremendous impact on the shape fixity and shape recovery of
smart materials. At temperatures lower than that of Tg, the shape fixity is low due to the
large spring-back effect as the material is unable to retain its shape. With the increase in
temperature, the shape fixity and recovery improve. The fixity ratio increases with
temperature because of stable and rigid bonds after the unloading stage, which keeps the
deformed shape intact. As the polymer reaches a rubbery state in Tg region, the shape
recovery becomes easier. In the temperature range of 65 °C, the fixity along with recovery
was found to be above 90%. Thus, for an SMP to show a good SME, it has to be
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programmed just above the value of Tg. There are still many parameters that may affect
the recovery behaviour of SMP and needs to be explored, which include holding duration,
rate of temperature rise, environmental conditions, loading rate and polymer composition.

5.

LIMITATIONS AND FUTURE SCOPE

During modeling and simulation, the material’s properties are required to input which are
obtained from the experimental results and it itself is a challenging task. The SMP made for
the antenna has to be tested before being actually deployed in space. To test the SMP for the
cycle of contraction and expansion, as well as its fatigue life, rigorous tests and space testing
conditions must be further developed.
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