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Preface

Shape memory polymers are an emerging class of intelligent polymers, which are
gaining tremendous interest due to the possibility of potential applications. Shape
memory polymers can be deformed and temporarily fixed in a second, temporary
shape. This temporary shape is retained until the shaped body is brought to a suit-
able stimulus, which actuated the recovery of the original shape. In this book, the
basic principles and mechanism of shape memory polymers, classification of shape
memory polymers and related characterization techniques are illustrated. Further-
more, an overview of the broad spectrum of applications in various fields for shape
memory polymer is presented. The first chapter comprises basic principle and mech-
anism of shape memory polymers along with the brief descriptions of the hyper-
branched shape memory polymers, blend shape memory polymers, interpenetrat-
ing shape memory polymers, biobased shape memory polymers and shape memory
polymer nanocomposites. Second chapter consists of classification of shape memory
polymers based on nature of structure and actuation techniques. In the third chapter,
various characterization techniques and properties of shape memory polymers are
presented. This chapter gives the detailed discussion of the effect of shape memory
characterization techniques on the shape memory properties of shape memory pol-
ymers. Fourth chapter gives the brief description of materials, synthesis and new
possibilities of shape memory polyurethanes. This chapter also focuses on the effect
of material structures and synthesis techniques on the properties of shape memory
polyurethanes. Fifth chapter deals with the applications of shape memory polymers
in various fields and their new emerging field of applications. The purpose of the
book is to cover the theory and comprehensive discussion to recent developments in
the shape memory polymer along with their possible field of applications. I hope that
readers will appreciate the choice of the topics included in the book.

Hemijyoti Kalita

https://doi.org/10.1515/9783110570175-201
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1 Shape memory polymers

1.1 Introduction

Shape memory polymers (SMPs) are stimuli-responsive smart materials that can
respond dynamically to the environmental stimuli [1-4]. Nature shows numer-
ous examples of stimuli-responsive phenomenon. For example, sunflowers bend
toward the sun to maximize light exposure, the leaves of Mimosa pudica fold
inward quickly when they are touched, and chameleons change color according
to the environmental situation [1, 5]. Thus, to mimic nature, huge efforts have
been emphasized to design stimuli-responsive polymers. The first SMP, a poly-
(norbornene)-based polymer (T, = 35-40 °C), was invented in 1984 by CDF Chimie
Company, France [6, 7]. Two more SMPs were also invented soon after it; one was
poly(trans-isoprene) (T, = -68 °C), which was invented in 1987 by Kurare Corpo-
ration, Japan, and another one was poly(styrene-butadiene) (T, = 60-90 °C) by
Asahi Company, Japan [8]. However, all these SMPs suffered the same problem
with limited processability. Along this time frame, thermoplastic polyurethane
(TPU) SMP was invented by Mitsubishi Heavy Industries Ltd., Japan [9]. It stimu-
lated the significant interest in SMP, presumably due to the versatility of urethane
chemistry with wide range of T, and easy processability. Currently, Cornerstone
Research Group, USA, has developed and commercialized polystyrene-based SMP
(Veriflex®, Verilyte™ and Veritex™); SMP Technologies Inc., Japan, thermoplas-
tic and thermoset polyurethane-based SMP (DiAPLEX™); Composite Technology
Development, Inc., USA, epoxy-based SMP (TEMBO®); Lubrizol Advanced Mate-
rials, USA, aliphatic TPU-based SMP (Tecoflex®); MedShape, Inc., USA, polyether
ether ketone-based SMP (Morphix®, ExoShape®); and Norland Products Inc., USA,
UV-curable polyurethane-based SMP (NOA-63).

SMPs have taken paramount interest in recent times because of their poten-
tial application in numerous fields, for example, smart actuators, aerospace engi-
neering, automotive engineering, textile engineering and most prominently as
smart biomedical devices [10-17]. Ni-Ti alloy (Nitinol) is the most extensively used
shape memory material because of its good shape memory performance, excellent
mechanical properties, good biocompatibility and so on [18]. However, the shape
memory alloys (SMAs) have some disadvantages such as low deformation rate, high
stiffness, high weight, high cost and nonbiodegradability. SMPs have some advan-
tages such as easy processing, lower density, larger recoverable strain, tunable tran-
sition temperatures, multiple shape recovery ability, lower cost and lower toxicity
when compared to the SMA (Table 1.1). SMPs are smart materials that can transform
their shapes in a controlled manner when exposed to a suitable external stimu-
lus such as heat, light, solvent, pH, magnetic field and electric field [19-24]. SMPs
have the ability to memorize specific macroscopic and permanent shape. They have

https://doi.org/10.1515/9783110570175-001
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Table 1.1: Comparison of the properties of SMP and SMA.

Physical properties SMP SMA

Density (g/cm?) 0.9-1.1 6-8

Extent of deformation (%) 250-800 <8

Force required for deformation (MPa) 1-3 50-200

Recovery temperature (°C) 25-90 -10-100

Recovery stress (MPa) 1-3 150-400

Recovery speed (s) >1 <1

Processing conditions <200 °C, low pressure >1,000 °C, high pressure

the ability to fix a temporary shape under specific temperature and stress, and can

revert back to their original shape on application of appropriate external stimulus.

The recovery of original shape from the deliberated fixed temporary shape is known

as shape memory effect (SME). SME is quantified by the shape fixity and shape

recovery function. The shape memory functions, i.e., the shape fixity and shape
recovery of polymer network, are the freezing and activation of the macromolecular
chains below and above a transition temperature (Tyans), respectively. The extent to
which the switching segment is able to fix the temporary shape is called the shape
fixity. The extent to which it recovers the original shape from the temporary shape
on exposure of stimulus is called the shape recovery. The shape recovery time is a
shape memory property which refers to the time that SMP used to take recovers the
permanent shape from its fixed temporary shape. The T..s can be either a glass
transition temperature (T,) or a melting temperature (T,,) [25, 26]. For amorphous
polymers, T, is considered as Ti.ns, Whereas for crystalline polymers, Ty, is consid-
ered as Tyans. Moreover, for semicrystalline polymers, either T, or T,, can be used as

Tians- However, T, is being considered as the preferred T..s because it is sharper

than the T, [27]. Shape memory behaviors observed through shape memory cycle

consist of three successive steps. The shape memory cycle is referred to the evolu-
tion of stress (or force), strain and temperature during thermomechanical cycling
of an SMP.

1. Deformation: The SMP is first deformed to a predetermined stress or strain at the
deformation temperature (Ty, Ty > Tyans), at which the material becomes soften
(modulus drop).

2. Fixing: The deformed sample is cooled under constant stress or strain below Tyaps.
This causes the material to attain a more rigid state, in this case the semicrys-
talline state, therein immobilizing the constituent polymer chains and allowing
fixing or freezing of the deformation as latent strain energy.

3. Recovery: The temporarily deformed sample, i.e., fixed shape is reheated above
Tans Without any stress (unconstrained). The stored strain energy is then released
owing to the regained chain mobility and it returns to its original shape. The
elastic strain generated during deformation is the driving force for the shape
recovery.

printed on 2/13/2023 1:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

1.2 Molecular mechanism of SME =—— 3

1.2 Molecular mechanism of SME

Most of the polymers perform SME because polymer chains have tendency to form
network structures. However, limited numbers of SMP are used in practical applica-
tions, due to their structural drawbacks (too low or too high Ti.,s or poor mechanical
properties). The molecular mechanism of thermally induced SMP through which SME
observes is shown in Figure 1.1. Cross-links and switching segments are the key com-
ponents at molecular level to exhibit the SME. The cross-links or netpoints determine
the permanent shape of SMP which inhibits slippage of the macromolecular chains
under large deformations, whereas switching segment absorbs the external stress and
maintains the temporary shape [6, 28]. The netpoints may be either chemical (cova-
lent bonds) or physical (secondary interactions or entanglements) in nature. Physi-
cal cross-linking is obtained in a polymer whose morphology consists of at least two
segregated domains. In such morphology, the domain related to the highest thermal
transition temperature acts as physical netpoints which is called a hard segment.
The domain associating with the second highest thermal transition acts as molec-
ular switches, which is called a switching domain. The molecular switches must
be able to fix the deformed shape temporarily under environmental conditions by
forming additional reversible cross-links. These additional temporary cross-links can
be formed by physical interactions or by chemical bonds which prevent the recoil-
ing of the deformed chains. Physical cross-links are obtained through a solidification
of switching segments by vitrification or crystallization that enables the storage of

Heating

>

(T>T

Original shape

Stretching
Reheating (TsT.)
m

Cooling
(T<T,)
Fixed shape Deformed shape
~—"> Amorphous polymer chains Crystalline polymer chains

Figure 1.1: Molecular mechanism of thermally induced SMP.
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entropic energy in the system [18]. After reheating, the crystallites will melt or the
glassy domains will soften, resulting in the release of entropic energy by recoiling the
chains that drive the material to return to its original shape. Chemical cross-links are
obtained by reaction of two functional groups under formation of a chemical bond
that is able to cleave by external stimulus can be used as molecular switches.

The aforementioned discussion implies that the polymer SME is an entropic phe-
nomenon. From the molecular point of view, it is an activation and freezing of molec-
ular chains by a temperature change. In the permanent shape, the macromolecular
chains within the SMP network structure are at the lowest energy (highest entropy)
state, which is thermodynamically favorable. The conformation of the chains would
change and raise the energy state of the material, when macroscopic deformation
takes place in the permanent shape. At the deformation stage, when it is cooling,
freeze the molecular chains mobility, which led to the kinetic trap to maintain the
system in the high energy state. The entropic energy is released, once the kinetic trap
is removed by reactivating the chains mobility (e.g., by heating) and as a consequence
recover the original shape by driving the molecular chains to return to their lowest
energy (highest entropy) state. The storage and release of entropic energy is responsi-
ble for the shape fixing and recovery of the SMP. To satisfy the entropic phenomenon,
the system should not have slippage of entire polymer chains that result in macro-
scopic deformation but no entropic change. An illustration of shape recovery of shape
memory polyurethane in hot water at 60 °C is shown in Figure 1.2.

The modulus (E)-temperature (T) behavior of the materials is of basic importance
with regard to understanding the shape fixity and shape recovery effect. A high glassy
state modulus (E,) of material exhibits high shape fixity during cooling and unload-
ing, whereas high rubbery state modulus (E,) leads to high elastic recovery at high
temperature. The large modulus ratio (E,/E,) of the material provides the high shape
recovery effect. Further, a sharp transition from glassy to rubbery state leads to the
material sensitive to temperature variation.

Original shape

Fixed shape

Recovered shape

Figure 1.2: An illustration of shape recovery of shape memory polyurethane in hot water at 60 °C.
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1.3 Hyperbranched SMPs

Recently, hyperbranched SMPs have taken wonderful interest because of their unique
characteristics [29-32]. Hyperbranched SMPs show better shape memory properties
than their linear analogue. Hyperbranched polymers are highly branched macromol-
ecules having significantly less regular structural architecture, number of surface
defects and missing branches. Hyperbranched polymer was first introduced by Kim
and Webster in 1988 when the authors synthesized soluble hyperbranched polyphe-
nylene with AB,-type monomers [33]. Hyperbranched polymers show some unique
properties such as high solubility and chemical reactivity, low melt and solution
viscosity, good compatibility, compact three-dimensional nonentangled globular
structures and good shape memory behaviors [32, 34]. The plenty of functional groups
present in the hyperbranched polymers render the opportunity for further modifica-
tion, and the type of end groups governs the extent of properties. Shape memory prop-
erties of hyperbranched polymers can be tuned as a function of degree of branching
(DB), core structure and type of functional end groups. Furthermore, hyperbranched
polymers exhibit unique polymeric attributes such as a wide molar mass distribution,
isomerism and an irregular growth with a statistical distribution of the functional
groups in the structure. The most important attribute of hyperbranched polymers is
their DB, which can be calculated as DB =D + T/D + L + T, where D, T and L are the
dendritic, terminal and linear units in the polymer structure. DB is 1 for dendrim-
ers and <1 (0.5 for a statistical growth) for hyperbranched structures. Usually, two
synthetic methods are being used for the synthesis of such hyperbranched polymers.
These are single-monomer methodology (SMM) and double-monomer methodology
(DMM). Among different approaches of SMM, step-growth polycondensation method
of ABn monomers is extensively used to synthesize a wide range of hyperbranched
polymers. Again, A, + B; approach of DMM is preferred to use due to its several bene-
fits. These include easy availability of the reactants, easy preparation and tuning of
various properties including shape memory by using long segmented reactant. Thus
the use of A, + B; approach may render a unique route and the resulted polymer exhib-
its unique architectural features with unique shape memory properties. However, this
approach has one major disadvantage of gelation. This can be avoided by perform-
ing the reaction under low concentration of monomers, slow addition of monomers,
adjusting the reaction time and temperature and/or stopping the reaction before the
critical point of gelation [33, 35].

The shape memory behaviors of copolymeric elastomers derived from lignin and
glycerol-adipic acid-based hyperbranched prepolymers have been studied by Li et al.
[36]. They prepared a series of hyperbranched prepolymers, wherein the first step was
melt condensation of glycerol (Gly, B?B%,) and adipic acid (AA, A,), and the prepolymer
structure was also modified by reacting with commercially available diisopropanol-
amine (DIPA, DB*) and tris(hydroxymethyl) aminomethane (THAM, CBs') units. In
the second step, the hyperbranched prepolymers were reacted with lignin to prepare
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thermoresponsive shape memory copolymeric elastomers in the same pot through
melt polycondensation. The materials exhibited good shape fixity and shape recov-
ery behavior. The glycerol-based polyester and polyester amide acted as soft segment
and the lignin acted as netpoint segment. It was found that Ti.,s was affected by
the amount of carboxylic acid as well as the addition of DIPA or THAM to the glyc-
erol-based prepolymer formulations. The higher T.,s was observed with the higher
content of carboxylic acid, DIPA or THAM in the prepolymer.

SME of epoxy thermosets prepared by cross-linking of diglycidyl ether of bisphe-
nol A with a mixture of commercially available hyperbranched poly(ethyleneimine)
and polyetheramine was reported [37]. The hyperbranched polymer exhibited higher
storage modulus. The storage modulus at the rubbery state increased with the increase
of the content of poly(ethyleneimine). This is expected to the increase of the cross-link-
ing density in the presence of poly(ethyleneimine). The materials showed significant
differences of storage modulus at the glassy and rubbery regions, which is crucial for
the SME. The materials display excellent shape memory behaviors with maximum
shape recovery and shape fixity of about 98% and shape recovery rate of 22%/min. The
results demonstrated that hyperbranched poly(ethyleneimine) served as a cross-link-
ing agent is used to improve mechanical and shape memory properties with different
effects depending on the cross-linking density. It was suggested that the local defor-
mation of the internal structure of hyperbranched poly(ethyleneimine) in the network,
with short ethylene segments within, has a lower contribution to conformational,
entropic deformation and can therefore relax immediately after stress release. The
shape recovery and shape fixity ratios found to decline slightly with increasing hyper-
branched poly(ethyleneimine) content because it restricted chain conformational
changes during deformation and molecular dynamics. It was concluded that the shape
memory properties of epoxy can be improved through modifying with controlled
amount of hyperbranched polymer because of its effect on network homogeneity.

SME of poly(e-caprolactone) (PCL)-based hyperbranched shape memory polyure-
thanes synthesized via A, + B; has been investigated [38]. The storage modulus ratios
(E’ ratios) of hyperbranched polymers were found to be significantly high when com-
pared with the linear analogue. The hyperbranched polymer exhibited higher than 6
value which corresponds to strain energy dissipated by viscous friction. As a conse-
quence, it can be concluded that the hyperbranched shape memory polyurethanes
are more likely viscous than elastic and will possess significant damping property.
The hyperbranched shape memory polyurethanes exhibited 100% shape recovery
when compared with the linear counterpart as a result of increased stored strain
energy of hyperbranched polymers. Bayan and Karak [39] reported the multistimuli
shape memory behaviors of aliphatic hyperbranched polyurethanes synthesized from
castor oil modified polyol containing fatty amide triol, glycerol, diethanolamine and
monoglyceride of sunflower oil through A _+B, (x, y = 2) approach. The formulated ali-
phatic hyperbranched polyurethanes exhibited excellent multistimuli actuated shape
recovery behavior (up to 97%) under direct sunlight (10° lux), thermal energy (50 °C)
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and microwave irradiation (450 W). The hyperbranched polyurethanes showed faster
shape recovery as compared to the linear counterpart. They also reported that the
hyperbranched polyurethanes possess faster recovery under the actuation of thermal
and microwave irradiation as compared to the actuation of sunlight.

SME of hyperbranched polyurethane has been reported to be synthesized from
Mesua ferrea L. seed oil as a biobased chain extender, triethanolamine as a core moiety
(at different weight percentages) and toluene diisocyanate (TDI) by a pre-polymeriza-
tion method through A, + B; approach [40]. The reaction mechanism of this hyper-
branched polyurethane is shown in Figure 1.3. Nuclear magnetic resonance study
confirmed the formation of hyperbranched structure with DB 0.9. The hyperbranched
polyurethane exhibited higher shape recovery ratio and faster shape recovery as
compared to the linear analogue. The shape recovery ratio found to increase with
the increase of the amount of core moiety of hyperbranched polymers. This excellent
shape recovery of the hyperbranched polymers may be attributed to the increased
stored strain energy of system due to homogenous distribution of hard segments and
core moiety, triethanolamine in the structure and the enhanced secondary interac-
tion in the polyurethanes. Similarly, Duarah et al. [41] also studied the effect of core
moiety on the SME of hyperbranched polyurethane synthesized from starch-based
polyol as core moiety, PCL as soft segment, butanediol as chain extender and TDI.
They synthesized the starch-based polyol by reacting starch with bisphenol-A and
epichlorohydrin. It was observed that hyperbranched polyurethane showed better
shape recovery behaviors as compared to the linear analogue near body temperature
(37 £ 1 °C). Similarly, the shape recovery is observed to increase with the increase in
the weight percentage of branch generating moiety. The better shape recovery of the
hyperbranched structure can be attributed to the enhanced secondary interactions
and the physical or virtual cross-links among the new orientated polymer segments.

1.4 Interpenetrating SMPs

Interpenetrating polymer networks (IPNs) have been employed to develop new SMP
with improved properties [42, 43]. IPNs can be described as a special kind of the
polymers, fabricated by a combination of two or more polymers via intermolecular
permanent entanglements in which one is synthesized, physically cross-linked or
polymerized in the immediate presence of other [44, 45]. The entanglements cannot be
separated unless the chemical bonds are broken. Based on the synthesis and arrange-
ment pattern, IPN can be classified as sequential, simultaneous, semi-IPN and so on
[46, 47]. In sequential IPN, after the completion of polymerization of the first polymeric
component network, the second component network is polymerized. On the other hand,
simultaneous IPN is prepared by a process in which both component networks are
polymerized at the same time. In semi-IPN, one polymeric component of the assembly
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is cross-linked, whereas the other in a form of linear structure. In the interpenetrat-
ing SMP, the produced netpoints of both polymer networks determine the permanent
shape, whereas polymer networks serve as the switching domains. The shape memory
properties of IPN depend on the weight ratio of the IPN components, network structure,
cross-linker concentration and morphology of the resulting network structure.

Shape memory semi-IPN using crystalline poly(ethylene oxide) (PEO) and cross-
linked poly(methyl methacrylate) (PMMA) have been developed [48]. The effect of
cross-linker concentration and recovery temperature on the shape recovery rate of
semi-IPN has been studied. The recovery time was found to increase with increasing
cross-linker concentration for all the recovery temperatures, whereas the shape fixity
tended to decrease with decreasing cross-link density. It was observed that semi-IPN
sample having a composition of PMMA/PEO = 68/32 and cross-linker concentration of
4 wt% exhibited the best shape memory properties. It was suggested that IPN should
have optimum compositional ratio and cross-linker concentration to exhibit excellent
SME. A novel poly(ester urethane)/poly(ethylene glycol) dimethacrylate (PEGDMA)
IPN has been developed [49]. The IPN exhibited only one T, value and it was decreased
with the increase in the content of PEGDMA. The IPN showed good shape recovery and
shape fixity ratio of more than 93% and the Ty.,s can be adjusted in the range of 23 to
62.8 °C. The chemical cross-linking points served as a fixed phase to memorize the orig-
inal shape, while the amorphous domains of miscible PLGA and PEG acted as a reversi-
ble phase. The switch temperature of the IPN could be adjusted to around body temper-
ature which is potential for clinical applications. Liu et al. have developed PMMA-PEG
shape memory semi-IPN [42]. The IPNs were synthesized by radical polymerization and
cross-linking of PMMA with EGDMA in the presence of linear PEG. The IPN exhibited
two phases, namely the crystalline PEG and the amorphous PMMA-PEG complex. The
IPN exhibited two independent SMEs at the T, of the PEG crystals and the T, of the
semi-IPN. For the SME at the Ty, (Tyans) of PEG crystals, the PMMA network serves as
the fixing phase, while PEG crystal serves as the reversible phase. However, for the
SME at the T, (Tyans) of the semi-IPN, the chemical cross-linked points act as the fixing
phase, whereas the PMMA-PEG complex phase acts as the reversible phase. The IPN
showed excellent shape recovery behaviors of more than 90%, and the large difference
in modulus above and below T, is the key for the good shape memory behavior. The
author also designed novel shape memory PMMA-co-N-vinyl-2-pyrrolidone (PVP)/PEG
semi-IPN based on hydrogen bonding [50]. The IPN exhibited shape recovery ratio of
99%. The shape recovery rate found to increase with the increase in molecular weight
of PEG. In the IPN, the fixing phase was the chemical cross-linked points, whereas the
reversible phase was the PEG-PVP complex phase. It was concluded that SME can be
easily tuned by varying the molecular weight of the PEG and the cross-linking density.

Multiple SMEs from dual to quintuple were observed in PMMA/PEG semi-IPN con-
taining broadened glass transition and crystalline segments. The PMMA/PEG semi-
IPNs were synthesized by in situ homopolymerization technique and cross-linking of
MMA in the presence of linear PEG [51]. The PMMA/PEG IPN showed quintuple SME by
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utilizing three separated temperatures (110, 70 and 50 °C) within the glass transition
and additional T, of PEG (35 °C) as fourth Ti.... These demonstrated that the cause of
multi-SME of the semi-IPN, PMMA network and linear PEG was forcedly interlocked,
making the molecular movements constrained, as a consequence in the relative hys-
teresis of polymer molecular relaxation. As a result, the T, of semi-IPN would span
a broader temperature range that rendered an opportunity to generate the multigra-
dient T, (i.e., T-high and T,-low). Again, the presence of cross-linking in networks
contributed to the formation of aggregate PEG phase having a T,,. All polymer chain
segments in semi-IPN were flexible at T,-high. The first temporary shape was achieved
by cooling from T,-high to T,-low, which led to the verification of polymer chain seg-
ments in amorphous PMMA/PEG mixed phase. The second temporary shape was
achieved by subsequent cooling from T,-low to T, the entire amorphous PMMA/PEG
phase became completely glassy. At T,,, the chain segments in aggregate PEG phase
were still flexible. The third temporary shape was fixed through physical cross-links by
cooling to the crystallization temperature (T.). Once the material was heated in a step-
wise fashion to T,-high again, the energy frozen previously was activated portion by
portion, which enabled the three-step shape recovery to restore the permanent shape.
They demonstrated that by employing interpenetration PMMA/PEG, multi-SME can be
achieved by simply choosing the suitable temperatures from the T, and additional T,.

1.5 Blend SMPs

Polymer blends have gained tremendous interest because of their improved mechan-
ical, thermal, electrical, biodegradability and shape memory properties [52-58]. By
blending two or more polymers one can fabricate new SMP [59]. Further, the SME of
SMP can be tuned by blending it with other suitable polymer. Phase morphology, struc-
ture as well as amount of each phases, and crystallization condition have strong influ-
ence on SME of SMP. The switching temperature of SMP can be adjusted on demand
by blending. The shape memory properties, namely shape recovery and shape fixity,
have strong influence on the phase separated structure of the blends that are related
to the entangle structure, presence of cross-links, hydrogen or ionic bonds or physical
intermolecular interactions between the polymers. The blending of miscible polymers
and immiscible polymers, by both the methods is attractive to develop new SMP.

1.5.1 Miscible blend SMPs

Blending of miscible polymers is an adequate technique to develop novel SMP because
fabrication is easy and widely applicable. The blending can be accomplished with
different approaches such as SMP/polymer, amorphous polymer/crystalline polymer
and crystalline polymer/crystalline polymer.
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1.5.1.1 SMP/polymer blend

The blending of an SMP with its miscible polymer, the mechanical properties and the
switching temperature of the SMP can be adjusted as desired. Among different SMPs,
segmented polyurethanes are well-known SMPs and have gained utmost interest
due to its excellent shape memory properties. Shape memory polyurethanes blended
with other miscible polymers have been reported. Segmented TPUs synthesized
from diol-terminated PCL, hexamethylene diisocyanate and 4,4’-dihydroxy biphenyl
blended with poly(vinyl chloride) (PVC) have been reported [60]. PVC is miscible with
soft segment PCL in TPU and the switching temperature of the blends, i.e., T, of misci-
ble amorphous domain of PVC/PCL could be tuned by varying the composition. Jeong
et al. [61] also reported the SME of segmented TPU blended with phenoxy resin. The
miscible domain of PCL/phenoxy resin acts as reversible phase and the hard domain of
the TPU acts as fixed structure memorizing the original shape. The switching temper-
ature could be tuned, which lied between the T, of PCL and phenoxy resin. The hyster-
esis of the shape recovery was found to diminish when the content of hard segment in
blend was increased and the block length of the TPU was decreased. SME of TPU syn-
thesized from 4,4’-methylenebis(phenyl isocyanate), poly(tetramethylene)glycol and
1,4-butanediol blended with polybenzoxazine (PB) have been reported [62]. The ben-
zoxazine produced miscible blends with polyurethane prepolymer and some degree
of reactions between phenolic —OH groups in PB, and isocyanate groups in chain
extended polyurethane took place during thermal curing of benzoxazine. The TPU/PB
blend exhibited excellent shape memory behaviors by means of higher shape recovery
force, faster shape recovery and greater shape recovery ratio than polyurethane.

1.5.1.2 Amorphous polymer/crystalline polymer blend

The blending of amorphous and crystalline polymer is a new approach to develop
SMP. The crystalline polymer acts as the cross-linking structure, and the amorphous
polymer serves as the switching polymer. Mather [63] patented the miscible amorphous/
semicrystalline blend SMP. The amorphous polymers include poly(methyl acrylate),
poly(ethyl acrylate), atactic PMMA and poly(vinyl acetate), and the crystalline pol-
ymers include poly(vinylidene fluoride) (PVDF), polylactide, poly(hydroxybutyrate),
poly(ethylene glycol) (PEG), polyethylene, PVC and poly(ethylene-co-vinyl acetate).
The polymer blends of both the components were entirely miscible at the molecular
level, and only single T, was observed for all blend ratios. The rubbery modulus can
be tuned by adjusting the degree of crystallinity of the blends with varying the blend
compositions, which is important for SME. Crystalline/amorphous blend SMP of
PVDF/acrylic copolymer (ACP) has been developed [64]. The blends of all the compo-
sitions showed only one T, confirming molecular miscibility between the PVDF and
ACP. The miscibility is due to the interactions of carboxyl groups of ACP with the CF,
groups of PVDF. The PVDF/ACP blends with 40-50 wt% of PVDF exhibited excellent
shape memory functions with a switching temperature of approximately 45 °C. It was
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proposed that the small crystals of PVDF in the blends acted as netpoints to fix the
shape and tie molecules, i.e., amorphous chain connects these netpoints to form a
nice elastic network that served as switching segments for the shape recovery. The tie
molecules resist molecular slippage upon deformation, and the small PVDF crystals
serve as the fixed phase for the shape memory performance. For the blends with lesser
wt% of PVDF, the PVDF crystals are isolated from each other and are embedded in the
amorphous matrix, resulting in significant permanent deformation owing to molecu-
lar slippage during mechanical stretching. For the blends with higher wt% of PVDF,
PVDF usually crystallizes into large spherulites; this crystallization breaks the molec-
ular structure and causes the permanent deformation during mechanical stretching.
Thus, these samples exhibit relatively low SME. The optimum amount of crystals and
tie molecules is critically important to show the excellent SME.

1.5.1.3 Crystalline polymer/crystalline polymer blend

The blending of two crystalline polymers is a useful method to develop blend SMP.
One crystalline polymer acts as a fixing phase and the second crystalline polymer
acts as a reversible phase. Blend SMP of two crystalline polymers poly(p-dioxanone)
(PPDO) and PCL with poly(alkylene adipate) mediator as a compatibilizer has been
developed [65]. The crystalline PPDO acting as a hard segment determines the per-
manent shape and the PCL acting as a soft segment determines the temporary shape.
The blend SMP exhibited excellent shape memory properties, and the mechanical
properties can be varied systematically. The switching temperature of the blends, i.e.,
melting point associated with the PCL, is almost independent of the weight ratio of the
two blend components. In this approach, the elastic properties of the blend SMP can
be tuned as necessitated without affecting the switching temperature. A novel blend
SMP from two crystalline polymers, high-density polyethylene (HDPE) and poly(eth-
ylene terephthalate) (PET) with ethylene-butyl acrylate-glycidyl methacrylate terpoly-
mer (EBAGMA) as a reactive compatibilizer, has been developed [66]. The HDPE phase
with the soft molecular chains acts as the reversible phase and the PET phase with
relatively rigid molecular chains serves as the fixing phase. EBAGMA compatibilizer
effectively improves the compatibility between the HDPE and PET due to the struc-
tural similarities among them, and the epoxy groups of the glycidyl methacrylate of
EBAGMA may react with the hydroxyl and carboxyl groups of PET. The blend showed
excellent SME with 5 phr EBAGMA and the ratio of HDPE/PET with 90/10. A blend SMP
based on ethylene octene copolymer (EOC) and ethylene propylene diene terpolymer
(EPDM) rubber has been reported [67]. EOC acts as hard domain and thus provides
stiffness and reinforcement, whereas EPDM acts as soft segment and is responsible
for the thermoelastic behavior of the blend. The blend having 75% EPDM and 25%
EOC showed the highest percentage of shape recovery, whereas the blend containing
25% EPDM and 75% EOC showed the lowest shape recovery. The blend with higher
amount of EPDM results in higher shape fixity because of the formation of higher
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level of EPDM crystallites and the melting of all the crystallites in the presence of heat
and also the consequence of highest percentage of shape recovery. The better shape
memory behavior of the EOC-EPDM blends even without any cross-linking is primar-
ily due to the high degree of compatibility between the two pristine polymers because
of the structural similarities and in turn facilitate the formation of enough physical
entanglements between the two phases.

1.5.2 Immiscible blend SMPs

When the blending polymers are not mixed at the molecular level is defined as the
immiscible blend. Immiscible blends exhibit a phase separated structure, which
influences the SME of blends. Immiscible blend of one elastomer and the other crys-
talline polymer acting as switching polymer display good shape memory properties.
A novel blend SMP of styrene-butadiene-styrene (SBS) triblock copolymer and PCL
have been reported [68]. SBS acts as an elastomer, whereas semicrystalline PCL acts
as switching polymer. The shape recovery ratio dropped from 100% to zero when the
PCL content increased to 50 wt%, which is due to the less amount of elastic phase.
The shape fixity ratio increased from 40% to 100% after PCL content 30 wt%. It sig-
nified that the networks of SBS provide the shape recovery performance while the
crystallization of PCL contributed to shape fixing performance. It was suggested that
to develop this type of blend SMP, two types of immiscible components are required.
One is the elastomer, which can be any rubberlike or thermoplastic elastomers
whereas the other is the switching polymer, which can be any crystalline polymers.
Through suitable design of the immiscible phase morphology, an ideal SMP can be
achieved with both good stability and performances. Weiss et al. [69] have designed
blend SMP from an elastomeric ionomer with low molar mass fatty acids (FA) and
their salts. Nanophase separation of the ionomer was used to build up a cross-linking
network, and FAs (salts) were used to make a secondary network. The switching tem-
perature can be easily tuned by choosing FAs with different melting points. [onomer
possesses a strong intermolecular bond between the FA crystal and the polymer that
will behave as a physical cross-link below switching temperature and allow reshap-
ing of the material above switching temperature. The blend showed poor SME in the
absence of ionomer because interactions between polymers and FA crystals are not
strong enough to afford cross-link.

1.6 Biobased SMPs

Depletion of petroleum resources, environmental legislation and waste disposal prob-
lems motivates the utilization of bioresources such as vegetable oils, starch, cellulose,
latex, sugar and so on as raw materials for the synthesis of SMP [70-72]. This is due to
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the fact that bioresources have several advantages such as easy availability, relatively
low cost, versatility in structure and property, inherent biodegradability and environ-
mentally benign. Biobased SMPs gain special attention for biomedical applications
because of their structural characteristics, biocompatibility and expected biodegra-
dability. The shape memory properties of biobased SMP can be tuned by varying the
concentration and opt the chemical composition of the biobased component. The
elasticity, modulus, cross-linking density and switching temperature of biobased SMP
can be adjusted by suitable design of the biobased component. The SMPs derived from
biomasses or their extracts are of immense importance and extremely required [52,
73-79]. However, direct radical or cationic polymerization of the majority of plant oils
is structurally difficult due to their nonconjugated and internal double bonds, which
result in the formation of low-molecular-weight viscous liquid polymers. Some of the
vegetable oils inherently contain functional groups (castor oil/hydroxyl group; verno-
lin oil/epoxy group); these can be directly used for the synthesis of numerous SMPs.
The natural oils, and mostly the unsaturated ones, are of special interest because a
variety of reactions could be performed from their different functional sites in order
to obtain required biobased monomers. Various reactions through double bond reac-
tions such as hydroformylation, epoxidation, metathesis and so on, and through ester
bond reactions such as transesterification and transamidation are performed to func-
tionalize the oils (Figure 1.4) [80-82]. Hydroxylation of vegetable oils is one of the
good approaches to get the required polyols to be used as diol chain extenders in
the synthesis of shape memory polyurethanes. Properties of the vegetable oil-based
SMP depend on attributes such as physical and chemical structures, which include
the degree of unsaturation, number of hydroxyl groups present in the polyol, length
of the FA chains and position of hydroxyl groups in the FA chain. The structures and
compositions of different vegetable oils are presented in Table 1.2. Vegetable oils have
taken important role to develop shape memory epoxy where oil acts as reactive dilu-
ents as well as a soft segment.

Biobased SMPs synthesized from soybean oil, styrene and divinylbenzene by the
cationic polymerization reaction have been reported by Li and Larock [83]. The reac-
tion mechanism of this SMP is shown in Figure 1.5. With the increase of soybean oil
concentration, deformability is found to increase while shape fixity behavior is found
to decrease. The polymer behaves like an elastomer, when the soybean oil concen-
tration exceeds 50%. The increased soybean oil concentration lowers the degree of
cross-linking, which leads to a greater number of conformations that the polymer can
adopt upon being loaded and deformed, as a result improving the deformability as
an elastomer above T,. The increase in soybean oil concentration reduced the T, as
a result of decreased rigidity of the polymer chains and cross-link density. Therefore,
the micro-Brownian movement of the polymer chains cannot be effectively frozen, as
a consequence reduce the percentage of shape fixity. The polymers exhibited 100%
shape recovery, signifying that the cross-link density was high enough to effectively
store and release the elastic strain energy during the shape memory process. The
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Figure 1.4: Various reactions for functionalization of vegetable oil.

effect of different types of soybean oils such as regular soybean oil, low saturation
soybean oil and conjugated low saturation soybean oil on the shape memory proper-
ties has been investigated. The conjugated low saturation soybean oil has higher reac-
tivity toward the cationic polymerization reaction, as a result the polymer possesses
a higher degree of cross-linking and T, than the other soybean oil polymers. Thus the
conjugated low saturation soybean oil polymer showed higher shape fixity behavior

and lower deformability.

Good SMP should have suitable combination of cross-link

densities and T, values, which are moderate cross-link densities and high T, values
well above ambient temperature. It was concluded that by attaining appropriate com-
binations of glass transition temperatures and cross-link densities through structural
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Figure 1.5: Biobased SMP synthesized from vegetable oil, styrene and divinylbenzene.

design of the polymer, soybean oil-based SMP can be prepared with high deforma-
bility, degree of shape fixity and final shape recovery. Plant oil-based SMP have also
been synthesized from the epoxidized soybean oil (ESO) and PCL [77]. Poly-ESO/PCL
SMPs were synthesized by an acid-catalyzed curing in the presence of PCL and to
form a semi-IPN. The materials exhibited good shape recovery behavior of more than
90%. The crystal of PCL fixes the temporary shape of the sample while the elastic
force of the ESO-based network polymer is the driving force of shape recovery process.
The shape fixity was found to decrease with the increase of ESO content due to the
decrease in the crystallinity of PCL component and the increase in internal stress of
the ESO-based polymer network.

Biobased poly(propylene sebacate) SMPs from 1,3-propanediol, sebacic acid,
itaconic acid and diethylene glycol have been developed [84]. 1,3-propanediol and
itaconic acid could be industrially produced via fermentation of glucose, while
sebacic acid could be derived from castor oil. The developed biobased SMP exhibited
excellent shape fixity and shape recovery to almost 100% as a result of high elastic-
ity ratio (glass state modulus/rubbery modulus) of the polymers. The switching tem-
perature (12-54 °C) and recovery speed can be tuned by controlling the composition
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of polyesters and their curing extent. The recovery speed of SMP depends on the
rubbery modulus, i.e., higher rubbery modulus generates higher elastic stress leading
to higher recovery speed. It was concluded that biocompatible and biodegradable
biobased SMP with suitable mechanical strength and SME will be a potential can-
didate for fabrication of biomedical devices. In addition, biobased cross-linked pol-
yester SMP synthesized from isosorbide, itaconic acid and succinic acid exhibited
excellent SME [85]. Isosorbide and itaconic acid are obtained from biomass and from
certain microorganisms through enzymatic decomposition. Isosorbide is synthesized
through a double hydrogenation of glucose. The synthesis of biobased poly(glycerol
sebacate) SMP has been reported [86]. The three-dimensional cross-linked networks
of the poly(glycerol sebacate) act as fixed phase while the amorphous phase of the
poly(glycerol sebacate) acts as reversible phase. The polymer network showed T, at
—37 °C and broad T, ranging from —20 to 40 °C. The material exhibited excellent SME,
having shape recovery ratio above 95% within 20 s at T, 18 °C. It was suggested that
this material can be employed as potential biomaterials for employing in medicine
and in other applications interfacing with biological system.

Biobased stearoyl moiety modified by cellulose stearoyl ester moisture-respon-
sive SMP have been reported [87]. The effect of different degree of substitution of cel-
lulose stearoyl esters on morphology and SME has been studied. The materials with
lower content of stearoyl groups did not show significant crystalline characteristic.
However, the extent of crystallinity increased with the increase in degree of substitu-
tion of cellulose due to the stearoyl groups. Highly substituted cellulose long-chain
esters with aliphatic chain lengths of more than 12 °C are able to form ordered regions
through side chains. The materials with lower degree of substitution showed higher
moisture-responsive shape memory behaviors. The films (degree of substitution ~0.3)
bend when they are exposed to water vapor under ambient conditions of 35 + 2% rel-
ative humidity and 22 + 3 °C. The films strip start to bend and fold up, after contacting
with water vapor within 1-2 s. After attaining the maximal bending extent, the strip
bent down within 1-2 s. This folding/unfolding phenomenon repeat rhythmically
occurs with the same frequency once it is in contact with water vapor. The film surface
facing water vapor absorbs water molecules, when the film is exposed to water vapor.
The film expands vertically and horizontally, which leads to a vertical and a horizon-
tal swelling force. As a consequence, a net folding force, the swelling force, is gener-
ated, which causes the film to bend. After folding up, the swollen surface of the film
is in lower relative humidity environment, i.e., lower moisture content and thus water
molecules quickly evaporate resulting in the release of the bending force. The film
could be reversibly fold up and fall down through absorbing and desorbing mecha-
nism of water. It was suggested that the materials can be applied for the fabrication of
moisture-responsive sensors or generators for piezoelectricity.

Mesua ferrea L. oil-based shape memory polyurethanes have been demon-
strated [88]. They studied the effect of different amount of monoglyceride prepared
from transesterification of Mesua ferrea L. on the shape memory properties of
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polyurethanes. It was observed that shape fixity increased with the increase in the
amount of monoglyceride content. They also reported the effect of different vegeta-
ble oils such as castor oil, sunflower oil and Mesua ferrea L. on the SME of biobased
polyurethanes. They reported that castor oil-based polyurethane showed the highest
shape recovery behavior as compared to others. This is due to the presence of more
physical cross-linking due to the more urethane linkages in castor oil-based polyure-
thane, which caused storage of more strain energy in the system.

1.7 SMP nanocomposite

The demands of advanced applications require high-performance SMP materials. SMPs
have several advantages over the SMAs as already discussed in the earlier section and
still have some downsides, which impose barrier for broad applications. Some down-
sides of SMP are the low recovery stress due to the low rubbery moduli, low recov-
ery speed due to poor thermal conductivities and low elastic modulus. Recently, SMP
nanocomposites have taken tremendous interest because of the significant improve-
ment of many desired properties like mechanical strength, thermal, electrical, recov-
ery stress, recovery speed and other functional properties of SMP [59, 89-92]. The SMP
nanocomposites dramatically improve the elastic modulus and recovery stress of SMP.
Polymer nanocomposites are combination of two or more phases wherein domain of
one phase lies in nanorange (1-100 nm). This represents a better alternative to the
conventional filled polymer composite systems due to the large surface area to volume
ratios of nanofillers, resulting in high interfacial interactions. The properties of SMP
nanocomposites depend on several factors such as nature of the nanomaterial, surface
functionality, aspect ratio, distribution of nanomaterial and interaction of nanomate-
rial in the polymer matrix. Different actuation techniques can be carried out by the
incorporation of appropriate nanomaterials in the SMP [93, 94]. By the incorporation
of conducting and magnetic nanomaterials, SMP can be actuated by the electric field
and magnetic field, respectively. Further inclusion of radiation absorbing nanoma-
terials, SMP can be triggered by the radiation. Thus, SMP nanocomposites offer new
opportunities to actuate the SMP via noncontact way.

Based on dimension of nanomaterials, nanocomposites can be divided into three
different categories such as zero dimensional, one dimensional and two dimensional.
In the first category of polymer nanocomposites, all three dimensions of the nano-
materials are in the nanoregion. The nanomaterials such as spherical nanoparticles,
quantum dots and nanodots containing polymer nanocomposites fall in this category.
In the second class of polymer nanocomposites, two dimensions of the nanomaterials
are in the nanorange, whereas the third dimension may be a few micrometers. The
examples of this class are carbon nanotube (CNT), carbon nanofiber (CNF) and nano-
material-based polymer nanocomposites. For nanocomposites, only one dimension of
the nanomaterials is in the nanorange, while the other two dimensions are in microm-
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eter size and are categorized as two-dimensional nanocomposites. In most of the cases,
the nanomaterials are in layer structures such as silicate layers and clay and such nano-
material-based polymer nanocomposites are included in this category. Different tech-
niques have been used to prepare the SMP nanocomposites and are discussed below.

1.7.1 Techniques for preparation of SMP nanocomposites

1.7.1.1 Solution method

In this method, nanomaterials are swelled and dispersed by solvent in a polymer solu-
tion. The nanostructures may be dispersed or delaminated in a solvent or a solvent
mixture due to the interactions of nanomaterials and the solvent molecules. However,
direct mixing usually does not give homogeneous solutions because of the agglomer-
ation of nanoparticles. Ultrasonication method can be used to enhance dispersion.
Polymer chains are then adsorbed onto the delaminated or dispersed individual
layers or particles. However, upon removal of the solvent, the layers or particles can
reassemble to reform the stack, sandwiched in between polymer chains and forming
a well-ordered intercalated nanocomposite. The preparation of exfoliated nanocom-
posite is very difficult by this method. This method is often used in the laboratory
for the preparation of nanocomposites but industry used only when water is used as
the solvent. However, this method is not well accepted for the commercial produc-
tion of nanocomposites because of the requirement of large amount of solvent and
phase separation of the prepared product. Further, this method is environmentally
unfriendly because of the usage of large amounts of solvents.

1.7.1.2 Melt mixing

This technique employs the mechanical mixing of a polymer with nanomaterials
using extrusion and injection molding above the softening point or at processing
temperature of the polymer. The intercalation or exfoliation of nanomaterials takes
place during melting of polymer under shear conditions. The processing conditions
play significant role on the structure evaluation of such polymer nanocomposites.
Generally, temperature is kept well below the decomposition temperature of all the
constituents of the nanocomposites. The absence of a solvent makes direct melt inter-
calation an environmentally sound and an economically favorable method for indus-
tries. Thus this technique has wide application for commercial production of polymer
nanocomposites.

1.7.1.3 In situ polymerization
This method is important for the preparation of polymer nanocomposites, which
cannot be processed by solution or melt mixing such as insoluble and thermally
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unstable polymers. In this method, the nanomaterials are first dispersed in the liquid
monomer or prepolymer solution before polymerization. Polymerization can be ini-
tiated either by heat or radiation or by the diffusion of a suitable initiator or catalyst
inside the nanomaterials before the swelling step by the monomer. Polymerization
generates long-chain polymers within the nanomaterials. The homogeneous distri-
bution of nanomaterials can be achieved by using a high shear device because of the
gradual increment of viscosity of the reaction mixture with progress of polymeriza-
tion. This technique is more efficient to prepare well-exfoliated nanocomposites and
has been applied to a wide range of polymer systems. This method is mostly useful for
the thermosetting polymers.

1.7.2 Different SMP nanocomposites

1.7.2.1 Nanoclay-based SMP nanocomposites

Montmorillonite, attapulgite, saponite, talc and synthetic mica are usually used
clay materials for the preparation of clay nanocomposites. Nanoclay improves the
modulus, toughness, thermostability, barrier properties and SME of SMP [2, 59,
95-97]. The clay particles are layer structures, where each layer is composed of
octahedral and tetrahedral types of structural sheets (Figure 1.6). The tetrahedral
sheet is composed of silicon-oxygen tetrahedra linked to neighboring tetrahedra

Tetrahedral — ® Si

© OH
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O Al Mg
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H,0 molecules
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Tetrahedral — '

Figure 1.6: Structure of clay particle.
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by sharing three corners, producing a hexagonal network. The remaining fourth
corner of each tetrahedron forms a part to adjacent octahedral sheet. The octahe-
dral sheet is usually formed from aluminum or magnesium in sixfold coordination
with oxygen from the tetrahedral sheet and with hydroxyl. The two sheets together
form a layer, and a number of layers may be joined in a clay crystallite structure
through interlayer cations, electrostatic force, van der Waals force or by hydrogen
bonding. However, most of the clay structures tend to have a negative charge, the
inorganic ions such as Na and K between galleries and hold negatively charged
layers together. The substitution of the inorganic ions in the galleries of the clay by
alkylammonium salts or quaternary amines and/or phosphonium salts with long
alkyl chains substituent possesses a better compatibility between the clay materials
and hydrophobic polymer matrix. Based on morphological structures, clay-polymer
nanocomposites can be classified into two categories, namely intercalated and exfo-
liated nanocomposites. In the intercalated structure, the polymer chains are being
inserted into the silicate layered structures in a crystallographically regular manner,
whereas in exfoliated structure the individual silicate layers are segregated in the
polymer matrix.

The effect of nanoclay on mechanical and the shape memory properties of
nanoclay/polyurethane nanocomposites has been reported by Cao and Jana [98].
The tensile strength and elongation at break found to increase with the increase
in the content of nanoclay. The enhancement of tensile stress can be attributed
to the increase in interfacial bonding between reactive clay and polymer chains,
resulting in retardation of the molecular chains mobility. Furthermore, the qua-
ternary ammonium ions present in clay particles effectively acted as a plasti-
cizer, which contributes to dangling chain formation in the matrix and as a con-
sequence increased the elongation at break. The study revealed that the shape
fixity found to decrease with the increase in clay content. It was reported that the
decrease in crystallinity of the polyurethane in the presence of nanoclay was the
consequence of decrease in fixity. It was observed that shape recovery stress was
found to increase with the increase of nanoclay content. The magnitude of recov-
ery stress was increased by 20% in the presence of 1 wt% nanoclay. However, the
recovery stresses of 3 and 5 wt% nanocomposites are lesser than those of 1 wt%
case. Nanocomposites composed of 1 wt% nanoclay exhibited higher exfoliation
and lower relaxation rate, resulting in the higher recovery stress. Mechanical
properties and shape memory behaviors of cross-linked polyethylene/clay nano-
composites have been reported. It was observed that by increasing clay content,
an increase in elastic modulus was obtained without sacrificing the elongation at
break. The recovery stress was increased with the increased in nanoclay content
as a result of increase in modulus. It was suggested that an increase in recovery
stress in shape memory cross-linked polyethylene/clay nanocomposite renders
their application as high-performance light-weight actuator with reasonable
recovery strains.
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Shape memory and mechanical properties of attapulgite clay/polyurethane nano-
composites have been investigated in wet and dry condition of the clay [99]. Attapulg-
ite (another name palygorskite) is a kind of nanosized fibrous crystalline hydrated
magnesium-aluminum silicate mineral [(Mg, Al),Si,0,,(0H),(H,0)], which can expand
dramatically upon wetting. The untreated commercial attapulgite clay-based nano-
composites exhibited a significant decrease in T, and hardness owing to the presence
of moisture as well as the clay’s amorphous structure and surface hydroxyl groups,
resulting in plasticizing effect. The nanocomposites based on heat-treated clay exhib-
ited significant enhancement in hardness with the increase in clay content, which
is due to the homogeneous dispersion of the nanoclay in the polymer matrix and
efficient interactions between nanoclay and polymer matrix. The nanocomposites
showed the similar shape recovery behavior as pristine polyurethane although recov-
ery speed was found to be slightly slower.

Shape memory and physical properties of poly(ethyl methacrylate)/sodium mont-
morillonite (Na-MMT) nanocomposites have been studied [100]. A macroazoinitiator
(MAI) having a PEG segment was intercalated in the gallery of Na-MMT. Na-MMT
intercalated with PEG exhibited high stability, as intercalated PEG cannot be replaced
by organic compounds, which has high affinity toward Na-MMT. This intercalated
MAI was used in the preparation of poly(ethyl methacrylate)/Na-MMT nanocom-
posites by means of in situ radical polymerization of ethyl methacrylate. The nano-
composites showed higher modulus and T, than the pure polymer, as the dispersed
fillers decrease the chain mobility of matrix polymer and strengthen the matrix. The
nanocomposites exhibited higher rubbery plateau than the pure polymer even at low
content of Na-MMT. This is because Na-MMT intercalated with a PEG segment acts
as filler or physical cross-linker which hinders the slippage or the flow of polymer
segments at the rubbery state. In the shape memory study, a minor increase in resid-
ual strain was observed when the repeated test cycle was increased as compared to
pristine polymer. These results showed that Na-MMT intercalated with a PEG segment
was well dispersed in the polymer matrix and acted as a fixed phase. Thus, nano-
materials resist the slipping and disentangling of the polymer chains which inhibits
the permanent deformation with the increase of test cycle. It was observed that the
residual strain found to increase in excess amount of nanomaterials content. This is
because of the probability of deformation of fixed phase, Na-MMT intercalated with a
PEG segment, together with a reversible phase by external force which is increased at
high content of the fixed phase.

Shape memory behaviors and mechanical properties of starch/clay bionanocom-
posites have been investigated [101]. The nanocomposites showed enhanced elastic
modulus and tensile stress above T, up to 5 wt% of nanoclay. However, no significant
enhancement of modulus and tensile stress was observed above 5 wt% of nanoclay.
The nanocomposites exhibited higher recovery stress as compared to the pristine
starch. It was suggested that the bionanocomposites could be promising perspectives
for the design of sensors and actuators.
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Figure 1.7: Structure of CNT.

1.7.2.2 CNT-based SMP nanocomposites

The excellent mechanical and electrical properties of CNT have taken immense atten-
tion in the fabrication of advanced SMP nanocomposites. CNTs are seamlessly rolled
sheets of hexagonal array of carbon atoms with diameter ranging from a few Ang-
stroms to several tens of nanometers (Figure 1.7). The tensile modulus and strength
of CNT lie in the order of 270 GPa to 1 TPa and 11-60 GPa, respectively [102-104].
CNTs dramatically improve the storage modulus, toughness, fatigue strength and
shape memory functions of SMP nanocomposites [59, 105-107]. CNT-based SMP nano-
composites show enhanced recovery stress and recovery speed as compared to the
pure SMP. CNTs have an anisotropic nature enabling a percolative network at low
volume fractions in the SMP matrix. The conducting SMP nanocomposites by the
incorporation of CNT could be actuated via electric field. Moreover, the properties
of nanocomposites depend on dispersion, orientation and distribution of CNT in the
polymer matrix. However, the preparation of CNT nanocomposites with well distri-
bution of CNT in the polymer matrix is very challenging, because CNT is susceptible
to form agglomerates that are thermodynamically stabilized by van der Waals forces
and numerous T—7t interactions between the nanotubes. Therefore, modification
of CNT is needed for the homogenous distribution of CNT in the polymer matrix to
ensure strong CNT-polymer interfacial interaction by means of good load transfer
ability. Various methods such as noncovalent and covalent modification have been
employed to modify CNT to augment the dispersion as well as load transfer ability.
Noncovalent modification is primarily based on the adsorption of functional mole-
cules on the surface of the nanotubes through different interactions such as hydro-
phobic interaction, van der Waals forces, electrostatic forces and n—m interactions.
In the noncovalent modification, the intrinsic property of the CNT is preserved. In
the covalent modification, the functional groups covalently attach onto the side wall
or ends of the nanotubes. The end caps of the CNT have the highest reactivity owing
to its higher pyrimidization angle, while the walls of the CNT have lower reactivity
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because of its lower pyrimidization angles. However, in covalent modification signif-
icant changes in physical and mechanical properties of CNT take place, because the
breaking of carbon—carbon bonds induce defects and introduce an insulating layer
on the surface of CNT during covalent functionalization. However, most of the cova-
lent modifications are performed by using concentrated HNO; and H,SO, or mixture of
concentrated HNO;/H,SO,, which are harmful to the human body.

Epoxy resin/CNT-based SMP nanocomposites have been fabricated [108]. The
recovery stress of the nanocomposites was investigated in deformation at different
temperatures such as 25, 100 and 150 °C. The nanocomposites exhibited higher recov-
ery stress than the pure SMP due to the strain storage of CNT in the programming
process. Moreover, the nanocomposites deformed at 100 °C showed higher recovery
stress than the other deformation temperature. It was suggested that the stable recov-
ery stress depends on the shape fixity ratio and viscoelastic properties during the pro-
gramming process, which is dominated by the deformation temperature. The extent
of CNT deformation of nanocomposites at 25 °C is small, resulting in the low CNT
reinforcement efficiency for the stable recovery stress. Further at high deformation
temperature such as 150 °C, the specimen appeared in rubbery state and the extent
of CNT deformation was limited by the low stiffness of the polymer chains. The nano-
composites deformed at 100 °C, possess good combination of suitable stiffness, and
conformational motion ability of the polymer chains resulted in a relatively larger
extent of CNT deformation, which leads to higher CNT reinforcement efficiency for
the stable recovery stress. Nanocomposites deformed at 100 °C showed higher recov-
ery speed as compared to the deformation temperature at 25 and 150 °C. This can be
attributed to the extent of strain energy stored in CNT during deformation at 100 °C
was more than those at 25 and 150 °C. The nanocomposites deformed at 25 °C, the
interface failed, which prevented the recovery of the original shape, and as a conse-
quence lower the recovery speed.

Mechanical and shape memory properties of pristine CNT and oxidized CNT-in-
corporated low-temperature actuated polyurethane nanocomposites have been
investigated [109]. Both the nanocomposites exhibited higher tensile strength and
elongation at break than the neat polyurethanes. Moreover, oxidized CNT-based
nanocomposites showed improved tensile strength than the pristine CNT-based
one because of the enhanced interfacial bonding between the oxidized CNT and the
polymer matrix. The nanocomposites exhibited higher storage modulus than the pris-
tine polyurethane in glass state, which is attributed to the stiffness effect of the CNT.
However, the nanocomposites showed lower storage modulus than the neat polyure-
thane above T,, indicating that rubbery modulus of the nanocomposites is lower than
the pure polyurethane. However, oxidized CNT-based nanocomposites possess lesser
rubbery modulus than that of pristine CNT one. The decrease in rubbery modulus of
the nanocomposites may be due to the disturbance of diisocyanate segments caused
by incorporation of the CNT and the disturbance was more effective in case of oxi-
dized CNT due to the well dispersion of oxidized CNT. From the stress—strain curves, it
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was demonstrated that the oxidized CNT-based nanocomposites have higher recovery
force than the pristine CNT-based one. As the oxidized CNT-based nanocomposites
exhibited higher integral area under the curve as compared to pristine CNT-based
one. The area under the curve denotes the strain energy stored during stretching and
it drives strain recovery upon release of stress in its rubbery state. Neat polyurethane
and its nanocomposites exhibited excellent shape fixity above 98% for both first
and second tensile cycles. Pure polyurethane and its nanocomposites showed shape
recovery ratio above 85% for the first tensile cycles while above 98% for the second
tensile cycle. The lower recovery in the first cycle is attributed to the segment-chain
orientation and relaxation effects. It was suggested that these kinds of nanocom-
posites have potential applications for controlling tags or proof marks in the area of
frozen food.

Kalita and Karak [110] studied the mechanical properties, thermal stability and
shape memory behaviors of biobased polyurethane/multiwalled carbon nanotube
(MWCNT) nanocomposites. Pristine MWCNTs were modified through noncovalent
approach using polyoxyethylene octyl phenyl ether (Triton X-100) for better interfa-
cial interactions. The nanocomposites exhibited enhanced tensile strength, impact
resistance and scratch resistance than the pure polyurethane. Furthermore, the
nanocomposites showed higher thermal stability than that of pure polyurethane.
This can be attributed to the homogeneous distribution of MWCNT and increased
interfacial interaction like physical cross-linking between the MWCNT and polymer
matrix. Therefore, macromolecular chains are immobilized on the surface of MWCNT
that hinders the thermal motion of the macromolecular chains in the nanocompos-
ites. In addition, the MWCNT served as physical barrier, so the volatile components
formed during the thermal decomposition process have to overcome longer zigzag
path to escape from the matrix. Furthermore, MWCNTs are the most thermostable
and thermal conducting materials, as a consequence, enhanced thermal conductiv-
ity of the nanocomposites can assist well dissipation of the thermal energy and thus
enhanced the thermal stability. The pristine polyurethane and its nanocomposites
showed excellent shape fixity (100%) and can be stored for a long period at room
temperature, which implied that micro-Brownian motions of the molecular chains
in amorphous network were frozen during vitrification. The nanocomposites showed
faster shape recovery than that of pure polyurethane. This can be attributed to the
enhanced elastic strain energy in the nanocomposites due to the homogeneous distri-
bution of the MWCNT and the increased physical cross-linking between the MWCNT
and the polymer matrix. Moreover, the high rate of heat transfer in the nanocompos-
ites is due to the fact that the presence of conducting MWCNT may also be responsi-
ble for the faster shape recovery. Kalita and Karak [111] also studied the mechanical
and shape memory behaviors of Fe;0, nanoparticle decorated with MWCNT (Fe;0,-
MWCNT)/hyperbranched thermosetting polyurethanes. Similarly the nanocompos-
ites showed enhanced tensile strength, impact strength and thermal stability as
compared to pristine polyurethane. The enhanced tensile strength can be attributed
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to the well dispersion of Fe;0,-MWCNT and enhanced various interactions among the
Fe;0,-MWCNT, epoxy and the polymer matrix. As a consequence, molecular chains
are restricted on the surface of the MWCNT resulting in decrease in chains slippage
during the application of loading. However, the elongation at break decreased with
the increase of the content of Fe;0,-MWCNT in nanocomposites. This is because of the
restricted movement of macromolecular chains due to the presence of various phys-
icochemical interactions in the nanocomposites. The hyperbranched polyurethane
and its nanocomposites exhibited excellent shape recovery under the microwave
stimulus. No significant change of shape recovery of the nanocomposites was found
over the repeated cycles (ten) of test. The shape recovery is due to the generation of
induced heating in the samples. When the microwave is irradiated on the sample, the
dipole moment oscillates to align with the external electric field; as a consequence,
heat is generated because of the molecular friction and collisions. The shape recovery
effect was observed when the induced heat is close to the T..s and found to be 45 °C.
The shape recovery speed was found to increase with the increase of Fe;0,~MWCNT,
which may be due to the increased microwave absorption characteristic of the nano-
hybrid system as both Fe;0, and MWCNT are microwave absorbing materials.

Jin Yoo et al. [112] reported the mechanical and electroactive SME of polyure-
thane-MWCNT nanocomposites. The tensile strength and modulus were found to
enhance after incorporation of MWCNT without sacrificing the elongation at break of
the material. This is because of the homogeneous dispersion of MWCNT in the matrix
as well as efficient interfacial interactions between MWCNT and polyurethane matrix.
Thus the interface acts as a vital role in reinforcing the nanocomposites by effectively
transferring the stress between MWCNT and polyurethane matrix. It was pointed out
that mechanical properties also strongly depend on microstructure and crystallinity
of the materials. The nanocomposites that possess conductivity 0.28 S/cm particu-
larly exhibited electroactive SME. This is because the conductivity was sufficient to
make the sample heated above Ty..s of 36—42 °C due to melting of PCL soft segment
domain. The samples recovered their original shape in 40 s with bending mode when
an electric field of 50 V was applied.

1.7.2.3 CNF-based SMP nanocomposites

CNFs significantly improve the mechanical and shape memory properties of SMP
because of its high elastic modulus, high aspect ratio and good electrical and thermal
conductivity [113-115]. CNFs have strong influence on crystallinity, cross-linking
density and conductivity of SMP that lead to effect on SME of SMP. By incorpora-
tion of CNF, SMP nanocomposites can be actuated by multiple stimuli. Furthermore,
CNF have been applied as promising materials in fields of energy conversion and
storage, self-sensing devices and smart materials. CNFs have diameters of 10-100
nm and length of 10-100 um. CNFs are mostly synthesized by two methods, namely
catalytically vapor deposition growth and electrospinning. In the catalytically vapor
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deposition growth method, metals or alloys (Fe, Cr, Co and Ni) are used as catalyst,
and carbon monoxide, ethene, ethyne and synthesis gas (H,/CO) are used as a carbon
source at temperature range of 700-1,200 K [116, 117]. In the electrospinning method,
polymer nanofibers are prepared as precursor of CNF, where poly(acrylonitrile),
poly(vinyl alcohol) and phenolic resin are used as carbon source for the preparation
of polymer solution to spinning. Once the polymer nanofibers have been successfully
fabricated, a heat treatment of the polymer nanofibers will be applied to carbonize
the polymer nanofibers to form CNF. The properties such as morphology, crystallinity
and diameters of CNF depend on the parameters of heat treatment process. The per-
formances of the CNF-based nanocomposites mainly depend on the dispersion of the
CNF in the polymer matrix. The chemical surface treatment of CNF is an efficient tech-
nique to enhance their dispersion in the polymer matrix. Usually the surface treat-
ment is done by oxidizing the CNF surface reacting in a mixture of sulfuric and nitric
acid at various temperatures.

The mechanical and electrical actuation shape memory behaviors of epoxy/CNF
nanocomposites have been investigated by Luo and Mather [118]. The nanocomposites
exhibited higher tensile strength and rubbery modulus than the pristine epoxy. This
renders the nanocomposites suitable for applications where large recovery stresses
are desired. The nanocomposites showed excellent shape recovery under the applica-
tion of constant DC voltage. This can be attributed to the well dispersion of CNF and
the generation of efficient percolating conductive network. They studied the shape
recovery under different DC voltages at 10, 15 and 20 V. The recovery speed increased
with the increase in applied voltage. Both the induction times and recovery times
found to decay exponentially with applied voltage. Furthermore, the induction times
can be used to estimate the initial heating rate. The initial heating rate (dT/dt) can
be calculated with the equation: dT/dt = T, — T./T;, where T. and T; are the environ-
mental temperature (here room temperature) and induction time, respectively. The
calculated initial heating rates were found to be 25.7, 11.09 and 4.73 °C/s for 20, 15 and
10 V, respectively. The nanocomposites exhibited quite high heating rates and cannot
be easily achieved by conventional external heating, even for SMP with enhanced
thermal conductivity. Thus the nanocomposites not only provided high electrical con-
ductivity but also significantly improved heat transfer and together resulting in high
actuation speed. These materials have great potential in applications encompassing
actuators, sensors and deployable devices.

Electroactive SME of vapor-grown carbon nanofiber (VGCF) reinforced biobased
polyester has been studied [119]. VGCF significantly improved the mechanical prop-
erties of the nanocomposites. The neat biobased polyester showed tensile strength of
0.13 MPa, while nanocomposites with 5.0 vol% VGCF showed 1.52 MPa at tempera-
ture (T, + 30 °C). The nanocomposites exhibited increase in elongation at break with
initial incorporation of VGCF (up to 5.0 vol%) and then reduced at higher loadings.
This is due to the fact that debonding and mobility of VGCF in the polymer matrix
facilitates the energy dissipation, resulting in the toughening of the composites at low
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content of nanofiber. At higher content of VGCF facilitates the formation of a VGCF
network that restricts the mobility of polymer chains, leading to the brittle response.
The nanocomposites exhibited higher storage modulus as compared to the pristine
polyester. This is due to the homogenous dispersion of VGCF and the fairly strong
interfacial interaction between VGCF and polyester which afford efficient load trans-
ferring from polyester matrix to VGCF. The pristine biobased polyester and its nano-
composites possess high E’ ratio below T. and above T, (>100), signifying that the
synthesized biobased polyester and its nanocomposites favor the deformation above
T, and fixing below T.. This implies the nanocomposites as new SMP with excellent
SME. The shape recovery of the materials was studied in different voltages such as 10,
20, 30 and 40 V, and the shape recovery speed was found to increase with the increase
in the voltage. It can be seen that the nanocomposites with higher content of VGCF
(11.6 vol%) showed faster recovery within 20 s with an applied voltage of 10 V. This
can be attributed to the efficient inductive joule heating effect due to the sufficient
conductivity (14.4 S/m) of the materials. However, nanocomposites with 7.3 vol% of
VGCF have not shown electroactive actuation below 50 V due to the less conductivity
(1.7 S/m) of the materials. The amount of the generated Joule heat (Q) depends on
the applied voltage (V), resistance (R) of the sample and time (t) with the equation of
Q = (V)/R. According to the equation, a higher applied voltage and lower resistance,
i.e., higher conductivity of the material, will generate more heat in unit time. Several
fascinating attributes, including biobased nature, good mechanical properties and
excellent electroactive SME, render these nanocomposites as good candidates for
electrically actuated sensors and actuators.

Jimenez and Jana [89] demonstrated the mechanical properties and SME of CNF-
based TPU nanocomposites. It was found that neat polyurethane could be stretched
only up to 76% at 60 °C, whereas CNF composites could be easily stretched to 100%
of their length. The nanocomposites exhibited slightly lower storage modulus than
the neat polyurethane at their glassy state due to the reduction of PCL crystallinity.
However, nanocomposites exhibited higher storage modulus at their rubbery state due
to the prominent reinforcing effect of the CNF. The glass transition peak for pure pol-
yurethane was broad and showed low tan 6 values, indicating that less amorphous
polymer chains participated in glass transition and that PCL-diol crystallinity was
higher. Nanocomposites showed higher tan & values, indicating the increase of the
amorphous polymer chains in the composites. It was observed that shape fixity of the
nanocomposites decreased with the increase of CNF content. This can be attributed to
the decrease in crystallinity of the PCL in nanocomposites. Nanocomposites exhibited
higher recovery stress as compared to the pristine polyurethane. The surface tempera-
ture of the samples with 5 wt% of CNF reached a value more than 50 °C within 45 s with
the application of 300 V. It was observed that the nanocomposites with 5 wt% of CNF
exhibited shape recovery within 60 s under the application of 300 V. The study revealed
that both PCL-diol crystallinity and the presence of CNF possess significant role to the
tune of shape fixity and recovery stress in electrically actuated shape memory behavior.
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Figure 1.8: Structure of graphene.

1.7.2.4 Graphene-based SMP nanocomposites

Graphene has attracted immense interest because it dramatically improves the phys-
ical properties and SME of SMP. Graphene is a two-dimensional atomic layer of sp?
hybridized carbon atoms arranged in a honeycomb structure, which exhibits extraor-
dinary mechanical strength (Young’s modulus ~ 1,086 GPa), thermal conductivity
(5,300 W/mK), electrical conductivity (6,000 S/cm) and high specific surface area
(2,600 m?/g) (Figure 1.8) [120-123]. Graphene has promising applications in superca-
pacitors, batteries and sensors. Graphene can be synthesized by bottom-up and top-
down approaches [124, 125]. In the bottom-up approaches, graphene is synthesized in
different methods such as chemical vapor deposition, arc discharge, reduction of CO
and epitaxial growth on SiC. In the top-down methods, graphene is synthesized by
separation or exfoliation of graphite and graphite derivatives such as graphite oxide
and graphite fluoride. For large-scale synthesis, first graphite oxide is prepared from
natural graphite powder or flakes, converted to graphene oxide by ultrasonication
followed by reduced graphene. However, large-scale production processes 99% of the
material produce as multilayer graphene nanoplatelets and only about 1% as true
monolayer graphene sheets. SMP nanocomposite inclusion of graphene as nanofillers
substantially improve the shape memory properties such as recovery stress, response
time and recovery ratio, and confers a multistimuli-responsive SMP such as infra-
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red radiation, electric and magnetic fields [126-129]. In addition, graphene remark-
ably improves the modulus, tensile stress, fracture toughness, fracture energy and
fatigue resistance of SMP. However, homogeneous dispersion and efficient interfacial
interactions of graphene and polymer matrix are difficult because of severe aggrega-
tion due to the large surface area and strong van der Waals force among graphene
sheets. The interfacial interactions between the graphene and the polymer matrix
can be improved by functionalizing the graphene surfaces. Noncovalent and covalent
modifications of graphene surfaces are extensively explored to improve its disper-
sion. The precursor of graphene, graphene oxide, has plentiful functional groups on
the surface such as hydroxyl, epoxy, ketone and carboxyl, which provides the reac-
tive site for covalent functionalization. Covalent functionalizations of graphene are
shown in Figure 1.9. In the noncovalent modification, the functional molecules can be

Reduced graphene oxide

NaBH,
or

Si
RO’ (')EOR Toluene

APTS

Figure 1.9: Covalent functionalization of graphene.
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assembled on the surface of graphene sheet through van der Waals interactions, n—mn
interactions, hydrogen bonding and electrostatic interactions.

Thermal, mechanical and SME of graphene/polyimide nanocomposites have been
investigated [126]. Exfoliated graphene nanosheets were synthesized by the rapid
high-temperature thermal decomposition of graphene oxide. To enhance the compat-
ibility, graphene surfaces were modified with p-phenylene trimethoxyaminosilane.
The storage modulus of the nanocomposites increased with the increase in graphene
content (0.1-4 wt%) below T,. This can be attributed to the reinforcement effects of
graphene in the polyimide resin. The increase in the rubbery state modulus was not
significant at lower content and only observed at higher content (2 and 4 wt%) of
graphene in nanocomposites. The nanocomposites exhibited tan 6§ peak at 212 °C and
have no significant effect of increase in graphene content. However, the area under
damping peak (tan 8) was found to decrease with increase in graphene loading. This
can be due to the weak attractive forces between the graphene and the polyimide resin
matrix, which are insufficient to hinder segmental motion of the polymer chains. The
thermal stability was increased with the increase of graphene content. Both pristine
polyimide and polyimide nanocomposites performed shape memory behavior with a
switching temperature of 230 °C. The recovery rate of the polyimide enhanced with
the addition of graphene.

Jung et al. [130] reported the fabrication of transparent, tough and conductive
shape memory polyurethane films by incorporating graphene. Graphene was syn-
thesized by solution phase exfoliation of expandable graphite. A small amount of
graphene (0.1 wt%) enabled the modulus and tensile strength of the nanocomposite
film to be enhanced from 5 to 62.9 MPa and from 15.6 to 37.4 MPa, respectively. This
can be attributed to the reinforcing effect of the graphene via various interactions
such as hydrogen bonding, dipole—dipole and induced dipole—dipole interactions in
the nanocomposites. A large enhancement of thermal conductivity of the nanocom-
posite film was observed, which could be attributed to the homogeneous dispersion
of the graphene sheets within the polymer matrix and strong interfacial interactions
between graphene sheets and polymer backbone. The nanocomposites exhibited
higher recovery force and shape recovery ratio than the pristine polyurethane. This is
due to the homogeneous dispersion of graphene in the polymer matrix and efficient
interaction between graphene and polyurethane matrix.

Infrared light-actuated poly(L-lactic acid) (PLLA)/graphene SMP nanocomposites
have been reported [131]. The nanocomposites exhibited higher storage modulus than
the pristine PLLA due to the reinforcing effect of the graphene. However, the storage
modulus decreased above 4 wt% of graphene content, which can be due to the aggre-
gation of nanofillers and lowering the stiffening effect of graphene. The tan & value
found to decrease than the pristine PLLA due to decrease in the energy dissipation as
aresult of the presence of elastic graphene nanomaterial. The pristine PLLA exhibited
SME due to crystalline and amorphous phases of PLLA acting as fixed and reversible
phases, respectively. The nanocomposites exhibited higher shape fixity and shape
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recovery than that of neat PLLA. This may be attributed to the enrichment of crys-
tallinity and thermomechanical properties of nanocomposites enabling more stable
fixing phase leading to better shape fixation and recovery. Furthermore, graphene
enhances heat conductivity as a result of more efficient heat transfer during cooling
and heating processes leading to faster response with less dissipation of energy and
provide higher shape fixity and recovery in the nanocomposites. However, the shape
memory parameters achieved decreasing trend beyond 1 wt% of graphene content,
which can be attributed to the agglomeration and crystallinity reduction leading to
weakening of fixed phase and lowering SME. The shape recovery showed decreasing
trend with increasing cycle number in the shape memory test, due to irreversible pro-
cesses such as slippage of crystalline domains, plastic deformation of PLLA chains
and cleavage of some physical linkage. The nanocomposites also exhibited infrared
light-activated SME. Graphene enhanced infrared light absorption of PLLA remarka-
bly and transforming infrared light into heat corresponds to switching temperature,
which leads to faster and higher recovery of original shape.

SME of polyester/CNF-graphene hybrid nanocomposites has been investigated
[132]. CNF-graphene hybrid was prepared by direct reduction of graphene oxide in
NMP with the assisted dispersion of CNF. CNF acted as nanoparticles like stabilizer to
avoid the restacking of graphene by adsorbing CNF onto graphene sheets. This type of
nanoparticle-based modification/stabilization of graphene has several advantages over
covalent and noncovalent modifications. In the covalent modification intrinsic prop-
erties of the graphene is damaged, whereas in the noncovalent modification though
the intrinsic properties are preserved, the residual stabilizer may weaken the mechan-
ical properties of the composites. The CNF-graphene hybrid-based nanocomposites
exhibited lower electrical percolation threshold and higher electrical conductivity than
the CNF-based nanocomposites. This can be attributed based on the three factors: (1)
the addition of graphene for the dispersion of CNF is significantly improved; (2) the
large specific surface area and homogeneous dispersion of graphene encourage the
formation of conductive pathway; (3) due to the strong interactions, one-dimensional
CNF and two-dimensional graphene cooperate, bridging adjacent graphene through
a “conductive bridge” of CNF and forming multiple pathways in the composites. The
CNF-graphene hybrid-based nanocomposites exhibited higher modulus and ultimate
stress than the CNF-based nanocomposites. This can be attributed to the improved dis-
persion and interfacial interactions of CNF-graphene hybrid and polymer matrix with
the addition of graphene. Moreover, the elongation at the break of nanocomposites was
enhanced with initial incorporation of fillers and then decreased at higher loadings.
Due to the incorporation of fillers, the load can be transferred onto fillers to dissipate the
load, and the mobility of the fillers in the polymer matrix can also facilitate the energy
dissipation, which leads to the toughening of the nanocomposites and increasing the
elongation at break. The nanocomposites composed of 10.3 vol% of CNF-graphene
hybrid performed shape recovery within 60 s under the application of 30 V. However,
nanocomposites composed of 10.3 vol% of CNF cannot be effectively actuated under the
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30 V. This is because that the electrical conductivity of CNF nanocomposites (4.0 S/m) is
much lower than that of CNF-graphene hybrid nanocomposites (11.5 S/m), as a result,
less Joule heat is generated and cannot efficiently induce the shape recovery.

Han and Chun [133] studied the SME of polyurethane nanocomposites incorpo-
ration of functionalized graphene. Graphene oxide nanosheets were prepared by the
oxidation of graphite powder using a modified Hummers method. Then partial reduc-
tion of graphene oxide with sodium borohydride in surfactants sodium dodecylben-
zenesulfonate followed by functionalization with 2-(4-aminophenyl)ethanol through
a diazonium reaction, as a consequence specific functional groups were successfully
introduced onto the surface of nanolayered graphene. The tensile strength of nano-
composites increased to 136% at 0.5% loading with a strain decreased to 93%. This
result implied that the functionalized graphenes were well dispersed in the polyure-
thane matrix through various interactions between the oxygen containing groups and
the urethane linkages. Furthermore, stronger reinforcing effect of nanocomposites
is due to the covalent cross-links between the terminal hydroxyl groups of function-
alized graphene and the NCO end groups of the polyurethane. The nanocomposites
showed higher storage and rubbery modulus than the pristine polyurethane due to the
reinforcing and cross-linking effects of functionalized graphene. Pure polyurethane
exhibited poor shape fixity and shape recovery, which is caused by the low rubbery
modulus and rapid chain relaxation. With the loading of functionalized graphene, the
shape fixity and the shape recovery increased, due to the larger rubbery modulus and
the longer relaxation time. A much better SME was the result of the introduction of a
network structure built with the covalent cross-linking of polyurethane and function-
alized graphene. The cyclic hysteresis loss resulting from chain slippages and break-
ages during the repeated loading and unloading was reduced by the incorporation
of functionalized graphene, and further reduced by the cross-linked structure. The
hysteresis loss was found to be 2% after four cycles, which sufficiently satisfied the
essential conditions for various shape memory applications.

1.7.2.5 Other nanoparticles (SiC, POSS)-based SMP nanocomposites

Silicon carbide (SiC) nanofillers significantly improve the elastic modulus and shape
recovery stress of SMP [134-136]. SiC nanoparticles possess high thermal conductiv-
ity, high thermal stability, good wear resistance, a small thermal expansion coeffi-
cient and strong microwave absorbing material [94, 137]. It has beneficial impact on
the micro-hardness, strain recovery and recovery force of SMP. SiC is a binary com-
pound consisting of Si and C, where each Si atom is bonded to four C atoms and each
C atom is bonded to four Si atoms. Various techniques such as sol-gel process, chem-
ical vapor deposition, laser gas-phase pyrolysis and carbothermal reduction have
been used to synthesize nano-SiC [138]. Carbothermal reduction method has been
considered as the most effective and economical to synthesize nano-SiC using various
carbon and silicon sources.
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The storage and release of internal stress in nanofiller SiC-reinforced epoxy SMP
matrix have been studied by Gall et al. [139]. The compressive stress—strain response
of the nanocomposite was studied at a deformation temperature of 25 °C. The mate-
rial exhibited an elastic response up to approximately 50 MPa followed by yield and
inelastic flow up to 50% strain. The residual inelastic strain after complete unloading
is found to be approximately 35%. The materials exhibited complete shape recovery
at a temperature of 120 °C. They elucidated the cause of shape recovery of deformed
fixed samples under compression loading. After compressing, the sample achieves a
critical stress leading to a relative chain slippage and generates a metastable structure.
The metastable structure in the amorphous polymer has both stored strain energy and
enhanced chain organization (lower entropy). Upon unloading, the physical entan-
glements (temporary bonds) give a storage mechanism for macroscopic stresses in the
form of local internal stresses resulting in a changed state of entropy. After subsequent
heating, the bonds are weakened and the local internal stress field and low entropy
state forced individual chains to return to their original positions, driving the shape
recovery. Gall et al. [140] also reported the microhardness, elastic modulus and shape
memory behaviors of nano-SiC-based epoxy SMP nanocomposites. They prepared the
various weight fractions of 10%, 20%, 30% and 40% of SiC-based SMP nanocompos-
ites by microcasting. The microhardness and elastic modulus of the nanocomposites
were found to increase by approximately a factor of 3 with the incorporation of 40 wt%
SiC into the epoxy resin. They reported that the unconstrained strain recoverability of
the nanocomposites depended on the weight fraction of SiC. The recoverability of the
nanocomposites was found to be perfect for SiC weight fractions below 40% for 180°
bend test. Constrained bending recovery force in the nanocomposites was increased by
50% with the incorporation of 20 wt% SiC. The nanoparticles imparted to store inter-
nal elastic strain energy during loading and freezing. The same mechanism that limits
the generation of large recoverable strain provides higher recoverable force levels.

Microwave-induced SME of poly(vinyl alcohol)/SiC nanocomposites have been
investigated by Du et al. [137]. They modified SiC by silane coupling agent 3-trieth-
oxysilylpropylamine to improve the dispersion. SiC is a high dielectric loss material;
it can strongly absorb microwave so as to be heated to high temperature within short
time. The nanocomposites exhibited good shape recovery behavior for more than
90%. The recovery time was found to decrease with the increase of SiC content. The
nanocomposite with 1.5% SiC recovered its original shape within 1 min under 300 W
microwave irradiation, whereas 0.03% SiC once recovered at about 2 min. This is due
to the more heat generation capacity because of the presence of more amount of SiC.
However, the materials did not show SME, when the microwave output power is less
than 200 W. Likitaporn et al. [136] also observed the microwave actuating ability of
SiC whisker nanoparticle-filled benzoxazine epoxy polymer alloy. Shape recovery time
under microwave actuating ability was substantially shortened to be in a range of 3-5
min. The storage modulus (5.1-8.8 GPa) and recovery force (3.4-11.2 MPa) were found
to enhance in the nanocomposites with 20 wt% of SiC. This is due to the intrinsically
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Figure 1.10: Molecular structure of POSS.

high elastic modulus of the nanofiller, which could enhance elastic modulus and
stiffen the stable network of polymer nanocomposites. It was suggested that SiC
whisker nanoparticle-filled SMP nanocomposites would be highly attractive to be
used in multiple applications, that is, either thermal actuator or microwave actuator.
Polyhedral oligomeric silsesquioxanes (POSSs) have received extensive attention
because they remarkably enhanced the stiffness, hardness, oxidation resistance, flame
resistance and SME of SMP [141-145]. POSSs are three-dimensional inorganic—organic
hybrids with the generic formula (RSiO,s),, where R may be a hydrogen atom or an
organic functional group such as alkyl, alkylene, acrylate, hydroxyl or epoxide unit
(Figure 1.10) [146, 147]. It contains the rigid inorganic core (diameter: ~0.5 nm) of silicon
and oxygen with eight organic functional groups, whose diameter is in the range of 1-3
nm. POSS can be synthesized by hydrolytic condensation of trifunctional monomers
RSiX;, where R is a chemically stable organic substituent (methyl, vinyl, aryl or H) and
X is a highly reactive substituent such as Cl or alkoxy. Inclusion of POSS macromers
within polymeric architectures allows both the inorganic and organic phases to inter-
act at the molecular level and offer the high-performance material. POSS macromers
can be incorporated into polymer matrix by blending, copolymerization or grafting
to prepare a variety of nanocomposites. Typically seven corners of POSS are occupied
by identical R groups, which enhance the degree of compatibility of the POSS with
the polymer matrix, while the remaining position is occupied by an organic reactive
group, which gives the site for incorporation into a polymer backbone. POSSs have high
propensity to self-assemble forming nanocrystals (dimension: = 10-100 nm) and this
inherent property leads to improvement of physical properties of POSS nanocompos-
ites. The crystallization behavior and the ability to form chemical and physical cross-
links of POSS play a prominent role on the SME of POSS nanocomposites. A synthetic
approach of POSS-PCL/polyurethane SMP nanocomposite is shown in Figure 1.11.
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Figure 1.11: A synthesis approach of POSS-PCL/polyurethane SMP nanocomposite.
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SME and mechanical properties of polyurethane/POSS nanocomposites have
been investigated [145]. The nanocomposites were prepared using synthesized
octa(3-hydroxypropyl) POSS (POSS-(OH);) by solution blending technique. The nano-
composites exhibited higher loss modulus than the pristine polyurethane, which is
due to the constraint of the molecular chains on the POSS. The position of tan § peak
of nanocomposites shifted toward a higher value as compared to pristine polyure-
thane. The shift signified that the molecular mobility of amorphous polymer chains
was restricted in the nanocomposites due to the presence of POSS-(OH); and more
hydrogen bonds formed between urethane linkages of polyurethane chains and
hydroxyl groups on the POSS-(OH); surfaces. The tensile strength, elongation at break
and elastic modulus were found to enhance when the POSS-(OH); amount was less
than 3 wt% and gradually decreased when the amount was higher than 5 wt%, which
could be attributed to the poor dispersion and agglomeration of POSS-(OH)s parti-
cles in the polymer matrix. The increase in the tensile stress with increase in elonga-
tion provides the increase in integral area under the curve, which is essential in SMP
because the area is the strain energy stored during stretching and it facilitates strain
recovery upon unloading of stress in its rubbery state. The nanocomposites showed
the higher shape recovery ratio than the pristine polyurethane at the actuation tem-
perature of 0 °C. Moreover, nanocomposites comprising 3 wt% POSS-(OH); displayed
highest shape recovery and faster recovery than the other compositions, which was
in good agreement with the increased integral area under the stress—strain curve. The
results indicated that the nanocomposites have emerging applications for controlling
tags or proof marks in the area of low-temperature storage.

Knight et al. [148] studied the shape memory behaviors of poly(lactide-co-
glycolide) (PLGA)/POSS nanocomposites. PLGA oligomers were synthesized to feature
a hybrid organic-inorganic moiety, POSS, incorporated at the center of each chain by
using it as the ring-opening initiator and end-capping with vinyl groups followed by
photocured into networks with POSS content (10—41 wt%). The crystallinity of the
composites increased with the increase of POSS content. Incorporation of the POSS
moiety into the backbone of PLGA renders increase in the tensile modulus both above
and below the T,. The nanocomposites exhibited two rubbery plateaus due to the two
thermal transitions such as a glass transition from the PLGA covalently cross-linked
network and a melting transition from the POSS crystalline regions. The best shape
recovery percentages (~100%) were found when the melting transition was used as
Twans While the best shape fixity was observed when the glass transition was used. It
was reported that strain fixing can be achieved through POSS phase crystallization
or PLGA phase vitrification. Knight et al. [149] also studied the mechanical properties
and SME of polyurethane/POSS nanocomposites. POSS-incorporated TPUs have been
synthesized by two step techniques. The initial step, synthesis of the lactide-based
soft block, allowed for manipulation of T, via controlled PEG inclusion followed by
synthesis of polyurethane reacting with lysine-derived diisocyanate and POSS diol as
the hard block. The crystallinity and rigidity of the material was increased with the

printed on 2/13/2023 1:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

References =—— 39

increase of POSS incorporation level in the polyurethane hard block. Rattinger et al.
[150] also observed POSS moieties assembled into higher ordered lamellar, cylindri-
cal or cubic nanophase crystalline structures, depending on POSS inclusion level in
polyurethane matrix as detected by small-angle X-ray scattering (SAXS). Furthermore,
Fu et al. [151] also observe that the POSS molecules appear to form nanoscale crystals
in the hard segment domains of polyurethane. It was observed that all POSS-polyure-
thanes exhibited storage tensile modulus greater than 2 GPa at glassy state, whereas
this modulus dramatically dropped to a value of about 10 MPa upon heating above
T.. All the POSS-polyurethane nanocomposites showed quite broad rubbery plateau
of modulus while the pristine polyurethane softened continuously upon heating
above T, and displayed the absence of any rubbery plateau. It can be attributed that
the POSS hard block crystallization provided the physical cross-linking required for
elastic mechanical behavior. The absence of rubbery plateau in pristine polyurethane
indicated the poor SME due to the lack of a recovery driving force.

Shape memory performance of star-shaped POSS-PCL polyurethanes has been
investigated [152]. First, star-shaped POSS-based multiarms PCL with different arm
lengths were synthesized by ring-opening polymerization of e-caprolactone followed
by reacting with hexamethylene diisocyanate. At higher POSS content, a depression
in PCL crystallinity was observed, which could be attributed to the effect of the posi-
tional restriction imposed onto the PCL chains by their covalent attachment to the
POSS core. At higher POSS content, the materials showed enhanced shape fixities,
recoverabilities and stress storage capacities. The causes of reduction of the shape
memory performance at lower POSS content (higher PCL soft segment content) were
a decrease in cross-link density and enhanced chain flexibility/molecular mobility.
The materials showed significant cycles’ averaged (N = 2-5) shape fixities and strain
recoverabilities of 98% and stress recoverabilities close to 100%.
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2 Classification of shape memory polymers

2.1 Introduction

Shape memory polymers (SMPs) can be classified based on the nature of their
structures such as amorphous or crystalline and covalently cross-linked or phys-
ically cross-linked network (Figure 2.1) [1, 2]. The different SMPs show dissimilar
shape memory effect (SME) because of their different nature of structures. SME of
SMP depends on the length and functionality of the cross-links, nature of switching
segment, crystallinity, crystalline structure and network structure. Tya,s of SMP can
be either T, or T, based on their structure. SMP having T, far below room temper-
ature, Ty, is used as Ty.ns. Normally T,-based SMPs show slower SME as compared
to Tn-based SMP because of the broad glass transition. This classification of SMP
plays an important role in interpreting the underlying mechanisms of the SME, and
subsequently in understanding the design of new SMP. SMP can also be categorized
based on their external stimulus. SMPs possess at least two phases, one is permanent
network which is responsible for retaining the original shape and the second one is
reversible network which is responsible for fixing the temporary shape. Based on the
nature and chemical structure of reversible phase, the external stimuli can be chosen.
This categorization helps selection of SMP for their suitable applications. The classifi-
cation of SMP is discussed below.

2.2 Based on nature of structure
2.2.1 Covalently cross-linked glassy SMP

This type of SMP is covalently cross-linked glassy polymer below T, and rubbery elastic
above T, Covalent cross-links can be obtained during synthesis or by post-processing
methods whereby at least one monomer should have more than two functional groups.
The nature of permanent cross-linking leads to excellent shape fixity and shape recov-
ery of this SMP, which can be adjusted through the extent of cross-linking. The excellent
shape fixity and recovery of SMP are caused by the high modulus below T, and excel-
lent rubbery elasticity above T,. However, once finally processed (casting or molding),
these materials are difficult to reshape again, as the primary shape is covalently fixed.
Shape memory properties of this SMP depend on the length and functionality of the
cross-links, nature of switching segment and network structure. The mechanism of SME
of this type of SMP is shown in Figure 2.2. Typical examples are thermosetting styrene—
butadiene copolymer, polyethylene, thermosetting polyurethanes (PUs), epoxy and so
on (Table 2.1). An SMP based on poly(vinyl alcohol) (PVA) chemically cross-linking with
glutaraldehyde (GA) has been reported [3]. PVA is a typical semicrystalline polymer,

https://doi.org/10.1515/9783110570175-002
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Figure 2.1: A presentation of classification of SMP.
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Figure 2.2: The mechanism of SME of covalently cross-linked glassy SMP.

owing to the hydrogen bonding between hydroxyl groups. However, crystallinity was
absent when the GA concentration was more than 3 wt%. This can be attributed to the
high cross-link density due to the presence of more GA content. They have exhibited
excellent shape recovery ratio even after several test cycles. The chemical and physical
networks serve as the fixed phase, while the amorphous region acts as the reversi-
ble phase. Unsaturated polyesters chemically cross-linking with methacrylate SMPs
have been developed [4]. a-Methylene-y-butyrolactone was synthesized from y-buty-
rolactone. a-Methylene-y-butyrolactone was copolymerized with e-caprolactone (g-CL)
to synthesize unsaturated polyester poly(a-methylene-y-butyrolactone-co-e-caprol-
actone) via ring-opening reaction. This unsaturated polyester was cross-linked with
methacrylates by radical reactions. T, of these materials can be tuned in a range of -26
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Table 2.1: Examples of covalently cross-linked glassy and semicrystalline SMP.

SMP Hard segment Soft segment Tirans (°C)
Covalently cross-linked glassy SMP
Poly(vinyl alcohol) glutaraldehyde Cross-link Poly(vinyl alcohol) 60-65
Polyesters-methacrylates Cross-link Methacrylates -26t0 29
Poly(ethylene terephthalate)-co-  Poly(ethylene Poly(ethylene glycol) 11-24
poly(ethylene glycol)- glycerin terephthalate))
Epoxy-)effamines Epoxy Jeffamines 31-93
Copolyester—polyurethane 1,6-Diisocyanato-2,2, Oligo[(rac-lactide)-co- 36-60
4-trimethylhexane glycolide]
Methyl methacrylate-co-PEGDMA  Cross-link PEGDMA 56-92
Starch-glycerol Cross-link Starch 50
PU-PB MDI/PB/1,4-butanediol Poly(tetramethylene) glycol 70-110
Covalently cross-linked semicrystalline SMP
Dicumyl peroxide- polycyclooctene Cross-link Polycyclooctene 30-60
PU-epoxy TDI/1,4-butanediol PCL 30-40
Poly(ethylene)-co-1-octene) Cross-link Poly(ethylene)-co-1-octene  60-100
Alkoxysilane-poly (e-caprolactone) Cross-link PCL 40-60
Oligo[(e-hydroxycaproate)-co- Cross-link Oligo[(e-hydroxycaproate)- ~ 18-52
glycolate]dimethacrylates co-glycolate]dimethacrylates
Natural rubber Cross-link Polyisoprene 0-45
LDPE Cross-link LDPE 60-100

PEGDMA, poly(ethylene glycol) dimethacrylate; PB, polybenzoxazine; MDI, methylene diphenyl diisocyanate;
TDI, toluene diisocyanate; PU, polyurethane; PCL, polycaprolactone; LDPE, low-density polyethylene.

to 29 °C. The materials exhibited excellent shape memory behaviors. Shape memory
poly(ethylene terephthalate)) and poly(ethylene glycol) (PEG) copolymers cross-link-
ing with glycerin, sorbitol or maleic anhydride have been developed [5]. The copolymer
with 2.5 mol% of glycerin exhibited the highest shape recovery behavior. The following
suggested characteristics are responsible for high shape recovery behavior of the cross-
linked copolymer: (1) the molecular interactions among hard segments (poly(ethyl-
ene terephthalate)) [PET] part), for example, H-bonding, dipole-dipole interaction
of carbonyl groups of PET and induced dipole—dipole interaction between aromatic
rings; (2) the soft segment (PEG part) efficiently and entirely absorbs the applied load
as a result, and the relative position of the hard segment or the original shape of the
copolymer can be safely preserved under mechanical deformation; (3) glycerin is more
effective for SME than sorbitol as earlier is a shorter cross-linking agent, although both
are linking with the hard segments, and the short and rigid structure of glycerin is
more favored for shape retention of the hard segment. Cross-link density has a strong
influence on the shape memory properties of the copolymers. T, can be controlled
by adjustment of the composition of the copolymer and cross-linking agent. Shape
memory epoxy based on Jeffamines curing oligo (bisphenol A) diglycidyl ether has
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been developed [6]. The materials exhibited excellent shape fixity and shape recovery
behaviors to almost 100%. The main structural factors for epoxy to exhibit the shape
memory performances are to reduce the cross-link density, a high-chain flexibility and
molecular mobility. The transition temperature, i.e., T, can be tuned in the range of
31-93 °C. The higher cross-linking density of these materials exhibited the faster shape
recovery. Lendlein et al. developed copolyester-PU thermoset SMPs, which are pre-
pared from star-shaped oligo[(rac-lactide)-co-glycolide] soft segments and low-molec-
ular-weight diisocyanate [7]. The materials exhibited shape fixity and shape recovery
was more than 90%. The shape memory properties found to vary slightly between the
first and the second cycles of test because of the segment chain orientation and relaxa-
tion effects. The T, can be modified in the range of 36-60 °C. Methyl methacrylate and
PEG dimethacrylate (PEGDMA) copolymer thermoset SMPs have been reported [8]. The
T, and rubbery modulus of the SMP can be controlled by adjusting the amount and
molecular weight of PEGDMA cross-linking monomer. T, can be adjusted in the range
of 56-92 °C.

2.2.2 Covalently cross-linked semicrystalline SMP

It is similar to the first category of SMP, where the permanent shapes are established
through the cross-linking and cannot be reshaped once setting. However, the tem-
porary shape can be controlled through deformation above T, of the crystallization
region and successive cooling below the T,,. This is because of the fact that both T,
and T, can be used as a Ty.ns for this kind of SMP, though most often T, is used, as
stated in Chapter 1. The shape fixity of this kind of SMP can be improved by choosing
a relatively lower temperature compared to Ty.,s and that low temperature should be
such so that it allows a high degree of crystallization. The shape recovery speed is
generally faster for this kind of SMP as T, is a first-order transition and a sharp transi-
tion. The shape memory behaviors of this SMP are influenced by the functionality of
cross-link, crystallinity, crystalline structure and network structure. The mechanism
of SME of this type of SMP is shown in Figure 2.3. This class of SMP includes bulk
polymers, like semicrystalline polymers, liquid crystal elastomers and hydrogels with
phase-separated crystalline microstructure. Thermosetting semicrystalline polyiso-
prene, polycyclooctenes and polycaprolactone are examples of this class (Table 2.1).
SMPs based on polycyclooctenes chemically cross-linking with dicumyl peroxide
have been developed [9]. Polycyclooctene was synthesized through ring-opening
metathesis polymerization of cyclooctene using the dihydroimidazolylidene-modified
Grubb’s catalyst. The neat polycyclooctene does not have SME due to the lack of a
rubbery plateau above T,,. The cross-linked polycyclooctene exhibited shape memory
behaviors, and the shape recovery was found to be increased with the increase in the
cross-link density. According to the theory of rubbery elasticity, networks with higher
cross-linking densities have higher driving forces to return to their lowest entropy
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Figure 2.3: The mechanism of SME of covalently cross-linked semicrystalline SMP.

state. Hu et al. [10] reported the shape memory behaviors of chemically cross-linked
PUs. PUs were chemically cross-linked with the excess amount of 4,4’-methylenebi-
s(phenyl isocyanate) (MDI) and glycerin. The cross-linked PU performed better SME
than the linear PU. Cross-linked poly(ethylene/1-octene) shape memory copolymers
have been developed [11]. The switching temperature, i.e., T;, and crystallinity of the
copolymer decreased with the increase of cross-link density. The switching temper-
ature can be tailored in the range of 60-100 °C by varying the degree of branching
and cross-link density. The shape recovery and shape fixity were increased with the
increase of crystallinity and cross-link density. It was observed that crystallinity and
the perfection of crystalline structure have strong influence to store the generated
strain energy. A novel covalently cross-linked alkoxysilane-terminated poly(e-CL) SMP
has been reported [12]. Sol-gel process was used to prepare the covalently cross-linked
SMP, where Si—0-Si domains behave as the net points essential for the shape memory
behaviors. The shape memory behaviors of the polymer, especially recovery time,
depend on the molecular weight of the poly(e-CL) and cross-link density of the systems.
Photo-cross-linked oligo[(e-hydroxycaproate)-co-glycolate]dimethacrylate SMPs have
been developed [13]. By varying the molecular weight and the content, glycolate of the
switching segment, T, which correlates with Ty, can be adjusted between 18 and
52 °C. In addition, shape memory behaviors of these SMPs were improved by forma-
tion of AB-type copolymer network with n-butyl acrylate. Study revealed that copol-
ymer networks from oligo[(e-hydroxycaproate)-co-glycolate]dimethacrylates with Mn
of the cross-linked macromonomers of at least 6,900 g/mol and a 14 mol% of glycolate
content exhibited excellent shape fixity with values more than 94%.

2.2.3 Physically cross-linked glassy SMP

In this SMP, the hard amorphous domains act as physical cross-links via van der
Waals forces, polar—polar interactions, hydrogen bonding and so on and afford the
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Figure 2.4: The mechanism of SME of physically cross-linked glassy SMP.

required elasticity for SME. These are mainly phase-separated linear block copolymers
and multiblock copolymers or blends. Tyays, i.€., T, of the soft segment is responsible
for SME. When the temperature is above T, of these discrete physical domains, the
material will be deformed easily so that it can be processed and reshaped. For the
temperature above T,, it softens to a rubbery state and fixes a secondary shape on
cooling below T,. This type of SMP exhibits to some extent lower SME when compared
with the other classes. This can be attributed to the loss of physical cross-link integrity
due to the mechanical deformation. The shape memory behaviors of this SMP depend
on the chain length, structure and arrangement of soft segment. The mechanism of
SME of this type of SMP is shown in Figure 2.4. Most of the SMPs in this class are seg-
mented amorphous shape memory PUs (Table 2.2). SMEs of physically cross-linked
MDI and poly(tetramethylene glycol) (PTMG) soft segment-based shape memory PUs
have been reported [14]. They used two types of soft segment, i.e., long and short with
molecular weights PTMG-1800 and PTMG-1000, respectively. They studied the effect
of arrangement of soft segments (random and block) on the SME of PUs. Random and
block PUs showed better SME than copolymers with one kind of PTMG. The materi-
als exhibited shape recovery and shape retention of more than 80%. Jeong et al. [15]
reported the SME of polycaprolactone (PCL)-based thermoplastic polyurethane (TPU)
blends with phenoxy resin. The PCL segment and phenoxy resin made single misci-
ble domain with single T, (T, > RT) which comes between those of PCL segment and
phenoxy resin. The blends showed the disappearance of crystallization and melting
peaks of PCL segment which implied that the crystallization of PCL segment is severely
hindered in the miscible blend. The blends showed good shape recovery behavior
when actuated to a temperature of 70 °C. The miscible domain acts as a reversible
phase, whereas phase-separated hard segment domain serves as a fixed structure
memorizing the original shape. Poly(l-lactide-co-e-caprolactone)-based biodegrada-
ble shape memory PUs have been developed. The material exhibited shape recovery

printed on 2/13/2023 1:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



2.2 Based on nature of structure =——— 53

Table 2.2: Examples of physically cross-linked glassy and semicrystalline SMPs.

SMP Hard segment Soft segment Tirans (°C)

Physically cross-linked glassy SMP

PU-phenoxy resin HDI/4,4’-dihydroxy ~ PCL/phenoxy resin 40-70
biphenyl miscible domain

PU-PVC HDI/4,4’-dihydroxy ~ PCL/PVC miscible domain 40-50
biphenyl

Poly(ethylene adipate)-PU MDI/1,4-butanediol Poly(ethylene adipate) 10-50

Polystyrene—polybutadiene Polystyrene Polybutadiene 70-140

Poly(L-lactide-co-g-caprolactone) - TDI/1,4-butanediol  Poly(L-lactide-co-¢- 30-55

-PU caprolactone)-

Poly(acrylic acid)-co-methyl Cross-link Poly(acrylic acid)/PEG blend  45-60

methacrylate)/PEG

Polymethyl methacrylate-co-N- Cross-link PEG-PVP complex phase 80-100

vinyl-2-pyrrolidone (VP)/PEG

PVDF/ACP Netpoints PVDF-ACP amorphous phase 45

Polytetramethylene oxide/ Cross-link Polytetramethylene oxide 60-100

poly(acrylic acid-co-acrylonitrile) complex

Physically cross-linked semicrystalline SMP

PEG-PU MDI/1,4-butanediol PEG 30-40
PCL-PU TDI/1,4-butanediol  PCL 50-54
Three-arm PCL-PU MDI/1,6-hexanediol Three-arm PCL(g-caprolactone 36-39
+ glycerol)
Poly(tetramethylene glycol)-PU MDI/1,4-butanediol Poly(tetramethylene glycol)  14-24
Poly(tetramethylene oxide) MDI/1,4-butanediol Poly(tetramethylene 0-46
glycol-PU oxide) glycol
PEO-PET PET PEO 45-55
PE-nylon 6 Nylon 6 PE 100-140
PEEK Crystalline domain ~ Amorphous domain >180
EOC-EPDM EOC EPDM 260
PPDO-PCL PPDO PCL >40

PPDO, poly(p-dioxanone); EOC, ethylene octene copolymer; EPDM, ethylene propylene diene rubber; PB, polyben-
zoxazine; MDI, methylene diphenyl diisocyanate; HDI, hexamethylene diisocyanate; TDI, toluene diisocyanate; PU,
polyurethane; PCL, polycaprolactone; PVC, poly(vinyl chloride); PEG, poly(ethylene glycol); PVDF, poly(vinylidene
fluoride); ACP, acrylic copolymer; PEO, poly(ethylene oxide); PET, poly(ethylene terephthalate); PE, polyethylene;
PEEK, polyether ether ketone.

ratio of more than 93%. The semicrystalline nature of poly(l-lactide-co-e-caprolactone) -
became completely amorphous while the content of caprolactone increased from 5 to
20 wt%. This can be explained due to the addition of flexible caprolactone destroys
regularity of the poly(l-lactide) chains as a consequence inhibits their crystallization.
The T, can be adjusted between 28 and 53 °C by varying the caprolactone content and
hard to soft segments ratio. The developed material can be actuated in body tempera-
ture and expected to be a prominent candidate for biomedical applications.
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Figure 2.5: The mechanism of SME of physically cross-linked semicrystalline SMP.

2.2.4 Physically cross-linked semicrystalline SMP

In this type of SMP, the soft domains are crystalline and T, is used as a Tyans for
SME; thus, the temporary shape is fixed by crystallization of the soft domains. These
SMPs generally have hard domains that are responsible for permanent shape and
soft domains for temporary shape. The shape memory properties can be modified
by changing the hard to soft domain ratio. The mechanism of SME for this type of
SMP is shown in Figure 2.5. The polyethylene oxide-co-polyethylene terephthalate,
polystyrene-co-poly(butadiene) and the thermoplastic segmented shape memory
semicrystalline PUs fall in this category (Table 2.2). Physically cross-linked semicrys-
talline shape memory PUs synthesized from PEG, MDI and 1,4-butanediol (BD) have
been reported [16]. The PEG semicrystalline soft phase acts as a reversible phase,
whereas the MDI-BD hard segment serves as physical netpoints. Cyclic, thermome-
chanical tensile test showed that the material exhibited good shape recovery of more
than 80%. Excellent shape fixity can only be achieved when the hard segment content
is less than 35 wt%. Kalita and Karak [17] reported the development of PCL-based
semicrystalline biobased shape memory PUs. They studied the effect of biobased
component (monoglyceride, MG) on the shape memory behaviors of PUs. The shape
fixity was found to be increased with the increase of biobased component. They also
reported the physically cross-linked semicrystalline biobased hyperbranched shape
memory PUs. The SMP was synthesized by reacting PCL as a macroglycol, BD as a
chain extender, MG of Mesua ferrea L. seed oil as a biobased chain extender, triethan-
olamine (TEA) as a branch-generating moiety and toluene diisocyanate (TDI) through
prepolymerization method using A, + B;approach [18]. The PCL acts as a soft segment
and BD-MG-TEA-TDI acts as a hard segment. A series of SMPs have been synthesized
using different amounts of branched generating moiety (0-5 wt%). The melting
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point was increased from 50 to 54 °C with the increase of branched generating
moiety content. The hyperbranched PU exhibited higher shape recovery behavior
as compared to their linear analog. In addition, SMPs of biodegradable three-arm
poly(e-CL)-based poly(ester-urethanes) actuated at body temperature have been
reported [19]. The three-arm PCL triols were synthesized by enzymatic ring-opening
polymerization of e-CL with glycerol. These novel SMPs were synthesized by the reac-
tion of three-arm PCL triols with MDI and 1,6-hexandiol. The SMP exhibited the shape
fixity for more than 90% while the shape recovery for more than 95%. Tians, i.€., T
could be adjusted in the range of 36-39 °C by using PCL triols with T, of 45-47 °C
and Mn of 2,720-4,200 g/mol. Shape memory poly(l-lactide-co-e-caprolactone)-co-
polymers have been reported. The copolymers exhibited excellent SME with shape
recovery and shape fixity ratio of more than 95% by adjusting the compositions. The
shape fixity decreased with increase of the €-CL content. This is due to the decrease
of the crystallinity of the copolymer with the increase of the e-CL content, while the
crystalline phase serve as fixing phase. Thermoplastic shape memory PUs were devel-
oped by the reaction of poly(tetramethylene glycol) with MDI, and then the chain is
extended using different extenders such as linear aliphatic BD, benzoyl-type 4,4-bis
(4-hydroxyhex-oxy)-isopropylane and naphthalate-type bis(2-phenoxyethanol)-
sulfone or naphthoxy diethanol [20]. T, of these copolymers was in the range of —73
to ()50 °C for the soft segment (T,s) and 70-106 °C for the hard segment (T,,), and Ty,
was in the range of 14-24 °C for the soft segment and 198-206 °C for the hard segment.
The materials exhibited shape recovery and shape fixity ratio above 90%.

2.3 Based on external stimulus
2.3.1 Thermoresponsive SMP

In this class of SMP, the polymer is actuated by direct heating [10, 20-22]. By far these
are the most common SMPs. Thermoresponsive SMPs recover their original shape
when these are heated above T, for amorphous polymers whereas heated above T, for
crystalline polymers. When the polymer is heated above T,, the polymer chains start
to vibrate and slip of each other at which the storage energy of the system is released,
and as a result SMP will return to their original position. An entropy loss arises when
the polymer is deformed, which corresponds to entropy elasticity, whereas in the
rubbery state the polymer tends to recover its original shape through recovering the
entropy loss. Kalita and Karak [23] reported the thermoresponsive biobased shape
memory PUs. They prepared series of shape memory PUs using different vegetable oils
such as castor oil, sunflower oil and Mesua ferrea L. oil. PUs showed T,, in the range of
39-43 °C. All the shape memory PUs exhibited good shape recovery and shape fixity
behavior under heat actuation at a temperature of 60 °C. The castor oil-based one
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showed the faster shape recovery among the others. This is attributed to the increase
in stored energy as a result of more physical cross-links and the presence of more func-
tionality in the castor oil. They also reported the thermoresponsive PU/multiwalled
carbon nanotube (MWCNT) shape memory nanocomposites [24]. The shape recovery
was found to be increased with the increase of MWCNT content due to the increase in
strain energy and modulus of the system. Again the author studied the shape memory
behaviors of nanocomposites in hot water [25]. The material showed faster shape
recovery in hot water as compared to the normal heating. This can be attributed to
the higher heat conducting nature of water than air. Lee et al. [26] studied the thermo-
responsive shape memory behaviors of PU block copolymers. They studied the SME
on different weight percentages of hard segment content in PU. All PUs showed more
than 90% shape fixity at each hard segment content. However, shape recovery was
not noticed at 20, 25 and 50 wt% of hard segment content. PUs containing 20 or 25
wt% of hard segment cannot have strong interaction or physical cross-links such as
dipole—dipole interaction, hydrogen bonding and induced dipole-dipole interaction
because of the low content of hard segment, resulting in the loss of SME. PU with 50
wt% of hard segment did not exhibit shape recovery because of the excess interac-
tions among the hard segments leading to a rigid structure. PUs with 30-45 wt% of
hard segment content showed 80-95% of shape recovery, where PU copolymers can
make strong interactions among hard segments that are enough to restore the polymer
to revert to their original shape. Reyntjens et al. [27] reported the thermoresponsive
poly(octadecyl vinyl ether)-co-butyl acrylate SMP. The material exhibited shape recov-
ery within seconds when heating at 60 °C. The extensive phase separation occurring
in these materials is attributed to the block structure of the networks, where the octa-
decyl vinyl ether units are allowed to crystallize, resulting in the good SME.

2.3.2 Light-responsive SMP

Light-responsive SMP can be achieved either via photochemistry or through light-
induced heating. In this SMP, light is induced to the SME, which has some photo-
responsive groups that act as molecular switches [22, 28-30]. This stimulation does
not have any relation with the temperature effect. However, in the case of light-
induced heating SME, the polymer and/or nanofillers absorb the irradiated light and
generate the induced heating resulting in the SME. SMPs are stretched and irradiated
by certain light of wavelength and consequently the photoresponsive groups form
cross-links. SMPs obtain a new shape and retain the shape even when releasing the
stress. When this temporary shape is irradiated by certain light of wavelength, the
cross-links cleave allowing the SMP to recover its original shape. Lendlein et al. [31]
reported the UV light-responsive SMP. They fixed the elongated polymer applying the
UV light at wavelength higher than 260 nm and recovered the original shape using
wavelength of light shorter than 260 nm at room temperature. Light-induced pendant
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cinnamamide groups containing polyester-PU SMP have been developed [32]. The
material exhibited excellent shape fixity and shape recovery under the UV stimulus
at ambient temperature. The pendant cinnamamide groups serve as photorespon-
sive molecular switches and provide the polymer with reversible [2 + 2] cycloaddition
cross-linking. The temporary shape was obtained by irradiating with >260 nm UV light
after deforming via an external force, as a result of the formation of temporary chemi-
cal cross-links through a [2 + 2] cycloaddition reaction. The original shape was recov-
ered after irradiation with <260 nm UV light through cleaving of the light-induced
cross-links (Figure 2.6). Infrared (IR) light stimuli carbon nanoparticles filled with
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styrene-based SMP have been reported [33]. The material exhibited strong SME under
the influence of IR light. The IR light absorption capacity of carbon nanoparticles
induces internal heat and that triggers the SMP to recover its original shape. Medium
IR laser light-activated optical fiber-embedded styrene-based SMPs have also been
developed. The material exhibited faster excellent shape recovery behaviors. When
the IR light activates, the absorbed optical energy of the polymer is transformed
into thermal energy by Joule heating. Once the temperature approaches to Ty.ns, the
deformed SMPs recover to its original shape. Photoresponsive metal-ligand supra-
molecular SMPs have been developed [34]. Metallosupramolecular polymers were
prepared by the end-capped 4-oxy-2,6-bis(N-methylbenzimidazolyl) pyridine with
low-molecular-weight poly(butadiene) followed by the addition of metal salts and
cross-linked with tetrathiol. The material exhibited more than 90% shape fixity and
shape recovery behaviors. Fixed shape can be obtained by the photo-cross-linking
of the poly(butadiene) core with a tetrafunctional thiol through a photo-induced
thiol-ene reaction. The metal-ligand complexes are able to absorb UV light, and this
absorbed energy is converted into fluorescence and leads to a localized heating. This
localized heating renders the softening of the hard phase and increased decomplex-
ation or rate of exchange of the metal-ligand complexes. Thus, the material can be
deformed while irradiating with UV light (320-390 nm), and upon removal of the light
the sample becomes cool, the metal-ligand interactions re-engage and reforms the
phase separation, locking in the temporary deformed state. Further exposure to light
will again break up the phase separation, and the stored strain energy is released
resulting in return to its entropically favored, original shape. Near-IR light-induced
PU/graphene oxide hybrids have been developed [35]. The modified graphene oxide
acts as a multifunctional cross-linker at low contents and a nucleating agent at high
contents and IR absorbing materials. The hybrid material exhibited more than 90%
shape recovery behaviors under the actuation of IR radiation. The recovery speed
increased with the increase of graphene oxide content due to the more IR absorption
and increase in conductivity of the material. The absorption of IR radiation generates
induced heating that leads to the melting of the crystalline mass of the polymer. As a
consequence, there is decrease in the modulus of the material and recover its original
shape. At low content of graphene oxide, cross-linker effect is dominant inducing a
high degree of recovery, whereas the nucleating effect is dominant at high content,
giving high AH,, and high shape fixity. Lee et al. [36] reported the light-activated
azobenzene-based liquid polymer crystalline SMP. Azobenzene-based liquid polymer
crystalline networks were synthesized by photoinitiated polymerization of acrylate-
based monomer and azobenzene containing cross-linker. To fix the temporary shape,
the material is deformed to bending shape and exposed to linearly polarized 442 nm
laser light. The material retains its bending shape after removal of the light. This pho-
tofixed shape is because of the light-directed rearrangements to the polymer chains
in the glassy matrix. By exposing the bending shape to 442 nm circularly polarized
light, it recovers to the original shape. A new optically triggered shape memory
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composite material was developed from poly(3-caprolactone) cross-linked with hex-
amethylene diisocyanate and surface-functionalized gold (Au) nanoparticles [37].
The composites exhibited the good shape recovery behavior under the laser actua-
tion. Gold nanoparticles between 60 and 200 nm in size have a strong absorption of
light especially IR light. The irradiated light can be absorbed by the gold nanopar-
ticles to enhance the temperature of gold nanoparticles/SMP composites locally to
actuate the shape recovery. However, the shape recovery process could be stopped
at any stage by turning off the laser source, and then resumed at anytime by irradi-
ating the laser on sample. Kalita and Karak [38] reported the microwave-actuated
PU-Fe;0, SMP nanocomposites. They reported that the composites showed almost
full shape recovery under the microwave stimulus. No significant change of shape
recovery of the nanocomposites was obtained over the repeated cycles (Ten) of test.
When the microwave is irradiated on the sample, the dipole moment of the material
oscillates to align with the oscillating external electric field; as a consequence, heat
is generated because of the molecular friction and collisions. The shape recovery was
observed when the induced heat is close to the Ty.,s and found to increase with the
increase of Fe;0, content under the microwave irradiation. The shape recovery time
decreased (81-49 s) with the increase of Fe;0, nanoparticles content in the nano-
composites. The shape recovery speed may be increased because of the enhanced
microwave absorption characteristic of the nanocomposites with the increase of
Fe;0, nanoparticles content.

2.3.3 pH-responsive SMP

In this category of SMP, materials respond to the change of pH. In the presence of ion-
izable functional groups, the polymer gets ionized and acquired charge in certain pH
[39]. The polymer chains between like-charged groups lead to repulsion and hence
expand their dimensions. When the pH changed, the repulsion is gone and the
materials come to the original position. A novel pH-responsive SMP nanocompos-
ite has been developed by blending PEG—poly(e-CL)-based PU with functionalized
cellulose nanocrystals (CNCs) [40]. CNCs were functionalized with carboxyl groups
(CNC-CO,H) through 2,2,6,6-tetramethyl-1-piperidinyloxy and with pyridine moie-
ties (CNC-C¢H,NO,) through hydroxyl substitution of CNCs with pyridine-4-carbonyl
chloride, respectively. At a high pH value, the CNC-C¢H,NO, had attractive interac-
tions from the hydrogen bonding between pyridine groups and hydroxyl moieties.
However, at a low pH value, the interactions reduced or disappeared because of the
protonation of pyridine moieties. The excellent pH-actuated SME can be readily con-
trolled through changing hydrogen bonding interaction by varying the pH of the
environment. A pH-sensitive PEG-based PU triple SMP has been reported [41]. The
association and disassociation of carboxylic dimers present in the polymer chains
act as two switches to control the triple SME. The carboxylic dimer is affected by pH

printed on 2/13/2023 1:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

60 —— 2 Classification of shape memory polymers

values to associate in acidic solutions (at pH 2), whereas dissociate in alkaline solu-
tions (at pH 9) to induce the pH-responsive SME. The carboxylic dimers play a vital
role in the formulation of pH-responsive shape memory PU. A novel pH-responsive
SMP is developed by cross-linking the B-cyclodextrin-modified alginate (3-CD-Alg)
and diethylenetriamine-modified alginate (DETA-Alg) [42]. Temporary shape of
the material can be fixed at pH 11.5 and recover its original shape at pH 7. At pH
11.5, the material was rigid and could not deform freely due to the presence of both
fixing cross-links (alginate chains and calcium cations) and reversible cross-links
(B-CD-DETA). At pH 7, the protonation of amino of DETA causes the dissociation of
B-CD-DETA. As a consequence, the material would have become soft and readily be
deformed under the application of an external stress. At pH 11.5 under an external
stress, the deformation of the specimen would be frozen and render a temporary
shape. Once the specimen was transferred at pH 7, the dissociation of -CD-DETA
resulted in disappearance of the strength of the frozen deformed specimen. As a
result, the material recovered to its original shape. Chen et al. [43] reported a highly
pH-responsive SMP, which was synthesized by introducing pyridine rings into the
PU backbone. The mechanism of pH responsiveness is the formation of a hydrogen
bond interaction between H-N of urethane and the N atom of the pyridine ring in
neutral or alkaline condition which is dissociated under acidic conditions due to the
protonation of the pyridine ring.

2.3.4 Solvent-responsive SMP

Water or solvent can be used as a stimulus for SME of SMP. The solvent molecules
penetrate to the bulk of the polymer and depress the Ty.,s by means of softening,
swelling or dissolving the switching domain [44-46]. Ty.ns may drop below the room
temperature and this leads to the SME of solvent-responsive SMP. SME depends on
the solvent molecule size, shape, polarity, solubility parameter and so on. Solvent-
induced chemically cross-linked PVA SMPs have been reported [3]. Shape memory
behaviors were studied in good or poor solvents (including water, dimethylformamide
[DMF] and ethylene glycol) for PVA in room temperature. The chemical cross-linked
PVA exhibited excellent shape fixity ratio and recovery ratio in water even after five
cycle applications. The solubility parameter and polarity of solvents are the most
important factors influencing the sorption and diffusion of small molecules in the
polymer, which determines the degree of swelling and macroscopic shape recovery.
PVA swelling leads to the decrease of T, and increase in the flexibility of chain seg-
ments. The high chain mobility allows the frozen stress to release, resulting in macro-
scopic shape recovery. Solvent-induced styrene-based thermosetting SMPs have been
developed [47]. The material exhibited excellent shape recovery in DMF. The absorp-
tion of solvent in the SMP weakens the elasticity modulus, which causes a significant
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Figure 2.7: SME of solvent-induced SMP: (a) original shape and (b) temporary shape.

decrease in T,, which has a direct influence on the shape recovery of SMP. Kalita et al.
[48] studied the solvent-induced shape memory behaviors of biobased PUs. They
studied the shape memory behaviors in different solvents. In DMF the material exhib-
ited excellent shape recovery in shorter recovery time within 10 s (Figure 2.7). The
solvent molecules penetrate into the polymer chains after immersing the fixed sample
(temporary shape) in the solvent, and decrease the transition/switching temperature
of the polymer. When the transition/switching temperature of the switching segments
is lower than the temperature of their surroundings, active motion of the switching
segments occurs. As a consequence, release the stored strain energy in the tempo-
rary fixed shape sample, and hence the sample transforms back to its original shape.
The solubility parameter, polarity and size of the solvent molecules are the factors
that exert the strongest influence on the shape recovery behavior of the polymer.
Water-responsive cellulose nanowhisker (CNW)/TPU nanocomposite SMPs have been
developed [49]. SMPs showed excellent shape recovery in shorter period by wetting in
water immersion (10 minutes). Wetting of the sample (original shape) can soften the
CNW/TPU, as water molecules break up the hydrogen bonds between the nanowhisk-
ers. This allows the material for easy deformation into a temporary shape. The sub-
sequent drying results in shape fixation through the formation of a hydrogen-bonded
three-dimensional network of individualized whiskers through removal of the water
molecules. In the recovery stage, wetting as the external stimulus leads to dissocia-
tion of the network of whiskers and actuates the shape recovery of its original shape.
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2.3.5 Chemoresponsive SMP

Chemoresponsive SMP exhibits SME under the external chemical stimuli [50-52].
Hydrolysis and redox reaction change the chemical or physical states on external
chemical stimuli. A chemoresponsive SMP has been developed by cross-linking -
cyclodextrin-modified (B-CD) chitosan and ferrocene-modified branched ethylene
imine polymer [53]. The material exhibited shape fixity behavior when subjected to
a 1% NaHSO; (reducing agent) solution. The material recovers its original shape in
1% (NH,)Ce(NOs), (oxidant) solution. In the reduced state, the material was rigid and
could not deform freely due to the presence of both fixing cross-links (covalent cross-
links) and reversible cross-links (B-CD-Fc). Once the sample was transferred to the
oxidant solution, the dissociation of §-CD-Fc resulted in softening of the material.
As a consequence, the material recovered its original shape. The material exhibited
shape recovery ratio and the fixity ratio above 70%. Incorporation of glucose oxidase
(GOD) in the material exhibited the glucose-responsive SMP. Similarly, material was
fixed into a 0.2% NaHSOs solution. The temporary shape was transferred into a 0.2 M
glucose solution and the original shape was recovered. The shape memory behavior of
the material was caused by hydrolysis of glucose catalyzed by GOD. Sugar-responsive
phenylboronic acid-grafted alginate (Alg-PBA)/PVA shape memory hydrogel have been
developed [54]. Alg-PBA and PVA were mixed under basic conditions, and supramo-
lecular hydrogels could be formed due to the formation of dynamic covalent PBA-diol
ester bonds between PBA groups of Alg-PBA and hydroxyl groups of PVA. Then, the
prepared Alg-PBA/PVA hydrogels were immersed into CaCl, aqueous solution and the
alginate chains were cross-linked by Ca?". There are two types of cross-links inside the
hydrogels: the Alg-Ca* cross-link was responsible to determine the permanent shape,
whereas dynamic PBA-diol ester bonds serve as reversible cross-link and memorize
the temporary shape. When the temporary shape of the hydrogel is immersed into a
glucose solution, it recovers the original shape. The interaction between PBA groups
and monosaccharides such as glucose and fructose is stronger than that between PBA
groups and PVA. Thus when a fixed temporary shape was immersed in aqueous solu-
tion of glucose and fructose, the reversible PBA-diol ester bonds between Alg-PBA and
PVA will be dissociated, which drives the shape recovery of the hydrogel. The material
exhibited excellent shape fixity and shape recovery to almost 100%.

2.3.6 Electroresponsive SMP

In this class of SMP, SME is observed under the application of electrical current/voltage
[22, 46, 55]. Most of the SMPs are insulating in nature. These properties prevent them
from the actuation of electrical resistance effect. This type of SMP can be prepared
by incorporation of carbon nanotube, graphene, carbon nanofibers, carbon black,
metal nanoparticles, polypyrrole and so on as conducting fillers. The electric current
passes through the conductive filler network in the SMP; the internal temperature

printed on 2/13/2023 1:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.3 Based on external stimulus =——— 63

of the SMP increases through Joule heating phenomena and once its temperature is
above Ty it activates the SMP [56, 57]. Cho et al. [58] first reported the SME of SMP
nanocomposites using CNT as conducting filler by electric field. MWCNTs were used
after chemically surface modification in a mixed solvent of nitric acid and sulfuric
acid, to increase interfacial bonding between polymers and MWCNTSs to obtain con-
ducting SMP. The electrical conductivity was found in the order of 102 S cm for the
5 wt% MWCNT-based nanocomposite. The material showed excellent SME, and the
surface temperature of the nanocomposites was found to be above 35 °C in 8 s when
the applied voltage was 40 V. Du et al. [59] developed electroactive SMP based on PVA/
MWCNT composites. The volume electrical resistivity of pure PVA is 2.2 x 10% Q cm.
The electrical percolation network was formed above 1 wt% because of low aspect
ratio of used MWCNT. When the loading amount reached 10 wt%, the electrical resis-
tivity drastically lowered to 1.4 x 10° Q cm, indicating that the MWCNT connect to each
other and form a better electrical conductive network in the PVA matrix. However, the
rate of decrease of electrical resistivity of the nanocomposites became constant when
the MWCNT content increased from 10 to 30 wt%. The SMP PVA/MWCNT (20 wt%)
nanocomposite recovered its original shape within 35 s, when a constant voltage of
60 V was applied. However, for the 10 and 15 wt% samples, higher voltages of 120 and
110 V were required to recover its original shape, respectively. The PVA/MWCNT com-
posites are in a semiconductor or insulator state that could not be driven by voltage
in the range from O to 120 V when the concentration of MWCNT is <10 wt%. However,
in the case of PVA/MWCNT composites with 30 wt% of MWCNT, the initial recovery
time increased because the transport of the Joule heating slowed down as the thermal
conductivity decreased due to the aggregation of nanotubes. Low-temperature elec-
troactive shape memory PU-SWCNT hybrids have been developed [60]. The conduc-
tivity of PU-SWCNT hybrids was 4.86 x 107 S/cm with an addition of 1% SWCNTs,
but their conductivity enhanced to 5.9 x 10 S/cm with an addition of 2 wt% SWCNTs.
The conductivity of PU-SWCNT hybrids continued to increase to 0.2677 S/cm with an
addition of 5 wt% SWCNT. The result suggested that critical filler concentration was
required to reach the true electrical conductivity known as the percolation threshold.
The composite with 4 wt% SWCNT possesses the optimum electroactive SME with
shape recovery to about 88% within 90 s under the applied voltage of 30 V. An elec-
troactive hydroepoxy/carbon black composite has been reported [56]. The percolation
threshold of the electroactive hydroepoxy/carbon black shape memory composite is
lower than that of many other composites. The electroactive hydroepoxy composite
exhibited excellent SME because of the low percolation threshold. The composite
filled with 1.9 wt% carbon black recovered its original shape to nearly 100% in only
a few minutes under an applied voltage of 200 V. The study revealed that the shape
recovery time decreased with the increase of applied voltage. According to Joule’s law,
the Joule heating is related to the voltage such that increased Joule heating would
be induced with an increase in the voltage. As a result, as the voltage increases, the
temperature of the sample simultaneously increases, rendering a higher recovery rate.
Electroactive shape memory composites were developed using PU block copolymer
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Figure 2.8: SME of electroresponsive SMP at the voltage of 40 V.

and conducting polypyrrole by chemical oxidative polymerization [61]. The conductiv-
ity of the composites increased with increase of polypyrrole, and a high conductivity
of the order of 102 S/cm was obtained at 6-20 wt% polypyrrole. Such a conductivity of
the composites was sufficient to show electroactive SME. The material exhibited shape
recovery of 85-90% in 2025 s when an electric field of 40 V was applied (Figure 2.8).

2.3.7 Magnetoresponsive SMP

This type of SMP can be actuated by the alternating magnetic field [45, 62, 63]. SME
can be achieved by inclusion of fillers such as ferromagnetic particles, iron oxide nan-
oparticles and nickel powders into the SMP. They offer the opportunity to actuate the
SMP through contactless by a specific remote control. The ferromagnetic particles act
as inductive heater under the application of alternating magnetic field through hys-
teresis loss, eddy current loss and other mechanisms based on the different kinds of
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magnetic particles and their sizes [64, 65]. The amount of heat generated by magnetic
particles depends on the size of the particles and frequency of the applied magnetic
field. The shape recovery of the composites can be actuated by means of inductive Joule
heating in an alternating magnetic field as a consequence of transforming electromag-
netic energy from an external high-frequency field to heat due to relaxation processes.
Sometimes it is difficult to control the amount of heat generated by the magnetic parti-
cles in SMP, which is often downside for biomedical applications. Some ferromagnetic
particles incorporated in the SMP enable innate thermoregulation, which was caused
by the Curie temperature (T.). T. is the temperature at which a ferromagnetic material
becomes paramagnetic, losing its ability to generate heat through a hysteresis loss
mechanism. Magnetic particles with appropriate sizes will generate heat primarily
through a magnetic hysteresis loss mechanism instead of an eddy current mechanism.
It becomes possible to have an innate thermoregulation mechanism that limits the
maximum attainable temperature to T.. By choosing magnetic materials with suitable
T.could significantly eliminate the danger of overheating in clinical applications.
Cross-linked poly(e-CL)/Fe;0, magnetically induced SMP have been reported [66].
The materials showed excellent shape recovery in an alternating magnetic field with
f=20kHz and H = 6.8 KA/m. SME is observed in an alternating magnetic field because
Brownian and Néel relaxation losses of Fe;0, can be transferred into heat. The shape
recovery time was 130 s when the specimen was inductively heated in the alternating
magnetic field. It was suggested that faster recovery speed can be achieved by increas-
ing the frequency and employing a heat shield for specimens to prevent the heat loss
during inductively heated. Mohr et al. [67] studied that magnetically actuated Fe,O;
nanoparticles incorporated thermoplastic polyether urethane nanocomposites. Iron
oxide nanoparticles with average diameters at 20—30 nm exhibited homogeneous dis-
tribution within the SMP matrix. The shape recovery of SMP composites was investi-
gated by inductive heating in an alternating magnetic field (f = 258 kHz; H = 30 kA/m).
The sample geometry and nanoparticle content have an important role to achieve
maximum temperatures by inductive heating in a specific magnetic field. Schmidt [62]
incorporated surface-modified Fe;O, (diameter: 11 nm) superparamagnetic nanoparti-
cles into an SMP matrix. She reported that magnetically actuated thermosetting SMP
composite of oligo(e-CL)dimethacrylate/butyl acrylate contains Fe;0, magnetite nano-
particles (2-12 wt%). The specific power loss of the particles was found to be 30.8 W/g
at 300 kHz with a power of 5.0 kW. The material recovers its original shape in about 20
s with the application of an AC field of 300 kHz (Figure 2.9). A maximum sample tem-
perature of 42 °C was found during inductive heating. Nickel zinc ferrite particles have
been reported to achieve SMP actuation through inductive heating by means of innate
thermoregulation. T, of this material could be varied in a wide range by changing the
composition. Buckley et al. [64] reported that nickel zinc ferrite particles incorporated
magnetically actuated SMP for biomedical applications. The effect of volumetric par-
ticle loading from 1% to 20% on the heating efficiency of the magnetic particles was
also investigated. The heating efficiency of the particles found to be decreased with
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Figure 2.9: SME of magnetoresponsive SMP: (a) schematic diagram of the LC resonant circuit-based
HF generator used for induction heating experiments, and sample positioning and (b) shape reco-
very under the impact of HF electromagnetic field.

the increase of the volume content of the particles due to the magnetic shielding effect
as a consequence of agglomeration of particles in SMP matrix. This magnetic shield-
ing effect could lower the volumetric power dissipation due to lower magnetic field
strength experienced by the particles. The addition of 10% volume content of particles
provides sufficient heating for SMP actuation in air using magnetic field (f = 12.2 MHz
and H = 545 A/m) and does not interfere significantly with the SME of SMP.
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3 Characterization techniques for shape
memory polymers

3.1 Introduction

Shape memory polymers (SMPs) are characterized by different characterization tech-
niques. An in-depth analysis of SMP is necessary to understand the relationship
between structure and shape memory effect (SME) of SMP. Extensive chemical and
structural characterization is needed to investigate the nature of SMP. Appropriate and
efficient structural characterizations of SMP offer the ideal application of SMP. The
structure of SMP is studied by nuclear magnetic resonance spectroscopy and Fouri-
er-transform infrared spectroscopy. The investigation of morphology of SMP is essen-
tial to understand the SME. The morphology of SMP is investigated by using micro-
scopic techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM), and scattering techniques such
as wide-angle X-ray diffraction (WAXD) and small-angle X-ray diffraction (SAXD). The
thermal transition temperature, i.e., Tans, Which is crucial for SMPs is characterized
by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA).
The quantification of SME is a key characterization for potential applications of SMP.
The cyclic, thermomechanical tensile test is widely used technique for quantification
of shape memory properties. SME is not an intrinsic property of the SMP; it depends on
the molecular structure, processing and programming conditions. The suitable multi-
ple characterizations will give the detailed understanding of SME of SMP. The various
properties of SMP characterized by different techniques are presented in Table 3.1. The
different techniques for characterization of chemical structure, morphology, thermal
properties and quantification of SME are discussed below.

3.2 Characterization techniques of SMP
3.2.1 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is carried out to evaluate the struc-
ture of the SMP. Usually proton (*H) and carbon (*C) NMR spectroscopic technique
is used for this purpose. This technique is used to determine the molecular weight,
degree of branching, repeating units and distribution, tacticity and the presence of
the nonreacted monomers [1]. This spectroscopic technique can also be performed
to investigate the kinetics of the polymerization reaction, cross-linking reaction,
composition of copolymer, degradation nature and so on. Furthermore, this technique
can be used to understand the effect on the nanomaterials within the polymer matrix.

https://doi.org/10.1515/9783110570175-003
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Table 3.1: Techniques for characterization of SMP.

Properties FTIR XRD NMR Raman DSC DMA TEM
Functional groups ++ - ++ + - - _
Chemical composition ++ - ++ + - - -
Degree of crystallinity - ++ + + ++ + -
Chain conformation + + ++ + - - _
Molecular weight - - + - - - -
End groups ++ - ++ + - - -
Teand T, - - - - ++ ++ -
Viscosity - - - - - + -
Kinetic of reaction ++ - ++ + ++ - -
Modulus - - - - - ++ _
Morphology + ++ + + + + ++
Compatibility + + + + ++ ++ ++
Shape recovery behavior - - - - - + -

++, strong technique; +, weak technique; —, inadequate technique; FTIR, Fourier transformed infrared spectros-
copy; XRD, X-ray diffraction; NMR, nuclear magnetic resonance spectroscopy; DSC, differential scanning calorime-
try; DMA, dynamic mechanical analysis; TEM, transmission electron microscopy.

NMR study of polymers is carried out in solid state or in swollen state. Solid-state
NMR is known to be a very effective tool to obtain detailed information of the phase,
structural and dynamic properties of amorphous and semicrystalline polymers, both
in their pristine and in blend or composite systems [2]. This is because the spectro-
scopic properties such as chemical shifts, relaxation times and line widths depend
on the local structure and dynamics of molecules. It can also provide the informa-
tion at nanometer and molecular level associated with the SME as well as the state of
programming SMP. The SME could be observed by a solid-state 'H double quantum
NMR experiment of the polymer network. In general, the position of the maximum of
double quantum excitation shows the strength of the dipolar coupling. The shorter
the excitation time at the maximum of double quantum coherence shows the higher
is the dipolar coupling. The morphology of polymers can be studied by proton spin
diffusion methods because the rates of spin diffusion are sensitive to domain sizes on
the order of 1-20 nm.

The SME of oligo [(L-lactide-ran-glycolide)] dimethacrylates through solid-state
NMR was investigated by Bertmer et al. [3]. They reported that below T, the
unstretched (original shape) sample because of the rigidity of the polymer network
showed a maximum of double quantum at an excitation time of 20 pus. However, the
stretched sample showed a maximum of double quantum at an excitation time of 18
ps. After stretching the sample, the chain length between the cross-linking points is
elongated and partially oriented along the stretching direction. So the dipolar cou-
pling is increased which led to a shorter excitation time than the unstretched sample.
Moreover, the normalized signal intensity of the stretched sample is much higher
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than the unstretched sample. This fact indicates that the efficiency of excitation of
double quantum coherence is strongly increased due to the higher dipolar coupling.
After heating, the temporary shape above T, recovered the permanent shape. A
double quantum measurement at room temperature exhibits an almost identical
buildup curve similar to the unstretched sample. Thus, the SME is reversible and can
be confirmed from solid-state NMR study. Powers et al. [4] studied the structure and
dynamics of a shape memory thermoplastic polyurethane/carbon nanofiber (CNF)
nanocomposite by solid-state NMR. The nanocomposites exhibited shifting and broad-
ening of peak as compared to the neat polymer (Figure 3.1). The change in chemical
shift could be ascribed to ring current shifts from CNFs in close proximity to the soft
segments or to magnetic susceptibility differences in the composites. The change in
line width could be explained either to a restriction of chain mobility or magnetic sus-
ceptibility variations introduced with the CNFs. The proton NMR spectra of stretched
samples of both the neat polymer and nanocomposite exhibited the downfield chem-
ical shift and broadening of the peak. However, the unstretched polyurethane and
its nanocomposite samples showed similar chemical shift and broadening of peak.
This result reflects that the local magnetic environment for the amorphous chains is
identical in neat polymer and its nanocomposites, indicating that these chains are no
longer in close proximity to CNFs. However, highly stretched samples showed similar
chemical shifts for with and without CNFs imply that the mobile amorphous phase is
no longer in close proximity to CNFs. These suggested that nucleation is promoted at
the surface of CNFs, thereby separating the mobile phase from CNFs. The morphology
of stretched and as-cast films was studied by the spin diffusion techniques to char-
acterize the mobile and rigid domain sizes. The spin diffusion pulse sequence builds
a polarization gradient between the mobile and rigid domains, and the domain sizes
can be calculated by monitoring the rate of magnetization exchange between them.
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The author reported that highly stretched sample led to both smaller domain sizes
and smaller spacings than the low stretched sample.

The presence of hydrogen bonding in the shape memory polyurethane has
been observed by the ®C NMR analysis, which is important factor for the SME of
polyurethanes [5]. In *C NMR spectra, carbon atoms sensitive to hydrogen bonds
are quaternary aromatic carbons from 4,4’-methylenebis(phenyl isocyanate) (MDI)
units adjacent to urethane moiety. A shifting of the signal at § = 120.4 downfield
to 6 = 150.9 corresponding to aromatic —-NH-C<- groups is observed as a result of
a decrease in electron density owing to the participation of the neighboring —-NH
group in the hydrogen bond. In the solid-state NMR spectrum only one signal of
the -NH-C<- group was observed, indicating that all the NH groups form hydrogen
bonds of the same strength, either with carbonyl oxygen atoms of another urethane
moiety or ether oxygen atoms of the soft segments. Kalita and Karak [6] evaluated
the structure and the degree of branching of shape memory hyperbranched poly-
urethane by the proton NMR. Proton NMR spectrum of polyurethane resulted by
the presence of urethane linkages, toluene diisocyanate (TDI) moieties and other
characteristic groups such as double bond, chain —CH,— and terminal —CH;. The
peaks at 0 = 0.80 ppm, 0 = 1.19 ppm and 0 = 1.47 ppm are due to the terminal methyl
group, all terminal —CH,— groups and the protons for —CH,- groups attached next
to the terminal methyl group of the fatty acid chain of the monoglyceride of the
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Figure 3.2: 'H NMR spectrum of shape memory hyperbranched polyurethane.
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oil, respectively (Figure 3.2). The protons of allylic —-CH,-, -CH,- adjacent to -O- of
urethane group and — CH; of TDI showed peaks at 0 = 2.19 ppm, 0 = 2.23 ppm and
0 = 2.68 ppm, respectively. The —CH,— protons of triethanolamine moiety attached
to the urethane linkages and —CH,— protons adjacent to —OH groups were found at
0 =3.21 ppm and 9 = 3.92 ppm, respectively. The observed integration ratio of these
two peaks was 2.78, which indicated that out of three —OH groups of triethanola-
mine moiety, 2.78 groups were substituted, i.e., the degree of branching is about
0.93. The observed degree of branching indicated that the material exhibited highly
branched structure. The hyperbranched polymer exhibited higher shape recovery
behavior than the linear counterpart.

3.2.2 Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is a commonly used technique for
characterizing the SMP. This technique probes the vibrations or rotations of the atoms
of a molecule [1]. This spectroscopy records the absorbance or transmittance intensity
in percentage as a function of wave number (cm™) or wavelength (nm) of the materi-
als under investigation. The rotational and vibrational energies of any specific group
or atom that fall in the infrared region results in the characteristic absorption band.
These spectra serve as fingerprints for particular types of bonding, allowing for their
identification and relative quantification. Thus this spectroscopy is mostly used to
determine the functional groups present in the structure of SMP [7]. This technique
is also used to identify a polymer, observing the polymerization stage in real time,
and to characterize the structural changes in different reaction conditions. The forma-
tion of SMP nanocomposites can also be characterized by this technique. In addition,
morphology of the SMPs that have an important role on SME can be investigated by
this technique. It can be identified whether the functional groups present in the SMP
facilitated the SME or are to be used for subsequent modification of the polymer to
reach new SMP.

The structure of the shape memory polyurethane has been studied by this
technique. The formation of urethane linkage can be confirmed by the shifting in
the peak positions of hydrogen-bonded N-H and C=0 groups. The characteristic
bands of FTIR spectra of shape memory polyurethanes synthesized from TDI, poly-
caprolactone (PCL), 1,4-butanediol (BD) and triethanolamine are given in Table 3.2
(Figure 3.3) [6]. The completion of the polymerization reaction can be confirmed
from the FTIR spectrum. The absence of NCO band confirmed the completion of reac-
tion. The morphology of the segmented polyurethane can be observed by studying
the bands of the hydrogen-bonded ordered groups that have some of regularity and
hydrogen-bonded disordered groups in the region that are amorphous. The band
of ordered hydrogen-bonded carbonyl groups is sharper and is observed at a lower
frequency than the corresponding band observed in disordered hydrogen-bonded
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Table 3.2: The bands of FTIR spectrum of shape memory polyurethane.

Band position (cm™?)

Functional groups

3,405-3,435 —NH stretching vibrations
2,850-2,945 —CH; symmetric and anti-symmetric stretching vibrations
1,630-1,745 Amide I, >C=0 stretching vibrations
1,450-1,460 —CH, scissoring, —CH; deformation and —CH, bending vibration
1,470-1,540 Amide Il
1,245-1,255 Amide lll, v C-N and in plane —-N-H deformation
1,045-1,065 —0-C=0 stretching vibration of urethane/ester group
870 >C-0 stretching and —CH, rocking vibration
711-720 Amide IV
_NH -C=0

HBPU5 |

M
M
M

HBPU2.5

|
|

% Transmittance

T T T T T T T T T T T T T 1
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Wavenumber (cm™Y

Figure 3.3: FTIR spectra of shape
memory polyurethane.

samples (Figure 3.4) [8]. This is a consequence of ordered structure, where the chains
are closer together and the hydrogen bonds are stronger. The degree of ordering in the
hard segment (HS) can be determined by the FTIR analysis. The urethane carbonyl
groups located in the small HS microdomains solubilized in soft segment phase are
likely nonhydrogen bonded whereas those located at the interfacial zone between
hard domains and soft matrix could be hydrogen bonded or free, depending on the
configuration of these groups relative to the nearby NH proton donors. The relative
absorbance of the two urethane carbonyl bands can be termed as an index of the
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degree to which this group participates in hydrogen bonding. The fraction of hydro-
gen bonding may be expressed as [9]

A
Xz = Ce :L
GG Ar Ay

& &

where A, C and € are the absorbance, concentration, and extinction coefficient of
bonded (B) and free (F) carbonyl groups, respectively.

The fraction of hydrogen bonding has been observed for the polyether-based
polyurethane. The fraction of hydrogen-bonded urethane carbonyls increases with
increase in the amount of HS content, indicating an increase in hard domain ordering.
In addition, the degree of ordering of the HS can be obtained from hydrogen-bonding
index (a), which can be determined from the area under the peak of free carbonyl
groups (Arco) and hydrogen-bonded carbonyl groups (Axco) [10]:

_ Anco
Arco + Anco

The effect of various diisocyanates on microphase-separated structure of polyure-
thanes has been studied by FTIR analysis, monitoring the change in the relative inten-
sities of free and hydrogen-bonded carbonyl (C=0) peaks [11]. The carbonyl peak for
the urethane based on aromatic and symmetrical 1,4-phenylene diisocyanate (PPDI)
showed at 1,695 cm™, while the carbonyl peak for a homologous urethane based on
aliphatic and symmetrical 1,4-cyclohexyl diisocyanate (CHDI) showed at a slightly
lower wave number of 1,683 cm™. The urethane compound based on aliphatic but
unsymmetrical bis(4-isocyanatocyclohexyl) methane (HMDI) showed a fairly sharp
peak at 1,685 cm™, which also has a distinct shoulder at 1,695 cm™. The appearance
of shoulder is most probably owing to the presence of several isomers (trans/trans,
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trans/cis and cis/cis) in HMDI. The isomers insist the packing in the solid state and in
turn the crystal structure of urethane, as a result prevents the formation of the well-or-
dered hydrogen-bonded structure. The sharp peak at 1,685 cm™ is a representative of
well-ordered hydrogen-bonded structure, whereas the shoulder at 1,695 cm™ is due
to inadequate hydrogen bonding. It was concluded based on the hydrogen-bonded
carbonyl peaks that PPDI- and CHDI-based polyurethanes exhibited self-organiza-
tion and formation of well-ordered HSs, on the other hand no change in the carbonyl
region or no phase separation was observed for MDI- and HMDI-based polyurethanes.

3.2.3 X-ray diffraction

X-ray diffraction (XRD) is performed to evaluate the degree of crystallinity, amor-
phousness, crystal structure and size of crystals of the SMP. SMP nanocomposites
can also be characterized by this technique. Two types of X-ray diffraction such as
WAXD and SAXD are used to characterize the polymer. WAXD gives the information
regarding the degree of crystallinity, orientation of crystalline region and nature of
ordering structure [12]. On the other hand, SAXD is utilized to obtain information on
the dimension of small crystalline regions as lamellae and the presence of voids and
their shapes [13]. The combined study of WAXD and SAXD provides the quantita-
tive characterization of nanostructure and crystalline structure of polymer [14]. The
investigation on influence of degree of crystallinity and strain-induced crystallinity
on shape fixity and shape recovery behaviors is essential for SMP. The morpholog-
ical features and microphase-separated structure of SMP have strong influence on
the SME, which can be analyzed by the SAXD. Moreover, careful applications of
this technique such as interdomain spacing, domain boundary diffuseness and the
degree of microphase separation can be measured. SAXD provides a number of sig-
nificant advantages and although interpretation is less direct than are the TEM or
AFM techniques. The sample preparation for SAXD avoids the potential for staining
artifacts that may take place with TEM analysis. X-rays are less destructive to the
samples than are the electron beams used in TEM analysis. SAXD is employed to
characterize the structure of domain in the size range of tens of nanometers. X-rays
are scattered by the electrons of a sample, and the amplitude of the scattering radi-
ation is provided by the three-dimensional Fourier transformation of the electron
density distribution. The information concerning morphology of the material is
investigated by analyzing the intensity as a function of angle. The position of the
maximum SAXD peak in the respective scattering intensity profile is used to deter-
mine the Bragg or d spacing in the material, which may be interpreted as an average
interdomain spacing occurring from the presence of ordered structure.

SAXD profiles for patterns of phase-separated shape memory polyurethanes
show a distinct scattering peak. This implies a quasiperiodic fluctuation in elec-
tron density within these materials. The effect of symmetric isocyanate (MDI) and
asymmetric isocyanate (2,4-TDI) on the morphology of segmented polyurethanes
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has been studied by SAXD analysis [15]. Both the polyurethanes show curves with
a single maximum followed by a gradual decrease in intensity. The peak is better
defined and appears at larger scattering angle for the asymmetric TDI/EG (ethylene gly-
col)-based polyurethane (Figure 3.5). The decrease in intensity is also steeper for this
polyurethane. The broad maxima scattering pattern of symmetric MDI/BD-based poly-
urethane indicates long-range heterogeneities in this material while the sharp maxima
pattern of asymmetric TDI/EG-based polyurethane suggests a narrow distribution
in interdomain spacing. The interdomain spacing is calculated from Bragg’s law and
found to be 12.5 and 22 nm for the asymmetric TDI/EG-based polyurethane and sym-
metric MDI/BD-based one, respectively. The larger interdomain spacing indicates that
the MDI/BD HSs are partially ordered into a paracrystalline structure and as a result
the MDI/BD domain is thicker. The smaller interdomain spacing in TDI/EG-based pol-
yurethane indicates the absence of strong preferential ordering of TDI/EG HSs. The
morphology of poly(tetramethylene glycol, M, = 1,000 or 2,000 g/mol) (PTMO)-based
polyurea has been investigated by SAXD [16]. The arising of a first-order scattering peak
in their respective intensity profiles indicates the presence of a microphase-separated
morphology in polyureas at ambient conditions. The average interdomain spacing is
found to increase with the increase of molecular weight of the soft segment (PTMO).
The microphase separation structure of PTMO and PPO-PEO soft segment-based poly-
urethanes has been observed by the SAXD analysis [17]. Both the scattering patterns of
polyurethanes showed a scattering peak, which implied the presence of a two-phase
structure. The scattering intensity of the PTMO-based one was higher than that of the
poly(propylene oxide)-poly(ethylene oxide) (PPO-PEO) one, indicating that PTMO-
based polyurethane exhibited higher degree of phase-separated structure. PTMO soft
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segment chains have no side groups and are more flexible than PPO and thus kinetic
barrier for PTMO is smaller than that for PPO. As a result, MDI/BD HSs could be more
readily excluded from the PTMO soft segment matrix.

Kalita and Karak [6] studied the effect of amount of multifunctional moiety on
the shape memory behaviors of biobased polyurethanes. There are two strong dif-
fraction peaks at 20 = 21.98 and 23.88° due to the (100) and (200) planes of PCL crys-
tals present in the shape memory polyurethane. They reported that crystallinity was
found to increase with the increase in the amount of multifunctional moiety content
(0-5 wt%) (Figure 3.6). This is attributed to the increased secondary interactions in
the polymer as observed by the FTIR analysis. Due to the increased secondary inter-
actions, the HSs were forced to stay close to the cross-linking points and the relative
order of HS alignment increased the intensity of the peak. The materials exhibited
excellent shape fixity and shape recovery because of the increased crystallinity of the
systems.

The mutual study of SAXD and WAXD facilitating the in-depth observation of
crystallization, domain sizes, interdomain spacing and degree of phase separation
offers superior insights on structural processes during programming and recovery of
SMPs. By correlating the chemical structure of SMP with the parameter such as crystal
sizes, domain sizes and orientation investigated from X-ray scattering in the program-
ming of shape memorization confer well understanding to develop new SMP.

3.2.4 Scanning electron microscopy

The scanning electron microscope is a type of electron microscope that creates mag-
nified images by the electrons emitted when the primary electrons coming from the
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Figure 3.7: SEM micrographs of shape memory hyperbranched polyurethane: (a) HBPUO, (b) HBPU
2.5 and (c) HBPU 5.

source strike the surface and are inelastically scattered by atoms in the sample [18].
The morphological analysis of the SMP and their nanocomposites is done by employ-
ing the SEM technique [1]. SEM is usually used to study surface topography of polymer
blends, block and graft copolymers and nanocomposites. Moreover, it can also be
utilized to obtain information of crystallographic orientation and composition of
polymeric materials by the help of energy-dispersive spectroscopic attachment. The
phase-separated morphology of the SMP can be analyzed by this technique regard-
ing domain sizes and number of phases. A comprehensive study on structure and
distribution of domains is important to understand the SME of SMP. Kalita and Karak
[6] studied the morphology of hyperbranched shape memory polyurethanes by SEM.
They observed two-phase morphology, i.e., bright and dark regions corresponding
to hard and soft segments of the polyurethanes, respectively (Figure 3.7). It was also
observed that HSs that were homogeneously distributed in the soft segment matrix
resulted in the good SME.

3.2.5 Transmission electron microscopy

TEM is used to determine the distribution of different phases, internal structure,
defects structure and so on present in SMPs and their nanocomposites [1, 19]. It
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can also be employed to obtain the information about crystallography and chemical
composition of the SMP. Under favorable conditions, this technique can be deter-
mines at the 0.1 nm level, but such high-resolution examination is hardly possible
with polymers. In TEM, the electron beam is allowed to penetrate to the very thin
film and the transmitted electrons are directly used to generate the image of the
specimen with the help of lenses. Varying the electron density in regions with dif-
ferent morphology leads to a contrasted image. The phase-separated structure of a
block copolymer or a blend SMP can be studied by TEM analyses. The characteristic
microstructural features of SMP such as spatial variations in density, crystallinity,
crystal orientation and distribution, dimension of crystalline and amorphous
regions are often important to characterize. Light scattering techniques are poten-
tial tools to characterize these morphological features. However, real-space visual
characterization of the domain dimensions, shape, orientation and dispersion of
microdomains are not viable by this technique. By using TEM technique the image
of nanoscale morphologies of polymer can be observed, even though it is a chal-
lenging task. Polymers consist mostly of low atomic number elements, whose
elastic interactions with high-energy electrons are moderately weak. There is almost
no absorption of electrons directed on samples as thin enough for TEM. However,
this technique has the ability to image at high magnifications, provided there is
sufficient contrast between the electron density of the two phases. Thus, contrast-
enhancing techniques such as staining were required [20]. This method introduces
heavy metals into particular reactive sites via a chemical reaction or by absorption.
Ruthenium tetroxide (RuO,) is used selectively for compounds containing double
bonds to enhance the contrast.

Phase-separated structure of shape memory polyurethanes could be observed
by TEM analysis as the dimensions of the domains are in the order of 5-100 nm.
Serrano et al. [21] reported the microphase-separated structure observed in TEM
images of TDI/PBU/BDO polyurethanes even without staining, in samples with 55%
and 75 wt% HSs. They observed ordered lamellar structure of HS with the domain
size of the order of 100 A. Koutsky et al. [22] reported the application of TEM for the
domain morphology study of polyether and polyester urethanes having 38 wt% HSs.
They used solvent etching and iodine staining of the samples. In both the urethanes,
dark domain, i.e., HS about 5-10 nm wide was observed (Figure 3.8). Li and cow-
orkers [23] have investigated the morphology of polybutadiene-based polyurethanes
having different HS (MDI/BD) concentration using high-voltage electron microscopy.
Osmium tetroxide was used to selectively stain chemically unsaturated moieties.
A rod-like or lamellar structure was observed in polyurethanes when the HS content
varied from 0.42 to 0.67. The HS phase is dispersed in a matrix of soft segments, in
the form of either short cylinders or spheroids when the HS content is less than 31
wt%. At very high HS contents, isolated polybutadiene soft segment microdomains
are embedded in a HS matrix.
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Figure 3.8: TEM image of polyester urethane
which was solvent etched and stained by iodine.

3.2.6 Atomic force microscopy

The surface morphology and phase segregation behaviors of SMP at nanoscale levels
can be carried out by AFM. Conformational and chain order, crystalline order, lamellar
structures and lamellar surfaces can also be investigated by AFM [24]. This basically
consists of a sharp tip or probe mounted to a cantilever. A deflection of the cantilever
arises when the tip is brought in close proximity to a surface, as a result of attrac-
tive or repulsive forces of interaction between a tip and the surface. This deflection
is detected through laser beam by reflecting an incident beam off the flat top of the
cantilever. The changes in direction of reflected beam due to the cantilever deflection
are recorded by the position-sensitive photodiode. Usually both the AFM and TEM are
well-established techniques for visual representation of the morphology of polymers.
However, TEM experiments are also limited by the possibility of beam damage, and
are also tedious and time consuming because of the microtomy involved in samples
preparation into few tens of nanometer thin sections. Imaging at high magnifications
under TEM can also lead to misleading phase-contrast artifacts observed at a scale
length of approximately 100 A under slight defocus conditions. The topography, the
degree of phase segregation and local stiffness can be measured by means of AFM
[25]. A comprehensive relationship between nanoscale morphology of SMP and their
SME can be understood by means of AFM analysis.

The topographical images of hyperbranched shape memory polyurethanes pre-
pared from 4,4’-diphenylmethane diisocyanate, poly(butylene adipate) glycol and
hyperbranched polyester as chain extender have been investigated by tapping-mode
AFM [26]. Two regions were observed, i.e. bright and dark, the brighter region indi-
cated the isocyanate-rich dispersed hard phase and the darker area indicated the
polyol-rich dispersed soft phase. The phase separation is obtained in the shape
memory polyurethane due to the incompatibility of hard and soft domains. The
difference in mechanical properties of the soft and hard domains leads to a force
differences in AFM measurement and hence different image of morphology is found.
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Figure 3.9: Microphase-separated morphology
and spherulitic structure of the polymer
observed in AFM.

The microphase separation influences the SME, where hard domain dispersed in the
soft domain acts as filler lead to maintain the original shape of the SMP. The nanos-
cale morphology of segmented polyurethane synthesized from poly(tetramethylene
oxide) ) as soft segments, and BD extended piperazine as HS has been elucidated
by AFM analysis [27]. A spherulitic morphology with spherulite size of 2 pm was
observed (Figure 3.9). It was noticed that hard domains were not isolated from each
other but have some extent of connectivity. The hard domain connectivity was found
to increase with the increase of HS content. The length of HS was observed approx-
imately 60 A. It was suggested that the HSs within the microdomains were oriented
preferentially along the tangential direction of the spherulite. The microphase-sepa-
rated nanoscale morphology of polyurethanes with varying NCO/OH ratio prepared
from MDI, BD and poly(tetrahydrofuran) polyether polyol has been observed by AFM
[28]. The sample with NCO/OH ratio of 0.940 exhibited a wavy morphology of the HSs
that assembled into larger domains with area of few 100 nm? while the sample with
NCO/OH ratio of 1.025 showed sharp features of straight whiskers with random ori-
entation of the HSs. The whiskers with a narrow apparent full width of about 20 nm
vary in lengths from 30 to 200 nm. However, the sample with NCO/OH ratio of 1.150
showed a fiber bundle-like morphology of the HSs. The materials exhibited differently
significant morphology with varying molar ratio.

3.2.7 Raman spectroscopy

Raman spectroscopy relies on the inelastic scattering of monochromatic light usually
from a laser in the visible, near-infrared or near-ultraviolet range with materials. This
is a potential technique for analyzing molecules without a permanent dipole moment.
Raman spectroscopy is highly sensitive to the material crystallinity, orientation and
temperature [29]. Raman spectroscopy can be utilized to monitor the polymerization
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process and can provide information on the extent of polymerization and structural
information on the end-product [30]. It can also be used to study the kinetics of the
polymerization reaction and degradation processes of polymer in molecular level.
In addition, this technique is used to study of stress transfer between nanomaterial
and the matrix polymer. The microphase separation and orientation of domain in
SMPs relating to the SME can be studied by Raman spectroscopy using polarized light.

Polarized Raman spectroscopy was performed to study the phase separation and
molecular orientation for shape memory polyurethanes with various HS contents [31].
In the Raman spectrum a highest peak at 1,616 cm™ vibrational mode was observed
and the magnitude of the peak was studied with various HS contents. The orienta-
tion of the crystalline HS was studied from the obtained in-plane vibrational mode
of the two benzene rings at 1,616 cm™. The HS orientation was obtained from the
depolarization ratio (p) with respect to different HS contents. An average value of
p = 0.71 suggests that the benzene rings of HS are initially randomly oriented in the
materials at low HS content. As the HS content is above a particular value of 25%,
there is sudden increase in the polarized signals. This indicated that a new phase
of HS is decoupled from the soft matrix due to the high incompatibility between the
hard and soft segments. The depolarization ratio is 0.45 (HS content between 25%
and 45%), indicating that the HS domains orient themselves in a certain configura-
tion apart from a random orientation. A value of p = 0.35 implies that the benzene
rings are now to a large extent perpendicular to the film surface at high HS content
(>45%). It could be concluded that the observed p values from 0.71 to 0.35 conferred
the presence of a transition region in which the benzene rings in the HS start to demix
from the matrix and orient themselves to lie perpendicularly to the film surface. The
kinetics of polymerization of thermoplastic polyurethane reacted from MDI, BD and
hydroxyl-terminated poly(butylene adipate) has been studied by Raman spectroscopy
[32]. The different bands of Raman spectra of polyurethane are given in Table 3.3. The
progress of the polymerization could be monitored by observing the corresponding
band intensity. The band at 1,530 cm™ is similar to the isocyanate asymmetric and
symmetric stretching vibrations and its intensity decreases with increasing polymer-
ization time and diminishing the peak intensity confirms completion of the reaction.

Table 3.3: Bands of Raman spectra of shape memory polyurethane.

Raman shift (cm™) Assignment

2,275 N=C=0 (asymmetric stretching)

1,732 Ester C=0 stretching, urethane amide | (C=0 stretching)

1,612 C=C stretching (aromatic ring)

1,530 Phenylene ring stretching, urethane amide 1l (C—-N and N-H stretching)
1,445 N=C=0 (symmetric stretching)

1,303 Urethane amide Il

920-930 C-H bending (aromatic ring)
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Figure 3.10: A typical DSC curve of heat flow as a function of temperature.

3.2.8 Differential scanning calorimetry

DSC is a technique to measure the change of difference in the heat flow rate to the
sample as a function of temperature. A typical DSC curve of heat flow as a function
of temperature is shown in Figure 3.10. DSC is a very potential tool to evaluate the
thermal properties of the SMP. Thermal properties are key characteristics of SMPs,
especially switching/transition temperature (Ty..s), i.€., either glass transition tem-
perature or melting temperature. The glass transition temperature (T,), melting tem-
perature (T,,), degree of crystallinity, crystallization time and temperature, degree of
polymerization, kinetics of reaction, oxidation/decomposition, amount of endother-
mic or exothermic energy can be measured by means of DSC analysis [1, 33]. Ty is
defined as the temperature region at which amorphous phase of polymer is trans-
formed from the glass state to the viscoelastic state. This second order endothermic
transition observes as a step transition. An endothermic peak is observed for the
melting transition, i.e., first-order transition. However, T, and sub-T, transitions are
usually too weak or broad to be detected by DSC and can be better identified by DMA.
In DSC experiments typically the data of the second heating run are analyzed after
the thermal history of samples as processing is eliminated through heating above the
highest Ti.ns in the first heating run.

The crystallinity (x.) of the polymer can be determined by DSC, measuring the
enthalpy change (AH), which is proportional to the peak area between the curve
and the baseline. The Y. is calculated by dividing the change in enthalpy of polymer
sample by the change in enthalpy of a 100% crystalline analogue (AH®,), i.e.,
X= AH/AH®,, [34]. It can reveal the mobility of molecular chains by specific thermal
energy variation.

The effect of crystallinity on SME of varying amount of HSs content polyurethanes
prepared from PCL as soft segment, MDI and BD as HS has been studied by DSC analy-
sis [35]. All the samples exhibited endothermic peaks in the range of 40-50 °C, which
indicated the melting of the crystallites of PCL soft segments. Polyurethanes with HS
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content is higher than 25 wt%, and another endothermic melting peak appeared at
about 200 °C was attributed to the melting of HS. With the increase of HS content,
the endothermic peaks representing the soft segment phase were weakened while
the peaks pertaining to the HS phase were intensified, which resulted in the decrease
of the crystallinity of the soft segment phase with increase of HS content. This was
also in agreement with the results observed in WAXD analysis. The shape fixity was
decreased with the increase of HS content, which can be attributed to the decrease in
the crystallinity of the soft segment. It was concluded that the crystallization of soft
segments determined the shape fixing of the shape memory polyurethanes. Thermal
transition behaviors of biobased hyperbranched shape memory polyurethanes syn-
thesized PCL as soft segment, TDI, BD, monoglyceride as HS and triethanolamine as
branched generating moiety have been studied [6]. T, and T,, were increased with
the increase of branched generating moiety (Figure 3.11). This fact was due to the
increased secondary interactions such as hydrogen bonding and polar—polar interac-
tion, which make the systems more compact and rigid with the increase of branched
generating moiety. The increased crystallinity enhanced the shape memory perfor-
mance of the hyperbranched shape memory polyurethanes.

3.2.9 Dynamic mechanical analysis
DMA is a powerful technique to characterize the viscoelastic behavior of SMP as a

function of temperature or frequency [36]. Generally, it involves applying an oscil-
lating stress to a sample and measuring the material’s response to that stress. The
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Figure 3.12: Material responses to oscillating force in DMA.

phase lag between the applied stress and measured strain reflects the material’s ten-
dency to flow (viscosity), while the material’s stiffness (modulus) reflects from the
sample recovery. When the material responds to the applied stress wave, an in-phase
response is seen in case of perfectly elastic solid, while an out-of-phase response gives
a purely viscous material (Figure 3.12) [37]. However, viscoelastic material responses
fall in between these two lines. Storage modulus (E’), loss modulus (E”) and loss factor
(tan 6 = E”/E’) are measured by means of DMA. The storage modulus quantifies the
energy stored elastically by the material upon deformation, while the loss modulus is
a measure of the energy which is dissipated as heat during deformation. The storage
modulus provides information regarding the stiffness of the material, while the loss
factor tan 8 measures the degree of molecular motion. Further, the tan 8 value cor-
responds to the strain energy dissipated by viscous friction and higher tan 6 implies
the more viscous nature. The ratio of the modulus of glassy state to the modulus of
rubbery state considers as an index of the extent of SME of SMPs. DMA is very sen-
sitive to the molecular motion of the polymers and, therefore, this is a powerful tool
for measuring T,, which is an essential parameter of SMPs. The sub-T, transitions
that reflect molecular vibrations on the order of bond bending and stretching, and
side group or pendant group motions can also often be seen in DMA scanning, which
are too faint to be detected in the DSC or thermomechanical analyzer. An idealized
scan of various DMA transitions is shown in Figure 3.13. T, of highly cross-linked ther-
mosets can be detected in DMA. An important characteristic of SMPs, i.e., the cross-
linking density can be determined by DMA.

The effect of different HS content on the modulus of shape memory polyure-
thanes synthesized from PTMO, TDI and BD has been studied by DMA [38]. The glassy
modulus is found to increase with the increase of HS content in the prepared shape
memory polyurethanes as a result of increased physical cross-linking. The glassy
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Figure 3.13: An idealized scan of various DMA transitions.

modulus (E,) is because of the presence of elastic energy of both the PTMO and ure-
thane phase, whereas the rubbery modulus (E,) is because of the entropy elasticity of
the two phase structures. The shape recovery is found to increase with the increase
of HS content. It was revealed that higher HS content leads to higher E, and lower
E,, resulting in a large modulus ratio, which is the cause of a better shape recovery
property. The higher HS content shape memory polyurethanes exhibited higher shape
fixity behavior. A large glassy state modulus results in the large shape fixity upon
cooling and unloading. The tan § value increased with the increase of HS content.
Higher loss tangent value signifies that the material tends to be more viscous. Further,
the tan 6 value shifted to lower temperature with the increase in HS content. The
effect of block length and content on the shape memory properties of segmented poly-
urethanes has been studied by DMA [39]. The segmented polyurethanes were synthe-
sized from the reaction of MDI and 1,6-hexanediol as crystalline HSs and the reaction
of HDI and BD as the amorphous soft segments. The rubbery plateau modulus found
to increase with the increase of block lengths, which is due to the enhanced phase
segregation at a longer block length could make well-developed HS domains that act
as physical cross-links (Figure 3.14). The tan 8 increased with the decrease of block
length. As the block lengths decreased, the phase mixing found to increase whereas
the hysteresis in the shape memory behavior decreased.

The miscibility and modulus of shape memory poly(vinyl chloride)/thermoplastic
polyurethane blends have been investigated by means of DMA [40]. The tan § peak of
the blends found in the temperature range between those of PVC and PCL confirmed
the miscibility of the blends. The blends exhibited higher rubbery plateau modulus as
compared to the PVC homopolymer, which intends that HS effectively acts as physical
cross-linker. Further increase in rubbery modulus was observed when the HS content
increased in the polyurethanes. DMA results confirmed that PVC/polyurethane blends
are phase-separated structure into HS domain and the miscible domain of PVC/PCL
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soft segment, which revealed the SME of blends. SME of polytetramethylene oxide/
poly(acrylic acid-co-acrylonitrile) complexed gel have been investigated by DMA
[41]. Tt was observed that molar concentrations of acrylic acid and acrylonitrile have
strong influence on the modulus of the materials. The DMA profile of the complexes
exhibited single major transition, while two-stage transitions were observed in higher
content of acrylonitrile. This is due to the fact that only carboxylic groups of poly-
acrylic acid interact through H-bonding with the ether —O- atom of polytetramethyl-
ene oxide and make the complexes homogeneous amorphous phase. The materials
showed the higher modulus with the higher content of acrylic acid. The modulus ratio
was increased with the increase of acrylic acid content, indicating the good SME. The
tan 6 value of the materials found to increase with the increase of acrylic acid content,
which was good agreement of the more viscous nature of the materials.

3.3 Shape memory properties

Shape memory properties of SMPs are quantified by parameters such as shape fixity,
shape recovery, recovery rate and shape memory cycle life [6, 42]. These parameters
are not the intrinsic properties of SMPs. They depend on the material properties and
experimental conditions. The evaluation of these properties is very important to
understand the SME and their potential applications. These parameters are presented
in the following.
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3.3.1 Shape fixity

In the quantification of SME, SMPs are heated above Ty.ns and stressed to deform it,
subsequently cooling below T.,s. Then stress is removed and the change in strain
is measured. The extent to which a temporary/deformed shape is able to fix in one
cycle of shape memory test is called the shape fixity (Ry). It is similar to strain fixity
and shape retention. Shape fixity depends on the structure of the SMP and the cyclic,
thermomechanical tensile test conditions. It is expressed as

R (%) = &, (N)/em x 100

where £, is a maximum strain and &, is a residual strain.

3.3.2 Shape recovery

The fixed deformed shape is reheated above Ti.,s to recover the original shape. The
extent to which it recovers the original shape is called the shape recovery. Shape
recovery (R,) defines how well an original shape can be memorized by SMP. It also
depends on the molecular structure of the SMP and the cyclic, thermomechanical
tensile test conditions. It is expressed as

R, (%) =&n— &, (N)/&m — €, (N-1) x 100

where ¢, is the residual strain after shape recovery.

3.3.3 Shape recovery rate

This parameter describes the speed, i.e., the rate of recovery from a fixed temporary
shape to its original shape during the recovery process of SMP under the application
of appropriate stimulus. It can also be said as the speed of recovery process or shape
recovery speed (V). It is expressed as

V:=dR,/dT x dT/dt

where dR/dT is the ratio of shape recovery to temperature, and dT/dt is the heating
rate.

It is seen that V; is a function of heating rate. It is not an intrinsic property of the
SMP. It depends on the material structure and testing conditions.
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3.3.4 Shape memory cycle life

The repeatability and durability of the SMP over consecutive shape memory cycles is
defined as shape memory cycle life. So, the cycle life of an SMP defines the number
of consecutive shape memory cycles it can sustain without failure. Here, failure indi-
cates a noticeable decrease in the shape memory performance in terms of shape
recovery and shape fixity or an actual material failure.

3.4 Characterization of shape memory properties

SME is quantified by evaluating the shape fixity ratio, shape recovery ratio and recov-
ery rate [42, 43]. Characterization conditions have strong influenced on the shape
memory properties of SMP [44, 45]. Stretching and bending techniques are conven-
tional techniques used to evaluate the SME. The most potential and widely used
technique for quantification of shape memory properties is cyclic, thermomechanical
tensile test. These methods are described below.

3.4.1 Stretching technique

This is a very easy and simpler technique to quantify the SME. In this technique the
specimens are heated above Ty.,s and then they are stretched to twice of their origi-
nal length (L,) and the stretched length is denoted as L,. Immediately, the stretched
specimens are put into the low temperature (much below Ty, to fix the temporary
shape for a specified period of time, and length is measured as L, after releasing the
load. The cooled samples are reheated at the same elevated temperature (above Tians)
for the same period of time, and the length obtained is denoted as L;. The percent-
age of shape recovery and shape fixity is calculated by using the following equations
[46, 47]:

Shape recovery (%) = [(L, — L)/Lo] x 100
Shape fixity (%) = [(L, - Lo)/Lo] x 100

3.4.2 Bending technique

This is also a very simpler method to measure the shape memory properties. Various
authors use this method to quantify the SME. In this technique, the specimens are
heated above Ty for the specified period of time and then they are folded to a ring
shape. Immediately, the folded samples are put into the fixed temperature (below
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Tans) for a specified period of time to fix the temporary shape. Subsequently, they are
reheated at the same elevated temperature (above Ty,,s) for the same period of time
for the shape recovery study. A schematic representation of bending test is shown in
Figure 3.15. The percentage of shape recovery and shape fixity is calculated by using
the following equations [48]:

Shape recovery (%) = [(Bsxea— Ofina)/fixea) x 100

Shape leltV (%) = [eﬁxed/emax] x100

3.4.3 Thermomechanical cyclic tensile technique

This is a common and most widely used technique for the quantification of SME.
Usually test is done in a material tensile tester equipped with constant temperature
chamber. The test is performed in a series of cyclic tensile processes. The SME and
recovery stress can be evaluated from the stress—strain—temperature relationship.
Each cycle consists of a temporary shape which is called programming part and recov-
ery of permanent shape which is called recovery part. The entire process is comprised
of four steps: loading-cooling-unloading-recovery [42, 49, 50]. Different test procedures
are adopted in the programming step. The sample is deformed under Tyeform < Tirans
OT Tyeform > Tians. The cooling can be carried out under stress or strain control. In the
stress-controlled programming the stress is kept constant during deformation and
cooling, and change in strain is measured, while in strain-controlled tests the stress
on the sample is measured at defined thermal condition. Different types of recovery
mode can also be carried out in the recovery step such as stress free (unconstrained
recovery) and strain control (constrained recovery). In the stress-free recovery, the
programmed sample is allowed to move freely as a function of temperature and the
change in strain is recorded with temperature and time. The switching/transition
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Figure 3.16: Schematic representation of the results of thermomechanical cyclic tensile test:
(a) two-dimensional (e-0) plot and (b) three-dimensional (e-T-0) plot.

temperature (Tyans) can be obtained under this condition. In the strain control (fully
confined) condition, the stress generated during recovery is recorded as a function
of temperature and time. The maximum of recovery stress (0u.) can be determined
under strain-controlled condition. This stress response enables SMP to be used as
actuators. Based on the application, the shape recovery mode is used as uncon-
strained, constrained or a combination of both cases. For example, in biomedical
applications, SMPs will experience constraint from the surrounding tissues and will
not be subjected to free recovery. The cyclic test procedure can be presented as a
two-dimensional (e-0) or three-dimensional (e-T-0) plots (Figure 3.16). The Ty, can
only be determined from the three-dimensional graph. The shape memory properties
are influenced by various thermomechanical test parameters such as applied stress
and strain, strain rate, cooling and heating rate, deformation and cooling tempera-
ture, number of cycles [51].

The thermomechanical cyclic test procedure comprises four steps. In step 1,
the specimen is stretched to a strain value &, with an ultimate stress o,, above Tyaps.
In step 2, it is cooled to a low temperature (below Ty..s) at constant stress or strain to
fix the deformed shape. Step 3 is a stress-free stage where the specimen experiences a
spring back, €, is a residual strain at the fixed temporary shape. In step 4, the sample
is reheated (typically close to or above Ti..s) to recover the original shape, €, is the
residual strain after shape recovery. From the stress—strain curve of the thermome-
chanical test, the shape memory parameters namely shape recovery (R,) and shape
fixity (Ry) can be calculated from the following equations([42, 52]:

Rr(N)zgm—Sp(N)/smfgp(N_l)

Ry (N) =£u(N)/£m

where N is the number of cycles.
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3.5 Effect of thermomechanical cyclic conditions on SME

SME is not an intrinsic property of a single polymer; it results from a combination
of the polymer molecular structure, morphology, processing, and programming and
recovery conditions [44, 45, 51]. The shape memory behaviors of SMP depend on the
different phase states and mechanical properties above and below the T,. The shape
memory properties vary by changing the conditions of thermomechanical cyclic
test. The programming conditions like deformation temperature, deformation rate,
maximum strain, cooling temperature and cooling time have the strong influence on
the SME. The recovery parameters such as recovery temperature and recovery time
have also the effect on the shape memory characteristic. In addition, cooling and
heating rate also have the effect on the shape memory function of SMP. A slow cooling
rate results in a higher relaxation of the stress at higher temperatures and leads to a
lower 0,,.x as compared to a faster cooling rate. A slower heating rate leads to a higher
Omax and a shape recovery at lower temperature because it gives enough time for an
effective release of the stored strain energy. In order to design effective devices made
of thermoresponsive SMP, it needs to understand the effect of the conditions of each
step of thermomechanical cyclic test on the SME. A precisely controlled shape fixity
and faster shape recovery is essential for the potential application of SMPs.

3.5.1 Effect of programming conditions

3.5.1.1 Effect of deformation temperature

SMPs can be deformed below Ta,s 01 above Ti.ns. The deformation temperature has a
strong influence on the SME of SMPs. The functional characteristics of SMPs such as
rigidity, elastic modulus and rubbery modulus drastically change below and above
Tixans. When SMPs deformed below T, , the energy lost is high due to high molec-
ular friction, as a result, affect the shape memory function. SMPs deformed below
Tans (cold stretching) usually exhibited lower shape fixity and faster shape recovery.
Faster shape recovery can be obtained by deforming SMPs at a lower temperature
and recovery at a higher temperature. The effect of deformation temperature on SME
of a thermoplastic semicrystalline multiblock copolymer has been reported by Yan
et al. [52]. They prepared the shape memory multiblock copolymer from crystalliz-
able poly(e-caprolactone) (PCL) and crystallizable poly(3S-isobutyl-morpholin-2,5-
dione) (PIBMD). PIBMD crystals act as permanent physical netpoints as its high T,
of 170 °C, whereas both the PCL crystalline phase and the PIBMD amorphous phase
act as switching domains as the Ty, (38 °C) of PCL crystallites is close to the T, (42 °C)
of PIBMD. The PCL-PIBMD SMP was deformed at 20 and 50 °C, and observed that the
PCL-PIBMD deformed at 50 °C exhibited the higher shape fixity and lower maximum
stress than deformed at 20 °C (Figure 3.17). Both PCL and PIBMD amorphous phases
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Figure 3.17: The first cycle curves of cyclic tests of PCL-PIBMD films programmed to 200% at 50 and

20 °C, respectively, with the strain rate of 1 mm/min and recovered under (a) stress-free and (b)
constant-strain conditions.

can be oriented when the sample was deformed at 50 °C. Therefore, both PCL crys-
tals and PIBMD amorphous phase can contribute to the fixation of the temporary
shape because PCL crystals and PIBMD amorphous phase were fixed by crystalli-
zation and vitrification, respectively, when cooled to 0 °C. The PIBMD amorphous
phase remained in the glassy state when the PCL-PIBMD samples were programmed
at 20 °C; therefore, the temporary shape was fixed mainly by the crystallization of
PCL domains. They demonstrate that both macromolecular structure and thermome-
chanical investigations are useful for understanding of complicated shape memory
mechanisms in multiblock copolymer containing two crystallizable segments. Azra
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et al. [53] studied the influence of deformation temperature on the SME of polyu-
rethanes. The recoverable strain observed to be decreased strongly as deformation
temperatures increased above T, +20 °C. This can be attributed to the modification
or destruction of the primary network at high deformation temperature; as a con-
sequence, the hard domains have relatively low mechanical stability, leading to a
loss of memory of the primary shape. Similar observation was obtained by Hu et al.
[54]. It was demonstrated that the shape memory polyurethanes exhibited SME at
deformation temperature ranging from T, -10 to T, +50 °C, and showed better SME
at deformation temperature ranging from T, to T, +25 °C. It was suggested that shape
memory polyurethanes exhibited good SME over the deformation temperature range
in which the macromolecular segments of the reversible phase have gained sufficient
mobility when responding to the external stress, while the fixed phase is able to stay
relatively stable.

3.5.1.2 Effect of deformation rate

Deformation rate has a significant effect on the SME of SMPs. At high deformation
rate, the material may change from rubbery to leathery and eventually to glassy state.
The orientation of macromolecular chains may differ as a function of deformation
rate. A better shape recovery is observed when SMP is deformed at a faster deforma-
tion rate. The stress loss during relaxation is higher for a lower deformation rate. The
effect of deformation rate on the SME of Veriflex-E has been studied by McClung et al.
[55]. The specimen was subjected to different deformation rates of 0.5, 5, and 50 mm/
min. The strain recovery was found to increase with the increase of the deformation
rate. At higher deformation rate, the material experiences less time for configurational
changes to take place at elevated temperature, resulting in the less resistance of the
material produces against locking in the strain and exhibits the better strain recovery.
Hu et al. [54] also observed the same results for the shape memory polyurethanes.
The cyclic test was carried out at different deformation rates of 2, 10 and 50 mm/min.
The recovery ratios were observed to be increased with increasing deformation rate.
At a low deformation rate, a large amount of stress is lost through stress relaxation,
resulting in the decrease of recovery ratio.

3.5.1.3 Effect of maximum strain

Maximum strain applied during programming condition has also an effect on the
shape memory properties of SMPs. Generally the shape fixity increases with the
increase in maximum strain, whereas the shape recovery decreases with increase in
maximum strain. The effect of maximum strain on the shape memory properties of
segmented polyurethanes have been demonstrated [35]. SME was tested with differ-
ent maximum strains of 50%, 100%, 150%, 200% and 250%. It was observed that
the shape fixity increased with the increase in maximum strain. The shape fixity was
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much lower at maximum strain of 50% as compared to maximum strain of 100%.
This might be because the soft segments were not fully extended to 50% maximum
strain, which resulted in no much strain-induced crystallization. This implied that
the segmented polyurethanes had to be extended to at least over 100% maximum
strain to achieve high shape fixity. However, the shape recovery found to decrease
with increasing maximum strain. This is because of change in HS domains from iso-
lated to interconnected state due to the larger maximum strain. Hu et al. [54] also
studied the effect of maximum strain of 100%, 200% and 300% on the SME of seg-
mented polyurethanes. They also observed the similar results that the shape recovery
ratio decreased with the increase in maximum strain. This is due to the substantial
deformation of HSs during large elongation.

3.5.1.4 Effect of cooling temperature

During programming, SMP is cooled below T, to fix the temporary shape. The
cooling temperature has an effect on the stiffness, and crystallinity of the material
leads to the effect on shape memory properties of SMPs. Choi et al. [56] investigated
the effect of cooling temperature on the SME of acrylic-based SMP (T, = 55 °C). Shape
fixing was performed at different cooling temperatures of 10, 20, 30, 40 and 50°C.
The shape fixity and shape recovery increased with the increase in cooling temper-
ature from 10 to 50 °C. However, SMPs fixed at 10 °C showed very poor SME. This is
due to the development of high fixation stress (o5 = 30 MPa) during cooling at very
low temperature resulting in the partial destruction of networks. This indicates that
a very low cooling temperature should be avoided to obtain good shape memory per-
formance of this amorphous network. It is better to opt for cooling temperature just
below T, to avoid a high increase in stress during cooling and as a consequence mini-
mizes the irreversible bond breakage.

3.5.1.5 Effect of cooling time

The crystallization or vitrification of the SMP during cooling is influenced by the
cooling time. SMPs exhibit good shape fixity when the soft segments of SMPs get suf-
ficient crystallization during cooling time. When the SMPs are fixed at lower cooling
time, a larger fraction of the deformation stress is relaxed rather than stored. The
effect of cooling time on the SME of segmented polyurethane ionomers has been
studied by Zhu et al. [57]. SME was evaluated at the cooling time of 30, 150, 300, 900 s.
The shape fixity ratio increased with the increase in cooling time from 30 to 300 s, and
after that it did not show any effect on the shape fixity ratio. This indicates that the
soft segments of SMPs achieve sufficient time for crystallization during the cooling
time from 30 to 300 s. However, the shape recovery ratio decreased with the increase
in cooling time from 300 to 900 s. This may be due to the destruction of network struc-
ture during the overcooling of SMP.
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Figure 3.18: Shape recovery ratio plot as a function of recovery temperature and cycle time. Hold
time is 300 s, Ty = 130 °C and idle time between two SM cycles is zero.

3.5.2 Effect of recovery conditions

3.5.2.1 Effect of recovery temperature

The frozen macromolecular chains become reactivated when the temporary shape is
reheated and recover the original shape. The recovery temperature has an effect on
the SME of SMP. SMPs show better shape recovery behavior when the entire frozen
macromolecular chains are reactivated and the strain energy dissipations are fast.
The effect of recovery temperature on the shape recovery of epoxy-based thermoset-
ting SMP (T, = 95 °C) has been investigated [58]. The recovery ratio was evaluated at
different recovery temperatures of 100, 110, 120, 130 and 140 °C. The recovery ratio
was observed to be increased with the increase of recovery temperature (Figure 3.18).
The accumulated residual strain energy within the macromolecular networks lead to
the gradual decrease in recovery ratio at a lower recovery temperature. Higher recov-
ery temperature assists to suppress the accumulation of residual strain energy in the
polymer network and as a result enhances the recovery ratio. Hu et al. [54] studied
the effect of recovery temperature on SME of segmented polyurethanes. The recovery
behavior was performed at the recovery temperature of T,, T, + 5, T, +15 and T, +25 °C.
Similarly the recovery ratio increased with the increase of recovery temperature as
observed by Yu et al. A low temperature cannot reactivate the large frozen molecu-
lar segments that still retain some deformation. When the recovery temperature is
increased, then more and more large frozen molecular segments are reactivated and
the recovery ratio is increased. Lan et al. [59] also investigated the effect of recovery
temperature on the SME of styrene-based thermoset SMP composites (T, = 64 °C). The
recovery effect was investigated at the recovery temperature of T, —20 °C, T, -10 °C, T,
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and T, +10 °C. The material exhibited faster recovery at the recovery temperature of T,
and T, +10 °C. This is due to the fast strain energy dissipation in the SMP. The shape
recovery was found to be very slow at the recovery temperature of below T,. This is
because of the partial strain energy dissipation in the SMP. However, the material
did not show SME below the recovery temperature of T, -20 °C. Isothermal shape
recovery behavior of SMP has also been investigated [44]. It is important to study for
the biomedical applications of SMP, as most of the thermoresponsive SMP devices
designed for recovery at the body temperature and the recovery function are inher-
ently isothermal.

3.5.2.2 Effect of recovery time

The recovery time is also a recovery parameter that influences the recovery behav-
ior of SMP. The SMP should be reheated to enough time for effective releasing of
the stored energy. The recovery will occur at higher recovery temperature, when the
recovery time is less. Hu et al. [54] studied the effect of recovery time (10 and 40 min)
on shape recovery of polyurethanes. It was found that the recovery was increased
with the increase of recovery time. It was suggested that a sufficient recovery time is
needed for the frozen molecular segments to reactivate.
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4 Shape memory polyurethanes: From materials
to synthesis

4.1 Introduction

Polyurethanes are linear polymers that have a molecular backbone containing car-
bamate groups (-NHCOO-). These groups, called urethane, are produced through a
rearrangement reaction between a diisocyanate and a polyol. Otto Bayer developed
urethane chemistry in 1937 at the 1.G. Farben Laboratories [1, 2]. Polyols used in the
preparation of polyurethanes are of two types, viz. macroglycol and chain extender.
The properties of polyurethanes depend on the molecular weight, structure, reac-
tivity of the reactants and NCO/OH ratio of the composition. Among different shape
memory polymers, shape memory polyurethanes are the most versatile due to their
biocompatibility, wide-range tunable stiffness, large deformation, large recovery,
good elastic property, water vapor permeability and multiresponsive shape memory
effect (SME) 3, 4]. The shape memory polyurethanes are made up of alternating hard
and soft segments. The hard segment is composed of diisocyanate with low-molecu-
lar-weight diol or diamine chain extender; hence, it is rigid. The soft segment of the
polyurethanes is usually moderately high-molecular-weight long-chain polyol that is
flexible in nature. Owing to the polar character of urethane groups, the hard ure-
thane domains are more hydrophilic in contrast to the soft polyol domains that cause
the microphase separation in the structure. The flexible soft segments are responsi-
ble for the reversible phase transformation, i.e., switching segment that allows for
the SME, while the hard segments are responsible for the memorizing of permanent
shape [4-7]. The SME as well as the performance of shape memory polyurethanes can
be tailored by judicious variation of chemical constituents, molar ratio of hard to soft
segments and polymerization process [3, 8, 9]. In addition, chain length, molecular
weight, conformation, arrangement, crystallization of soft segment and morpholog-
ical structure play an important role to the tune of shape memory properties of pol-
yurethanes. Further, the structure of hard segments, i.e., structure of diisocyanate
and chain extender has also the strong influence on the shape memory properties of
polyurethanes. The brief descriptions of these components are presented below.

4.2 Materials
4.2.1 Diisocyanate
Isocyanates are highly reactive compounds and can readily react with the groups

containing active hydrogen. The high reactivity of the isocyanate (—N=C=0) is due to
its two cumulated double bond. Isocyanate is a first essential component in the for-

https://doi.org/10.1515/9783110570175-004
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mation of polyurethanes that act as hard segment. The properties of shape memory
polyurethanes largely depend on the structure, shape, reactivity and crystalliza-
tion of the isocyanate. The reactivity of the diisocyanates depends on the position
of the isocyanate group, substituents, symmetry, steric effect and ring structure.
In toluene diisocyanate (TDI), the isocyanate group at para position is more reac-
tive than the isocyanate group at ortho position [10]. The bulky or branched sub-
stituent near the -NCO group retards the reactivity. In 2,6-toluene diisocyanate,
once the one —NCO reacted and then the reactivity of other one decreases due to
the steric effect. The presence of electron-withdrawing substituent increases the
reactivity by increasing the partial positive charge on the isocyanate carbon atom.
The symmetrical diisocyanate has the tendency to form crystallizable structure to
some extent that decreases the reactivity. Utilizing the different diisocyanates, the
properties of the polyurethanes can be tuned. Diisocyanate can be either aromatic
or aliphatic. The aromatic diisocyanates are more reactive than aliphatic ones. The
most commonly used diisocyanates for shape memory polyurethane synthesis are
listed in Table 4.1. The most widely used diisocyanates for the preparation of shape

Table 4.1: Diisocyanates used for the synthesis of shape memory polyurethanes.

Name of diisocyanate Chemical structure
2,4- and 2,6-toluene diisocyanate CH3
CHs
NCO
OCN NCO
NCO
4,4’-Methylenediphenyl diisocyanate H
I
OCN C NCO
I
H
3,3’-Dimethyl-diphenylmethane- H,C CHs
4,4'diisocyanate
Hy
OCN C NCO

1,5-Naphthalene diisocyanate NCO

NCO
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Table 4.1: (continued)

Name of diisocyanate Chemical structure

1,6-Hexamethylene diisocyanate OCN—(CH,)¢—NCO

1,4-Cyclohexyl diisocyanate

.

OCN NCO
4,4’-Dicyclohexylmethane H
diisocyanate |
OCN C NCO
I
H
Isophorone diisocyanate NCO
HBC/Q\CHZNCO
CHs CH;
Norbornene diisocyanate
O~
~
CQN
p-Phenylene diisocyanate
OCN NCO

<

memory polyurethanes are TDI and 4,4’-diphenylmethane diisocyanate (MDI). In
most of the cases, TDI used is a mixture of 2,4- and 2,6-isomers in 80:20 molar ratio.
Similarly, MDI has three isomers, namely 4,4-, 2,4- and 2,2-diphenylmethane diiso-
cyanates. However, 4,4-isomer is used in most of the commercial polyurethanes.
Though aromatic diisocyanates are more reactive than aliphatic one, polyurethanes
obtained from the aromatic diisocyanates have lower oxidation and weaker ultra-
violet stabilization than the polymers with aliphatic diisocyanates [2]. However,
the aromatic diisocyanate-based shape memory polyurethanes exhibited good
mechanical strength and shape memory behaviors. The rigidity of the polyurethane
network is supposed to increase with the following order: aliphatic < cycloaliphatic
< aromatic [11]. More symmetrical structure of diisocyanate and a chain extender
increases the formation of organized structures and crystallinity, leading to more
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complete phase segregation which in turn offer the better modulus, stiffness and
shape memory properties.

Desai et al. [12] reported that TDI-based polyurethanes exhibited higher tensile
strength and lower elongation as compared to MDI-based polyurethanes irrespective
of the type of polyol, even though both have aromatic structure. MDI has a linear sym-
metric structure consisting of two aromatic rings, giving lower tensile strength owing
to the lack of rigidity in the backbone. However, in the case of TDI a higher rigidity
is provided due to the direct association of the two isocyanate groups with the same
phenyl ring. The effect of structure of diisocyanates on the properties of polyurethanes
was studied by Javni et al. [11]. They reported that aromatic triisocyanates imparted
the highest density, glass transition, modulus and tensile strength, but exhibited the
lowest elongation at break, swelling and impact resistance. Aliphatic triisocyanates
and diisocyanates conferred rubbery materials with the highest elongation at break,
highest swelling and the lowest tensile strength. However, polyurethanes with aro-
matic and cycloaliphatic diisocyanates were similar in properties, with values present
between the aromatic triisocyanates and aliphatic triisocyanates. Pandya et al. [13]
also studied the effect of different diisocyanates (TDI, MDI crude, HDI [hexyl diisocy-
anate] and IPDI [isophorone diisocyanate]) on the properties of polyurethanes. They
also found that TDI-based polyurethane showed higher tensile strength among the
others. This is due to the direct association of isocyanate group with phenyl ring, which
imparted the higher rigidity of the structure. In addition, the higher reactivity of TDI
which results from delocalization of negative charge on —NCO by aromatic structure
is also responsible for higher tensile strength. The IPDI-based polyurethane exhibited
lower mechanical properties as compared to the TDI-based one. This is because of lack
of delocalization of the negative charge on —NCO, thus reducing the reactivity of IPDI.
The rigidity in IPDI is moderate due to the nonplanar structure (chair configuration)
as all cyclic carbon atoms are sp® hybridized. The substituent on the cyclohexane ring
reduces the symmetry as a result of a general decrease in tensile and hardness prop-
erties. The HDI-based polyurethane showed higher modulus when compared to the
others. This is because of the presence of hydrogen bonding between two polymeric
chains, which is facilitated by the even number of —CH, groups present in diisocyanate
as well as in the chain extender. The —CH,sequence of HDI together with that of butan-
ediol forms a tight crystalline structure, thus it exhibits higher moduli and hardness.

The effect of planner and bend shape diisocyanates on the SME of polyurethanes
has been reported by Yang et al. [14]. They have used 1,6-diphenyldiisocyanate (PDI)
as planar diisocyanate, while 4,4’-diphenylmethyldiisocyante as bend diisocyanate.
It was seen that PDI-based polyurethane showed better shape recovery than MDI-
based one. This is due to the tighter interactions among the PDI-based hard segment
because of its planar structure. Ping et al. [15] investigated the effect of hard seg-
ments on shape memory behaviors of segmented polyurethanes prepared from
HDI, MDI, TDI and IPDI. It was observed that HDI- and MDI-based polyurethanes
exhibited higher shape recovery forces as compared to the TDI and IPDI one. This
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can be attributed to the higher degree of microphase separation as a result of the
crystallization of HDI- and MDI-based hard segments. The effect of hard segment
arrangement on the SME of segmented polyurethanes was studied by Ji et al. [16].
They prepared shape memory polyurethanes having interconnected, isolated and
no hard-segmented domains using MDI, 1,4-butanediol (BD) and PCL. The shape
memory polyurethane having isolated hard segments showed better shape recovery.
The shape recovery of shape memory polyurethanes reduced significantly when the
hard segment domains changed from isolated to interconnected state. It was demon-
strated that the shape fixity decreased with the increase of hard segment content (>30
wt%). This was due to the decrease of crystallization capability of the soft segments
with the increase of hard segment content. Further, it was also demonstrated that
the shape memory polyurethanes should be extended to at least over 100% strain to
achieve better shape fixity. The shape memory polyurethanes having hard segments
content between 25 and 30 wt% showed the best SME because of enough interactions
among the hard segments to store more elastic energy. The shape memory polyure-
thane with low hard segment content (<20 wt%) showed poor SME because of the
less interactions or physical cross-link. The similar observation was also reported by
Lee et al. [8]. The shape memory polyurethanes having more than 50 wt% of hard
segment did not show SME because of the excess interactions among the hard seg-
ments and the resulting rigid structure.

4.2.2 Macroglycol

Diols/polyols with average molecular weight of 500-5,000 g/mol are used as macro-
glycol in the preparation of shape memory polyurethane, which acts as a soft segment.
Polyols are generally categorized into two groups, viz. polyether polyol and polyester
polyol [10]. The structure, molecular weight and hydroxyl number of the macrogly-
col is an important factor in governing the ultimate properties of the shape memory
polyurethanes. The architecture, chain length and content of soft segment have the
effect on the SME of shape memory polyurethanes. Further, soft segments crystalliza-
tion and arrangement have also influenced the SME of shape memory polyurethanes.
Polyester polyols are widely used macroglycols as they exhibit excellent mechanical
properties, thermal stability, outstanding tear strength and shape memory behaviors.
This is due to the stronger hydrogen bond between the ester and urethane linkage as
compared to the ether and urethane linkage [10, 17]. High polarity of the ester carbonyl
group leads to stronger hydrogen bonding between ester and urethane linkage. Pol-
yether-based polyurethanes show good hydrolysis resistance and higher resilience,
whereas polyester-based polyurethanes show better modulus, stiffness and biodegra-
dability. Hydroxy-terminated polybutadiene has also been used instead of polyester/
polyether, where polyurethanes show excellent resistance to acid/base hydrolysis,
low glass transition temperature and ability to retain elastomeric behavior. Among
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Table 4.2: Macroglycols used for the synthesis of shape memory polyurethanes.

Name of macroglycol Chemical structure

Polyethylene oxide o
HO >\H
n
Polypropylene oxide o
HO >\H
n
CHs

Polytetramethylene oxide 0
HO H
n

Polycaprolactone 0
|
HO CH2>foO CHZ%OH
5 5
n

Polyethylene adipate 0
|

0
I
HO%CH22 o—c%CH2 . c—oJYCHZ o

n
1,4-Polybutadiene diol
HO—-CH,— ey —H CH;%OH
n

them, further the crystalline polycaprolactone (PCL) diol-based shape memory pol-
yurethane is the most convenient to use for the shape memory applications. T, can
be used as Tyans. A few macroglycols used for the synthesis of shape memory polyure-
thanes are listed in Table 4.2.

The effect of macroglycol, viz. polypropylene glycol and hydroxyl-terminated
polybutadiene on the properties of polyurethanes has been demonstrated [12].
Hydroxy-terminated polybutadiene-based polyurethane showed higher tensile
strength and lower elongation as compared to polypropylene glycol-based polyure-
thane, because of additional cross-linking from trifunctional species. Moreover, the
pendant methyl groups present in polypropylene glycol hinder the close packing of
mutually attracting functional groups such as urethane/ester group and also act as
internal plasticizer as a result of reducing the intermolecular forces and causing poor
mechanical properties. The effect of polyol chain length (poly(tetramethyleneglycol)
[PTMG; MW of 1,000 or 2,000]) on the properties of shape memory polyurethanes
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have been investigated by Chun et al. [9]. A long soft segment, PTMG-2000, exhibited
superiority in all mechanical properties such as strain, stress and modulus because
a long chain length could provide more motional freedom than a short one (PTMG-
1000), forming strong interchain attractions among hard segments. Martin et al.
[18] investigated the effect of macroglycol soft segment CH,/O ratio on morphology
and properties of polyurethane elastomers. They used several macroglycols such
as poly(ethylene oxide) , poly(tetramethylene oxide)), poly(hexamethylene oxide),
poly(octamethylene oxide), poly(decamethylene oxide) and poly(1,6-hexyl car-
bonate) diol for the synthesis of series of polyurethanes. It was observed that the pol-
yurethanes prepared from macrodiols with the highest CH,/O ratio exhibited higher
hard domain crystallinity, a higher degree of phase separation, the greatest hardness
and stiffness. This is due to the decrease in compatibility between the hard and soft
segments with the increase in soft segment CH,/O ratio.

The effect of soft segment molecular weight (Mn, PCL = 2,000, 4,000, 8,000)
and soft segment content (50-90 wt%) on the SME of shape memory polyurethanes
has been studied by Kim et al. [19]. Both the glass modulus and rubbery modulus
found to increase with the increase in molecular weight of the soft segment. This is
due to the higher soft segment and hard segments phase separation and higher soft
segments crystallization. Due to the greater phase-separated structure, the hard seg-
ments stimulate physical cross-links and effectively reinforce the soft segment at the
rubbery state. The higher glass state modulus reflects the higher shape fixity behavior
of the shape memory polyurethane. It was observed that higher soft segment content
(80 wt%) rendered a higher glassy state modulus and lower rubbery state modulus,
resulting in a larger elastic modulus ratio. This replies the higher shape recovery
behavior of the shape memory polyurethane. The recovery strain found to increase
with the increase in molecular weight and content of soft segment. Li et al. [20] also
reported the effect of soft segment molecular weight (Mn, PCL= 1,600-7,000) on the
shape memory properties of polyurethanes. They also observed similar behaviors as
reported by Kim et al. The shape recovery rate found to increase with the increase
in the molecular weight of the soft segment. Ahmad et al. [21] reported the effect of
different soft segments (PEG-6000 and PCL-2000) on the shape memory properties
of shape memory polyurethanes. The PEG-based polyurethane showed higher shape
fixity than PCL-based polyurethane because of the higher crystallinity of the PEG soft
segment. PEG-based polyurethane also showed the better shape recovery ratio and
faster recovery as compared to the PCL-based polyurethane. This can be attributed to
the longer molecular chains of the high-molecular-weight polyol soft segment, which
leads to easy deformation of the shape memory polyurethane at above Ty When
compared to low-molecular-weight polyol soft segment.

The effect of soft segment arrangement on the SME of shape memory polyure-
thanes has been reported by Cho et al. [22]. They prepared random, block and blend
polyurethanes using two types of PTMG as soft segments having different molecu-
lar weight (Mn, PTMG = 1,000 and 1,800 g/mol). The random and blend-type shape
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memory polyurethanes exhibited higher shape recovery ratio as compared to the
block one. However, all the copolymers showed all most same shape retention behav-
ior. They suggested that high performance shape memory polyurethanes could be
made through the precise control of the soft segment arrangement. The effect of soft
segment crystallization on the shape memory function of segmented polyurethane
ionomers has been studied by Zhu et al. [23]. It was observed that the shape fixity
ratio increased with the increase in cooling time of the temporary shape. This implies
that the crystallization time of soft segments has a significant influence on the shape
fixity of shape memory polyurethanes. However, the shape recovery ratio is found to
decrease slightly with the extension of cooling time.

4.2.3 Chain extender

Chain extenders are low-molecular-weight (generally, below 400 g/mol) hydroxyl or
amine compounds. The choices of the chain extender and the diisocyanate determine
the characteristics of hard segment and physical properties of the shape memory
polyurethane [10]. Addition of chain extender to the hard segment length increases
the hard segment segregation, which results in good physical properties such as
enhanced modulus, stiffness and shape memory properties. Amine chain extenders
are much more reactive than hydroxyl chain extenders. Diamine chain extender-based
shape memory polyurethanes exhibited higher mechanical and SME than diol-based
ones. This is due to the higher degree of hydrogen bonding because of the presence
of urea linkage. Moreover, aromatic diamine chain extender shows better mechanical
properties and higher T, than the aliphatic one. The properties of the shape memory
polyurethanes also depend on the length and architecture of the chain extender. Pol-
ymers with even diol structure adopt the lowest energy fully extended conformations
that allow for hydrogen bonding in both directions perpendicular to the chain axis.
However, such a hydrogen-bonding network would not be feasible for the polymers
with odd diol structure in the extended conformation, and these adopt contracted,
higher energy conformations. The even diol polymers have the higher possibility
of crystallinity, which is the driving force for the phase separation and hence to the
better properties of the polymers. The most commonly used chain extenders are men-
tioned in Table 4.3.

The effect of chain extenders such as bisphenol-A, bisphenol-S, bisphenol-AF
and their brominated derivatives on the various properties of polyurethanes was
studied by Liaw [24]. It was observed that bisphenol-S- and bisphenol-AF-based pol-
yurethanes had higher tensile strength than bisphenol-A-based polyurethane. The
brominated chain extender-based polyurethane exhibited higher flame retardancy
behavior and lower thermal stability. It was found that inclusion of bromine in chain
extender increases the water absorption and solvation because of its higher polar-
ity and larger free volume. The bisphenol-S-based polyurethanes having dipolar
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Table 4.3: Chain extenders used for the synthesis of shape memory polyurethanes.
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Name of chain extender

Chemical structure

Ethylene glycol

1,4-Butanediol

1,6-Hexanediol

Ethylene diamine

Ethanolamine

Glycerol

Trimethylol propane

Triethanolamine

2,2-Diethyl-1,3-propanediol

2-Butyl 2-ethyl-1,3-propanediol

2,5-Dimethyl-3-hexyne-2,5-diol

HO\/\
OH
/\/\/OH
HO
/\/\/\/OH
HO
HZN\/\
NH
HO\/\
NH

OH

2

2

HO

HO OH

H,C CH,
HO OH
HsC CH;
Ho OH
HO OH
H3C§7CE %cm
HsC CH,
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Table 4.3: (continued)

Bis[4-(B-hydroxyethoxy)]

CH,
bisphenol A (Dianole-22) HO—HZC—HZC—O@*#@*O—CHz—CHZ—OH
CH,

2,6-Pyridinedimethanol X
HO ‘ OH
N

4,4’-Diaminobiphenyl
Bisphenol-S 0

0
Bisphenol-A CHj

CH,
4,4’-Diaminodiphenyl sulfone 0

4,4’-Diaminodiphenyl methane H,
H,N C NH,

Isophthalic acid dihydrazide 0 0

Piperazine / \

sulfonyl groups in the polymer chains display higher solvation and water absorption.
The bisphenol-S-based polyester polyurethanes exhibited higher dynamic properties
than the bisphenol-A- and bisphenol-AF-based polyurethanes because of the higher
interaction between the ester groups and dipolar sulfonyl groups. Chattopadhyay
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et al. [25] studied the effect of chain extender structure (BD, 1,2-propanediol,
2,2-diethyl-1,3-propanediol, 2-butyl 2-ethyl-1,3-propanediol, 4,4’-diaminodiphenyl
sulfone and 4,4’-diaminodiphenyl methane) on the properties of polyurethanes.
4.4’-Diaminodiphenyl sulfone-based polyurethane exhibited higher tensile strength,
storage modulus, elongation at break as compared to the other polyurethanes.
This could be caused by the polar nature of sulfone group, which acts as a pseudo-
cross-linker and increases the phase separation.

Chun et al. [26] studied the effect of chain extender, i.e., BD and ethylenediamine
(ED) on the shape memory properties of shape memory polyurethanes. Both the pol-
yurethanes exhibited almost similar shape recovery ratio. However, the ED-based
polyurethane showed higher shape retention behavior. This is due to the presence
of urea bonding, which restricted the chain rotation or slippage resulting in the rigid
structure. Kalajahi et al. [27] also demonstrated the effect of chain extenders on the
shape memory properties of polyurethanes. They used four different types of chain
extenders such as ethylenediamine, 1,4-diaminobutane and 1,6-diaminohexane
as aliphatic chain extenders and piperazine as cyclo-aliphatic chain extender. The
cyclo-aliphatic chain extender-based polyurethane exhibited better shape fixity ratio
as compared to the aliphatic chain extender-based polyurethanes. This is because of
the high incompatibility between hard segments and PCL soft segments due to the
presence of stiff cyclo-aliphatic piperazine chain extender. Further, the shape fixity
decreased with the increase in carbon chain length of the aliphatic chain extenders.
This was attributed to the increased thermodynamic compatibility between the hard
and soft segments result in the decrease in crystallinity of soft segments by increasing
chain extender length.

The effect of hard segment architecture on the SME of shape memory polyu-
rethanes has been investigated by Wu et al. [28]. They designed the polyurethanes
using PCL as soft segment, MDI and azobenzene diol or azobenzene diamine as chain
extender, yielding shape memory polyurethanes containing azobenzene in side
chains and in main chains. Polyurethanes with azobenzene in main chain exhibited
the higher shape recovery ratio as compared to the polyurethane with side-chain
azobenzene. This is due to the stronger interactions such as m—m interaction and
induced dipole-dipole interaction between aromatic rings in the hard segments as a
result of azobenzene in main chain of the polyurethane. T,,, i.e., Tyans Of the polyure-
thane with side-chain azobenzene found to decrease when compared to polyurethane
in the main-chain azobenzene. Azobenzenes in the side chains as hard segments
increase the sequence randomness of the macromolecular chains and also restrict
the segmental mobility, as a consequence decrease in T, of PCL crystallization. Tsai
et al. [29] investigated the effect of linear and dendritic side-chain extenders on the
shape memory behaviors of polyurethanes. The linear polyurethane displayed good
shape fixity, but quite poor shape recovery. The poor shape recovery is because of the
presence of phase-segregated morphology and the lack of hydrogen-bonding inter-
actions. The dendritic side-chain extender-based polyurethane showed better shape
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recovery behavior as compared to linear one. This is due to the peripheral alkyl chains
of dendrons that promote the miscibility between hard segments and soft segments
consequently inducing phase mixing morphology as well as rich hydrogen-bonding
interactions that reinforce the physical cross-linking effect of hard segments.

4.2.4 Catalyst

Catalysts are added to enhance the reaction rates. Reaction occurs at lower
temperatures, deblocking the blocked isocyanates and decreasing the curing tem-
perature and time. The mostly used catalysts are aliphatic and aromatic amines
(1,4-diazabicyclo[2.2.2]octane [DABCO], 1,8-diazabicyclo[5.4.0]lundec7-ene [DBU],
2,2’-bis-(dimethylaminoethyl ether) and triethylamine), organic acids (triflic acid, tri-
fluoromethanesulfonimide, p-toluenesulfonic acid and methanesulfonic acid), orga-
nometallic compounds (dibutyltin diacetate, dibutyltin dilaurate [DBTDL], stannous
octoate and iron acetylacetonate) and guanidines (naphthyl bis-guanidine and N-
methyl-1,5,7-triazabicyclododecene [MTBD]) 2, 30]. Among the amines, tertiary amines
are widely used in urethane formation reactions. Catalytic action occurs through the
complex formation between isocyanate and the tertiary amine by donating the elec-
trons on nitrogen atom of tertiary amine to the positively charged carbon atom of the
isocyanate, followed by the nucleophilic attack of the alcohol. The conversion of the
isocyanate alcohol reaction depends on the basicity and concentration of the amines.
The increased basicity enhances the catalytic activity of the isocyanate alcohol reac-
tion. In the case of acid catalyst, a dual hydrogen-bonding mechanism involves fol-
lowed by electrophilic activation of the isocyanate via the isocyanate nitrogen, with
simultaneous nucleophilic activation of the alcohol. Metal-based catalysts serve as
Lewis acids toward alcohol or isocyanate to initiate the polymerization. The positive
metal center interacts with electron-rich oxygen atom of both the hydroxyl and isocy-
anate groups that produce an intermediate complex, which in turn rearranges to form
the urethane bond. Organotin compounds have predominantly served the active cat-
alytic role; however, their removal from polyurethanes is often very difficult, resulting
in detrimental effects on the aging of the final material. Recently, strong efforts have
been given to catalyze the polyurethane reactions using organic acids, guanidines
and heterocyclic carbenes. Catalysts used in polyurethane synthesis are presented in
Table 4.4.

The effect of sequential addition of DBTDL catalyst on the reaction rate of polyu-
rethane formation was studied [31]. It was found that the catalytic activity depended
on the sequential addition of DBTDL catalyst. It was observed that the reaction rate
was slower when the catalyst was added to diol followed by the addition of diisocy-
anate when compared to the catalyst added to the mixture of diol and diisocyanate.
The effect of different catalysts (tin octoate, DBTDL, iron acetylacetonate and copper
acetylacetonate) on the reaction rate and the properties of polyurethanes have been
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Table 4.4: Catalysts used for the synthesis of shape memory polyurethanes.

Name of catalyst Chemical structure
DABCO N
N
DBU N
X
N
Triflic acid 0
F3C—S—OH
0
p-Toluenesulfonic acid
\ /OH
S
N\
0
HsC
Trifluoromethanesulfonimide 0 0

DBTDL

MTBD

DABCO, 1,4-diazabicyclo[2.2.2]octane; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene;
DBTDL, dibutyltin dilaurate; MTBD, N-methyl-1,5,7-triazabicyclododecene.
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reported [32]. The DBTDL and iron acetylacetonate catalyzed reaction showed the
higher reaction rate when compared to the other catalysts. The catalysts studied can
be arranged in the order of decreasing activity as DBTDL > iron acetylacetonate >
tin octoate > copper acetylacetonate. It was reported that the strength and thermal
stability of polyurethanes catalyzed by DBTDL and iron acetylacetonate will be
decreased. This is due to the accelerating catalytic effect of these compounds on the
thermo-oxidative destruction processes occurring in curing of molded formulation
under thermostating conditions. Sardon et al. [33] studied the activity of acid organo-
catalysts on the diisocyanate and polyol reaction along with the properties of polyu-
rethanes. They have used various acid catalysts such as triflic acid, methanesulfonic
acid, p-toluene sulfonic acid, diphenyl phosphate, trifluoroacetic acid and acetic
acid. They have demonstrated that sulfonic acids were found to be most effective for
urethane formations among organic acids and even as compared to conventional tin-
based catalysts such as DBTDL and DBU. However, phosphonic and carboxylic acids
showed considerably lower catalytic activities. Furthermore, sulfonic acids conferred
polyurethanes with higher molecular weights when compared to traditional tin-based
catalyst. It was suggested that the strength of a given acid as well as the nucleophilic-
ity of its conjugate base was crucial in catalyzing the urethane formation. Alsarraf et
al. [34] reported that guanidines are efficient organocatalysts for the synthesis of poly-
urethanes. It was observed that bicyclic penta-alkylated guanidines such as MTBD led
to polyurethane molecular weight and dispersity in the range of those observed with
tin-based catalyst such as DBTDL. Tetra-alkylated guanidine such as TBD exhibited
weaker catalyst as compared to penta-alkylated guanidines due to its high reactivity
toward isocyanate, as a consequence in the formation of a less nucleophilic urea.
Coutelier et al. [35] reported the N-heterocyclic carbine (NHC) catalyzed synthesis of
polyurethanes. They have demonstrated that NHC can efficiently catalyze the met-
al-free step-growth polymerization reaction of aliphatic diisocyanates with polyols,
forming soluble linear polyurethanes. The NHC catalyst found to be much more effi-
cient than a tertiary amine-based catalyst such as DABCO, enabling a polymerization
at a relatively low catalyst concentration (1%) and low temperatures (30-50 °C). It
was proposed that the urethane bond formation by NHC catalysis takes place by a
basic deprotonation of alcohol by NHC, followed by a nucleophilic attack of the acti-
vated alcohol onto the isocyanate moiety.

4.3 Synthesis of shape memory polyurethanes
4.3.1 One-shot method

One-shot and pre-polymerization methods are used for the synthesis of polyure-
thanes. In the one-shot method all the reactants namely macroglycol, diisocyanate
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HO—vuvuvuvuvun—0H + OCN—‘—NCO + HO— ----- —OH
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Polyurethane

Figure 4.1: Schematic representation of one-shot method for polyurethane synthesis.

and chain extender are added at once at the starting of the polymerization reaction
(Figure 4.1). This process is easier, faster and more reproducible. A high order of crys-
tallinity is obtained in this process [10]. However, controlling of reaction is difficult.
A wider distribution of hard segment lengths is obtained as all the reactants are fed
together which lead to compete with the oligomeric diol and short-chain diol to react
with diisocyanate, resulting in some longer hard segments. The reactivity of the polyol
is an important factor in determining whether or not a polyol can be used in a one-
shot technique. As a general rule, the reactivity of polyol needs to be nearly equal to or
greater than the reactivity of the curative. For example, most of the MDI-based polyu-
rethane elastomers in one-shot process use BD as a curative which contains primary
hydroxyl groups. Castor oil contains secondary hydroxyl groups. In the reaction of
MDI, BD and castor oil, the MDI will preferentially react with the BD to form MDI-BD
hard segment. The MDI-BD hard segment will be phase separated before reacting with
the castor oil because of the incompatibility in the system. This renders the poor phys-
ical properties as a result of the low-molecular-weight polymer. In a consequence, the
polyol and curative should have similar reactivity for successful one-shot technique.

4.3.2 Pre-polymerization method

In the pre-polymerization method, -NCO- or —OH-terminated pre-polymer is pre-
pared by reacting a diisocyanate with a macroglycol in the first step. Then a chain
extender is added to the pre-polymer in the second step and high-molecular-weight
polyurethane is obtained (Figure 4.2). This method is found to be more controllable.
More regular hard-soft-hard-soft sequences and narrow distribution of hard segment
lengths are obtained in this technique [10, 36]. This is because the soft segment is
formed first by reacting the diisocyanate with oligomeric diol, then hard segments
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HO —vvvvuvun—--~OH + OCN*NCO
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Figure 4.2: Schematic representation of pre-polymerization method for polyurethane synthesis.

are formed after adding the short-chain diol. The structural regularity and narrow
hard segment distribution may result in the higher mechanical properties as well as
better SME. Peebles theoretically demonstrated that under ideal conditions and at
complete conversion under stoichiometric conditions the sequence length distribu-
tion of hard block segments in a segmented block copolymer follows the most proba-
ble distribution. A two-stage polymerization results in a narrower distribution of hard
blocks than a single-stage polymerization of the same stoichiometric condition when
the first reaction of the low-molecular-weight difunctional monomer is faster than the
second reaction. This result was due to the factors of steric hindrance, alteration of
the induction-resonance condition of the molecule when it is partly reacted, or the
molecular configuration in the transition state.

The effect of polymerization methods, i.e., one-shot and pre-polymerization on
physical properties of thermoplastic polyurethane elastomers was studied by Ahn
et al. [37]. It was observed that a broader distribution of hard segment lengths was
obtained prepared by the one-shot method, whereas narrow distribution was obtained
in case of pre-polymerization method. These evidences were clearly observed in the
differential scanning calorimetry analysis. The melt crystallization temperature of the
hard segment phase prepared by pre-polymerization technique showed a sharp exo-
therm. However, a broader exotherm at higher temperature was obtained prepared
by one-shot technique. Polyurethane prepared by one-shot method showed higher
tensile strength and elongation at break when compared to polyurethane prepared by
pre-polymerization method. These may be due to the well-developed hard segment
domains caused by longer hard segments that serve as physical cross-links or fillers.
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5 Applications of shape memory polymers

5.1 Introduction

Shape memory polymers (SMPs) have promising applications in the field of sensors
and actuators, aerospace engineering, textile engineering, automobile engineering,
packaging, self-healing, self-peeling reversible adhesive and biomedical field [1-5].
SMPs are being widely developed and qualified for deployable components and
structures in aerospace. Composite Technology Development Inc., USA, designed and
developed a simple and inexpensive deployable solid-surface reflector using TEMBO®
SMP composite. In the textile and apparel applications, SMPs are gaining much atten-
tion to develop an intelligent waterproof and breathable fabrics. Mitsubishi Heavy
Industries, Japan, successfully developed Diaplex™ smart fabrics using SMP with
excellent waterproofing and breathability. Wrinkle-free and crease retention SMP
finishing fabrics have been developed. Self-healing SMP can play an important role
in the recovery of surface damages/cracks during the damaging and scratching of a
surface. SMPs have broad applications in biology and medicine, especially for bio-
medical devices, which might open new medical procedure for minimally invasive
surgery. The bulky SMP device can be inserted into the body in a small fixed shape
by a small laparoscopy and the permanent shape can be recovered under the applica-
tion of suitable stimulus. Many research groups and industries are pursuing medical
applications of SMP. However, limited numbers of biomedical SMP devices are com-
mercially available due to the lack of supplier of medical grade materials and preci-
sion of SMPs. MedShape Inc., USA, has developed SMP suture (Morphix®). SMPs have
fantastic development prospects and value in various important engineering and
advanced technological fields.

5.2 Biomedical applications

SMPs have potential applications in the field of biomedicine [1, 4]. Biocompatible and
biodegradable SMPs stimulate to develop implantable SMP devices. The actuation
temperature of SMP can be modified by changing chemical composition that assists
in developing self-actuated biomedical SMP devices, which can be actuated at body
temperature. The easy fabrication of SMP into complex shapes takes the benefit to
develop custom patient-specific device geometries. Biomedical SMP devices such as
clot removal device, vascular stent, surgical suture and orthodontic appliance are
being developed and are discussed below.

https://doi.org/10.1515/9783110570175-005
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Figure 5.1: Depiction of endovascular clot removal using the SMP microactuator: (a) the device first
punctured the clot, (b) activated to a form of coil shape on the distal side of the clot and (c) pulled to
remove both the device and clot simultaneously.

5.2.1 Clot removal device

SMPs can be utilized for the treatment of ischemic stroke [6, 7]. Ischemic strokes are
caused by the formation or lodging of a blood clot (thrombotic vascular occlusion) in
the arterial network that deprived the brain of oxygen supply. This is a mechanical clot
extraction device, as an alternative to conventional clot-dissolving drug treatment. These
devices, i.e., SMP microactuators were designed to be delivered through a catheter and
punctured the clot in a narrow form. Then actuated by external stimuli to deploy into a
clot-grabbing form such as corkscrew or coil, remove both the microactuator and blood
clot (thrombus) restoring the blood flow (Figure 5.1). Maitland et al. [6] reported the pho-
tothermal design aspect of novel SMP microactuators for stroke treatment. Thermoset
shape memory polyurethanes were used to design the device. Diode laser operating at
a wavelength of 810 nm was used to actuate the SMP device. The SMP was doped with
a laser-absorbing dye to attain selective heating of the device. Small IV et al. [7] demon-
strated the laser-activated SMP intravascular thrombectomy device to mechanically
retrieve the thrombus. The device consisted of thermoplastic shape memory polyure-
thane microactuator coupled with optical fiber for delivery of 810 nm laser light for stim-
ulation. The SMP microactuator was programmed in a straight rod shape and its primary
shape was a tapered corkscrew. The SMP microactuator was delivered in its secondary
straight rod form through a catheter distal to the vascular occlusion, which is located
by fluoroscopy routinely used in stroke treatment. Then the microactuator was trans-
formed into its primary corkscrew shape by laser heating. Once deployed, the microac-
tuator was retracted and the captured thrombus is removed from the body to restore the
blood flow. Small IV et al. [8] also developed prototype using SMP encapsulating shape
memory alloy (SMA, nitinol) electromechanical hybrid microactuator for endovascular
thrombectomy device. SMP was employed to maintain the straightening stress for endo-
vascular delivery of the device as well as relaxing the stress to allow for actuation of the
nitinol to primary shape (corkscrew). An electric current was supplied to the microactu-
ator; the temperature of nitinol was increased by Joule heating effect and consequently
heating of the surrounding SMP. SMP (T, = 86 °C) was transformed to its low-modulus
rubbery state and relaxed the loading stress, as a consequence permitted the nitinol to
resume its corkscrew shape. Actuation was achieved within 5 s in the water-filled model
with the applied current of 0.8 A. It was observed that higher current was needed to
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achieve the actuation in water as compared to air because heat loss is faster in water
than in air due to the higher thermal conductivity of water. It was suggested that the
use of SMP with low T, in an optimized device would reduce the thermal damage on the
artery and offer potential therapeutic alternative for acute ischemic stroke.

5.2.2 Vascular stent

A stent is a tube made up of metal or polymer inserted into an abnormally narrowed
or closed artery or duct (restenosis) in the human body to open it mechanically and
restore the blood flow inside it. Metallic stents made up of SMA are too stiff to navigate
through tortuous vessels and arises a compliance mismatch with the arterial walls,
which result in an abnormal stress concentration initiating an adaptive response in
the vascular tissue. SMP-based stents can overcome these problems because of their
good flexibility, biodegradability, enhanced compliance matching, minimally inva-
sive benefits, high drug-loading capacity, and less thrombogenesis and intimal hyper-
plasia. Furthermore, SMP stents could be actuated gently at body temperature, which
reduces the thermal damage of surrounding tissues. A variety of thermoplastic SMPs
have been reported in stent applications. However, most of the reported SMP stents
are based on thermoplastic shape memory polyurethanes. The performance of the
SMP stent depends on Ty, cross-link density, geometry and programming conditions.
Baer et al. [9] reported the fabrication and in vitro deployment of a laser-activated
SMP vascular stent. The stent was made from thermoplastic polyurethane and the
photothermal actuation of the stent was employed in a water-filled mock artery. The
stent did not fully deploy at the maximum laser power (8.6 W) under physiological
flow rate, due to convective cooling. However, under zero flow, simulating the tech-
nique of endovascular flow occlusion, full deployment was achieved in the mock
artery at a laser power of ~8 W. In vivo survival studies are required to evaluate the
extent and tolerance of potential thermal damage of surrounding tissues caused by
photothermal actuation of the SMP stent. Kim et al. [10] reported the feasibility of
the development of thermoresponsive braided stents made of shape memory polyu-
rethane. The simulations in this study demonstrated the proper choosing of diameter
of the constituent shape memory polyurethane fibers and braiding angles, and the
SMP braided stent could behave mechanically like the SMA stent. The result showed
that no sudden overpressure was observed on the vessel due to gradual deployment,
thereby reducing the possibility of hurting the vessel wall.

Drug-eluting stents are the most promising in recent advancement of stent tech-
nology. Drugs (e.g., sirolimus, paclitaxel and dexamethasone) reduce the restenosis
by inhibiting proliferation, migration and growth of smooth-muscle cells (SMC). As
a consequence reduces the SMC hyperplasia that forms a layer on the intimal wall
of the vessel. A drug-eluting SMP stent has been developed by Chen et al. [11]. A
sirolimus-eluting biodegradable stent made from chitosan-based strips fixed by an
epoxy compound coated with a hydrophobic heparin was demonstrated. Sirolimus
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drug prevents the restenosis by inhibiting the proliferation and migration of vascular
SMC, and heparin prevents the blood coagulation around the stent. The stent showed
the hemo- and cytocompatibility as observed in the 3-(4,5-dimethylthiazolyl-2)-2,5-di-
phenyltetrazolium bromide (MTT) assays and live/dead cell viability. The stent could
potentially be inserted into an artery using minimally invasive surgery because it can
self-expand from a crimped state to its expanded state stimulated by hydration. The
animal study indicated that the stent can be reliably placed in arteries and effectively
suppress the restenosis.

Biodegradable polymer stents are more promising because of their bioresorption,
more drug-loading capacity, less risk of mechanical blockage and repeat surgery.
However, some biodegradable polymer stents also have encountered some problems
during biodegradation. Degradation of acid—base polymers leads to a significant pH
change due to the release of acid, which results in the necrosis of the surrounding
tissues. Most of the biodegradable polymers have low strength that may cause the
collapse of stent before the complete degradation leads to the blockage of the vessel.
Many researchers have focused on development of biocompatible, fully biodegrada-
ble and excellent mechanical strength SMP stent. Tamai et al. [12] developed biode-
gradable poly(l-lactic acid) (PLLA) coronary stents. They have evaluated the safety
and efficacy of PLLA stent implanted in 15 patients. No stent thrombosis and no major
cardiac event were observed within 30 days. All patients showed acceptable reste-
nosis and target lesion revascularization rates in the 6-month period of test. Body
temperature-responsive fully biodegradable polymeric stent based on PLLA and
poly(glycolic acid) (PLGA) bilayers have been reported by Venkatraman et al. [13]. The
single-layer stent made from PLLA displays very slow self-expansion at body tem-
perature, whereas rapid expansion was observed by the addition of a layer of PLGA
to the PLLA. It was observed that thickness, composition and T, of each layer in the
stents have most significant effect on the expansion rate. It was suggested that bilay-
ered structures, with appropriate selection of the “top” and “bottom” layers, enable to
develop rapid self-expandable stent at body temperature. Yang et al. [14] have devel-
oped biodegradable thermoresponsive PEG-PCL copolymer-based SMP stent. Cyto-
toxicity tests proved the good biocompatibility of the stent. In vitro degradation tests
exhibited that stent experienced a bulk degradation of 47% after 60 days of incuba-
tion under flow conditions. The stent did not collapse even during the bulk degrada-
tion process, and this indicated the excellent mechanical strength of the stent.

5.2.3 Orthodontic appliance

Orthodontic treatment refers to the straightening or moving of misaligned teeth using
orthodontic appliances commonly called braces. A brace consists of an orthodontic
bracket and an orthodontic archwire. Nitinol (SMA) is often used as an orthodontic
material because of its excellent performance. However, its metallic color renders aes-
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Figure 5.2: The utilization of shape memory wire in orthodontic application (a) before and (b) after
orthodontic treatment.

thetic problems. SMP may be a good alternative to SMA because of high shape recovery,
easy processing, transparency and satisfactory aesthetic appearance. Nakasima et al.
[15] demonstrated the concept of using a thermoresponsive SMP archwire in ortho-
dontic braces for aligning teeth. It was observed that force produced by SMP was suf-
ficient for moving teeth and the SMP was more aesthetically appealing (nearly tooth
colored) than a metallic archwire. Jung and Cho [16] reported the use of shape memory
polyurethanes for orthodontic archwires. The orthodontic application test was carried
out using polyurethane wire and was attached to a multibracket system on the dental
model. Movement of the teeth was clearly observed when the appliance was heated
above the Ty..s (40 °C) and the misaligned teeth began to align due to the shape
recovery of the wire between the brackets (Figure 5.2). It was indicated that the shape
memory polyurethane would be realized in orthodontic treatment with satisfactory
aesthetic appearance and constant recovery force over a long period of time.

5.2.4 Suture

SMP can be used as surgical suture, which will play a significant role in endoscopic surgery.
Generally, sutures are to be stitched very carefully. They may damage the cells of the skin
if the threads are stitched very tightly; on the other hand, if the threads are too loose, it
will not do the function properly. Effective suturing depends on the skill and experience
of the surgeon. The self-tightening SMP suture definitely overcomes these problems. SMP
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Figure 5.3: The use of shape memory polymer in surgical sutures.

suture can be stitched loosely in its temporary shape and when the sutures come into
contact with the body temperature or Ty.ns, it will shrink and then tightened as required.
In this case, it will apply an optimal force and reduce the risk of cell damage. Biocom-
patible and biodegradable sutures would be more prominent for wound closing device.
Lendlein [17] developed biodegradable SMP surgical suture. They introduced hydrolyza-
ble ester linkages into the polymer systems so that they would cleave under physiological
conditions. The degradation kinetics can be controlled by varying the composition and
relative mass content of the precursor macrodiols. The polymers show linear mass loss in
vitro, resulting in a continuous release of degradation products leading to the less risk of
inflammatory response. In the in vivo test it was observed that the knot was tightened and
closes the wound when the temperature increased to 41 °C (Figure 5.3).

5.2.5 Dialysis needle

Vascular access complications occur in kidney dialysis patients as a result of arteri-
ovenous (AV) graft failures. AV graft failure is caused by the development of intimal
hyperplasia and the subsequent formation of stenotic lesions that decline graft flow.
Vascular damage due to excessive wall shear stress may cause to lesion formation.
SMP adapter for a kidney dialysis needle has been developed to decrease the hemo-
dynamic stresses during dialysis [18]. An SMP adapter has been proposed to pass
through the dialysis needle in a compact form, thermally expanded upon heating
to body temperature and be retracted when the procedure is completed (Figure 5.4).
Flow visualization experiments demonstrated that the graft wall shear stresses were
significantly decreased by the adapter’s elimination of jet impingement, which could
potentially reduce vascular access occlusion.

5.3 Textile applications

Extensive efforts have been made in research and development to build up smart
textile materials. SMP can be used in textile in various forms such as fibers, yarn and
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Figure 5.4: The use of shape memory polymer in dialysis needle: (a) a dialysis needle delivery, (b)
flow visualization within the AV graft model, (c) deployed SMP adapter following delivery through
the dialysis needle and thermal actuation and (d) visualization of the SMP adapter flow.

fabrics. SMPs bring tremendous interest for use in textile and clothing because they
can respond to changes in heat and moisture levels, providing greater comfort for the
wearer [2, 19-21]. The SMP fabric can be used in cuffs and collars, which need to keep
their shape, and for knees and elbows, which need to recover their shape if wrinkled.
SMP-coated or -laminated garments can control the water vapor diffusion and provide
better comfort in both cold and warm climates. SMP-based garments can be deformed
to different sizes as required to wearer’s figure. SMP-coated or -laminated fabrics
have extensive application in sportswear, footwear, gloves and socks because of their
excellent waterproofing and breathability. SMPs also deliver some smart attributes,
for example, aesthetic appeal, textile soft display, smart wetting properties, health
monitoring and protection against extreme variations in environmental conditions.
SMPs used in various ways in textile applications are discussed below.

5.3.1 Finishing fabrics

Thermoresponsive SMP can be used in the textile via garment finishing. SMP finish-
ing fabrics deliver some properties such as wrinkle-free, crease and pattern retention,
aesthetic appeal, antishrinkage and antifelting. The wrinkle-free and crease retention
of the SMP finishing fabrics are due to the excellent shape recovery and shape fixity
of the SMP, respectively. High shape recovery, high shape fixity and high elasticity
of SMP are most important to achieve these properties. Hu et al. [22] reported the
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Figure 5.5: Wrinkle-free effect of fabric treated with water-borne shape memory polyurethane in
comparison with that of untreated fabric.

wrinkle-free cotton fabrics treated with shape memory polyurethanes [22]. Cotton
fabrics encounter wrinkles easily under low stress during wearing or storage because
of the debonding and slippage of hydrogen bonds. It was observed that the treated
cotton fabrics showed higher wrinkle resistance capacity than the untreated one
(Figure 5.5). They also studied the crease and pattern retention ability of the SMP-
treated cotton fabrics. The crease shape on the treated fabric was retained while the
crease shape on the untreated fabric was disappeared after hot water washing. The
treated cotton fabrics also showed the good antishrinkage ability by reducing the wool
directional frictional effect. They have systematically investigated the use of shape
memory polyurethanes in fabric finishing, and garment finishing lasts a decade. They
also developed aqueous shape memory polyurethanes finishing agent to get excellent
flexible, tactility and washable textiles.

5.3.2 Breathable fabrics

Breathable fabrics guard the human body from external heat, wind and many
harmful agents, and simultaneously it also allows effective transmission of water
vapor through the fabrics. Breathable fabrics passively permit water vapor to diffuse
through them yet still prevent the penetration of liquid water. Breathable fabrics are
developed by using the SMP. SMP used for breathable fabrics have a T, at around
body temperature. The water vapor permeability (WVP) of the SMP is changed
according to the wearer’s body temperature. By coating with SMP, the breathability
of the garment can be controlled to a large extent. SMP-coated fabric has high WVP
at higher temperature (above T,) and keeps the body cool, and low WVP at low tem-
perature keeps the body warm. The molecular free volume of the fabric increases sig-
nificantly when the body temperature is above T, of fabric and allows the transfer of
heat and vapor to the environment resulting in a comfortable feeling. Shape memory
polyurethanes show higher WVP at higher humidity and lower WVP at lower humid-
ity. The degree of WVP of SMP can be tuned by changing the reacting materials and
compositions. Ding et al. [23] studied the free volume and water vapor transport
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properties of temperature-responsive segmented polyurethanes [23]. It was observed
that the mean free volume size and fractional free volume increased more rapidly in
the temperature range of crystal melting than in other temperature intervals. WVP of
the polyester-based polyurethane membranes increased significantly in the crystal
melting temperature range. It was found that WVP of the polyester-based polyu-
rethanes showed approximately direct correlation with the fractional free volume
within the temperature range of crystal melting. Jeong et al. [24] have also investi-
gated the WVP of shape memory polyurethanes with amorphous reversible phase.
They modified the polyurethanes using hydrophilic segments, i.e., diol-terminated
poly(ethylene oxide) (PEG 200) or dimethylolpropionic acid (DMPA). It was observed
that the higher content of PEG 200-based polyurethanes showed higher WVP. The
neutralized DMPA unit enhanced the WVP at the temperature range above T,. WVP
increased with the increase of PEG content due to the increase in the number of polar
groups in the polymer backbone.

5.3.3 Damping fabrics

SMP can absorb impact energy due to their good damping properties at around T,.
AlliedSignal Inc. manufactured SMP fiber (Securus fibers)-based automotive seatbelt,
which can effectively improve a passenger’s safety by utilizing the damping effect
of the SMP [25]. The Securus fibers are melt spun from shape memory poly(ethylene
terephthalate)-poly(caprolactone) block copolymers. It is reported that Securus fiber
can absorb energy from the body’s forward motion as a result improving the safety of
passengers during a crash.

5.3.4 Others

SMP fabric can be used in the wound dressing materials. SMP fabrics with noncy-
totoxic, hemolytic, sensitive or irritant properties are more pronounced for wound
dressing applications. SMP fabric changes modulus as a response to body temper-
ature change and thus the pressure applied on the wound may be tuned and a low
pressure can be applied. Meng et al. [26] developed shape memory polyurethane
fibers by spinning process and suggested that it could be good fabric for wound dress-
ing. The fabric showed good cytocompatibility, nonhemolytic and nondermal irritant.

SMP can be used in wound healing monitoring textile. The pH-responsive SMP
can provide information on the stage of the wound healing process. SMP can be uti-
lized for preparing deodorant fabrics which can able to release deodorant agents at
certain temperatures [27]. SMP fabric can be utilized as temperature and position
sensors, and structural failure detectors.
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5.4 Aerospace applications

SMAs are commercially available and found a wide range of applications in aero-
space. However it has some disadvantages, for example, high weight, large volume,
expensive and high deployable shock effect. SMPs have been gaining advantages in
aerospace applications, because of their lightweight and variable properties above
and below T.ns. SMPs are used in the deployment components and structures in aer-
ospace [3, 28, 29]. Deployment structures are widely used in spacecraft to keep the
large device in compact form in launch vehicle. The applications include solar arrays,
solar panels, radar, antennas, hinges, truss and morphing skin,. all are deployable
components. The deployable materials should possess light weight as possible, excel-
lent strength to support structural load and resist external disturbances. Moreover,
pure SMPs are less applicable in deployable structure because of their low strength
and elastic modulus. Thus, SMP composites filled with carbon nanotube, carbon
fiber and so on are usually used for the deployable structures. However, due to the
extremely harsh space environment, so many important factors must be considered
to use in structures of aerospace application.

5.4.1 Solar arrays

Solar arrays are the source of energy generation subsystem in space-deployable struc-
ture and packaged in satellite vehicle before launch. The solar arrays are released to
deploy once reached in orbit and activated to generate energy. The work efficiency
depends on the large area of deployable structure, toughness and light weight. Lan
et al. [30] have developed carbon fiber-based thermoset styrene SMP composite hinge
to deploy solar array. A prototype of a solar array of such an SMP composite hinge
deploys successfully in 80 s under the application of 20 V. Composite Technology
Development (CTD) and DR Technologies jointly have developed a deployable solar
array design with a low cost, reliable and minimal overall part count using TEMBO®
SMP composite hinges (Figure 5.6) [31]. The TEMBO® hinges are designed to drive
and damp the deployment of the solar array and to lock the array after completion of
deployment with no dead band.

5.4.2 Truss

SMPs can be used to actuate the inflatable truss from high packaging state to a large
deployment state. Self-deploying SMP trusses have several advantages such as
simple, low weight and inexpensive alternative to articulated mechanisms or inflat-
able structures. Important design parameters for a deployable truss are bending,
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Figure 5.7: The unfold process of deployable SMP truss.

torsional and compression stiffness, stability and deployment repeatability. Zhang
et al. [32] reported the theoretical analyses and experiments of a space-deployable
truss structure made up of carbon fiber-reinforced epoxy-based SMP composites. The
designed deployment truss completely unfolded within 100 s (Figure 5.7). The recov-
ery moment at T, was found to be about 0.29 N m. It was suggested that the fabricated
deployable truss can be used as a deployable structure for aerospace applications and
can provide the recovery moment for the deployable antenna and solar panel during
their process of expansion effectively.
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5.4.3 Antennas

Antenna is a communication device between the satellite and the Earth in space that
can provide necessary information about space matter. Light weight, large diame-
ter deployable antenna is required in the aerospace sector. The traditional mechan-
ical drive mode of antenna has drawbacks, which greatly reduces the performance
of the antenna. The SMP composites have tremendous potential and advantages.
The antenna is packaged into a compact form before launch and it is released to
deploy once on orbit by external stimulus. Composite Technology Development Inc.
designed a simple and low-cost deployable solid-surface reflector using TEMBO® SMP
composite [33]. A 4 m diameter version of this reflector was packaged in 1.4 m Falcon 1
e launch vehicle fairing. The designed compact antenna fully deployed upon heating
(Figure 5.8).

5.4.4 Morphing structure
Aircrafts are often envisioned to be multifunctional for dynamic performance so
that they can perform multiple missions during a single flight. The performance and

efficiency of aircraft deteriorated when aircraft turns. A morphing aircraft changes
its geometry to adapt to a changing mission environment during its flight. A key

Minotaur Il 61” Payload Fairing Feed tower

TEMBO® EMC Outer
Stiffener
Furlable graphite

18 pleats composite membrane

Support struts

@ (b)

Figure 5.8: Solid-surface reflector developed by CTD: (a) the stowed state and (b) the deployed state.
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technology to facilitate morphing aircraft is flexible skins. The skin should be able to
withstand the out-of-plane aerodynamic loads while simultaneously carrying some
shear loading. Skin material of the morphing wing should be flexible, elastic, high
stain recovery, excellent abrasion resistant, excellent different weather resistant and
hard enough to withstand the aerodynamic loads of the aircraft in different flight
modes [34, 35]. SMPs are promising materials due to the literate stiffness and geomet-
ric changes at temperature changes. The feasibility of SMP morphing skin materials
was demonstrated by Lockheed Martin Aeronautics Company. Yu et al. [36] designed
a morphing wing based on SMP composite. The designed SMP composite morphing
wing showed efficient deployment and wind-resistant ability. Yin et al. [34] devel-
oped the method of analyzing the deformation of flexible SMP skins under airflow.
They investigated the out-of-plane deformation of the SMP skin at different tempera-
tures. It was observed that the maximum out-of-plane displacement of the SMP skin
enhanced with increasing temperature and the maximum out-of-plane displacement
was decreased rapidly by using the pre-strain method. They also developed mor-
phing wing structure using sandwiched skin technology [35]. SMP embedded with
wire springs was used for morphing wing skin where heating wire springs acted as
the activation system for the SMP.

5.5 Miscellaneous

SMPs have been used as packaging materials in the preparation of heat shrinkable
tubes and films [2]. Upon heating the heat-shrinkable tubes at Ty..s will come to
their original shape and provide fixation or cover the objects. It is very much useful
in cable industries. Heat-shrinkable films are particularly suitable for packaging a
number of articles in a single container. The articles are placed in a bag or wrapped by
heat-shrinkable film and then subjected to heating at T,s to shrink the film around
the articles. Single articles can then be removed separately while the remaining arti-
cles are kept together by the shrunk portion of the film. SMPs are suitable for pack-
aging and depackaging of objects. In case of depackaging, no need of tearing off or
cutting the packaging material just heating above the Tyaps.

SMPs are gaining interest in automobile engineering. Many products have been
developed such as reconfigurable storage bins, seat assemblies, tunable vehicle
structures, hood assemblies, releasable fastener systems, airflow control system and
morphable automotive body molding [3, 37]. Modulus of elasticity, shape, size and
orientation of SMP-reconfigurable storage bin can be changed upon external acti-
vation and then different articles can be inserted as required. The energy-absorbing
properties of the SMP-based hood assemblies can be changed by changing shape,
dimension and/or flexural modulus property of SMP upon external activation. Airflow
conditions of a vehicle have strong impact on vehicle performance such as vehicle
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drag, vehicle lift and downforce and cooling/heat exchange. Reductions in vehicle
drag enhance fuel economy. Vehicle lift and downforce can affect vehicle stability
and handling. SMP-based airflow control system will be suitable as it can respond to
changes in the environment.

SMPs can be used as active assembly/disassembly, i.e., components/parts are
firmly placed together or separated without physically touching [38]. High recover-
able strain, low cost and nonconductive nature enable SMP as a prominent material
for active assembly/disassembly system. SMP screw is commonly used as a part for
active assembly. An SMP screw with/without thread can be utilized as a one-for-all
solution for a range of various sized holes and even a screw driver is not required for
tightening.

Self-peeling reversible adhesives can be made by using SMP. Xie and Xiao [39]
developed epoxy-based SMP self-peeling reversible dry adhesive. They prepared this
reversible adhesive through combination of an SMP and pressure-sensitive adhesive
which showed features similar to those of a gecko foot.

SMP can be used in a spoon or fork handle for a disabled person incapable to
grip. The handles are formed by fitting to a hand above Ti..s, then the shape becomes
fixed below Tians.

Smart mandrels can be made by SMPs. After the filament winding, the mandrel
can be simply removed through the thermally induced shrinkage.

SMPs have been used as anticounterfeit stickers. Nanoshel company, India, has
developed SMP-based anticounterfeit tags and labels, and these have higher security
level than the ordinary tamper evidence label.
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6 Future directions

The research on shape memory polymers (SMPs) has resulted that they have wide
range of applications in numerous fields. Various applications of SMPs have been
explored and some of them have been commercialized. Though many exciting
achievements have been made, still some challenges have to be overcome for ideal
application of SMP. The current development and application of SMP in fact lag
behind other smart materials. The synthesis of novel hyperbranched, interpenetrating
network and blend SMP would definitely overcome the existing downsides. In addi-
tion, development of biobased SMP will be a fortune for environmental-friendly and
biocompatible SMP. SMP nanocomposites have played an important role to improve
the shape memory properties of SMP. However, detailed understanding of the effect
of nanomaterial on the shape memory effect (SME) will render wonderful SMP. The
appropriate classification of SMP would play an important role in interpreting the
underlying mechanisms of the SME, and subsequently in understanding the design of
new SMP. Remote-actuated SMPs such as electroresponsive and magnetoresponsive
have been developed. However, the required high actuation power and low recovery
force limit their applications. Suitable remote-actuated SMPs are expected to become
one of the leading SMPs in near future. A comprehensive characterization of SMP is
crucial to understand the relationship between structure and SME of SMP. However,
advances in existing characterization techniques and development of new techniques
will offer the foreseeable future. Computational modeling and simulation may also
play a unique role in the prospect of SMP characterization, essentially in initial fea-
sibility and proof-of-concept studies. Durable, excellent recovery behavior, excellent
biodegradable and biocompatible SMPs are extremely needed for biomedical appli-
cations. Suitable mechanical properties of SMPs can be achieved for each individual
biomedical application by the in-depth analysis of structure—property relationships
of SMP. Moreover, excellent thermostability, high modulus and excellent recovery
stress are the prerequisites for aerospace and automotive applications. Again precise
multiresponsive SMP would significantly widen the engineering applications of SMP
in future. Extensive and intensive studies on the multiresponsive SME definitely open
the new door of SMPs. In the last decade, it was seen that a large number of patents
related to SMP products were filed. It can be predicted that in the next couple of years,
many more SMP products will be realized and be commercialized.

https://doi.org/10.1515/9783110570175-006
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