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ABSTRACT
Shape memory polyurethanes (SMPUs) have attracted much attention from academic and
industrial researchers due to strong potential in biomedical and consumer applications.
Shape memory materials are featured by the ability to remember and recover their
original shape from a significant and seemingly deformation when a particular stimulus is
applied. The attractive feature is the glass transition temperature which can be tailored for
shape restoration. In order to better and more efficiently investigate application
possibilities, polyurethane shape memory polymers have been synthesized to correlate
structural properties and molecular engineering at required thermal transition by varying
structural contributors including nature of diisocyanates, macrodiol and chain extenders.
The present work has been divided into three major sections, which have been further
divided into sub sections. In the first section shape memory polyurethane were
synthesized by step growth polymerization technique varying the molecular weight of
PCL and chain extenders. Thermo-mechanical, structural, morphological and shape
memory behavior of polyurethane elastomers were analyzed and discussed. The results
revealed that by increasing molecular weight of PCL as well as chain extender length, the
thermal transitions of soft segments increased, SEM and AFM studies help to confirm
phase segregation, also increasing shape memory properties were observed. In the second
section optimized %age of glycerin was used to synthesize polyurethane elastomer along
with increasing molecular weight of PCL and chain extenders length. DSC, DMTA
results showed increasing thermal stability with increasing polyol and chain extender
molecular weight. The glycerin based polyurethane showed crystallinity, phase separation
and hydrophilic surface in high molecular weight PCL, while increasing HSC exhibited
good shape memory behavior. The third section consists of nano filler based
polyurethane. All composite showed variable trends, however addition of nano filler
showed improvement in the thermo-mechanical as well as shape retention and shape
recovery behavior of SMPUs.
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Chapter 1

INTRODUCTION
Smart materials are materials with distinguished characteristics of sensing the
environment in their native state, and then altering their function (Wang & Kang, 1998).
Owing to the immense importance of smart materials, there has been a rapid development
in this field in the last few decades. The SMMs, which include shape memory polymers,
ceramics and alloys etc. (Wei et al., 1998a; Wei et al.,1998b; Sun et al., 2012). The
SMMs have a tendency to recover their native and permanent shape after going through
one or more shape transitions and several other characteristics like surface permeability,
electrical, optical and mechanical properties as a consequence of variations in
environmental conditions (Lendlein et al., 2001; Lee et al., 1996; Liu et al., 2009;
Schmidt, 2006; Rapoport, 2007; Schmaljohann, 2006). The SME has been observed in
response to change in various environmental factors like temperature, pH, electric,
magnetic and sonic fields, ions, solvents and enzymatic action (Osada & Gong, 1998;
Liu & Cai, 2009; Zhang et al., 2009; Nagata and Yamamoto, 2010; Wang et al., 2012;
Meng & Hu, 2009; Cho et al., 2005; Fuhrer et al., 2009; Zheng et al., 2009; Ionov, 2010;
Liu & Urban, 2010; Stuart et al., 2010; Roy et al., 2010; Meng & Hu, 2010).
The SMPs have concerned the research of both the industry and academia in the
recent years (Lendlein & Langer, 2002; Lendlein et al., 2005; Liu et al., 2007; Hu, 2007;
Ratna & Karger, 2008; Mather et al., 2009; Meng & Hu, 2010; Xie, 2010; Hu, 2011;
Langer & Tirrell, 2004; Lendlein & Kelch, 2002). Several studies have been conducted
on SMPs with regard to their unique properties (Gunes & Jana, 2008; Meng & Hu,
2009), triple-shape polymers (Behl & Lendlein, 2010), composites (Liu et al., 2009;
Huang et al., 2010), shape memory fibers (Hu et al., 2008; Kotek, 2008), textiles (Hu &
Chen 2010), biomedical (Behl & lendlein 2010; Small et al., 2010) self-healing
(Amendola & Meneghetti, 2009) applications and even modeling (Nguyen et al., 2010).
Moreover, shape memory behavior of thermoplastic materials has also been studied by
Xie (2011).

1.1 General Framework of Shape Memory Polymers
The term “shape memory” was first planned by Vernoon in 1941 (Lester et al., 1941).
However, the significance of SMPs was established in the early 1960s, when heat
shrinkable films and tubes were first synthesized by using cross-linked polyethylene
1

(Rainer et al., 1964). Later on, efforts for the development of SMPs were initiated in five
to ten years.
The marvelous features of SMPs have become more prominent, with the
enormous research and rapid development in this field, particularly compared with shape
memory alloys, which only rely on phase transformation to assist shape changes that
range in a few percent of strain deformation (Shannon et al., 2014). In the modern era, s
SMPs attractive for researcher interest and number of potential applications instead of
metals; due to its several advantages; e.g. SMPs responding to various external stimuli
such as ; light, heat, magnetic field and chemical changes etc., which may co-exist
simultaneously. In response to different stimuli, single and multi-step processes are
adopted for highly flexible programming; they possess a wide variety of structural
networks and designs. Several blending and synthetic strategies can be adopted for the
engineering of unique characteristics of SMPs. Owing to the unique characteristics, the
SMPs are very well for biodegradability, biocompatibility, and comfortable devices
(Sokolowski, 2004; Irie, 1998; Mondal et al., 2002).

1.2 Structure and Mechanism of Shape Memory Effect in Shape
Memory Polymers
Different synthetic schemes result in the variation in morphologies and the requisite
stimuli (Gunes & Jana, 2008). However, in SMPs, forms the basic mechanism of the
shape memory, during the whole application range of any precise stimulus, one of the
segments shows elasticity while the other shows changeable behavior. The SM behavior
is well established in different polymer systems with diverse morphology and molecular
structures. The most common SMPs include cross-linked polyethylene (Ota, 1998) and
poly-ethylene/nylon-6 grafted copolymers (Li et al., 1998), trans-polyisoprene (TPI)
(Sun & Ni, 2004), cross-linked ethylene-vinyl acetate copolymer (Li et al.,1999), styrenebased polymers (Tong, 2002; Sakurai et al.,1997), acrylate-based polymers (Kagami et
al.,1996), polynorbornene (Sakurai, 1993), cross-linked polycyclooctene (Liu et al.,
2002), epoxy-based polymers (Xie & Rousseau, 2009), thio-ene based polymers (Nair et
al., 2010) segmented polyurethanes (PU) (Hu, 2010; Hu et al., 2005) and segmented PU
ionomers (Zhue et al., 2006; Kim et al.,1998).
The polymers have numerous potential applications as SMMs. The source of
shape memory behavior in SMPs is the tendency to store favorable molecular orientations
on the large scales with respect to the molecular lengths. Cooling through Tg (glass
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transition) or hard phase formation such as crystal domains are the major mechanisms for
the behavior of SMPs (Lendlein & Kelch, 2002). A series of shapes is formed through
initial processing conditions as well as precise shape forming methods. During initial
processing, physical cross-links are formed to create the permanent shape memory, which
can be changed by exposing to temperatures above the thermal transition of the polymer,
thus erasing the initial thermal history. The temporary shapes are created by exposing the
SMPs to external stimuli (heat, UV or IR light, moisture, magnetic and electric fields).
While exposed to external stimulus, especially heat, one component of SMP will exist
above a thermal transition (either Tg or Tm). This will allow the SMP to be formed into a
temporary shape. Exposure of this temporary shape once again to the stimulus will allow
the SMP to recover the original permanent shape. This process allows for designing
countless shapes that can be formed through repeated fixing and recovery cycles (Behl et
al., 2010a; Leng and Du, 2010).

1.3 Classification of Shape Memory Polymers
The SMPs are sensitive to the changes in several environmental stimuli such as light,
thermal, solvent, pH. The SMPs have classified as physically and chemically cross linked
by Ratna and Karger (2008), Liu et al. 2007), Liue et al. (2002), Lendlein et al. (2001)
and Safranski and Gall (2008) with respect to net points.
The SMPs categorized into two phases; i.e., Tg type and Tm type with
amorphous and crystalline phases, respectively (Behl & Lendlein, 2007). The SMPs can
also be classified by polymerization, stimuli, functionality, composition and structure etc.
These are encompassed segmented/block copolymers (Korley et al., 2006; Ji et al., 2011;
Ji et al., 2007; Chen et al., 2007), polymer interpentrating networks (IPNs) semi-IPNs
(Zheng et al., 2007; Liu et al., 2005; Ratna & Karger, 2007; Rodriguez et al., 2011),
polymer blends (Jang et al., 2009; Zhang et al., 2009; Kurahashi et al., 2012; Li & Tao,
2010), composites (Fan et al., 2012) and supra-molecular network. It has been noted that
almost all types of polymerization techniques; i.e., addition, condensation and ring open
polymerization, can be employed to synthesize SMPs (Ji & Hu, 2011; Li et al., 2007;
Lendlein et al., 2001; Zhu et al., 2003; Yang et al., 2010; Luo et al., 1997).
The potential applications of SMPs include functional textile (Hu, 2011), smart
customer products (Tobushi et al., 1996), active aircraft equipment (Flanagan et al.,
2007), adaptive biomedical devices (Yakacki et al., 2007) and interactive electronic
apparatuses (Finch et al., 2010). Meng and Li (2013) reported the first SMP, shape
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memory polynorbornens. There are several SMPs, which have been commercialized on
large scale on the bases of their structural behavior aliphatic polyurethanes (Tecoflex,
Lubrizol Advance Materials) and Ultraviolet curable polyurethanes (NOA-63, Norland
Product Inc.).
A huge diversity of polymers exhibits shape memory functions (Liu et al., 2007).
These are either thermoplastic based on consumer polymers such as polyethylene and
polystyrene copolymers or thermo-sets based on polyurethanes and epoxides. Among
these, polyurethanes have gained the greatest attention due to very unique properties
(Deanin, 1991), some attributes are biocompatibility, biodegradability, vast possibilities
for synthesis and productions from available commercial raw materials and affordable
cost. Multipurpose applications of segmented polyurethanes; such as biomedical
materials, adhesives, coating and elastomer have become possible due to the presence of
hard and soft segment with microphase separated structures (Barikani & Hepburn, 1987;
Barikani & Hepburn, 1986;). Polyurethane can easily mold, extruded, inject and cast-off;
hence, making them highly significant for commercial applications (Zia et al., 2007).

1.4 Shape Memory Polyurethanes
Due to the broad range of temperature; i.e., -30 - 70°C, easily controllable glass transition
temperature, better process ability, remarkable shape memory behavior, biocompatibility
and micro phase segregation, shape memory polyurethanes (SMPU) have gained
significant position among various shape memory polymers (Barikani et al., 2008;
Woodhouse & Cooper, 1986). This is very much interrelated to the chemical nature and
the production methods of polyurethanes. Hayashi invented shape memory polyurethanes
(thermoplastic) by adopting basic condensation polymerization processes (Hayashi, 1990;
Hayashi et al., 1995). Huang et al. (2010a,b&c) synthesized SMPU based micro beads,
springs, ultrathin wires having remarkable potential for the applications in micro and
nano devices. It is most the popular and successfully marketed device because of its
excellent shape memory effects. A number of SMPUs have been residential in the last
decade (Ping et al., 2005a; Lee et al., 2001; Xu et al., 2006; Chen et al., 2007b, Buckley
et al., 2007, Chen et al., 2010). To achieve the reduced densities and greater compression
ratios, SMPU foams have been fabricated by Lee et al. 2007), and Chung & Park 2010).
The SMPUs are produced via insertion polymerization that results in
thermodynamically incompatible blocks of hard and soft segments. Therefore, this
incompatibility creates a system in which different blocks constitute separate phases and
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form micro domains. This intrinsic structure of polyurethanes facilitates thermal
activation of shape memory, as hard and soft segments are coupled with different thermal
transitions.
A range of medical application of SMPUs have been developed including vascular
stents (Baer et al., 2007a), thrombus removal laser light wire (Metzger et al., 2005),
needle adapter for dialaysis (Ortega et al., 2007), antagonistic surgery equipment (Baer et
al., 2007b) and thermoset micro actuators (Metzger et al., 2002;Maitland et al., 2002).
The SMP foam based stents (Buckley et al., 2007) thermo and water responsive material
for sheath able stents, self-healable sutures and some additional biomedical devices have
been investigated (Metcalfe et al., 2003; Jung et al., 2006a; Sokolowski et al., 2007; Chen
et al., 2009a; Nardo et al., 2009; Lorenzo et al., 2009; Huang et al., 2010a; Kim et al.,
2010; Sun & Huang, 2010b).
The thermo-mechanical characterization of SMPUs in terms of the strain
temperatures has also been reported (Tobushii et al., 1992&2001). Where at high
temperature Th>Tg, the SMPU sample is loaded to predetermined maximum strain (ɛm)
then cooled it to low temperature Tl<Tg. After unloading the sample, a very small
recovery in elastic strain occurs, termed residual strain (ɛf). Finally, it heated from Tl to
Th with a uniform rate ∆T. At these conditions, there is almost 100% recovery in the prestrain with only a slight amount of strain ɛi left at Th. To reveal the thermo-mechanical and
shape memory characteristics of SMPUs, Dr. Shunichi Hayashi a member of Mitsubishi
Heavy Industries, developed an ether based thermoplastic SMPU (Hayashi, 1990).
The Tg is considerd that significantly affected by moisture in SMPUs. Moisture has a
strong effect on the intensity of hydrogen bonding which has considerable effect on the
morphology and others characteristics of SMPUs (Luo et al., 1997; Teo et al., 1997a; Yen
et al., 1999; Heintz et al., 2002a; Yoon & Han, 2000). There has been significant research
interest in SMPUs nano-composites owing to their unique characteristics, like
phenomenal mechanical, optical, electrical, magnetic behavior (Carrado 2000; Schmidt et
al., 2002; Schmidt & Malwitz and Sanchez et al., 2003; Hussain et al., 2006; Morgan,
2006; Schmidt, 2006; Carastan & Demarquette, 2007).
The usage of polyurethanes as SMP suffers from several challenges. The materials
experience thermal degradation, hydrolytic degradation and a dimensional instability if
SMPUs are processed at high temperature, thus offering insufficient recovery stress, long
recovery time and, in some cases, low value of shape fixity (Mather et al., 2009; Gunes &
Jana, 2008).
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It was noticed that SMPUs can have the advantages of easily modifiable
mechanical properties and Tg by controlling their compositions. On the basis of this
information research has been designed to prepare a number of series by varying the
composition of different polyols and chain extenders. Accurate behavior of polymer is a
prerequisite for their better and efficient applicability. Consequently, to develop the
necessary constitutive model, a thorough set of experiments is necessary for the complete
characterization of the material. To categorize the different project has been designed to
synthesize a novel polyurethane shape memory polymer with variable amount of
polyurethane part (isocyanate and diols) and chain extenders. Moreover, different series
of polymers have also been prepared by using crosslinker to optimize the required
thermal transition shape and mechanical properties of the product with the subsequent
aims and objectives:


To study the structure influence on thermal development and mechanical actions
of polyurethane shape memory polymers.



To investigate the effect of chemical structure of diisocyanates (cycloaliphatic and
aromatic) and different molecular weight polyols morphology and thermomechanical characterization of polyurethane shape memory polymers.



To optimize various experimental conditions like temperature, catalyst and mole
ratio of monomers and to optimize the properties of polymer with reasonable
expenses.



Spectroscopic characterization of synthesized polymers by NMR, FTIR and XRay diffraction techniques.



To evaluate mechanical characteristics, including tensile strength, loss of modulus
and elongation at break using mechanical tester.



To study surface morphological characteristic i.e., SEM and AFM analysis.



To study the shape memory behavior by cyclic tensile test.
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Chapter 2

REVIEW OF LITERATURE
The interest of research on smart materials has grown considerably in the past decades.
Shape memory polymers and alloys are good representatives of smart materials. These
materials have become very popular, as they find applications in biomedical, textiles,
electronics and packaging industries. The number of patent applications on shape memory
materials reflects this growth (Otsuka & Wyman, 1998; Gandhi & Thompson, 1992).
In this chapter a comprehenive overview of the shape memory effects in various
materials and particularly in polymers is discussed. In addition, classification of shape
memory polymers, predominantly on shape memory polyurethanes and their composites
are presented.

2.1 Shape Memory Effect (SME)
Different mechanisms have been set to produce shape memory effect in various materials
that vary from polymer to alloys or ceramics. Accordingly, a thorough understanding of
the principles is needed to achieve the best shape memory properties from a polymer
compound and their practical applications (Xie, 2011).
In polymers, shape memory effect is produced when an initially deformed polymer
article returns,which may be heat, , chemical reagent, humidity or radiation (Liu et al.,
2003). In most of the studies to date, SMEs have been observed by the application of
heat. Three important factors influence SME in polymers: (i) enabling molecular
structure, (ii) proper processing and (iii) punctual programming (Lendlien & Kelch,
2002). The chemical structure of SMPs is based on two phases and each phase produces
very different responses to the stimulus. If the stimulus is heat, thermal transitions of
these two phases must be widely different such as that while one phase undergoes a
transition and becomes easily deformed, the other phase preserves its form and offers
durability in the shape memory cycle. The phase responding to the stimulus is referred to
as the reversible phase, while the other phase that preserves its form is defined as the
permanent phase. Processing is another factor that influences SME action. This includes
how deformation is produced; e.g., mode, rate and temperature. Stretching, bending and
shear loading are the most used deformation modes (Cao, 2008).
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SME in alloys is completely different from those for shape memory polymers. A
structural change in the atomic order of alloys is responsible for the effect. Even at low
temperature; alloys by removing the deforming force.
2.1.1 Shape memory effect in alloys and ceramics
In alloys the effect is originally based on diffusion, less phase transformation from
martensite; i.e., low temperature phase to austenite; i.e., a high temperature phase. SME
created by atomic rearrangement where metals are malleable at low. This mechanical
deformation is recoverable at high temperature. Shape memory ceramics (SMCs) are
stimuli responsive materials and their SME mechanism depends on activation. The term
for SME in ceramics is referred to as piezoelectricity or ferro electricity in which two
directional electricity-stain relationships exist (Valasek, 1920). SMCs offer a transition in
mechanical behavior above and below critical temperature called Curie temperature; e.g.,
Tc. It was noticed that paraelectronic, ferroelectronic and antiferroelectronic phases were
used to characterize SME in ceramics (Uchino, 1989).
The first SMA was a Au-Cd alloy obtained by Cheng and Read (1951). After
discovery of nickel-titanium (Ni-Ti) alloys, also called “nitinol”, used as cardiovascular
stents, guide wires, as well as orthodontic wires etc. (Buhler et al., 1965; Cai et al., 2005;
Lipscomb & Nokes, 1996). Currently, many other alloys are in use including In-Ti, CuZn and ternary alloys, Ni-Ti-Nb and Ni-Mn-Ga (Feninat et al., 2002; Schetky, 1994).
While some of the well-known ceramics showing SME are BaTiO3 (barium titanate), that
is also the first discovered piezoelectronic ceramic, PbTiO3 (lead titanate), Pb[Zr8Ti1-x]O3
(lead zirconatetitanate) (0<x<1), which is also known as PZT, and is one of the most
frequently used commercially available piezoelectric ceramics. Others common examples
of SMPU alloys are potassium niobate (KNbO3) and sodium tungstate (Na2WO3) etc
(Thomann, 1990).
Both SMAs and SMCs have diverce applications in different fields of life like, the
SMAs have found application in many industries including biomedical, electronic and
automobiles etc. The SMA products range is assorted and covers many inventions such as
bone fixing staples, guide wires, antenna, micro actuators and very low recoverable
strains (Lagoudas, 2008). SMCs mostly concentrated in the area of actuators, sensors and
energy generation from motion. The most famous application includes sonar detectors in
submarines, lighters, and DARPA (Defense Advanced Research project Agency) project,
which have focused on energy generation from motion, transducers and vibration
detectors (Wax et al., 2003; Pons et al., 2007).
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Some advantages of SMAs can be listed as fellow: large shape recovery; e.g., 99.9%,
very high modulus; e.g., 80 GPa, high temperature resistance, easy deformation at
application temperature, very high recovery stresses e.g., 150-400 MPa and short
recovery time; e.g., less than one second (Nguyen et al., 2008). On the other hand, SMAs
suffer from significant drawbacks such as high manufacturing cost and very low
recoverable strains, e.g., usually around 1-2 and 10% at the most (Lagoudas, 2008 ).
Whereas advantages of SMCs over SMAs and SMPs are that these can work using
incredibly small amount of energy compared to SMAs and SMCs are very efficient in
small scale; e.g., nanometer scale. Additionally, SMCs can be synthesized from relatively
inexpensive raw material and are very resistant to chemical and thermal effects. These are
valuable incentives for development of SMAs or ceramics.
2.1.2 Shape memory effect in polymers
The structure is greatly affect

the shape memory behavior. However, processing

application influence and prompt application of processing parameters are also as
significant as chemical structure and offer the prospect of outstanding improvements
(Mondal, 2009). Molecular design of polymer chains is decisive such that modulus,
elasticity, resistance to chemical environment and thermal lags are affected by the
chemical architecture. Thermo mechanical of SMPs is another factor that is ultimately
related to processing and very much interrelated with rheological properties of SMPs
(Prasad, 2004). To produce shape memory effect timing and duration of steps play
important role. In addition to these three important factors, viscoelasticity of SMPs plays
an important role on choosing a correct processing method and deformation mode
(Hinrichsen, 1994).

2.2 Parameters for Characterization of SMPs
The parameters have been recommended to characterize the SMMs. The most frequently
used terms are, shape fixity, recovery stress, shape recovery and recovery time etc.
(Lendlien & Kelch, 2002; Ratna & Karger, 2008; Gunes & Jana, 2008).

2.3 Classification of SME in Polymer
A set of classification by which SME is obtained has been studied worldwide. Due to
large number of studies on thermally activated SMPs, there has been a preference of the
classification based on thermal activation (Feninat, 2002; Lendlien & Kelch, 2002;
Beloshenko et al., 2005; Ratna & Karger, 2008). The nature of polymers and its
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processing methods are very much valuable to study SME in polymers. SME is divided in
thermal, light and electrically/magnetically activated categories.
2.3.1 Thermal activation
The thermal activation depends upon the reversible phase mechanism in SMPs; it can be
amorphous or crystalline. Accordingly, Tg for reversible amorphous phase or the Tm of
crystalline phase can be used the activation temp.(Mondal, 2009; Saroop & Sarkar, 2006).
Crystalline reversible phase may be preferred over amorphous reversible phase, if the
trigging mechanism is desired to work within a narrower range of temperature. In this
condition, the influence of cooling and heating rates (Meng & Hu, 2008; Zhu et al., 2008;
Mandelkern, 2004) as well as the effect of pressure (Mandelkern, 2004) on crystallization
should be noted, because these deformation conditions can enhance defect crystalline.
However, an amorphous reversible phase is not entirely independent of the effect of
heating and cooling rates either (Gall et al., 2004; Bassi & Tonelli, 2003; Giordano et al.,
2005; Meng et al., 2008). The most often used crystalline reversible phases in shape
memory polyurethanes are polycaprolactone diol (PCL) (Prasad, 2004; Meng et al., 2008;
Zhu et al., 2007) and polyethylene glycol (PEG) (Bellin et al., 2007; Chung et al., 2009;
Kim et al., 1998; Meng & Hu, 2010; Meng & Hu, 2008a). The most preferred amorphous
reversible phase is poly (tetramethylene) glycol (PTMG) (Gunes et al., 2008; Liu et al.,
2003).
2.3.2 Light activation
Activation of shape memory action by lights reported recently (Bhargava & Cortie, 2007;
Lendlein et al., 2005). The mechanism of light activation depends on polymer chains
reversibly switching between a cross linked state and uncrosslinked state by particular
wavelengths of light (Lendlein et al., 2005; Dauria et al., 2004). Light activation has
advantage over thermal activation to produce SME in polymers. Although it is energy
saving but it has some limitation as well that specimen should have micro level thickness.

2.3.3 Activation by electric/magnetic field
Polymers are known to be insulator and also non-magnetic (Osswald & Menges, 2003).
However, with the incorporation of fillers with magnetism or electric conductivity, these
compounds can be rendered partially conductive or magnetic (Gul, 1996).
Electric field induced SMPs were developed by several research groups (Paik et al., 2000;
Leng et al., 2008a&b). Various carbon materials; were dispersed or chemically attached
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to the polymer chains, giving an additional help for activation (Leng et al., 2008a&b;
Razzaq et al., 2007). Similarly, SMPs filled with micrometer or nanometer level magnetic
particles have been demonstrated to function efficiently (Zhang et al., 2007; Leng et al.,
2008a; Razzaq et al., 2007). Mechanical strength of polymers are enhanced through these
fillers. In this respect, fillers have been used in SMPs that already have defined
mechanism of SME; e.g., thermal activation. For example, SMPs activated thermally are
used as the composite matrices and conductive/magnetic fillers constitute dispersed phase
in some applications. SME in this case is improved by providing heat through conductive
or magnetic media. In this context, only the work on shape memory polyurethanes
(SMPU) was taken into consideration, as SMPUs were considered in this thesis.

2.4 Shape Memory Polyurethanes
Shape memory polyurethanes (SMPUs) have a very renowned place in the field of SMPs
(Liu et al., 2003; Mondal, 2009; Saroop & Sarkar, 2006). They have been used in various
systems., polymer blends (Kusy & Whitley, 1994; Ajili et al., 2009), fillers (Lv et al.,
2007; Gunes et al., 2008a) and composites (Tobushi et al., 2006, Feuchtwanger et al.,
2008; Xu et al., 2010). The earlier work of SMPUs, including the basics of polyurethane
chemistry.
2.4.1 Basic information on polyurethanes
The diversity of chemical structures that can be used to obtain polyurethanes is quite
large. The two main raw materials; e.g., diisocyanates and polyols, can offer
extraordinary structure and functionalities (Woodhouse & Cooper, 1986). Furthermore,
small molecules low molecular weight chain extenders such as amines or alcohols can be
chemically inserted between the urethane groups to modify the molecular behavior of
hard segment. Different catalyst can also be used in polyurethane synthesis to accomplish
polymerization of less active diisocyantes. Polyols, aromatic (polyester) or aliphatic
(polyether) act as part of polymeric chain. The toughness and flexibility of polyurethanes
are mainly derived from polyols. The crystalline or amorphous state of SMPU reversible
phase is also dictated by the nature of polyols.
The most used polyols are poly (caprolactone) (PCL), poly (tetramethylene) glycol
(PTMG), polysilicates, and various glycerol compounds; such as, castor oil. Among these
polyols, PCL and some glycerol are crystalline, while PTMG is amorphous. The polyol
and diisocynate upon reaction produce urethane group (Erden, 2009).
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The isocyanate compounds may be either aromatic, cyclo aliphatic or aliphatic in
nature. The urethane linkages made of isocyanate reaction are capable of establishing
hydrogen bonded networks, with positive effects on mechanical properties and phase
separation. The most commonly used aromatic isocyanates are methylene bis (p-phenyl
isocyanates) (MDI), toluene diisocyanate (TDI) while the aliphatic isocyanates are 1,6
hexane

diisocyanate,

isophorone

diisocyanat

and

methylene

bis

(p-

cyclohexyleisocyanate) (H12MDI) (Szycher, 1999).
Many polyurethane products showed good thermal durability for long periods of time
at around 70-100 °C. The chemical nature of polyols depends upon chemical and thermal
stability of polyurethanes; e.g., polyester polyols undergoes hydrolytic degradation, while
polyether polyols are susceptible to thermal degradation. In addition, the amount of
residual catalyst creates problems during the melt processing (Szycher, 1999). For
example, the active catalyst initiates reversible reactions under certain circumstances
(Woodhouse & Cooper, 1986). Polyurethanes undergo dissociation of urethane linkage at
elevated temperatures (Oertel, 1985).
The microphase separation of polyurethanes originates from the incompatibility
between hard and soft segment domains. These two incompatibility blocks offer
complementary properties like rigidity and flexibility. Conventionally, the soft phase
constituted of polyols creates the continuous phase whereas the hard segment domain
remain dispersed and act as physical crosslinking points between the soft segment
domains (Lamaba et al., 1998).
Although the phase separation in polyurethanes offers desirable behavior, it also produces
stress-strain hysteresis. Stress-strain hysteresis in polyurethanes originates from
“disruption and rearrangement of hard segment blocks” (West et al., 1975) and receive
consideration in determining shape memory performance under mechanical cycles. A
review of polyurethane synthesis methods can be found in literature (Ramesh &
Radhakrishnan 1999). Polyurethanes synthesis usually involves one of the two common
synthetic routes; e.g., one step or two step polymerization (Coury et al., 1988).
In one step polymerization, polyols, diisocyanates, and chain extender with catalysts
are mixed in the same media at the same time. In two step polymerization, first a
prepolymer, which is a low molecular weight product, is obtained from the reaction of
diisocyanates and polyols. This is followed by the second step in which the chain
extension reaction in catalyst is carried out. The two step polymerization is advantageous
over one step method due to the additional control on reactions (Wirpsza, 1993).
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2.4.2 Shape memory polyurethanes blends
A study focused on blends of SMPs (Kusy & Whitley, 1994; Ajili et al., 2009; Jeong et
al., 2001). .
Ajili et al. (2009) studied a blend of PCL/PU. The PU was synthesized from poly (εcaprolactone) diol soft segment with ͞Mn of 2000 gmol-1 and 4,4ʹ-methylene bis (phenyl
diisocyanate) that was hard segment extended by BDO. PCL was blended with molten
polyurethane at various weight ratios. It was reported that a blend of PU/PCL (70/30)
produced a trigger temperature around the body temperature and found application as
expanding stent implant. The rationale for using PCL was derived from the fact that PU
crystallinity could be easily adjusted using PCL.
Another study on SMPU blends was conducted by Jeong et al. (2001). This study
considered using polyurethane/PVC blends to minimize stress-strain hysteresis of PVC
during mechanical testing cycles. PU was synthesized from CAPA and hexamethylene
diisocyanates (HDI). An aromatic (4,4ʹ-dihydroxy biphenyl) (DHBP) was also used to
obtain higher molecular weight PU chains. It was found that amorphous PVC in the
polyurethane led to phase separation in polyurethane. PVC and PCL domains were found
miscible to such an extent that the miscibility influenced the glass transition of PVC and
the melting range of PCL. It was determined that a weight ratio of 8/2 PVC/PU can
produce a system with less strain-strain hysteresis in thermo mechanical cycles of SME.
Zhang et al. (2009) synthesized tri block copolymer blends based on styrenebutadiene-styrene (SBS) and polyɛ-caprolactone (PCL).The Differential scanning
colorimetry results revealed the immiscibility of PCL and SBS phase and showed Tg in
the range of 56-57 oC. Phase separation morphology has also been studied by AFM.
Moreover, the blend provided the good stretching and recovery performance. Alternative
to nanoparticles to improve shape memory properties of SMPU, a miscible blend of
polybenzoxazine and polyurethane based thermoplastics was synthesized and
characterized by Erden and Jana, (2013). Superior shape recovery behavior i.e. higher
recovery, speed and greater recovery ratio was revealed, in SMPU/PB samples as
compared to simple PUs. Effect of free radical inhibitors on the cross linkable SMPs and
acrylic radiation sensitizer blends was studied (Hearon et al., 2013).
2.4.3 Shape memory polyurethanes with different co monomers
Different comonomers have been used to produce SMPUs including transisoperene and
PDLA-co-PCL, polyols and isocyanates. These are acceptable for many applications due
to high flexibility and biodegradability.
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SMPU was synthesized from hydroxyl terminated transisoperene which was
copolymerized with toluene diisocyanate (TDI) and chain extended by butane diol by Ni
et al., (2006). It was determined that the urethane domains formed extensive hydrogen
bonding and the shape fixity of films was found to be almost 100%. However, the shape
recovery did not exceed 85%.
Polyhedral oligomeric silsesquioxane (POSS) hybrid monomers as chain extender
with MDI and poly (D,L-lactide) co poly (ε-caprolactone) diol (PDLA-co-PCL) were
utilized by Oin and Mather, (2006). It was reported that POSS units segregated and
crystallized because of incompatibility with the soft segment. The presence of POSS in
PU led to extra crosslinking and phase separation and produced enhancement in recovery
stress and shape recovery ratio. In addition, the use of PDLA-co-PCL polyols provided a
biodegradable soft segment. It was noted SMPUs containing POSS was not beneficial for
human body as implant. However, Oin and Mather’s study (2006) revealed that this
particular SMPU system was biodegradable and offered an SMPU reversible phase with
activation temperature between 31 °C and 45.5 °C.
In 2006, Rabani et al. reported for the first time about thermoplastic SMPs with tiny
armed hard and soft segments having, PCL with m.wt ranges from 2000 to 4000 g/mol.
Several segmented copolymers were synthesized by the reaction of aromatic
diaciddicholrides and 4-aminobenzoyl end-functionalized poly (ɛ-caprolactone) using
chlorotrimethylsilane as catalyst. It was observed that polymer having 3000 g mol-1 PCL
by weight, showed promising SM properties. It was concluded that the cast film of these
polymer can be deformed by drawing at colder conditions and recovery in strain was
observed at temperatures above Tm of soft segment (35 oC). Finally, 99% strain recovery
and 78% strain fixity were also observed.
Merline et al. (2007) synthesized and characterized poly (urethane-oxazolidone) (PUO)
by reacting NCO-terminated oxazolidone with hydroxyl-telechelic PTMO. Under
investigated PUO exhibited decease in tensile strength and elongation together with
melting transition temperature with increase of urethane and oxazolidone concentration.
While shape related improved with oxazolidone concentration. Further dynamic
properties the crystallization and modulus ratio by increasing the oxazolidone-content.
D’hollander et al. (2009) synthesized polyurethane based SMPs by two different
routes and compared them. One was PCL based homopolymer as switching segments and
the other ABA block (PPO-b-PCL-b-PPO) without coupling reaction via regioselective
isocyanate based strategy. These ABA block copolymers were used as precursors to
14

synthesize SMPUs. It was concluded that the incorporation of short PPO segments
between switching and hard segments have increased the melting enthalpy, while the
macroscopic effect of flexible segments observed the better stabilization of secondary
shape.
2.4.4 Thermomechanical characteristics of shape memory polyurethanes
In the earlier research, the low molecular weight thermoplastic polyurethane elastomers
(TPEs) were synthesized (Cidade et al., 1993; Haridas & Radhakrishnan, 1995).
Polyurethane thermoplastic elastomers (TPEs) were synthesized from PCL) and
HDI/DHBP It was found that with 40% or higher hard segments, while tensile storage
modulus of high molecular TPEs were high ,HDI/DHBP and PCL/MDI/BD based TPEs
but the shape memory effect was similar in both studies (Jeong et al., 2000).
A series of SMPs copolymers were synthesized and the thermo-mechanicals properties of
1,4-phenyldiisocyanate (PDI) with 4,4-methylene-bis-phenyldiisocyanate (MDI) based
PU, were compared by Yang et al. (2003). The comparison was done at temperature
ranging from -20 to +20 oC around Tg. It was observed that shape recovery was
significantly enhanced by the increase of hard segments contents especially shape
retention was more than 80%. It was concluded that PDI based polyurethanes possessed
better shape memory behavior in comparison to MDI based PU and the difference was
observed in comparison of bent shape MDI with planar shape PDI. In 2004, Cho and Lee
studied the silica on shape memory polyurethane silica hybrid TEOS MDI, PTMG and
BDO were used in PU synthesis. A series of PU-silica hybrids were prepared by varied at
5, 10, 20 and 30 wt% of TOES. Better shape recovery and retention (more than 80%) was
observed for all TEOS based PU. Moreover, it was revealed from the results that superior
stress/strain elongation at break and modulus was associated with 10% TOES based PU.
So it was concluded that the mechanical and shape recovery properties has been improved
by silica hybridization. In the same year another study about the glass fiber reinforced the
PUs mechanical weakness and made its use more extensive for practical engineering
(Ohki et al., 2004). They investigated that the reinforcement of fiber increased not only its
tensile and thermo-mechanical strength but also established the existence of SME (shape
memory effect) in the composite materials.
Yang et al. (2006) prepared ether based SMPU polymer by the reported methods
(Yang et al., 2005a, 2005b). The SMPU were systematically studied. The result revealed
that Tg of ether-based immersing in water because of the weakening of the H-bonding , in
b/w NH and CO groups. The bound water not only reduced the Tg but also had
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considerable effect on the uniaxial tensile behavior. Moreover, the recovery stress / strain
were investigated and compared for in constrained and thermally induced by water.
The change of chain extenders on both shape memory and thermo mechanical
behavior of polyurethane copolymers was investigated by Chun et al. (2006). MDI and
PTMG based prepolymer was extended with 1,4-butanediol (BDO) and ethylenediamine
(ED) separately by varying soft and hard segment molar ratios. It was observed that ED
based PUs enhanced not only thermo mechanical and shape memory behavior but also
showed high and reliable shape retention consistently. The results supported the
strengthened PU, restricted chain rotation and urea type bonding of ED. However, the
shape recovery rates did not differ for both PU types, because of deterioration of hard
segments after repeated cycles.
In 2007, Wornyo and his co-workers used a group of cross-linkers in SMPU
synthesis. The shape recovery trend of SMPU was investigated as function of
crosslinking structure. It was concluded from nano indentation of that with the increase of
density both the hardness and glass transition temperature increased crosslinking density.
A chitin based SMPU has been synthesis and characterized by Barikani et al. (2008). It
was observed from thermo-mechanical characterization that crystallinity of the soft
segments was decreased by crosslinking, which consequently resulted in the decreased
melting enthalpy. Furthermore, the polymer showed appreciable shape recovery as well
as shape retention.
A series of novel hyperbranched SMPUs prepared via A2+B3 approach by using
MDI,PCL (͞Mn=4000 g/mol), 1,4-butanediol, trimethylolpropane, triethanolamine,
glycerol and dibutyltindilaurate (Sivakumar & Nasar,2009). The result inferred by GPC,
DSC, DMA, WAXD and shape memory test characterizations that storage modulus ratios
of hyperbranched polymer was interestingly high and showed 100% shape recovery rate
as compared to linear one.
Chen et al. (2010) did the Morphology analysis was done by using the FT-IR, DSC
and DMA while shape memory behavior (thermal induced SMEs) was analyzed by SMEs
of both Tg and Tm type SMPU. The results concluded that the hydrogen bonding was
increased in the urethane groups with decreased BINA contents and pyridine ring, the Tg
of soft phase was lowered with the increase in rubber modulus and good SMEs (30%)
with significantly reduced shape recovery and shape fixity.
Kim et al. (2010) examined the thermo-mechanical constitutive model of SMPUs, in
three phases phenomenological to illustrate the deformation in SMPUs, in accordance
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with their microstructure. The results were validated by DSC and uniaxial tensile loadingunloading tests.
Muller and Pretsch (2010) studied the crystalline shape memory polyurethanepolyesters. The viscoelastic modeling on the basis of hydrolytic aging and cyclic thermomechanical characteristics were evaluated. The polymer was synthesized from MDI,
BDO and PBA-3500 poly (1,4-butylene adipate). It was inferred that hydrolytic aging
impaired the tensile properties while the shape retention and recovery remained constant
during aging period. The cyclic thermo-mechanical analysis of crystallizable SM
polyurethane esters depicted specific characteristic, which could be described
quantitatively in a simplified model. Zhang et al. (2011) compared the bulk SMPU films
and microfiber SMPU films (PCL, MDI and GA based) as their shape recovery process.
DSC and DMA analysis indicated that microfiber SMPU got quick shape recovery due to
higher surface area without changing the chemical composition.
Azra et al. (2013) determined the thermo-mechanical response of SMPUs, based on poly
teterahydrofuran (PTHF), MDI, BDO with tri-methylolpropane (TMP) as chain extender.
It was revealed that by modifying the molecular architecture of SMPUs, it was possible to
manipulate the width and position of the tanδ peak corresponding to the ά transition in
constant DMA temperature scans. It was suggested that DMA is also helpful to assess
shape fixity and shape recovery.
2.4.5 Physically cross-linked shape memory polyurethanes
The unique moisture sensitive SMPU was synthesized by using the HDI, BINA and BDO
monomers (Chen et al., 2009). The SMPUs revealed exceptional water abs. capacity
properties which were significantly affected by temperature and relative humidity.
Consequently, high strain recovery with faster speed was obtained. Finally, the study of
FT-IR spectra revealed that there was physical cross-linking in the moisture sensitive
SME which linked to the moisture induced dissociation of HB in the pyridine ring. In the
same year, in another article, Chen and his coworkers used the MDI in above said recipe
to synthesized supramolecular PU networks. On the basis of DSC results it is evident that
the resulted BINA based polyurethanes (BIN-PUs) had intermolecular hydrogen bonding
at the pyridine and urethanes units. Moreover, high Eg/Er (modulus ratio ˃400) and
maximum tan δ obtained by DMA. Moreover, BINA-PUs also showed superior shape
retention (> 97%) and shape recovery (>91.7%).
Zhu et al. (2009) synthesized SMPU ionomers containing 75% wt. soft segments from
PCL, MDI, BDO and BIN and C81 (as neutralizing agent) according to recommended
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methods (Zhu et al., 2007; Zhu et al., 2008). The physically crosslinked soft and hard
segments have positive effect on SMPU ionomers presenting high shape fixity ratio
(≈95%). DMA optional results varying pyridinium within hard segments could decrease
the mechanical strength. While WAXD and DSC established that there was no significant
effect of ɛmax on the crystallinity of soft segments.
Chung et al. (2012) compared the shape memory polyurethanes grafted PEI (polyethyleneimine) and PTMG (poly-tetramethylene glycol) as soft segments for their SME
and electrolytic attraction. The results revealed the PEI grafting couldn’t significantly
affect the tensile mechanical and thermal transition characteristics of linear SMPU. While
shape recovery of PEI based SMPU went on high as 99% with good electrolytic response
as imminium salt is formed. It was suggested that this grafted SMPU could be used in the
field of fiber and fabric manufacturing.
Gu and Mather (2012) reported the SM behavior of PCL and PEG constituted
thermoplastic polyurethanes and observed high degree of entanglement that was related to
higher molecular weights (Mn>200kDa) and physical crosslinking in hard blocks. The
thermal and microstructure characterization showed that the PEG and PCL segments were
oriented upon tensile deformation. X-ray diffraction studies evidenced reversed
orientation upon heating. The higher recovery from deformation and fast actuation made
them potential candidates for the application as self-tightening sutures in medical devices.
2.4.6 Chemically cross-linked shape memory polyurethanes
In chemically cross-linked SMPUs, the hard segment domains possess very strong
chemical interactions in the form of covalently bonded crosslinking. A variety of
chemically cross-linked SMPUs has been achieved by using a set of diverse functional
cross-linker (Xu et al., 2006; Chung et al., 2008; Park et al., 2008). The main benefits of
chemically cross-linked SMPUs are higher activation temperature and higher mechanical
strengths. However, higher shape retention and shape recovery are not uncommon.
Zhuohong et al. (2006) used glycerin to obtain chemically cross-linked SMPU with some
degree of crystallinity. It was reported that high degree of crosslinking also led to lower
crystallinity in soft segment. As a result, the heat of melting and melting temperature of
the soft phase increased in addition to enhancement in mechanical properties. The
transition temperature in this study was around 45-55°C, which was the crystalline
melting range of the soft phase derived from PCL (͞Mn=4000 g/mol).
Xu et al., (2006) introduced hybrid diol (HD) containing hydrolysable Si-OEt groups
to prepared hybrid polyurethanes (HYPUs) from isophorone diisocyanate (IPDI) and poly
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(ethylene oxide). A series of organic/inorganic HYPUs cross-linked with Si-O-Si having
shape memory effect were synthesized. It was observed that Si-O-Si crosslinking
increased Tg and storage modulus with faster shape recovery, however, shape retention
was low.
A three-arm network junction of 1,1,1-trimethylol propane with MDI, TDI and DBDI
were synthesized and characterized as shape memory polymer by Buckley et al. (2007).
The soft segments were formed by using PTHF and PCD having molecular masses
ranging from 650-2000. The prepared material was evaluated by the thermo-rheological
response and shape recovery rate. It was observed that Tmax together with rubbery-state
modulus showed significant increase with crosslink density as the result of decreased
molecular mobility. The TDI flexibility was noticeable in comparison to that of MDI and
DBDI, with a lesser Tmax for specific crosslinking density.
A surface functionalized silica filler was used by Jang et al. (2009) as crosslinking
agent with amorphous soft segment and isophorone diisocyanates (IPDI) based hard
segment. The crosslinking was obtained through Si-O-Si bridges that occurred after the
sol-gel reactions between the epoxidized polyurethane and functionalized silica fillers. In
this study, 3-aminopropyl triethoxysilane (APTES) was used

chain extender. . The

crosslinking points were formed by using triethyl amine (TEA) catalyzed sol-gel reaction
between the APTES extended PU hard domains. The presence of silica was reported to
act as both the filling material and crosslinking points, which increased mechanical
properties for example, toughness, strength and modulus. The long relaxation time was
attributed to higher degree of crosslinking. The materials also provided high shape fixity
and shape recovery ratio.
Chung et al. (2009) synthesized a flexible cross-linked SMPU from PEG (͞Mn 600 or
1000), MDI, PTMG, BDO and glycerol. Maximum stress and strain was observed for the
PEG spacer, at break, similar like natural rubber’s tensile mechanical behavior. The PEG
linked SMPU, was observed to have higher shape recovery (96%), while lower shape
retention in comparison to linear SMPU. PEG 1000 was found better than PEG 600 in the
improvement of overall shape memory effect and tensile strength.
Zia et al. (2009) synthesized a chitin based SMPU from MDI, PCL extended with
BDO and chitin in the presence of DMPA (dimethylolpropanic acid and TEA
(triethylamine). It was noticed that DMPA exhibited hydrophilic properties and showed
change in PU by varying the concentration of chitin. Moreover, the synthesized SMP
urethanes have potential for biomedical application.
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Polyvinyl alcohol (PVA) based shape memory polymer cross-linked with various
glutaraldehyde contents was prepared (Du & Zhang, 2010) and the influence of moisture
content on the synthesized materials was investigated. The DMA, DSC, TGA and cyclic
tensile revealed that there was significant shape memory effect. Moreover, the
equilibrium water absorption measurement results.

2.5 SMPUs Nanocomposites
Nanofiller incorporation into polymers has brought a newer horizon to polymer research.
Small quantities of nanofillers have initially been used to increase the mechanical
properties. The advanced fictionalization methods allowed several modifications such as
surface modifications (Cao & Jana, 2007; Gunes et al., 2008), tailored molecules
attachments (Jang et al., 2009), enhanced electrical conductivity and optical arrangements
and thermal mechanical properties of SMPU (Xu et al., 2010). These properties do not
only enhance shape memory behavior of polymers but also expedite shape memory
activation by resistive heating or magnetic induction heating. These materials are suitable
in applications where sensible heating is not possible (Leng et al., 2011).
In earlier study, a matrix of SMP/SiC composite was described by Gall et al. (2002).
Commercial SMP resin and Silicon carbide (SiC, d=300nm) was used to synthesize the
said composite and was fabricated by micro-casting. It was found that the micro-hardness
and elastic moduli of the nanocomposites increased by almost three times, after addition
of SiC (40 wt. %) into the base resin along with permanent bend strain.
In 2007, Cao and Jana investigated the SM properties of nanoclay-tethered PU
nanocomposites. MDI/PCL/BDO based SMPUs were synthesized by varying nano-filler
wt%. The observed decrease in crystallinity of soft segment is due to well exfoliation of
clay particles in polymer. Both best level with 1 wt% nanoclay. However, the tensile
modulus of soft segments crystals showed continued increase with clay contents.
SMPU samples containing magnetite particles (0-40%) were investigated for the
magnetic, electrical and thermal characteristics (Razzaq et al., 2007). There was a
decrease in the electrical resistivity, while an increase in thermal resistivity is observed
with increased magnetite fraction in the polymer that can be correlated with its
morphology. Moreover, the shape recovery time of polyurethane SMP was approximately
4 minutes observed in 20% magnetite composite.
Gunes et al. (2008) chose silicon carbide, organoclay, carbon black and carbon
nanofiber (CNF) as the nanofiller for the evaluation of shape recovery stress. The SMPU
20

was synthesized from MDI, BDO and PCL (4000 g/mol). It was found that the shape
memory performance, stretching stress and tensile modulus of organoclay is more
significant as compared to SiC and CNF because the latter reduced not only the extent of
crystallinity of soft segments but also crystallization temperature.
SMPU reinforced with the multi-walled carbon nanotube (SMP-MWNT) fibers were also
utilized to study the shape memory behavior (Meng & Hu, 2008). It was observed that
shape recovery ratio along with the recovery force were predominantly enhanced by
applying MWNTs, in axial direction. The results suggested that during stretching and
relaxing, the elastic energy could be better stored and released in the presence of the
aligned MWNTs. Moreover, original length of self-aligned MWNTs could be quickly
recovered. The synthetic material was same as used by Gunes et al. (2008).
Zhuo et al. (2008) used nanofibers SME from SMPU solution by electrospinning
method. By all applied characterization methods including SEM, DSC and cyclic tensile
test, it was proved that nanofibers exhibited better shape memory effect. It was noticed
that the shape recovery and shape fixity remained 98 and 80% respectively, after several
cyclic loads.
In another article, carbonaceous fillers in SMPUs have been studied by Gunes et al.
(2009) to evaluate the resistive heating. SMPU with 33% hard segments nanofiber (oxCNF) were used to determine the electrical resistivity and tensile strains. A prominent and
positive temperature coefficient (PTC) was observed in case of carbon black while it was
not observed for because of low level of soft segments.
Xu et al. (2009) utilized the attapulgite clay to evaluate the mechanical properties by
using micro-indentation tester. It was noticed that pretreated nano-powder reinforced
SMPUs, have good mechanical properties as compared to un-treated PU-clay, in which a
decrease in Tg and nanocomposite strength was observed.
Chen et al. (2010) investigated systematically the SME, laminated structure and shape
memory behavior in SMPC, synthesized by the pre-elongated SMPU and un-elongated
elastic PU. Poly (hexylene adipate) PHA based SMPU, and elastic polyurethane (PU)
were synthesized by bulk polymerization method (Chen et al., 2007). The result showed
that in the SMPU based SMPCs depicted two way SM behaviors; i-e., bending and
reverse bending upon heating and cooling, respectively. Moreover, owing to the layer by
layer physical combination of SMPCs showed both comparative properties.
The composites consisting of multi-walled carbon nanotube (MWCNT) and Mesua ferrea
L. seed oil based hyper-branched polyurethane synthesized (Deka et al., 2010). FT-IR,
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XRD, SEM and TEM evident the remarkable dispersion and showed better thermal.
Enhancement in the shape memory behavior of the composite was observed with
increased MWCNTs contents in comparison to the pristine HBPU. Further, the composite
displayed biocompatibility and biodegradability. Jung et al. (2010) also investigated the
electroactive SM carbon nanotube-filled polyurethane composites. The results revealed
remarkable shape retention (92%) and shape recovery (95%), showing the potential for
the utilization in several actuators. Magnetically sensitive PU composite crosslinked with
MWCNTs filled with Fe2O3 nanoparticles also showed significantly improved
mechanical as well as shape memory properties, in both hot water and alternating
magnetic field with 95% shape recovery in less than one min. (Cai et al., 2013). in SMPU
samples, consistent with CNT loading (Fonseca et al., 2013). It was observed (Gu et al.,
2013) that the oxidized CNTs showed better dispersion with high shape recovery and
shape fixity as compared to pristine carbon nanotubes.
Peng et al. (2011) synthesized waterborne polyurethanes (WPU)/attapulgite (AT)
nanocomposites from IPDI, PPG-2000, DMPA, TEA, BDO, DBTDL and AT. The
experimental results indicated that attapulgites were dispersed homogenously in WPU
and showed improvements of thermal stability, WPU/AT nano-composites. Polyaniline
(PANI) along with the polyaniline coated cellulose (PANI-NC) nano-fibers was
synthesized by dispersion into SMPU to make composite films (Casado et al., 2012). The
mechanical properties of this SMPU composite was improved with increasing recovery
force and tensile modulus. While, transparency of SMPU films was observed to be lost
without any evidence of percolation of nanofiber. The reinforcement of SMPU with the
cellulose-nano-wisker (CNWs), resulted in the composites with potential applications
(Luo et al., 2012). In the same year self twisting/untwisting and self winding behavior of
SMPU micro fiber were also investigated. The results depicted that the driving force for
morphing (Wang et al., 2012).
Haghayegh and Sadeghi (2012) synthesized SMPU/clay nanocomposite based on PCL,
MDI and BDO with different clay %age. The analyzed samples showed best shape
memory properties with 1 wt% nanocomposites with increased modulus.

2.6 Shape Memory Alloys (SMAS) / Shape Memory Polyurethanes
(SMPU) Composites
There are only a few studies on SMA/SMP composites. The number of studies is low due
to the differences of mechanisms of shape change; e.g., atomic dislocations in SMA vs.
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thermal transitions of reversible phase in SMP. Despite this, Tobushi et al. (2009)
reported that the differences can be beneficial, if optimum processing conditions and
viable applications are found. In those studies, the composite of SMA wires inserted in
SMPU matrix was proposed for an application where specimens bent at different angles
underwent recovery (Xiong, 2005). The transition temperature of the materials were
close; e.g., 56 oC for SMP and 53 oC SMA, leading to hardship in control of various steps
in shape memory cycle. It was found out that the maximum recovery stress occurred
during actuation above the transition temperature of SMPU. In addition, shape fixity and
shape recovery tests produced very good results.

2.7 Biomedical Application of SMPUs
Owing to the number of novel and promising characteristics related to SMPs, they are
prominent candidate for medicinal applications. There have been tremendous research in
new SMPs developments with modifiable moduli (Liu et al., 2004), superior strain
recovery, bio-resorptionand flexible actuation temperature (Lendlein & Langer, 2002;
Bertmer et al., 2005).
An article by Wache et al. (2003) explained the need of SMPUs stent to reduce the
restenosis as before that only metallic stents were used. So the SMP behavior of
thermoplastic polyurethanes has allowed the designing of new stents with polymeric selfexpansion. It was concluded that SMPU’s stent were found more economical and more
efficient for drug delivery.
In another research, SMPs as vascular stents have been practiced. The degree of
protein and cellular adhesion, as an inflammatory stimulator; as well as its effect on
haemostatic system were measured. Cabanlit et al. (2007) utilized both thermo-set (TS)
and thermo-plastic (TP) SMPs having ether and ester based soft segments, respectively. It
was concluded that the analyzed SMPs had appreciable biocompatibility attributes, so
they can be used in vascular stent materials. However, in vivo, the thermo-set (TS) and
thermo-plastic (TP) SMPs did not stimulate negative response.
Lorenzo et al. (2009) evaluated the influence of physical aging of a SMPU associated
with implantable medical devices. It has been proved by DSC and MH analysis that
thermal and mechanical properties changes at temperature below the Tg.
SMPU ionomers

were suggested as a biomedical material for the use of

immobilization or rehabilitation after getting superb results of Staphylococcus aureus and
Klebsiella pneumoniae bacteria by adding pyridinium ions (Zhu et al., 2009).
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Kim et al. (2010) develop a braided stent of SMPU fibers. It was confirmed that owing to
the thermo-responsive shape memory attributes, SMPU polymeric stents are found better
alternative to that of metallic stents. Self-expandable stents have also been synthesized
(Xue et al., 2010) from block copolymer PCTBVs containing hyper-branched three arms
PCL with MDI. The 1HNMR, GPC, DSC, tensile test and cyclic thermo-mechanical
tensile characterizations confirmed that PCTBVs stents have anticipated mechanical and
thermal properties with malleable nature.

2.8 Biodegradable SMPUs
Synthetic polymers have been associated with the severe environmental issues, being non
degradable in nature. This issue may be solved by the use of biodegradable polymers
(Vasnev, 1997).
Lee et al. (2000) attempted to synthesize a new low molecular weight PU without
chain extender to decrease the biodegradability of the polymer. The PU from polybutylenes succinate polyol ( ͞Mn 1000), poly- ethylene glycol (PEG, ͞Mn 200) and 4,4methylenebis (cyclohexyl isocyanate) (H12MDI); a method reported by Oh et al. (2000).
However, smaller PEG segments resulted in the hydrolytic degradation that was not
satisfactory. The melting temperature (Tms) was also PU exhibited a degree of elongation
and tensile strength to some extent, though its MW was small. This polymer was showed
rapid degradation in alkaline aqueous solutions. So, it was suggested that bio-degradable
PUs having better mechanical characteristics can be synthesized from polyols.
A biocompatible and biodegradable poly-urethane-urea (Wang et al., 2009). The results
showed that PDLLA-PUU shape memory polymer has very high shape recovery ratio
(98%), with Tg near room temperature for potential applications in the biomedical fields.

2.9 Different Parameter to Study SMPUs
Since their use for actuation purpose in the late 1980s, there has been enormous research
special reference to the modeling and analysis (Monkman & Taylor, 1991). The dynamic
and static mechanical behavior of SMPs was reviewed by Monkman (2000). It was seen
that SMPs play a significant role in actuation and mechanical coupling between actuators
and associated dynamic system. SMPs showed similar characteristics like SMAs but with
little difference in basic physical principle.
Poilane et al. (2000) investigated the mechanical aspects of SMPU thin film, by
nonconventional mechanical tests like nanoindentation, bulging and point membranes
deflection. The mechanical attributes of PU thin films were measured using the same
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conditions that were used for micro-electro-mechanical systems (MSMS). The
viscoelasticity of SMP-thin film was even at 35K under glass transition temperature (Tg).
The SMPs filled with nano-sized carbon tubes were synthesized and the influence of
moisture content on Tg was investigated (Yang et al., 2005). The thermoplastic
polyurethane SMPs prepared from MDIand other materials. glass transition temperature
of composite can be remarkably reduced by water absorption. It was also investigated that
the temperature can be reversed by removal of water.

Simultaneously, Yang et al.

(2005b) studied the series of cyclic DSC analysis along with the thermo-gravimetric
analyses (TGA) to determine the quantitive effect of moisture content and carbon nanopowder on Tg of SMPUs. The samples were prepared by same materials as mentioned
above. The bound water significantly reduced the Tg while free water did not show any
effect on Tg. In moisture free conditions, the Tg was decreased with increasing the
contents of carbon nano-powder. Over all, the effect onTg was reported to be mainly
dominated by bound water than carbon nano-powder.
Mondal and Hu (2007) analyzed the water permeability of cotton fabric coated with
SMPUs as finishing material. These SMPUs were synthesized by adjusting the
composition of MDI, PTMG, PCL and BDO. A significant change has been observed in
SMPU coated fabrics by SEM, mechanical study and phase transition temperature. By the
introduction of PCL block in the PTMG-PU coated fabric, there was a decrease in the
water vapor permeability. In contrast, WVP was enhanced
The SMPs reinforced with the carbon fiber fabric, was developed by Zhang and Ni
(2007). After the comparison of SMP sheets and SMP based laminates, it was inferred
that SMP based laminates. Moreover, their bending recovery ratio and storage modulus
were also found high; as it was changed significantly above the Tg.
Sodhi and Rao (2010) done modeling of the mechanics of light activated SMPs and got
consistent models in good agreement after experimental observation of material.
Mckkibben artificial muscle with SMP resin were successfully implanted because of
deformation characteristics of shape memory polymers (Takashima et al., 2010).
Diani et al. (2011) introduced a device for quantitative analysis and the study of shape
recovery kinetics of SMP samples. The torsional SM device and testing method described
a complementary data set for the thermo-mechanical characterization of SMP.
Gonzalez et al. (2011) studied SMPU as a protection material against corrosion of
damaged coated metal by scanning electrochemical microscopy (SECM). It was found
that polymer has intrinsic self healing properties.
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Chaunier et al. (2012) quantified the shape memory behavior of maize products. After
DSC, WAXS, DMA and shape recovery analysis the plasticizers significantly affect the
efficiency and shape recovery of extruded maize.
The molded flexible PU foams were synthesized by Kang et al. (2012) from TDI and
different molecular weights of PPG (polypropylene glycol). It was seen PPG of low MW
exhibited better Tg as compared to high MW PPG. While high rubbery modulus and
shape recovery was obtained with high MW PPG.

2.10 Earlier Shape Memory Polyurethanes Work
Although both polyurethanes and shape memory polyurethanes, due to versatile
characteristics, have been the focus of research, among the scientists from different fields;
however, the number of studies on shape memory polyurethanes with respect to different
diisocyanates, chain extenders and polyols etc. is rather low.
This project has been designed to explore the characteristics of shape memory
polyurethanes, synthesized by using various diisocyanates, chain extenders and polyols
etc.
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Chapter 3

MATERIAL AND METHODS
A collaborative research work of Institute of Chemistry, GC University, Faisalabad (host)
with guest facility provided by Iran Polymer and Petrochemical Institute, Tehran, Iran
was done to complete the present study. The study was divided into three major sections
and sub sections. The most important shape memory effects in three different aspects of
polyurethane elastomers were studied. The description of sections I, II and III is as under:

Section I
Study of Shape Memory Polyurethanes (SMPUs) having Molecular
Weight Polycaprolactone diol Extended with Different Chain Extenders
(A)

Synthesis and characterization of H12MDI based SMPUs having different
molecular weight of polycaprolactone diol extended with 1,2-ethanediol

(B)

Synthesis and characterization of H12MDI based SMPUs with different molecular
weight of polycaprolactone diol and chain extender length

(C)

Synthesis and characterization of H12MDI based SMPUs by varying chain
extenders nature

Section II
Glycerin Based Shape Memory Polyurethanes
(A)

Synthesis and characterization of glycerin/1,4-butanediol based polyurethanes
(GPUs)

(B)

Synthesis and characterization of glycerin based polyurethanes varying PCL
molecular weights

(C)

Synthesis and characterization of glycerin based PUs varying chain extenders
nature

Section III
Nanocomposite Based Shape Memory Polyurethanes
(A)

Synthesis and characterization of different nanocomposite based shape memory
polyurethanes
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3.1

Chemicals/Instruments

3.1.1 Chemicals
4,4′-dicyclohexylemethane diisocyanate (H12MDI); 1,2-ethanediol (1,2-EDO) 99%
purity; 1,3-prpanediol (1,3-PrDO) 98% purity; 1,4-butanediol (1,4-BDO) 99% purity; 1,5pentanediol (1,5-PDO) 98% purity 1,6-hexanediol (1,7-HDO) 97% purity; 1,8-octanediol
(1,8-ODO) 99% purity and 1,10-decanediol (1,10-DDO) 99% were purchased
Polycaprolactone diol CAPA 2047A, CAPA 2077, CAPA 2100A, CAPA 2125A, CAPA
2161, CAPA 2200A, CAPA 2302A and CAPA 2403A (͞Mn 400, 750, 1000, 1250, 1600,
2000, 3000 and 4000 respectively) (Solvay Chemicals).,.
3.1.2 Instruments/Techniques used in the study are:
i.

Equinox 55 Fourier Transform Infrared (FT-IR) Bruker, Germany spectrometer
equipped with ATR assembly.

ii.

Siemens D-5000 diffractometer (Siemens AG).

iii.

Differential Scanning Calorimetry (DSC 1, Mettler Toledo, Switzerland).

iv.

Polymer Lab Thermogravimetric Analysis TGA/DSC 1, Mettler Toledo,
Switzerland.

v.

Dynamic Mechanical Thermal Analyzer (DMTA) Netzsch DMA 242C (Netzsch,
Germany).

vi.

Cannon-Frenske (Kimax no. 120) (Kimax Laboratory Glassware, USA).

vii.

Cyclic tensile tester (temperature control) INSTRON Model: 6025 United
Kingdom.

viii.
ix.

3.2

Density apparatus (Kern 770, Archimedes rule).
Vacuum oven: Memmert VO400, Germany.

Synthesis of Polyurethane

3.2.1 Analysis of reactants
3.2.1.1. Molecular weight of polyol: The ASTM D-4274C method used to confirm
M.wt. of capa.
3.2.1.2. Isocyanate (NCO) contents in the prepolymer: The NCO contents were
estimated by ASTM D 2572-80.
3.2.2 Synthesis
During all synthesis process two, steps synthesis was adopted.
3.2.2.1 Step 1: Synthesis of isocyanate terminated polyurethane
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The Shape Memory Polyurethane prepration carried out according to reported procedure
(Barikani and Hepburn, 1986, 1987). In the first step, polycaprolactone diol (0.8 mol)
Capa

was

stirred

continuously

60-70

°C

for

few

minutes.

Then

4,4′-

dicyclohexylemethane diisocyanate (H12MDI) (2 mol) was added to reaction medium and
raised the temperature upto 100 °C. A Fourier Transform Infrared spectrum Fig. 4.1(c).

Scheme 3.1

Synthesis of NCO terminated polyurethane prepolymer (NTPU)

3.2.2.2 Step 2: Synthesis of shape memory polyurethane
After the formation of the NCO terminated prepolymer, alkane diol (1.2 mol) was added
into the reaction medium. Which was continued for 30 minutes at 90 °C. A thick,
viscous material indicated the formation of SMPU. The prepared polymer was poured
into a Teflon plate and cured it. Schematic illustration of chemical route for synthesis of
polyurethane is given in Scheme 3.2.

Scheme 3.2 General synthesis of shape memory polyurethane (SMPU)

3.3 Characterization
SMPUs were characterized by the technique itemized in section 3.1.2. Detailed
explanation of the procedures and techniques is given below:
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3.3.1 FT-IR Analysis
The FT-IR is a widely used technique to determine the structure and composition of
organic, inorganic and polymeric samples (Smith, 1996). The FT-IR spectra was taken by
Bruker, Germany spectrometer equipped with ATR assembly at IPPI, Tehran, Iran.
3.3.2 NMR spectroscopy
NMR is a non-destructive technique to determine the structure. All polyurethane films
were dissolved in deuterated dimethyl sulfoxide (DMSO).
3.3.3 TGA
The TGA was recorded (TGA/DSC 1, Mettler Toledo) . The prepared samples sheets
were placed in a vacuum. The sheets were then cut into pieces, about 10-20 mg each, and
thermo grams were recorded
3.3.4 Differential Scanning Calorimetry (DSC)
The Tg or melting and crystallization temperature measured by DSC (Hunt, 1992).
To understand the thermal changes, confirmly weighed 11 mg were taken. So, a
trend of heating-cooling-heating has been determined to understand thermal transitions.
3.3.5 The Dynamic Mechanical Measurements (DMTA)
The DMTA can be studied by stress and strain (Myrayama, 1978). The DMTA can be
explained by following equation
E* = E + iE

3.1

tan = E E

3.2

Fig. 3.1: DMTA relationship between complex, elastic and loss modulus
DMTA used to know about phase angle and amplitude.
The DMTA Model Netzsch DMA 242C (Netzsch, Germany was used for analysis.
3.3.6 X-ray Diffraction (XRD)
The X-rays diffraction technique applies specific energy or wavelength and identifies the
elements in a specimen (Staniforth et al., 2002).
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3.3.7 Contact Angle measurement
The contact angle calculation is used to find the angles present between two surfaces. The
angle b/w the surfaces is called the contact angle as shown in Fig. 3.2. By measuring the
contact angle, the surface energies of the system can be determined. For substrates having
low surface energy, water will tend to form a spherical droplet and the contact angle will
be high, while for substrates having high surface energy, water will spread out into a thin
film of low contact angle.

Fig. 3.2: General contact angle measurements of sessile drop
The contact angle and relivant energies can be obtained by Wu method (Abbasian et al.,
2004).
3.3.8 Evaluation of water absorption (%)
The samples were placed in containing deionizedd water for different days. The sample
wt. change by water absorption was calculated according to the following formula:

Waterabsorption(%) 

m w  md
 100
md

3.3

where md and mw are the masses of dry and wet PU samples, respectively.
3.3.9

Equilibrium Degree of Swelling

It was calculated using the following relations (Minoura et al., 1978):

 
 S  R
1 vR  vS

 1 R . S  1 R . R
VR
vR
 S R
S
R
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3.4

3.3.10 Density of the dry polymer samples
The density of the PU samples was measured by reported ASTM D-1817 method
(ASTM, 2004).
3.3.11 Scanning Electron Microscope (SEM)
Morphological studies of fractured surface of the samples were examined by first coating
the fractured surface with then analyzing it by SEM at 2kx, 5kx, and 15kx magnifications.

3.3.12 Atomic Force Microscopy (AFM)
The AFM was used to obtain the phase and height information from the images of smooth
sample surfaces. AFM studies were performed by DME Double Scope AFM Germany in
contact mode with a scan size of 1μm and scan rate of 1 Hz by applying 0.1nN force.
The phase images taken in this mode gave enough contrast to differentiate the
domains with varying mechanical properties such as segment, urethane. The domain were
expected to appear as dark and bright spots, respectively.
3.3.13 Analysis of Shape Memory properties
The tensil mechanical properties were measured by United Kingdom, according to ASTM
D638 under the condition of 15 mm gauge length, 0.93 mm thickness, 3 mm width, 5
mm/min crosshead speed, and 100 N load cell. The specimen with a length Lo a
temperature-controlled chamber was drawn 100% to 2Lo at 60 oC for 2 min and stayed at
60 oC for 5 min. After that the cooled to -50 oC with the help of liquid nitrogen for 10
min, the lower grip was released and the shrunk length (L1) was measured after 20 min of
stay at -50 oC. Shape retention (%) was calculated by the equation (3.5) using Lo and L1.
in the chamber heated to 60 oC for 5 min and the length (L2) was measured after 10 min
of stay at 60 oC. Shape recovery (%) was calculated by equation (3.6) using 2Lo and L2.
(Fig. 3.3).
Shape retention (%) and shape recovery (%) were calculated by following the
relationships (Kim et al., 1998; Kim et al., 1996) as:
Shape retention (%) 

100
L1  L0
100 =  u 
m
L0

Shape recovery (%) 

100
2 L0  L2
100 =  m   p 
m
L0



3.5



3.6

Where εm is the maximum strain, εu is the retention strain and εp is the recovery strain.
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Fig. 3.3: Schematic representation of thermo-mechanical cycle

SECTION I
Study of Shape Memory Polyurethanes (SMPUs) having Different
Molecular Weight Polycaprolactone diols Extended with Different
Chain Extenders
In section I, a range of polymers have been synthesized by using two types of variables
including polyols and chain extenders. The section I was further divided into three sub
sections, under which a range of samples was prepared by using polycaprolactone diols
with different chain extenders by above mentioned procedure. The formulation given in
Tables 3.1, 3.2 and 3.3. The cured samples were saved for further investigations.

3.4 Synthesis and characterization of H12MDI based SMPUs having
different molecular weight of polycaprolactone diol extended with 1,2ethanediol
3.4.1 Chemicals
4,4′-dicyclohexylemethane diisocyanate (H12MDI); 1,2-ethanediol (1,2-EDO) 99% pure
Polycaprolactone diol CAPA 2047A, CAPA 2077, CAPA 2100A, CAPA 2125A, CAPA
2161, CAPA 2200A, CAPA 2302A and CAPA 2403A (Molecular weight 400, 750, 1000,
1250, 1600, 2000, 3000 and 4000, respectively) (Solvay Chemicals),
All the PCL and chain extender were estimated according to alredy written methods.
3.4.2 Synthesis of SMPU1a-h
For this study, a prepolymer was synthesized as reported by Barikani & Hepburn 1986,
1987) by PCL and H12MDI (Section 3.2.2.1), extended with EDO chain extender. A
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synthetic route of polyurethane based on 1,2-EDO is shown in Fig. 4.1. the prepolymer
prepration and film casting were preceded as described early SMPU1a-h (Section 3.2.2).
The prepolymer was prepared a series of increasing molecular weight of PCL (0.8 mol)
and finally extend with 1,2-ethanediol chain extender as presented in Table 3.1.).

Table 3.1: The samples codes, respective molecular weights of PCL and molar ratio of
the reactants in series of molecular weight based SMPUs samples
Sr.
Samples
PCL
Molar ratio of
Percentage of soft
a
b
c
No.
Code
(MW)
(H12MDI /PCL /EDO )
segments (%) SS
1

SMPU1a

400

2:0.8:1.2

34.86

2

SMPU1b

750

2:0.8:1.2

50.08

3

SMPU1c

1000

2:0.8:1.2

57.22

4

SMPU1d

1250

2:0.8:1.2

62.58

5

SMPU1e

1600

2:0.8:1.2

68.16

6

SMPU1f

2000

2:0.8:1.2

72.79

7

SMPU1g

3000

2:0.8:1.2

80.05

8

SMPU1h

4000

2:0.8:1.2

84.25

a4,

4′-dicyclohexylmethane diisocyanate; bpolycaprolactone diol; c1,2-ethanediol
1= samples extended with 1,2-ethanediol chain extender; a-h repreasent increasing molecular weight of
PCL.

3.4.3 Measurements
The FT-IR spectrum of SMPU films was taken with a Equinox 55. the FT-IR Bruker,
Germany spectrometer equipped with ATR assembly.The 1HNMR and

13

CNMR spectra

were recorded.
The X-ray diffractograms of the polymers were obtained in a Siemens D-5000
diffractometer. The DSC was recorded on a DSC 1, Mettler Toledo, (Switzerland).
Thermogravimetric analysis (TGA) was performed on a TGA/DSC 1, Mettler Toledo,
Switzerland. The DMTA were performed on Netzeh DMA 242C (Netzech Germany).
The mechanical properties by ASTM D-638 Die (ASTM Standards, 2004).
Thermo-mechanical cycle tests were performed by cyclic tensile tester (temperature
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control) INSTRON Model: 6025 United Kingdom, to investigate the SME of the final
polyurethane material. Samples hardness was measured by shore A scale and density by
Kern 770, Archimedes rule.
The contact angle measured by takingwater and diidomethane. TSEs were
calculated by Wu’s Method.

3.5

Synthesis and characterization of H12MDI based SMPUs with

different molecular weight of polycaprolactone diols and chain extender
length
3.5.1 Materials and synthesis of SMPUs
as presented in previous section (Section 3.2.2) by the polymerization of a series of
polycaprolactone

diol

having

a

range

of

molecular

weight

(͞ Mn

400,750,1000,1250,1600,2000,3000, and 4000) 0.8 mol, each and H12MDI (5.24 g; 2
mole), extended with chain extenders (Table 3.2); i.e., 1,3-PrDO (0.912 g; 1.2 mole);
1,4-BDO (1.08 g; 1.2 mole); 1,5-ṔDO (1.248 g; 1.2 mole); and 1,6-HDO (1.42 g; 1.2
mole) separately.
3.5.2 Measurements
All measurmentrs were according to already discussed methods.

35

Table 3.2: The samples codes, respective molecular weights of PCL and molar ratio of
the reactants in series of molecular weight and type of chain extenders based SMPU
samples
Sr. No.
Sample code
PCL (M.Wt.)
Molar ratio
(g/mol)
(H12MDIa/PCLb/CEc)
1
SMPU2a
2
SMPU3a
3
SMPU4a
400
2:0.8:1.2
4
SMPU5a
5
SMPU2b
6
SMPU3b
7
SMPU4b
750
2:0.8:1.2
8
SMPU5b
9
SMPU2c
10
SMPU3c
11
SMPU4c
1000
2:0.8:1.2
12
SMPU5c
13
SMPU2d
14
SMPU3d
15
SMPU4d
1250
2:0.8:1.2
16
SMPU5d
17
SMPU2e
18
SMPU3e
19
SMPU4e
1600
2:0.8:1.2
20
SMPU5e
21
SMPU2f
22
SMPU3f
23
SMPU4f
2000
2:0.8:1.2
24
SMPU5f
25
SMPU2g
26
SMPU3g
27
SMPU4g
3000
2:0.8:1.2
28
SMPU5g
29
SMPU2h
30
SMPU3h
31
SMPU4h
4000
2:0.8:1.2
32
SMPU5h
a4,4′-dicyclohexylmethane

diisocyanate;

bPolycaprolactone

diol;
cCE (chain extenders);
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3.6

Synthesis and characterization of H12MDI based SMPUs by

varying chain extenders nature
3.6.1 Materials and synthesis PUCEs
The synthesis of a series based on chain extender of different length was performed as
presented in Section 3.2.2 by the synthesis of PCL (3000 g/mol) and H12MDI (5.24g; 2
mole), based prepolymer which was further extended with CEs (Table 3.3); i.e., 1,2-EDO
(0.74; 1.2 mol);1,3-PrDO (0.912 g; 1.2 mole); 1,4-BDO (1.08 g; 1.2 mole); 1,5-ṔDO
(1.248 g; 1.2 mole); 1,6-HDO (1.42 g; 1.2 mole) 1,8-ODO (1.752 g ;1.2 mol) and 1,10DDO ( 2.088 g; 1.2 mol).
3.6.2 Measurements
All samples were analyzed by techniques as described in section 3.5.2.
Table 3.3: The samples codes of different polymer extended with series of chain
extenders
Sr. No.
Samples
CEc
Mass ratio of H12MDIa: PCLb:CEc %age of hard
segments
Code
(molar ratio 2 : 0.8 : 1.2)
1

PUCE1

1,2-EDOd

5.24g : 24g : 0.74g

19.95

2

PUCE2

1,3-PrDOe

5.24g : 24g : 0.91g

20.40

3

PUCE3

1,4-BDOf

5.24g : 24g : 1.08g

20.84

4

PUCE4

1,5-PDOg

5.24g : 24g : 1.25g

21.28

5

PUCE5

1,6-HDOh

5.24g : 24g : 1.42g

21.72

6

PUCE6

1,8-ODOi

5.24g : 24g : 1.75g

22.56

7

PUCE7

1,10-DDOj

5.24g : 24g : 2.09g

23.39

a4,4′-dicyclohexylmethane

diisocyanate; b polycaprolactone diol; cchain extender; d1,2-ethanediol;
e1,3-propanediol; f1,4-butanediol; g1,5-pentanediol; h1,6-hexanediol; i1,8-octanediol; j1,10-decanediol

SECTION II
Glycerin based shape memory polyurethanes
In this section, glycerin (chain extender) based polymers have been synthesized.
Primarily samples were prepared to optimize the ratio of glycerin with alkane diol as
chain extender (Scheme 3.3). After optimization, a series of eight samples was
synthesized with increasing molecular weight of polyols and characterized. The
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increasing hard segments ratio has been synthesized and analyzed by using different chain
extenders. The details formulation of all samples is given in Tables 3.4, 3.5 and 3.6.

Scheme 3.3: Synthesis of glycerin based polyurethane (GPUs)

3.7 Synthesis and Characterization of glycerin/1,4-butanediol based
GPUs
3.7.1 Chemicals
The H12MDI, BDO, CAPA 225 were used and preceded. Analytical grade glycerin was
purchased and kept in desiccators to avoid absorption of moisture.
3.7.2 Synthesis of GPUs
A prepolymer was synthesized as reported by Barikani and Hepburn, (1986 & 1987) by
2000 g/mol PCL (16 g; 0.8 mol) and H12MDI (5.24 g; 2 mol) (Section 3.2.2.1), and stirrer
it 2 hrs. Then prepolymer extended with 1,4-butanediol (0.972 g; 1.08mol) and stirrer for
half hr. Finally, glycerin (0.74 g; 0.12mol) was added for another half hr. A series of
GPUs have been prepared with different percentages of glycerin and 1,4-BDO (Table
3.4). A Scheme for synthesis of glycerin based polyurethanes (GPUs) is mention in
Scheme 3.3.

38

Table 3.4: The samples codes of glycerin based polyurethanes
Sr. No.

a4,

3.7.3

Samples
code

Glycerin

1

GPU1

10

Mass ratio of
H12MDIa: PCLb:BDO/Glyc
(molar ratio 2 : 0.8 : 1.2)
5.24g : 16g : 0.97 g /0.07g

2

GPU2

30

5.24g : 16g : 0.76 g /0.22g

3

GPU3

50

5.24g : 16g : 0.54 g /0.39g

4

GPU4

70

5.24g : 16g : 0.36 g /0.56g

5

GPU5

90

5.24g : 16g : 0.12 g /0.72g

(%)

4′-dicyclohexylmethane diisocyanate; bpolycaprolactone diol; c1,4-butanediol ; cglycerin

Measurements

All measurements were same as mention in previous sections.

3.8 Synthesis and characterization of glycerin based polyurethane
varying PCL molecular weights
3.8.1
The

Chemicals
H12MDI,

glycerin

(98%

purity),

1,4-butanediol

(1,4-BDO)

99%

pure.

Polycaprolactone diols, CAPA 2077, CAPA 2100A, CAPA 2125A, CAPA 2161, CAPA
2200A and CAPA 2302A (Mn 750, 1000, 1250, 1600, 2000 and 3000 respectively).
(Solvay Chemicals).
3.8.2 Synthesis of PPUs
The NCO terminated prepolymer was prepared as predicted in previous section (3.2.2)
using weighed amounts of reagents as given in Table 3.5. The prepolymer was extended
with glycerin and 1,4-BDO following reported method (Zia et al., 2008). The chemical
reagents have been presented in Scheme 3.3.
3.8.3 Measurements
All the samples were characterized by the measurements already given in section 3.6.3
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Table 3.5: The samples codes, respective molecular weights of PCL and molar ratio of
the reactants in series of glycerin based PU samples
Sr.
Samples
PCL
Molar ratio of
Percentage of
a
b
c
No.
Code
(MW)
(H12MDI :PCL :BDO/Gly )
soft segments
(%) SS
1
PPU1
750
2:0.8:1.2
48.84

a4,

2

PPU2

1000

2:0.8:1.2

56.00

3

PPU3

1250

2:0.8:1.2

61.40

4

PPU4

1600

2:0.8:1.2

67.1

5

PPU5

2000

2:0.8:1.2

71.8

4′-dicyclohexylmethane diisocyanate; bpolycaprolactone diol; c1, 4-butanediol /glycerin

3.9 Synthesis and characteristiion of glycerin based PUs varying chain
extenders nature
3.9.1 Materials and synthesis PUGCEs
The synthesis presented in Section 3.2.2 by the polymerization of PCL (2000 g/mol) and
H12MDI (5.24g; 2 mole), extended with CEs and glycerin (10%) mentioned in Table 3.6.
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Table 3.6: The samples codes of different polymer extended with series of chain
extenders
Sr. NO. Samples
CEc
Mass ratio of
%age of
a
b
c
Code
H12MDI :PCL :CE
hard
(molar ratio 2 : 0.8 : 1.2)
segments
d
1
PUGCE1
1,2-EDO
5.24g : 16g : 0.669g /0.0736g
27.22
2

PUGCE2

1,3-PrDOe

5.24g : 16g : 0.821g /0.0736g

27.71

3

PUGCE3

1,4-BDOf

5.24g : 16g : 0.972g /0.0736g

28.20

4

PUGCE4

1,5-PDOg

5.24g : 16g : 1.123g /0.0736g

28.68

5

PUGCE5

1,6-HDOh

5.24g : 16g : 1.274g /0.0736g

29.16

a4,4′-dicyclohexylmethane
e1,

3-propanediol;

f1,

diisocyanate; bpoly caprolactone diol; c chain extender; d1,2-ethanediol;
4-butanediol; g1, 5-pentanediol; h1, 6-hexanediol

3.9.2 Measurements
All samples were analyzed by techniques as described in section 3.7.3.

SECTION III

Nanocomposite based Shape Memory Polyurethanes
A series of hexamethylene (HDI), polycaprolactone diol (2000g/mol), 1, 4-butane diol
(BDO) with different nano fillers (nano diamond, nano graphite, nano carbon tube, nano
silica and nano clay) was synthezied. The structural, thermo-mechanical behavior, surface
properties and most important shape memory behavior of these composites has been
characterized.

Scheme 3.4: Synthesis of nanocomposites
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3.10. Synthesis and characterization of nanocomposite based shape
memory polyurethanes
3.10.1 Materials
Hexamethylene diisocyanate (HDI), 1,4-butanediol (BDO), CAPA 2200A, (Mn 2000 )
were used. All other materials and HDI were used as received. Nanocomposites include
nano diamond, ammonia modified nano carbon tube, nano graphite, nano silica and nano
clay (cloisite 15A, southern clay) were used.
3.10.2 Synthesis of nanocomposite
Nanocomposite based SM polyurethanes have been synthesized by taking PCL 2000
(1mmol) with desired amount of nano particle (0.5%) and mixing them for 3 hrs at 60 °C
(Haghayegh & Sadeghi 2012). Then the mixture of PCL and nanoparticles was mixed
with HDI (2mmol) at 100 °C for 2.5 hrs in the nitrogen inlet equipped reactor. The chain
extension reaction between prepolymer and 1,4-BDO (1mmol) was carried out at 90 °C
for 30 minutes. Subsequently, the specimens were kept in vacuum oven at 80 °C for 2448 hrs. Then, the pristine polyurethane and nanocomposite samples were compressed at
160-200 °C for 3 minutes to produce films with thickness of 1mm, which were later used
for the evaluation of shape memory and mechanical properties. Table 3.7 summarizes the
types of nano particles and their mole ratio.
3.10.3 Characterization
The FT-IR, 1H NMR, X-ray diffractograms, DSC, TGA and others analysis were
recorded as described above.

Table 3.7: The samples codes, molar ratio of the monomers in series of nanocomposite
based SMPU samples
Sr. NO.
Samples
Molar ratio of
Percentage of (%)
a
b
c
Code
(HDI /PCL /BDO )
nanocomposite
d
1
PPU
2:1:1
0.5
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2

PUNCTe

2:1:1

0.5

3

PUGRPf

2:1:1

0.5

4

PUCLYg

2:1:1

0.5

5

PUSILh

2:1:1

0.5

6

PUDMDi

2:1:1

0.5

aHexamethylene

diisocyanate; bpolycaprolactone diol; c1,4-butanediol; dpristine polyurethane;
carbon tube based polyurethane; fnano graphite based polyurethane; gnano clay based
polyurethane; hnano silica based polyurethane; inano diamond based polyurethane
enano

Chapter 4

RESULTS AND DISCUSSION
The present study was conducted to investigate the significance of use of polyols having
different molecular weight, various chain extenders, diisocyantes and nano-fillers on the
thermo-mechanical, structural composition, morphological and SM behavior of
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polyurethane elastomers. The main route of synthesis of final product consisted of two
steps, as presented in Fig. 4.1 (a & b).
The research work has been divided into three major sections, which are further
divided into sub sections to illustrate the range of prepared polymers. First section
consists of study of structure, nature and type of various polyols and chain extenders. In
the second section, comparable mole ratio of glycerin as chain extenders with diols has
been used to study its effect with increasing M.Wt of PCL and chain extenders. While the
third section is based on synthesis of nano filler incorporated polymers.

4.1 Section-I (A): Synthesis and characterization of H12MDI based
SMPUs having different molecular weight of polycaprolactone diol
extended with 1,2-ethanediol
4.1.1 Structure Characterization
FT-IR spectroscopy and NMR techniques were used to study of synthesized polymer
structure.
4.1.1.1 FT-IR spectral study
The present research was performed to know about the effect of varying molecular weight
on thermo-mechanical characteristic of SMPU1a-h by using polycaprolactone diol (PCL)
as flexible spacer. 1,2-ethanediol was used as chain extender in all samples. To get
isocyanate (−NCO) terminated (NTPU) prepolymer. In first step, 0.8 equivalent of PCL
was reacted with 2.0 equivalent of H12MDI. The prepolymer formed was reacted with 1.2
equivalents of 1,2-EDO as chain extender. The proposed structure of synthesized SMPU
confirmed

by

using

FT-IR

spectroscopy.

The

spectra

of

monomers

(4,4′-

dicyclohexylemethane diisocyanate (H12MDI), Polycaprolactone diol (PCL), isocyanate
terminated SMPU prepolymer, 1,2-ethane diol (EDO) chain extender and final PU
samples elastomers were taken in the range of 4000-750 cm-1 are presented in Fig. 4.2.
FT-IR spectra of H12MDI (Fig. 4.2a) shows at 2266 cm-1 for −NCO of 4,4′dicyclohexylemethane diisocyanate.
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Fig.4.1: Synthetic scheme of Shape Memory Polyurethane (SMPU) having
H12MDI, PCL and 1,2-EDO
(a) Step 1: Preparation of NTPU
(b) Step 2: Final proposed SMPU
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Fig.4.2: IR spectra of different monomers
The Fig.4.2b were showed as broad peak at 3736 cm-1 hydroxyle vibration stretching);
2945 cm-1 (CH2 asymmetric stretching); 2862 cm-1 (symmetric −CH2− stretching ); 1724
cm-1 (−CO stretching); in crystalline phase); 1240cm-1 ( asymmetric 1101 cm-1 (−C−O
and −C−C− stretching in the amorphous phase). The spectrum of isocyanate ended PU
prepolymer is presented in (Fig. 4.2c). the disappeared of OH signals 2854 cm1 (−CH−
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symmetric stretching of −CH2−); 1726 cm-1 indicate −C=O stretching of PCL). To get the
final PU 1,2-ethanediol (1,2-EDO) was used as chain extender. The FT-IR spectra of
EDO showed (Fig. 4.2d) a broad peak of OH stretching at 3736 cm-1. The FT-IR
spectrum of final PU (Fig. 4.2e) showed the disappearance of −NCO and −OH peaks at
2266 cm-1, 3736 cm-1 respectively, and emergence of −NH peak at 3325 cm-1 showed the
formation of shape memory polyurethane. The observed peaks indicate the predesigned
PU prepration. The FT-IR analysis supports the proposed structure of final polymer. The
FT-IR spectra of all SMPU1a-h (Fig. 4.3) −NH stretching at 3328-3770 cm-1. The CH
(symmetric and asymmetric) stretching of −CH2− groups were observed at 2850-2862
cm-1 and 2920-2935 cm-1, respectively. While other peaks were assigned as: 1698-1726
cm-1 (−C=O bond); is susceptible to molecular interaction between polymer chains; 15241521 cm-1 (−NH deformations); 1468-1448 cm-1 (−CH2− bending vibration); 1412 cm-1
(−CH− bending vibration); 1306 cm-1 (−CH2− wagging).

The intensity of

−NH

decreased as the molecular weight increased. Moreover, −C=O, the peak of urethane
carbonyl groups shifted from 1698 cm-1 to 1726 cm-1, this shift towards higher wave
number indicated the reducing level of hydrogen bonding observed as molecular weight
increased. The sharpness of peaks was observed to go on increasing by increasing
molecular weight of soft segment. SMPU1a
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Fig. 4.3: FT-IR Spectra of SMPUs by varying molecular weight of PCL (bottom to top)
SMPU1a (Mn: 400), SMPU1b (Mn: 750), SMPU1c (Mn: 1000), SMPU1d (Mn: 1250),
SMPU1e (Mn: 1600), SMPU1f (Mn: 2000), SMPU1g (Mn: 3000) and
SMPU1h (Mn: 4000) extended with 1,2-ethanediol (chain extender).
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having 400 g/mol PCL showed maximum hydrogen bonding and carbonyl peak at 1698
cm-1 (Barikani et al., 2008). The results of FT-IR spectrum concluded that the increased
length of soft segment had great affect on the morphological behavior of synthesized
polyurethane.
4.1.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
The molecular characteristic of the synthesized samples were evaluated by proton NMR
and 13C NMR. The NMR spectra of polyurethan with 1,2-EDO (SMPU1h), shown in Fig.
4.4 (a & b).the spectra of SMPU1h was in accordance. The 1H NMR spectra shown in
Fig. 4.4 (a) presented the following peaks: The signal for (s, NH) and at 1.27-1.78 ppm
were assigned for non aromatic cyclic protons. The peaks appeared at 1.28-4.0 ppm,
assigned the indicated the formation of polyurethane. The peaks
3.30 (s,2H); 1.52-1.47 (m, 4H) and regarding

13

8.0 ppm (s,NH); 3.78-

CNMR spectra in Fig. 4.4 (b); peaks at

173.1, 155.7 ppm (C=O); 49.2, 34.0 ppm (cyclic CH); 31.5, 28.8 ppm (cyclic CH2); 68.8,
64.2, 64.1,.63.9, 40.6, 40.4, 40.2, 40.0, 39.7, 39.5, 33.8, 28.6, 28.2, 25.7, 25.3, 24.6, 24.5,
21.7 ppm (CH2).
4.1.2 Thermal Characterization
4.1.2.1 Thermal Gravimetric Analysis (TGA)
The TGA evaluate the prepared polymers. The thermogravimetric curve were analyzed
relationships between the degrees of the physical cross-linking (Thomas et al., 2001). The
Fig. 4.5 showed the decomposition temperature of prepared SMPUs for different %age by
weight loss. It is clear from the available data that prepared samples have a regular trend
of thermal stability with significant difference of onset temperature, while, a little
difference of Tmax has also been observed. The temperature for different %age of weight
loss (onset, 5, 10, 20, 50% and max.) is presented in Table 4.1. It can be observed from
shifting of onset temperature from 231° to 277°C that the thermal stability of SMPUs
increases with the increasing PCL molecular weight, and the sample prepared with 4000
g/mol PCL has the maximum thermal
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Fig.4.4. NMR spectra
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Table 4.1: Thermal stability data of the shape memory polyurethane
PCLb/H12MDIa/EDOc PCL
(Mole ratio)
(MW)

Sr.
No

Sample
Code

Tonset
(°C)

T5

T10

T20

T50

Tmax

1

SMPU1a

0.8 : 2 : 1.2

400

231

291

306

322

348

591

2

SMPU1b

0.8 : 2 : 1.2

750

236

298

313

328

347

580

3

SMPU1c

0.8 : 2 : 1.2

1000

237

298

316

334

358

592

4

SMPU1d

0.8 : 2 : 1.2

1250

258

311

328

345

369

593

5

SMPU1e

0.8 : 2 : 1.2

1600

253

303

320

337

363

592

6

SMPU1f

0.8 : 2 : 1.2

2000

266

312

329

343

366

590

7

SMPU1g

0.8 : 2 : 1.2

3000

259

317

332

347

375

592

8

SMPU1h

0.8 : 2 : 1.2

4000

277

322

339

356

395

593

Tonset= initial decomposition temperature; T5 = temperature of 5% weight loss (from TGA);
T10= temperature 10% weight loss (from TGA); T20= temperature 20% weight loss (from TGA);
T50= temperature 50% weight loss (from TGA); Tmax= maximum decomposition temperature
(from TGA); a4,4′-dicyclohexylemethane diisocyanate; bPolycaprolactone diol;
c1,2-ethanediol;

stability.
The TGA studies showed that the degradation start at about 231 °C and ended at 593 °C
with formation of char. This phenomenon also suggested that more the soft segments
length, the more the intermolecular polar interaction.
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4.1.2.2 Differential Scanning Calorimeter (DSC)
The DSC was used to determine the thermal history of polymers. The Tg of the
amorphous phase control the shape fixity and recoverability (Negim et al., 2011). The
thermal behavior of each sample of shape memory polyurethane was studied by DSC.
Cooling and heating traces of DSC thermograms are shown in Fig. 4.6 and Fig. 4.7,
respectively. The Tg and Tc results for both cooling and heating scans, with their
respective enthalpies (∆H), are summarized in Table 4.2. The peaks of SMPU1a-SMPU1f
had Tg ranging from -55.69 to 70.29 °C with corresponding enthalpies (0.13 to 0.35 J/g).
The curve belonging to SMPU1g & SMPU1h showed Tg and Tc both in cooling and
heating scans (Fig. 4.6 & 4.7). In heating curve, SMPU1g showed transition peaks at 55.69 °C (Tg), -9.66 °C (Tc), and 42.72 °C (Tm), with corresponding enthalpies 0.315 ,
22.89 , and -42.43 J/g, respectively. While SMPU1h had 0.35 J/g, -42.43 J/g (∆Hm) heat
release for -53.74 °C (Tg) and 45.38 °C (Tm).

Fig. 4.6: Cooling DSC thermogram (10 oC/min) of SMPU samples

It was found that all SMPUs showed only one glass transition temperature (Tg) at
same position in both 2nd heating and 2nd cooling scan (Gu & Mather, 2012). The absence
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of any secondary transition in cooling scan indicates an amorphous region as well
(Singhal 2014). It was revealed that SMPUs with high molecular weight of PCL also
showed the crystallization transition (Tc) and melting transitions (Tm). The enthalpy
change of soft segments (∆Hm.s) was also increased with increasing PCL chain length,
because higher degree of crystallinity.

Fig. 4.7: 2nd heating DSC thermogram (10 oC/min) of SMPU samples

Moreover, the glass transition temperature (Tg) presented in Table 4.2 showed the
decreasing trend of the Tg with increasing M wt. of polycaprolactone diol. For example,
the Tg values obtained for SMPU1a-h; increasing molecular weight of PCL blocked
H12MDI were 70, 7.92, -11.46, -36.16, -38.41, -53.73, -55.69 and -53.74 °C. The
decreasing trend of Tg which in turn decreased the physical crosslinking (Shi & Wang,
2009).
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Table 4.2: Thermal transitions and corresponding enthalpies of shape memory
polyurethane
Sr.
Sample
Thermal transition (°C)with corresponding
No.
Code
enthalpy(J/g)
Tg (°C)

Tc.s (°C)

Tm.s (°C)

1

SMPU1a

70.29 (0.20)

-

-

2

SMPU1b

7.92 (0.168)

-

-

3

SMPU1c

-11.46 (0.131)

-

-

4

SMPU1d

-36.16 (0.190)

-

-

5

SMPU1e

-38.41 (0.28)

-

-

6

SMPU1f

-53.73 (0.131)

-

-

7

SMPU1g

-55.69 (0.315)

-9.66 (27.89)

42.72(-42.43)

8

SMPU1h

-53.74 (0.35)

-

45.38(-38.52)

4.1.2.3 Dynamic Mechanical Thermal Analysis (DMTA) Studies
The viscoelastic properties are the most important parameter for understanding the
molecular behavior of polymer. The Fig. 4.8 and Fig. 4.9showed storage modulus and tan
δ values as functions. The stiffness and elasticity of the final samples can be determined
by storage modulus, more over it is helpful to find out service temperature range also.
It is obvious from the Fig. 4.8 that increases in soft segments length resulted to
change in the thermal behavior SMPU. The polymer with lowest molecular weight of
PCL (SMPU1a) had low plateau modulus. This recommended that the molecular stiffness
of SMPU1a (͞Mn 400 g mol-1) was higher. The plateau modulus constantly improved with
rising PCL weight.
The SMPU1h showed higher plateau modulus and temperature range than SMPU1a; the
polymer increased with rising molecular weight of polyol. So it was feasible to use this
sample (SMPU1h) in a wide range. Below the Tg, the samples had almost the similar
value of storage modulus (Zia et al., 2008a). It is well identified that the glass Tg of soft
segments is attributed to α transition in tan δ curves (Fernandez et al., 2008).

54

The structural difference; i.e., lengths of soft segments have deep effects on the
mechanical behaviour. The Fig. 4.9 showed molecular weight of PCL The Tg is affected
by the structure like flexibility of chain and polarity of attached groups.
polyol (PCL) affected on damping peak and energy (Zia et al., 2008b). The Tgs of
the prepared polymer move toward lower temperature as the molecular weight increases.
The tan δ peak at about +70 °C (SMPU1a) shifted to -55 °C (SMPU1h) (Fig. 4.9). The
increase in crystallinity deals with increase in polyol weight.
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Fig. 4.8 DMTA analysis of SMPUs
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Fig. 4.9: Tan δ/Temperature curves of SMPU samples
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crystallinity (Wc) of the PU samples. Usually, tan δ is given by the following equation
(Myrayama 1978):
tan δ = Wc (tan δ)c + (1-Wc)( tan δ)a
tan δ ≅ Wc (1-Wc)( tan δ)a

4.1
4.2

4.1.3 X-ray diffraction studies
X-ray diffraction analysed the crystalline structure with increasing M. wt of
polycaprolactone diol (PCL). In segmented polyurethanes the degree of crystallinity and
phase separation of both segments can be studied. It was also found that phase separation
depends upon two phases. the crystallization tendency mainly depends on the molecular
weight of soft segment in these polyurethanes (Fig. 4.10). It has also been observed that
the peak localized at 2θ=20o, exhibited sharp peaks tendency, with Mwt. of PCL. It has
also been observed that SMPU1g and SMPU1h with M
͞ n 3000 and 4000 g mol-1,
respectively, have shown the higher and sharp peak intensities, leading to better packing
with higher degree of orientation (Zia et al., 2008).
The soft segments showed maximum crystallinity because of their stable
disposition of molecular structure.
the hard segments exhibited crystallinity only; when they are annealed, present at
high concentration and able to organize themselves. So the crystallinity of the present
study is due to soft segments,
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Fig. 4.10: X-ray diffractograms of SMPUs by varying molecular weight of PCL
(SMPU1a) 400; (SMPU1a) 750; (SMPU1c) 1000; (SMPU1d) 1250; (SMPU1e) 1600;
(SMPU1f) 2000; (SMPU1g) 3000 and (SMPU1h) 4000 g/mol PCL
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which has already been concluded in previous studies (Kovacevic et al., 1990 and 1993).
The increase in molecular weight of PCL does not involve any change in the chemical
properties of the material. However, it affect on the physical and thermomechanical
properties. The higher PCL weight leads to much stronger intermolecular forces leading
in turn to much higher melting point (Fig. 4.6 & 4.7). It is worth mentioning that sample
SMPU1g (3000 g mol-1) and SMPU1h (4000 gmol-1) have showed higher crystalline
pattern having high molecular weight of PCL as compared to other six samples
(SMPU1a-SMPU1f).
So it was concluded that the increasing molecular weight of PCL lead to increase
in the degree of crystallinity, which is associated with phase separation and showed shape
memory behavior of polyurethane samples.
4.1.4 Surface Characterization
4.1.4.1 Contact Angle Measurements
The contact angle was calculated to evaluate the hydrophilicity by using double distilled
water and diiodomethane. The contact angle was precisely measured between test liquid
and surface of PU film. The contact angle changes from 86.2 to 102.2o as the molecular
weight of PCL increased (Table 4.3), similar behavior of increasing in contact angle
values from 31.9 to 62.2o was observed using DIM test liquid (Fig. 4.11 (a)).
As it was observed the contact angles increased in case of both liquids from
SMPU1a to SMPU1h, its mean hydrophobicity of the synthesized polymer increased with
increasing chain length of soft segments.
The material (SMPU1h) with high crystallinilty showed high contact angle value
resulting highly hydrophobic material, while the material with less crystalline segment
shows less hydrophobic character.
Table 4.3 Measurment of contact angles
Sr. No.

Sample Code

Contact angle (θ) with water and diiodomethane
Double Distilled Water
Diiodomethane
Theta L(deg)

Theta R(deg)

Theta L(deg)

Theta R(deg)

1

SMPU1a

86.2

86.2

31.9

31.9

2

SMPU1b

86.7

86.7

33.2

33.2

3

SMPU1c

93.2

93.2

37.3

37.3

4

SMPU1d

97.8

97.8

40.5

40.5
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5

SMPU1e

98.7

98.7

45.9

45.9

6

SMPU1f

99.3

99.3

46.5

46.5

7

SMPU1g

101.1

101.1

47.9

47.9

8

SMPU1h

102.2

102.2

48.0

48.0

Fig. 4.11 (a): Contact angle of SMPUs
It looks that high crystallinity tend to show internal satisfaction of polar interaction
between ester groups of neighboring chain, which make the surface hydrophobic. So the
hydrophilic character of the SMPUs films reduces as molecular weight of polyols
increases. (Zia et al., 2008).
4.1.4.2 Surface Free Energy
The polar and dispersive portions TSE was considered by Wu’s method. The SE
decreases as the molecular weight of PCL increases (Table 4.4).
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Table 4.4: TSE calculated data by Wu’s method
Sr. No.

Sample
Code

Surface Free Energy
(Wu’s Method)
Polar Portion

Disperse Portion

1

SMPU1a

0.00

43.42

Total Surface
Energy(mN/m)
43.42

2

SMPU1b

0.65

37.54

38.19

3

SMPU1c

0.84

35.07

35.91

4

SMPU1d

1.02

32.22

33.24

5

SMPU1e

2.76

29.21

31.97

6

SMPU1f

1.99

28.32

29.31

7

SMPU1g

2.15

24.94

27.09

8

SMPU1h

2.74

22.32

25.06

The contact angle and surface energy by Butt et al., 2003).
cos θ = ᵞS-ᵞSL/ᵞL

4.3

So, it has been observed that the increasing the mwt of soft segment results inversely
proportional to surface energy (Fig. 4.11b) that is increasing free volume and chain
mobility in the synthesized polymer.
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Fig. 4.11 (b): SFE of SMPU films as a function of varying molecular weight of PCL

The linear regression data showed that 85.3% change of independent variable is due to
dependent variable. Also P-value (.001) find significant.

4.1.5 Evaluation of water absorption (%) and swelling behavior
The SMPUs like density, hardness and solvent (DMF) as function of time were
determined (Table 4.5). Moreover, the degradation period of polycaprolactone diol (PCL)
based polymer has also been studied because the bulk water and solvent ability of
absorption plays an important role on dimension stability of present series of SMPUs.).
The soft segments length and swelling actions was also in accordance with water
incorporation. The results revealed that the increasing molecular weight showed
increasing degree of crystallinity as it is directly proportional to stiffness and water
adhesion. On the other hand the SMPU samples showed high degree of absorption of
solvent as compared to water; the samples became swollen and lost its physical shape.
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Fig. 4.12: Water absorption of SMPU films
The SMPU1a has better resistance as SMPU1h, and this resistivity endlessly decrease as
the PCL increased. The physical properties and swelling data is presented in Table 4.6.
The Fig.4.12 showed the graphical representation of linear regression. The 87.3%
(R2) represent change of independent variable due to dependent variable. Moreover, the
P- value also find significant.
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Table 4.5: Hydrophillicity data of polyurethane elastomer films
Sr.
No

Samples
Code

Water absorption (%)
1st

2nd

3rd

4th

5th

6th

7th day

1

SMPU1a

0.433

0.439

0.444

0.443

0.443

0.443

0.443

2

SMPU1b

0.436

0.440

0.443

0.442

0.442

0.442

0.442

3

SMPU1c

0.440

0.442

0.443

0.443

0.443

0.443

0.443

4

SMPU1d

0.453

0.451

0.453

0.453

0.453

0.453

0.453

5

SMPU1e

0.452

0.453

0.456

0.456

0.456

0.456

0.456

6

SMPU1f

0.462

0.463

0.464

0.464

0.464

0.464

0.464

7

SMPU1g

0.468

0.469

0.469

0.469

0.469

0.469

0.469

8

SMPU1h

0.470

0.471

0.471

0.471

0.471

0.471

0.471

4.1.6 Morphological Characterization
For morphological analysis of polymer samples following important tools were
extensively used:
4.1.6.1 Scanning Electron Microscope (SEM)
In the segmented polyurethanes, thermodynamic inappropriateness between soft segment
and hard segment, microphase occurs and results in both matrix (Chen et al., 2007; Liua
et al., 2012). Even though the
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Table 4.6: Density, hardness and swelling data of synthesized films
Sr. Samples Density
Hardness
Solvent absorption (%)
No.
Code
1st
2nd
3rd
4th
5th
(g/cc)
(Shore A)
day

Day

Day

Day

day

6th

Equilibrium
degree of
swelling

Day

1

SMPU1a

1.089

89.2

0.433

0.449

0.456

degrade

2

SMPU1b

1.117

77.9

0.436

0.452

0.464

degrade

3

SMPU1c

1.124

80.6

0.440

0.461

0.469

degrade

Not

4

SMPU1d

1.126

85.4

0.453

0.469

0.472

degrade

detectable

5

SMPU1e

1.132

89.3

0.452

0.472

0.479

degrade

6

SMPU1f

1.134

90.1

0.462

0.476

0.479

degrade

7

SMPU1g

1.138

92.6

0.468

0.486

0.492

degrade

8

SMPU1h

1.142

95.7

0.470

0.494

0.501

degrade

66

The Fig. 4.13 represented SEM photographs of the prepared samples indicated the PCL
blocked H12MDI and 1,2-EDO chain extender. The SEM micrographs a low molecular
weight PCL (SMPU1a-SMPU1d) were exhibited immiscibility of polymer (Shi et al.,
2009).
There were no split clear phase; phase mixing was more pronounced and no
crystallinity was found, while smooth fractured surface with change in morphology was
observed with increasing length of soft segments i-e in higher molecular weight PCL
samples (SMPU1e to SMPU1h). It seems as the increasing length of soft segments
showed the clear domains of phase segregation in high resolution micrographs, which
have already been confirmed by DSC scans, where the crystallinity was found to increase
with the increasing length of SS. On that basis of following results, one of the samples
(SMPU1f) has been tested by AFM technique to visualize the microstructure.
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Fig. 4.13: Scanning electron images (SEM) of shape memory Polyurethanes
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4.1.6.2 Atomic Force Microscopy (AFM)
On the basis of above mentioned results of SEM, SMPU1f was selected as representative
sample to understand the dissimilarity in mechanical properties of domains on the surface
of synthesized polymer. The atomic force microscopy (AFM) was found applicable in
visualization of surface microstructure and polymer flexibility. In addition to the
topographical images, the phase segregation can also be observed.
The basic principle of tapping mode in AFM can be explained as; an oscillatory
contact formed with samples by a tip attached to cantilever. During this movement, the
interaction between the sample and the tip change the amplitude to the tip for its
oscillation to remain at same frequency. Next to the resonance frequency, the phase
angles of oscillation also vary.

Fig. 4.14: Three-dimensional AFM image of polyurethane sample (SMPU1f)
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To maintain best contact conditions, the oscillation frequency of the cantilever
was kept very close to the resonance frequency (Bar et al., 1997; Magonov et al., 1997;
Raghavan et al., 2000). The following high quality image was made from smooth surface
of specimen. The details about reaction conditions have been given in experimental
section. Fig. 4.14 presented a phase contrast, appeared with dark and bright distribution
within the sample. On the lower side a very bright spot was identified. The dark and
bright distribution in phase image is corresponding to the topography image (Fig. 4.14).
The height varied from ≈ 160 μm. It was found from nanoscope images that the average
domain size was 154 nm. The Fig. 4.14 showed clear images of soft and hard domains,
moreover the domain sizes and dispersity, shape, orientation, spacing, and uniformity in
space are uniquely extracted from AFM data. The color difference in the phase images
was attributed to the mechanical property differences of the domains. The abundance of
the bright shade in the phase images was considered to be due to the soft segment domain
(72.79%).
Phase imaging in AFM provide additional information about micro-phase
separation took place. An interpretation of phase images has necessarily to account for
influences of the topography. Our analysis showed that phase image can be compared
with other test results. Both thermal and surface morphological results revealed that there
was an increased of soft segment ratio with increasing molecular weight of polyol, which
infact was responsible for increasing degree of crystallinity as well as phase segregation.
Due to these facts, it was postulated that the aggregates on the phase image were
connected with polyol chains and hydrogen bonding between urethane groups.
4.1.7 Shape memory behavior
The vital parameter performance of the polymers. In this study, these parameters were
investigated as function of deformation conditions.

The shape recovery and shape

retention of polymer series Tm of soft segment. The shape recovery of series increased
from 79% of SMPU1a to 91% of SMPU1h (Table 4.7). Shape recovery was the lowest at
SMPU1a and slightly increased as molecular weight of PCL increased. The samples with
low molecular weight of PCL showed same recovery percentage after that with the
increasing length of soft segment the recovery rate increased, this improvement is due to
increase in crystallinity of polymer. This high value of shape recovery is competitive to
previous study (Beibei & Shuying 2013; Chung et al., 2009).
It was as high as that of the best SMPU (90%) and superior to the conventionally
cross linked SMPUs, SMPU1h can be classified as the best, as shape recovery above
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90% is very hard to reach compared to the previous excellent SMPUs (Beibei & Shuying,
2013; Chung et al., 2009). The reason for the surprisingly high shape recovery could be
because of longer PCL and its increasing flexible linking (Riley & Wallace, 1991). The
shape retention of prepared samples varied from 59 to 79%. As it can be experiential that
shape fixity increased in higher molecular weight PCL. The strain amplitude is correlated
to soft segment mobility (Lee et al., 2001).

Table 4.7: Cyclic tensile behavior of SMPU samples
Sr. No. Sample code
Shape recovery
Shape retention
(%)
(%)
1

SMPU1a

70

59

2

SMPU1b

75

62

3

SMPU1c

75

65

4

SMPU1d

78

69

5

SMPU1e

80

72

6

SMPU1f

86

75

7

SMPU1g

87

76

8

SMPU1h

91

79

Shape retention values were found to be decreased if the shape recovery force was
strong even at -50 oC. The shape retention of SMPU1h was less (79%) as compared to
shape recovery (91%), this decreased of shape retention did not discourage the
investigation of long chain soft segments SMPUs, because a recovery above room
temperature and a high shape recovery could be attained by high molecular weight PCL.
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4.2 Section I (B): Synthesis and characteristion of H12MDI based SMPUs
with different molecular weight of polycaprolactone diol and chain
extender length
This section covers the discussion of four series SMPU2a-h, SMPU3a-h, SMPU4a-h, and
SMPU5a-h. These series extended with different chain extenders, respectively. Moreover,
each series has different molecular weight of polycaprolactone diol including 400, 750,
1000, 1250, 1600, 2000, 3000 and 4000 gmol-1 (a-h) respectively.
4.2.1 Structure Characterization
The FT-IR spectra

of synthesized polymers having different molecular weight of

polycaprolactone diols from a-h (400, 750, 1000, 1250, 1600, 2000, 3000 and 4000 gmol1

), respectively; extended with 1,3-propanediol (SMPU2a-h); 1,4-butanediol (SMPU3a-h)

and 1,5-pantanediol (SMPU4a-h); 1,6-hexanediol (SMPU5a-h) presented in Fig.4.15 A &
B and Fig. 4.16 A & B, respectively. The structure of reactants and products has been
verified by FT-IR spectroscopy. The Fig.4.15 and Fig.4.16 presented only the final
polyurethanes

of

all

the

prepared

SMPUs.

the

FT-IR

spectra

of

4,4′-

dicyclohexylemethane diisocyanate (Fig. 4.1a), polycaprolactone diol (Fig. 4.1b), −NCO
terminated prepolymer (Fig. 4.1c) and 1,2-ethanediol (EDO) chain extender (Fig. 4.1d)
have already been presented in Fig.4.1. All the spectra taken in the range of 4000-75 cm-1.
The spectra have been labeled to highlight the peaks corresponding to the ester, urethane
and other functional groups. All the spectra of final polymers showed polymerization
reaction. The FT-IR analysis supports the proposed structure of final polymer. The peaks
of SMPU2a-h for were observed at 3326-3356 cm-1 −NH− stretching, the peaks located at
1651-1726 cm-1 assigned for carbonyl (−C=O bond), and the others observed peaks of
SMPU2a-h at 2851-2862 cm-1 and 2921-2935 cm-1 were assigned vibrations of −CH2−
groups, respectively (Zia et al., 2008). The −NH− stretching peaks observed for SMPU3ah at 3313-3369 cm-1, the −C=O bond were observed at 1712-1722 cm-1, and the peaks at
2850-2862 cm-1 and 2924-2936 cm-1 were allocated for −CH2 groups symmetric and
asymmetric stretching vibrations, respectively. The typical FT-IR spectra presented in
Fig. 4.15A did not showed –N=C=O peak in the region of 2266 cm-1 and only observed
principal vibrational regions: −NH− stretching (urethane groups) peaks at

3200-3480

cm-1, the urethane −C=O stretching peaks at 1702-1728 cm-1 and for −CH2− groups
(symmetric and asymmetric stretching vibrations) at 2854-2862 cm-1 and 2922-2933 cm-1
for SMPU4a-h.
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Fig. 4.15: FT-IR Spectra of SMPUs by increasing molecular weight of PCL
(A)
(B)

SMPU2a-h having 1,3-propanediol (chain extender)
SMPU3a-h having 1,4-butanediol (chain extender)

a (Mn:400), b (Mn: 750), c (Mn: 1000), d (Mn:1250),
e (Mn: 1600),f (Mn: 2000), g (Mn: 3000) and h (Mn: 4000 (gmol-1)
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Fig. 4.16: FT-IR Spectra of SMPUs by increasing molecular weight of PCL
(A)

SMPU4a-h having 1,5-pentanediol (chain extender)

(B)

SMPU5a-h having 1,6-hexanediol (chain extender)

a (Mn:400), b (Mn: 750), c (Mn: 1000), d (Mn:1250),
e (Mn: 1600),f (Mn: 2000), g (Mn: 3000) and h (Mn: 4000 (gmol-1)
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The peaks of SMPU5a-h for urethane −NH− stretching groups were allocated at 33233328 cm-1 −NH− stretching reported by Zia et al. (2014), the urethane carbonyl bond were
appeared at 1652-1725 cm-1, and the others observed peaks at 2851-2862 cm-1 and 29212935 cm-1 were assigned for −CH2− groupsrespectively ( Socrates, 1994). The other
observed peaks for all synthesized polyurethanes were assigned as: 1520-1524 cm-1
(−NH− deformations); 1442-1465 cm-1 (−CH2−); 1412-14.31 cm-1 1306-1362 cm-1
(−CH2− wagging). From above discussed peak values, it is cleared that all polyurethanes
have been synthesized successfully, the appearance of −NH− peaks showed complete
consumption of –NCO terminated prepolymers. It was observed from FT-IR spectra that
increasing molecular weight of polycaprolactone diol showed decreasing peak intensity of
−NH− stretching vibration. Further, the sharpness of urethane carbonyl peaks was
observed to go on increasing. The SMPU2a, SMPU3a, SMPU4a and SMPU5a (least
molecular weight) showed broad −C=O peaks, at 1651 1, 1712 , 1697 and 1652 cm-1,
respectively; indicating maximum hydrogen bonding. The extended length of PCL in
synthesized polymer down the series help the urethane group to get close and show better
interchain interaction which results in the shifting of carbonyl peaks from 1726 s to 1651
cm-1. The increasing mwt of SS representing the increasing intensities of carbonyl peaks,
correlated them increasing polarity of bonds. Coleman et al. (1986) also explained the IR.
All Fig. 4.15 and Fig. 4.16 has been inferred about synthesized polyurethane.
4.2.2 Thermal Characterization
4.2.2.1 Thermal Gravimeteric Analysis (TGA)
The thermal transitions of the synthesized SMPUs can be observed with corresponding
weight loss. The Fig. 4.17 showed regular trend of thermal stability in TGA curves at
different %age (on set, 5, 10, 20, 50 % and max.) weight loss. The polymer showed major
decomposition temperature was around at 350 °C. The loss of wt. at 250 is low, and with
increasing temperature ≈ 350 °C was triggered the large reduction in the weight
correspond to decomposition of soft and hard segments, respectively (Kausar et al.,
2010). The Table 4.8 represents the thermal data of polyurethanes based on different
molecular weight of polycaprolactone diols (͞Mn 400, 750, 1000, 1200, 1600, 2000, 3000
and 4000 g/mol) extended with 1,5-pentanediol (chain extender). There was found an
encouraging change on thermal stability of onset temperature with increasing molecular
weight of soft segments (PCL) while no significant change was observed in Tmax. It has
been revealed that the thermal stability increased with increasing soft segment length. The
increasing chain length of chain extenders also imparts a positive effect on stability when
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results were compared with section 4.1.2.1. It has been inferred that synthesized samples
start degradation at range of 251-283 °C and polymers having 4000 g/mol molecular
weight PCL, showed highest thermal stability, and considered as the most stable one.

Fig. 4.17: Comparative presentation of % age weight loss of increasing molecular weight
of PCL extended with 1,5-pentanediol chain extender
a-h : Molecular weight of PCL (400, 750, 1000, 1250, 1600, 2000, 3000 and
4000 gmol-1)
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Table 4.8: Thermal stability data of the shape memory polyurethane (SMPU4a-h)
Sr. No.

Sample
Code

PCLb/H12MDIa/PDOc

Polyol

(Mole ratio)

(MW)

Tonset
(oC)

T5
(oC)

T10
(oC)

T20
(oC)

T50
(oC)

Tmax
(oC)

1

SMPU4a

0.8 : 2 : 1.2

400

251

306

319

333

354

594

2

SMPU4b

0.8 : 2 : 1.2

750

254

308

319

332

352

595

3

SMPU4c

0.8 : 2 : 1.2

1000

256

316

328

342

369

594

4

SMPU4d

0.8 : 2 : 1.2

1250

254

308

318

332

354

601

5

SMPU4e

0.8 : 2 : 1.2

1600

262

314

326

341

365

594

6

SMPU4f

0.8 : 2 : 1.2

2000

260

309

319

331

351

592

7

SMPU4g

0.8 : 2 : 1.2

3000

273

317

330

347

367

595

8

SMPU4h

0.8 : 2 : 1.2

4000

283

319

335

354

376

593
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4.2.2.2 Differential Scanning Calorimeter (DSC)
DSC was used to analyze the thermal history in synthesized polymers. The glass
transition (Tg) was important factor to understand the shape memory behavior of
synthesized polyurethanes. Shape fixity and recoverability can be identified by glass
transition of the amorphous phase (Negim et al., 2011), as it is responsible to understand
the shape memory behavior of polymers. The available data showed important alteration
of glass transition temperature and degree of crystallinity with increasing molecular
weight of soft segments as well as increasing length of chain extenders.
Differential Scanning Calorimeter (DSC) studied the thermal behavior of each
sample as glass transition temperature and degree of crystallization of polyurethanes in
both cooling and heating scans Fig. 4.18 and Fig. 4.19. The glass transition and
crystallization temperature of all SMPUs (SMPU2a-h, SMPU3a-h, SMPU4a-h and
SMPU5a-h) are reported in Table 4.9. The data presented Tg, Tc and Tm of thermally
aged 2nd heating and cooling scans of all samples of polyurethanes based on increasing
molecular weight of PCL and increasing –CH2 group in chain extenders (Table 4.9).
The glass transition (Tg) peaks of SMPU2a-h extended with 1,3-propanediol had
range from -55.72° to 54.44 °C with corresponding enthalpies ranging from 0.168 to 0.34
J/g. The thermograms belonging to SMPU2g & SMPU2h also showed crystallization (Tc)
and melting transitions (Tm) both in cooling and heating scans as well (Fig.18a & 18b).
The 2nd heating scans of SMPU2g showed transition peaks; (Tc) at -24.64 °C, with
corresponding enthalpic change (∆Hc) of 22.01 J/g and melting transition (Tm) at 43.03
°C and -29.26 J/g (∆Hm). The SMPU2h showed Tc and Tm at -28.36 and 46.3 °C,
respectively. The ∆Hc and ∆Hm were 26.31

and -41.24 J/g, respectively. The

polyurethanes that have been synthesized by using 1,4-butanediol chain extender
(SMPU3a-h) showed, exotherms ranging from 0.131 to 0.5 J/g and observed Tg between
-53.54 to 64.49 °C . The PU samples having high molecular weight PCL (SMPU3 and
SMPU3h), showed

Tc at -10.86 °C, -5.16 °C, had 27.89 J/g, 36.33

J/g, (∆Hc),

respectively. While the melting transitions (Tm) observed at 42.1, and 45.38 °C having
3.12 , -42.43 J/g (∆Hm) for SMPU1g and SMPU1h, respectively.
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Table 4.9: Thermal transitions and corresponding enthalpies (2nd heating scans) of H12MDI based SMPUs having different molecular
weight polycaprolactone diol (PCL) extended with different chain extenders
Sr. No.

M.Wt
of
PCLa

1

400

2

750

3

1000

4

1200

5

1600

6

2000

7

3000

8

4000
a

1,3-propanediole
Tgb
Tmd
54.44
(0.168)
14.54
(0.17)
-2.0
(0.17)
-28.74
(0.198)
-42.18
(0.26)
-44.53
(0.275)
-54.30
(0.29)
-55.72
(0.34)

-

-

-

-

-

-

-

-

-

-

-

-

-24.64,
(22.01)
-28.36
(28.31)

43.03
(-29.26)
46.31
(-41.24)

Thermal Transition (°C) with corresponding enthalpy(J/g)
1,4-butanediolf
1,5-pentanediolg
Tg
Tc
Tm
T
Tc
Tm
64.49
(0.131)
6.92
(0.178)
-16.46
(0.190)
-36.26
(0.31)
-40.21
(0.315)
-50.73
(0.35)
-51.23
(0.41)
-53.54
(0.50)

-

-

-

-

-

-

-

-

-

-

-

-

-10.86
(27.89)
-5.16
(36.33)

42.1
(-38.12)
45.38
(-42.43)

49.54
(0.127)
19.19
(0.171)
-12.84
(0.19)
-27.82
(0.216)
-39.15
(0.24)
-43.10
(0.277)
-54.11
(0.29)
-54.67
(0.34)

-

-

-

-

-

-

-

-

-

-

-

-

-5.01
(34.54)
-3.86
(34.93)

43.33
(-35.40)
46.78,
(-43.78)

Tg
41.62
(0.12)
-0.88
(0.16)
-15.69
(0.196)
-31.22
(0.24)
-36.31
(0.34)
-46.91
(0.37)
-54.95
(0.398)
-58.10
(0.882)

Polycaprolactone diol; bGlass transition temperature; cCrystallization temperature; d Melting temperature ; e, f, g & h chain extenders
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1,6-hexanediolh
Tc
Tm
-

-

-

-

-

-

-

-

-

-

-

-

-26.81
(34.23)
-28.37
(35.02)

42.65
(-29.71)
46.18
(-45.20)

The SMPU4a-h extended with 1,5-pentanediol chain extender showed Tg ranging from
-54.1 to 49.54 °C with corresponding enthalpies ranging from 0.18 to 0.35 J/g. The
SMPU4g (3000 g/mol) and SMPU4h (4000 g/mol) also showed crystallization (Tc) and
melting transition (Tm). The 2nd heating curves (SMPU4g) showed transition peaks at
-5.01 °C (Tc), -43.33 °C (Tm), had 34.54 J/g (∆Hc) and -35.40 J/g (∆Hm), respectively.
While SMPU4h showed Tc and Tm at -3.86, 46.78 °C with corresponding enthalpies
34.93 and -43.78 J/g, respectively. The shape memory polyurethanes that’s having 1,6hexanediol chain extender (SMPU5a-h), showed same trend of glass transitions with
increasing molecular weight of soft segments as discussed in Table 4.9. The synthesized
polymers had -54.95 to 41.62 °C glass transition temperature and heat of fusion range
from 0.12 to 0.88 J/g, respectively.
The DSC scans of SMPU5 also showed crystallization and melting transitions in addition
to glass transition temperature for high molecular weight polycaprolactone diol including
SMPU5g (3000 g/mol) and SMPU5h (4000 g/mol). The observed peaks for SMPU5g
were Tc & Tm at -26.81 and 42.65 °C, having enthalpy change 34.23, -29.71 J/g,
respectively. Whereas SMPU5h had -28.37 °C (Tc) and 46.18 °C (Tm) with
corresponding enthalpies 35.02 J/g (∆Hc) and -45.20 J/g (∆Hm). It was observed from
above discussed results that all SMPUs showed only one glass transition temperature (Tg).
The Tgs for all samples were have showed decreasing trend with increasing molecular
weight of soft segments. The low M wt. PCL (400 g/mol) showed high glass transition
temperature because the hard segment was dominating due to short soft segments length
and has less conformational freedom. As it can be observed contrasting to 3000 and 4000
gmol-1 molecular weight of PCL samples, no crystalline chains did not form well define
phase.
The DSC analysis did not show the phase separation and exhibited the more phase
mixing; the main restriction of crystallization is due to the reduced chain mobility
(Momtaz et al., 2014). Gu and Mather (2012) and Singhal et al. (2014) presented the
similar results as, the presence of single glass transition temperature (Tg) and absence of
any secondary transition, in lower molecular weight PCL samples, indicated apparent
compatibility segments in the amorphous region.
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Fig.4.18a: DSC cooling scan of H12MDI based SMPU2a-h extended with
1,3-propanediol

Fig.4.18b: DSC 2nd heating scan of H12MDI based SMPU2a-h extended with
1,3-propanediol
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Fig.4.19a: DSC cooling scan of H12MDI based SMPU4a-h extended with
1,6-hexanediol

Fig.4.19b: DSC 2nd heating scan of H12MDI based SMPU4a-h extended with
1,6-hexanediol
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In theis series, the crystallization as well as melting transitions of soft segments were
observed in 2nd heating scans of SMPUs, having high molecular weight PCL (3000 &
4000 g/mol). The soft segment of these synthesized polymers was suggested to be long
enough for the formation of crystallites. The results are also supporting the reported
literature (Pego et al., 2003; Liow et al., 2011). It was inferred that the increasing
molecular weight of polycaprolactone diols is responsible for increasing soft segments
length, these results are supporting the reported work (Shi et al., 2009).
It was observed that the even number chain extenders (1,2-EDO, 1,4-BDO, 1,6HDO) showed high Tg as compared to odd number chain extenders( 1,3-PrDO, 1,5-PDO)
as reported in literature ( Zuber 1992 ). This is because the even number chain extenders
showed better alignments of molecular chains and conformational orientation for packing
hard segments (HS) as compared to odd number which may undergo orientation.
4.2.2.3 The Dynamic Mechanical Thermal Analysis Studies
The Dynamic Mechanical Thermal Analyzer DMTA data of series of SMPU2a-h,
SMPU3a-h, SMPU4a-h and SMPU5a-h having different molecular weight of
polycaprolactone diosl, respectively extended with series of alkane diols; i.e., 1,3-PrDO,
1,4-BDO, 1,5-PrDO and 1,6-HDO as chain extenders. The results have been presented
against storage modulus and tan δ (Fig. 4.20 & 4.21), respectively. It is noticeable from
results that there was a regular change in thermal transitions on the basis of increasing
molecular weight of soft segments of all synthesized polymers. It is worth to mention that
the storage modulus is helpful in determining stiffness and elasticity of SMPUs.
Moreover, the effect of change of chain extender as increasing hard segment percentage
(chain extender length) can also be observed.
The increasing molecular weight of polycaprolactone diol is responsible for
increasing soft segments contents and it has already been discussed in detail (section
4.1.2.3). Where the lowest molecular weight PCL (SMPU1a) showed obviously low temp.
and mudolus. It was noticed that the increasing molecular weight of PCL increased the
storage modulus of polymers.
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Fig. 4.20: Storage Modulus/Temperature curves of SMPUs having different molecular
weight of polycaprolactone diol and chain extenders
(a)Mn=400; (b) Mn=750; (c) Mn=1000; (d) Mn=1250; (e) Mn=1600; (f) Mn=2000;
(g) Mn=3000; (h) Mn=4000 gmol-1
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Fig. 4.21: Tan δ/Temperature curves of SMPU samples.having different molecular
weight of polycaprolactone diol and chain extenders

(a)Mn=400; (b) Mn=750; (c) Mn=1000; (d) Mn=1250; (e) Mn=1600; (f) Mn=2000;
(g) Mn=3000; (h) Mn=4000 gmol-1
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The decreasing peak intensity of –NH bonds and increasing sharpness of carbonyl peaks
explained the increasing length of soft segments led to increase the intermolecular
interactions.
The increasing molecular weight of polyol showed a trend of decreasing damping
peak intensity as well as decreasing Tg in modulus and delta peaks (Fig. 4.20 and 4.21 )
which can be justified by DSC results also, which showed decreasing trend of Tg and
increasing degree of crystallinity. The comparison between SMPU2a, SMPU3a,
SMPU4a and SMPU5a (lowest molecular weight of PCL) high molecular weight
polyols (Fig. 4.20). In terms of increasing molecular weight, the results are well
supported by the literature (Zia et al., 2008a). All samples showed alike trend with
increasing molecular weight of the soft segments. So it was inferred that all the
synthesized polymers including SMPU2a-h, SMPU3a-h, SMPU4a-h and SMPU5a-h
showed the similar behavior with a little change. By the DMTA analysis, the transition
rubbery plateau that are called subtle changes in the material can be calculated. The
crystallinity and orientation has profound effects on the dynamic mechanical properties.
The study of the tan δ curves of all series extended with different chain extenders,
having increasing molecular weight of PCL showed appearance of the glass transition
within broader temperature range. The increase in molecular weight of PCL in all samples
SMPU2a-h, SMPU3a-h, SMPU4a-h, and SMPU5a-h, resulted in decrease in peak
intensity and increase in broadening of the peaks (Fig. 4.21), with a small change in tan δ
value over a wider range of temperature. The decreasing intensity of damping peaks is the
increasing crystallinity of soft segments (Lee et al., 2001; Myrayama 1978).
It is well known that tan δ is the ratio of Eʺ/Eʹ. The structure of polymer, the
flexibility of molecular chain and polarity of attached groups were affected by the number
of repetitive molecular chain and representing in the form of Tg. As already discussed, the
damping peak (tan δ peak) height; the increasing soft segment contents with their
dependence on glass transition temperature phenomenon were found to be similar and are
supported by the literature (Zia et al., 2008b). On the other side, the change in chain
extenders in different series showed a little change in stiffness and transitions but showed
a regular trend. The results of DMTA of all the series were supported the DSC results and
showed transitions and crystallinity behavior which is helpful in identifying the shape
memory behavior of polyurethane samples.
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4.2.3 X-ray diffraction studies
The changes in crystalline structure of polyurethanes having different molecular weight of
polycaprolactone diol and 1,2-ethanediol chain extender have been discussed in section
4.1.3. The degree of crystallinity and phase separation of soft and hard segments of
SMPU2a-h, SMPU3a-h, SMPU4a-h, and SMPU5a-h, have also been studied by X-ray
diffraction analysis to understand the increasing effect of polyol molecular weight as well
as change in hard segments length by using different chain extenders. It was observed that
phase

separation

depends

upon

the

structural

regularity

and

thermodynamic

incompatibility of soft segment and also the crystalline.
It was observed, (Fig. 4.22 and Fig. 4.23) that the intensities of the peaks localized
at 2θ=20o go on increasing with increasing molecular weight of PCL, generating enhanced
distinct peaks in all SMPUs. The phase segregation, soft segments mobility and chain
orientations within polymer structure depend on chain length of both hard and soft
segments. The soft segments behavior was similar in SMPUs that the trends of increasing
intensities of peaks with increasing molecular weight of PCL as discussed in section 4.1.3.
We can conclude that in all samples having 4000 gmol-1 PCL showed the higher and
sharper peaks.
4.2.4 Surface Characterization
4.2.4.1 Contact Angle Measurements
The measurements are helpful in determining surface changes between liquid and surface
of synthesized polymer, in the form of hydrophilicity / hydrophobicity. In present work
two test liquids, water (polar) and diiodomethane (nonpolar), have been used. The contact
angles of SMPU2a-h extended with 1,3-propanediol (chain extender), SMPU3a-h (1,4butanediol), SMPU4a-h (1,5-pantanediol) and SMPU5a-h (1,6-hexanediol) have been
summarized in Table 4.10.
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Fig. 4.22: X- ray diffractograms of SMPUs by varying molecular weight of PCL
SMPU2a-h (1,3-propanediol chain extender)
SMPU3a-h (1,4-butanediol chain extender)
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Fig. 4.23: X-ray diffractograms of SMPUs by varying molecular weight of PCL
SMPU4a-h (1,5-pentanediol chain extender)
SMPU5a-h (1,6-hexanediol chain extender)
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The synthesized shape memory polyurethane extended with 1,3-propanediol (SMPU2a-h)
is characterized by contact angle values ranging from 84.1 to 103.2o and 32.3 to 50.0o for
water and diiodomethane, respectively. The contact angles values for SMPU3a-h (1,4butanediol) ranges from 88.6 to 105.2o for water and 35.8 to 51.9o for diiodomethane. The
SMPU4a-h (1,5-pentanediol) showed ranges of contact angles from 89 to 107o for water
and 39.8 to 58.8o for diiodomethane. While contact angles values for SMPU5a-h (1,6hexanediol) ranges from 90 to 107o for water and 43.6 to 60.9o for diiodomethane. It was
observed from the data presented in Table 4.10 that the contact angles increased in case of
both liquids (water and diiodomethane) for all the prepared series (SMPU2a-h, SMPU3ah, SMPU4a-h and SMPU5a-h) with increasing molecular weight of PCL, its mean
hydrophobicity of the synthesized polymers increased with increasing chain length of soft
segments. The SMPU2h, SMPU3h, SMPU4h and SMPU5h, having CAPA 2403A (4000
g/mol) showed maximum contact angle. They have maximum long flexible chain; more
conformational freedom is incorporated in PU films, resulting less restriction in
movement of hard segments as compared to low molecular weight PCL.
This observable fact might be because of interaction of neighboring molecules in
polymer chain. So, the chance of availability of polar groups on the surface will be
reduced. Moreover, the hard segment carrying polar group, resulting the movements of
hard segments are more limited.
4.2.4.2 Surface Free Energy
The surface tensions of SMPU2a-h, SMPU3a-h, SMPU4a-h and SMPU5a-h have been
calculated with their polar and dispersive portions by Wu’s method (Wu 1971). In this
section, both the increasing effect of soft and hard segments on surface free energy has
been discussed. It was found that surface energies for all series decreases with increasing
the molecular weight of polyol. The results are summarized in Table 4.11. This effect is
due to fact that the decrease in surface energy lead to increase in contact angle.
So it was inferred that with the increasing weight of soft segment results in
decreasing surface energy, similar as presented in section 4.1.4.2. The increasing soft
segments length tends to increased free volume and chain mobility in the synthesized
polymer. In addition to this it was also observed that the polar portion is less as compared
to dispersive. While in case of increasing –CH2 units in chain extender has been discussed
later.
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Table 4.10: contact angle measurements with different test liquids, increasing mlecular weight of PCL and chain extenders
Sr.
No.

Contact angle (θ) with water and diiodomethane
SMPU3a-h
SMPU4a-h

SMPU2a-h
DDW

DIM

DDW

DIM

DDW

SMPU5a-h

DIM

DDW

DIM

1

84.1

84.1

32.3

32.3

88.6

88.6

35.8

35.8

89.0

89.0

39.8

39.8

86.0

86.0

38.6

38.6

2

87.4

87.4

35.9

35.9

89.7

89.7

36.8

36.8

89.9

89.9

45.8

45.8

86.9

86.9

44.6

44.6

3

88.3

88.3

38.3

38.3

91.2

91.2

41.7

41.7

90.0

90.0

47.8

47.8

89.2

89.2

46.8

46.8

4

89

89

40.9

40.9

91.5

91.5

42.6

42.6

94.4

94.4

48.6

48.6

91.4

91.4

48.1

48.1

5

89.3

89.3

46.4

46.4

91.7

91.7

45.5

45.5

94.5

94.5

50.7

50.7

93.2

93.2

49.7

49.7

6

94.3

94.3

48.9

48.9

92.3

92.3

48.9

48.9

95.5

95.5

54.8

54.8

94.2

94.2

50.5

50.5

7

94.6

94.6

50.6

50.6

93.8

93.8

50.7

50.7

103.5

103.5

55.1

55.1

98.9

98.9

52

52

8

103

103

50

50

105.2

105.2

51.9

51.9

107

107

52.8

52.8

108

108

54.9

54.9

DDW double distilled water
DIM
diiodomethane
Chain extender s
a-h molecular weight of polycaprolactone diol (400, 750, 1000, 1200, 1600, 2000, 3000 and 4000 g/mol, respectively
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Table 4.11: Variation of surface energies with different test liquids, increasing molecular weight of PCL and chain extenders
Sr.
No.
1
2
3
4
5
6
7
8

Surface Free Energy (Wu’s Method)

1.05
1.74
1.09
6.11
0.84
1.00
2.72
2.99

39.96
37.60
33.94
29.55
33.28
33.05
30.30
22.98

41.01
39.34
35.84
35.66
34.11
34.05
33.02
25.97

1.05
0.45
1.11
0.89
1.32
0.97
2.24
3.01

41.18
41.66
38.74
38.28
33.71
31.50
28.69
21.79

42.32
42.11
39.86
39.17
35.04
32.47
30.93
24.80
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0.74
0.43
0.64
0.70
1.67
2.32
0.13
3.45

42.12
36.58
35.49
35.05
33.88
31.39
29.50
21.2

42.86
37.01
36.14
35.75
35.55
33.71
29.62
24.65

2.53
1.69
1.42
1.27
0.37
1.60
1.13
3.96

44.42
43.32
36.92
34.05
33.88
30.39
29.53
20.49

46.95
45.01
38.34
35.32
34.25
31.99
30.66
24.45

4.2.5 Morphological Characterization
SEM and AFM techniques were used for morphological analysis of polymer.
4.2.5.1 Scanning Electron Microscope (SEM) Analysis
The SEM images were taken to investigate the micro-morphology of synthesized shape
memory polyurethanes (SMPUs) having different molecular weight of PCL and chain
extenders. The SEM images (Fig. 4.24; 4.25; 4.26; 4.27) represented homogeneous
morphology without any deformation. This indicated good compatibility of monomers and
inter-crosslinking reaction between the reactants. The SEM micrographs of low molecular
weight of PCL (SMPU2a-d, SMPU3a-d, SMPU4a-d and SMPU5a-d) were exhibited
immiscibility of polymer chains without any phase separation and crystallinity as presented in
section 4.1.6. However, clear phase separation has been observed in SMPU2e-h, SMPU3e-h,
SMPU4e-h and SMPU5e-h with increasing soft segments length, which seemed will certainly
help to studying the mechanical properties, degree of crystalline as well as shape memory
behavior in prepared polymers. So, SMPU5e-h showed better biphase segregation than
SMPU2e-h. These obtained results show accordance with those of previous findings (Liua et
al., 2012; Zia et al., 2014), which complete the thermodynamically incompatibility b/w
segments.
The fractured surface of the samples showed rugged surface and clear domains of
hard and soft segments as phase segregation with increasing both increasing trends of PCL
molecular weight as well as chain extenders length, suggesting interfacial bonding within
polymers.
4.2.5.2 Atomic Force Microscopy (AFM)
The AFM micro-structure in some representing SMPUs (SMPU2h, SMPU3h, SMPU4h and
SMPU5h). It is well known that AFM study elucidate the structural morphology at nano-scale
levels. The morphology of synthesized samples haveing different proportion of soft and hard
segments was imaged using contact mode AFM. The incongruity between both hard and soft
segments causes phase division, which is influenced by segmental length, hydrogen bonding
and

crystallization

level

(Culin
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et

al.,

2004).

Fig.4.24: Scanning electron images (SEM) of SMPUs extended with 1,3-propanediol
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Fig.4.25: Scanning electron images (SEM) of SMPUs extended with 1,4-butanediol
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Fig.4.26: Scanning electron images (SEM) of SMPUs extended with 1,5-pantanediol
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Fig.4.27: Scanning electron images (SEM) of SMPUs extended with 1,6-hexanediol
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(SMPU2h)

(SMPU3h)

(SMPU4h)

(SMPU5h)
Fig. 4.28: Three-dimensional AFM image of SMPU samples having 4000 g/mol
PCL. SMPU2h, SMPU3h, SMPU4h and SMPU5h extended
with chain extenders
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The images presented in Fig. 4.28 have same PCL (4000 g/mol) but different CEs as
hard segments (HS). In the present study, the final morphology of SMPUs films can be
visualized in Fig. 4.28. In these phase images, the darker regions correspond to soft
segments (PCL) and lighter domain or crystalline region in polyurethanes (Klinedinsta
et al., 2005). All SMPUs can be visualized for the microphase structures as roughness
gradient of 209, 154, 240 and 425 nm for SMPU2h, SMPU3h, SMPU4h and SMPU5h,
respectively.
The samples exhibited the Tg decreasing continuously and showed crystallinity with
increasing molecular weight of soft segments. Moreover, increasing trend of hard
segments (chain extender length) showed approximately same and similar high domain
phase separation.
4.2.6 Shape memory behavior
With reference to shape memory behavior, shape fixity is significant tool to determine
the existence of temporary shape. Both crystallization and vitrification are responsible
to achieve temporary shape by fixing a phase or component (Armstrong et al., 2014).
In present study, the shape fixity of, a range of polymers has been calculated by
temperature control tensile tester. The samples (SMPU2a-h, SMPU3a-h, SMPU4a-h
and SMPU5a-h) having PCL as soft segments, enables to maintain temporary shape
below its melting temperature (60o) because at 60o the PCL begin to melt and soften,
thus losing the strength to prevent shape recovery. The temperature of chamber kept
below Tm of PCL.

The examination of the shape fixity data showed a correlation

between increasing molecular weight of PCL and fixity ratio. The fixity of SMPU2a-h
and SMPU3a-h extended with 1,3-propanediol and 1,4-butanediol vary from 66-79 and
45-80%, respectively; with increasing molecular weight of soft segments. Same
increasing trend has been observed in SMPU4a-h (64-83%) and SMPU5a-h (65-83%) ,
respectively. It was experimental, as weight of PCL improved the fixity gradually
increased for all the SMPUs series. The results are summarized in Table 4.12. A
significant increase in fixity observed in SMPU4a-h and SMPU5a-h, while SMPU4h
(83%) and SMPU5h (83%) showed maximum shape fixity ratio as compared to other
samples. The polymers with low soft segments ratio showed less fixity ratio with
almost all chain extenders. It notified that the fixity ratio high PCL molecular weight as
well as with increasing –CH2 group in chain extenders. The best results of fixity have
been observed with 4000g/mol polycaprolactone diol (79, 80, 83 and 83%) for polyol,
chain extender, respectively.
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It is also desirable for shape memory polymers to demonstrate 100% shape
recovery; however, this is not generally the case, particularly for thermoplastic SMPs.
This may result from weak networks that either rearrange or break during deformation.
In present study, a competitive high data for shape recovery has been achieved as
previously reported (Du et al., 2013; Beibei & Shuying 2013; Chung et al., 2009).
Shape recovery data given in Table 4.12 also showed increasing recovery trend with
increasing soft segments ratio. The results showed a relationship between recovery ratio
and soft segments length.
The recovery %age for polymers extended with 1,3-propanediol and 1,4butanediol were 76-92 and 50-93%, respectively, with increasing molecular weight of
PCL. The shape recovery ratio of SMPU4 & 5 (1,5-pantanediol and 1,6-hexanediol
chain extenders) varied from 65-95 and 77-95%. It was inferred that the recovery %age
slightly increased as molecular weight of PCL increased. It was experimental recovery
percentage increased with the increasing length of soft segment and it can be correlated
with results as presented in section 4.1.7, and the polymers with high molecular weight
PCL showed best shape recovery, this improvement is due to increase in crystallinity of
polymer.
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Table 4.12: Cyclic tensile behavior of SMPU samples, having different molecular weight of PCL and chain extenders
Sr.
No.

Sample Molecular
code

SMPU2

SMPU3

SMPU4

SMPU5

weight of
PCL

Shape

Shape

Shape

Shape

Shape

Shape

Shape

Shape

recovery

retention

recovery

retention

recovery

retention

recovery

retention

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

1

a

400

-

-

50

45

-

-

-

-

2

b

750

-

-

-

-

65

64

77

65

3

c

1000

76

66

-

-

78

68

-

-

4

d

1250

79

69

79

69

79

70

79

72

5

e

1600

81

73

81

73

83

75

79

75

6

f

2000

89

76

90

77

90

79

89

79

7

g

3000

90

77

92

79

94

80

96

85

8

h

4000

92

79

93

80

95

83

95

83
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The SMPUs having 4000 g/mol CAPA showed maximum shape recovery (92, 93, 95
and 95%) with increasing ratio of hard segments . These results of shape recovery are
better than the previous study, where the SMPUs having above 90% shape recovery can
be classified as the best. The reason for the surprisingly high shape recovery could be
due to incorporation of longer PCL and its increasing flexible linking (Riley & Wallace,
1991).

4.3 Section I (C): Synthesis and characterization of H12MDI based
SMPUs by varying chain extenders nature
It is clear from sections 4.1 and 4.2 that all the characterizations are supporting that the
increasing molecular weight of polymers and the polyurethanes having 4000 g/mol PCL/
H12MDI showed best results with all chain extenders. Keeping in view the above results,
a series has been prepared to study the hard segments effects of H12MDI based
synthesized polymers extended with different CEs
4.3.1 Structure Characterization
The FT-IR spectroscopic technique was used to characterize, H12MDI/CAPA2403A
(4000 g/mol) based polymers (PUCE1-7). The synthesized pre-polymer (Fig .4.2) was
extended with different alkane diols to prepare final products. The FT-IR spectra of
monomers (H12MDI, PCL, 1,2-ethanediol and –NCO terminated pre-polymer) have
already been presented in Fig. 4.2. Moreover, structure characterization by 1HNMR and
13

CNMR of SMPU1h having H12MDI/ PCL(4000 g/mol)/1,2-ethanediol, based shape

memory polyurethane has already been discussed and presented in section 4.1.1.2 (Fig.
4.4).
All FT-IR spectra of final products with HSC (1,2-EDO, 1,3-PrDO, 1,5-PDO,
1,8-ODO and 1,10-DDO) have presented the disappearance of –NCO and –OH
absorption peaks at 2270 and 3736 cm-1, respectively; along with appearance of −NH−
and CO peaks at 3342 and 1729 cm-1, respectively; which confirmed the reaction (Fig.
4.29). The FT-IR spectra at 3342 cm-1 (−NH), 2931 cm-1 (−CH2−) and 1072 cm-1
corresponding to −C−O−C− (Raja et al., 2013; Oprea & Oprea, 2010).
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Fig. 4.29: FT-IR Spectra of H12MDI/PCL based PUCEs by varying chain extenders
a-

PUCE1 extended with 1,2-ethanediol

b-

PUCE2 extended with 1,3-propanediol

c-

PUCE3 extended with 1,4-butanediol

d-

PUCE4 extended with 1,5-pantanediol

e-

PUCE5 extended with 1,6-hexanediol

f-

PUCE6 extended with 1,8-octanediol

g-

PUCE7 extended with 1,10-decanediol
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The stretching of CO groups of HS was observed at about 1708-1730 cm-1. It is well known
that peaks appear at 1708-1710 cm-1 for CO groups of urethane, where the peaks appear at
1730 cm-1 are because of symmetrical stretching, uniform dispersion (Lee et al., 2001;
Yeganeh et al., 2008a; Yeganeh et al., 2008b).
4.3.2 Thermal Characterization
4.3.2.1 Thermal Gravimetric Analysis (TGA)
The thermal stability of all the samples has been analyzed by TGA. The TG thermograms of
the synthesized polymers by varying the chain extender length in hard segment are shown in
Fig. 4.30.

Fig. 4.30: TGA thermograms of PUCEs
(a) 1,2-ethanediol; (b) 1,3-propanediol; (c) 1,4-butanediol; (d) 1,5-pantanediol;
(e) 1,6-hexanediol; (f) 1,8-octanediol; (g) 1,10-decanediol

The decomposition temperature of polyurethanes (PUCEs) on the basis of increasing hard
segments length has been reported (Table 4.13) for different %age by weight loss (onset, 10,
20, 50% and max.).
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Table 4.13: The stability data of the polyurethane synthesized on the basis of chain
extenders

a

Sr.
No
.

Sample
Code

Mass ratio of
H12MDIa: PCLb: CEc
(molar ratio 2:0.8:1.2)

CEc

Tonset
(oC)

T10
(oC)

T20
(oC)

T50
(oC)

Tmax
(oC)

1

PUCE 1

5.24g : 24g : 0.74g

1,2-EDOd

277

339

356

395

593

2

PUCE 2

5.24g : 24g : 0.91g

1,3-PrDOe

274

334

354

376

592

3

PUCE 3

5.24g : 24g : 1.08g

1,4-BDOf

270

329

349

369

590

4

PUCE 4

5.24g : 24g : 1.25g

1,5-PDOg

269

322

346

363

590

5

PUCE 5

5.24g : 24g : 1.42g

1,6-HDOh

268

320

342

360

592

6

PUCE 6

5.24g : 24g : 1.75g

1,8-ODOi

259

316

337

354

593

7

PUCE 7

5.24g : 24g : 2.09g

1,10-DDOj

265

319

340

359

594

4, 4′-dicyclohexylemethane diisocyanate;

b

Polycaprolactone diol (PCL); cChain extenders; d1,2-ethanediol; e1,3-propanediol; f1,4-butanediol

g

1,5-pentanediol; h1,6-hexanediol; i1,8-octanediol; j1,10-decanediol

It is quite clear that samples extensive with 1,2-EDO, 1,3-PrDO, 1,4-BDO, 1,5-PDO,
1,6-HDO and 1,8-ODO showed an decreasing trend of thermal stability of onset temperature
except 1,10-DDO. It looks that by increasing the number of methylene units in between two
urethane linkage increase the conformational flexibility and this decrease the rigidity of hard
segment. So, the packing of hard segment is affected, which results in the decrease in
thermodynamic stability and lowering the decomposition temperature in TG analysis.
The disintegration temp for 10, 20 and 50 % weight was 316-339, 337-357 and 354-395 °C,
respectively. It can be accomplished that the results showed a deceasing trend of thermal
stability with increasing chain length (−CH2−) of chain extenders. This decreased thermal
stability may be due to lower mass fraction of diisocyanate (H12MDI) hydrogen bonding
conc. It is well known that an increasing unit of −CH2− group in CE length tends to reduce
the urethane linkage, which results lowering inter-urethane H-bond concentration.
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4.3.2.2 Differential Scanning Calorimeter (DSC)
The effect of CE length on the thermal transition of polyurethane can be studied by DSC
experiments. The polymers extended with different chain extenders were responsible for
increase in hard segment contents (HSC). It is clear from 2nd heating scans that all PUCEs
have shown Tg, crystallization (Tc) and Tm. It was also observed that the peak heights
(enthalpic changes) of the polymers increased with increasing HSC in PU backbone except
PUCE7. It was revealed that the corresponding higher in CE length tend to high. In the Tg
varying from -44° to -58 °C.
It was well reported that the interconnections between both segments can be
improved. The intensity of hydrogen bonding in hard segments is based on degree of
orientation of hard segments in appropriate arrangement. This molecular arrangement of hard
segments indirectly depends on soft segment. The higher length of soft segment, support the
higher degree of orientation. Furthermore, the HSC were found to be restricted in mobility of
soft domains. The range of melting temperature of soft segments (Tm.s) for PUCE1-7 was
45.38 to 46.78°C. Table 4.14, the Tm.s and ∆Hm.s. The crystallizarion temperature of soft
segment (Tc.s) with its correspoing enthalpies (∆Hc.s) were also found to be decreased with
increasing chain extender length. These results supported by similar work presented earlier
(Momtaz et al., 2014).
Moreover, the longer soft segment (PCL diol) chain length increases. The being of
crystallization peaks were related to the soft segments. It was observed that the increasing HS
length showed a decreasing trend of crystallization temperature (Tc) with corresponding
enthalpy (Table 4.14). So, it can be considered that there was no regular, ordered and strong
domains were formed because of HSC.
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Table 4.14: Thermal transitions and corresponding enthalpies of PUCEs (2nd heating scan)
extended with different chain extenders
Sr.
Sample codes
Tg.sa
Tc.sb
∆Hc.sc
Tm.sd
∆Hm.se
No.
(°C)
(°C)
(°C)
(J/g)
(J/g)
1

PUCE1

-55.74

-

-

46.78

-40.43

2

PUCE2

-55.86

-23.86

34.93

46.31

-41.24

3

PUCE3

-55.52

-26.37

7.02

46.21

-42.24

4

PUCE4

-54.67

-27.32

6.45

46.18

-43.78

5

PUCE5

-58.10

-28.36

5.31

46.02

-45.20

6

PUCE6

-58.23

-29.36

1.31

45.78

-45.89

7

PUCE7

-44.7

-

-

45.38

-46.23

aglass

transition of soft segment; bcrystallization temperature of soft segmen; cmelting temperature of

soft segment; denthalpy changes of crystallization; emelting temperature

It can be inferred that the intermolecular interactions were responsible for better

thermal stability and increasing thermal behavior of polyurethane samples.
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4.3.2.3 DMTA studies
The thermal behavior of all PUCEs in the form of modulus and loss tangent as temperature
has been studied by DMTA. It is noticeable from Fig. 4.31 and Fig. 4.32 of the synthesized
polyurethanes. It is well established that the high plateau modulus and wide plateau
temperature range of PUCEs is responsible for molecular rigidity. The decrease of storage
modulus (Fig. 4.31) was co-related resulting in lowering of inter H-bonding. It was also
found that increasing number of –CH2 units in PU backbone (Zia et al., 2008a). It was
considered that

the thermal conditions in polymer process may affect on dynamic

mechanical characteristic and degree of crystallinity., therefore it can be seen that increase in
CE length results in noticeable reduce in the peaks
. It is revealed that the degree of crystallinity can be correlated with degree of orientation of
polymer material.
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Fig. 4.31: Storage Modulus/Temperature curves of PUCE samples
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Fig. 4.32: Tan δ/Temperature curves of PUCE samples
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4.3.3 X-ray diffraction studies
X-ray diffraction analysis was carried out to study the degree of crystallinity and phase s(SS)
and (HS). It has been observed that the degree of crystallinity increased with increasing
methylene units (–CH2–) in between two isocyanate moieties, in the polyurethane back bone.
It has been observed that the peaks localized at 2θ = 21o correspond to an increase in
intensity and generating distinct peaks with increasing –CH2 units in the formulation.
It has been reported in the previous section (4.1.3) while interpreting the Fig. 4.10
that the higher molecular weight of PCL leads to much stronger intermolecular forces
representing high crystalline domain. The results presenting in Fig. 4.33 revealed that
diffraction peak localized at 2θ = 21o is due to soft segment, and the clear hump appeared at
2θ = 24o certainly due to the involvement of higher molecular weight of PCL, as the similar
hump also been observed in the samples (SMPU1g & SMPU1h); when high molecular
weight of PCL 3000 gmol-1 and 4000 gmol-1, accordingly were used. Further in PUCE1a
clear hump located at 2θ = 7.5o, which was observed drastically converted into non
significant peak. there is no significant change in crystalline pattern of the material, however,
there is overall slight increase in crystallinity except the sample extended with 1,10-DDO
(PUCE7). It can be inferred that in low molecular weight chain extender, there is clear
dependency on number of methylene units. In case of even number especially in presence of
two and four methylene units the crystallization peak of hard segment is quite visible as
compared to three and five number of methylene units in hard segments. This observed
change may be due to even odd dependence of chain extender length in the crystallization.
An interesting observation of enhanced crystallization in soft segments has been
observed by increasing the CE length. It is well established that the order of HS induced
crystallization in SS too by helping their ordering. As we increase the CE length the aspect
ratio of HS become more feasible for packing and its induced effect enhanced the degree of
crystalline in SS which is evident from Fig. 4.33.
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Fig. 4.33: X-ray diffractograms of PUCEs by varying chain extenders
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4.3.4 Surface characterization
4.3.4.1 Contact angle measurment
The contact angles and surface free energy measurements are helpful in finding out the
surface changes in synthesized polyurethanes. Although this study does not help to know
about the types of groups present in synthesized polymers but the non covalent forces
between liquid and mono layer of synthesized polymers can be studied. Actually the contact
angle is considered to be a characteristic for a given liquid- solid system in a specific
environment (Snoeijer et al., 2008). A diversity of techniques have been used to measure
contact angles, in this project sessile drop method is wetting behavior. It is well known that
the degree of wetting can be obtained from contact angles.
As the instance, contact angles less than 90o correspond angle (>90o) correspond to
low wettability (Yuan & Lee, 2013). It has been reported that different studies (Yang &
Jiang, 2010; Keshavarz et al., 2010; Nanayakkara et al., 2010) try to consider the super
hydrophobic suface, due to their potential applications. Thus the hydrophilicity or
hydrophobicity of synthesized polymer has been evaluated.
In this section the contact angles of PUCEs has been evaluated on the basis of
increasing methylene units in polymer back bone. In present study both polar (DDW) and
non polar (DIM) liquids have been used. It was observed that the surface of polyurethanes
showed hydrophobicity (increasing contact angles) with increasing –CH2– units in CE length,
results reported in Table 4.15. The contact angle values for DDW and DIM (test liquids)
changes from 102 to 119o and 48 to 60o, respectively. Both the liquids also showed same
behavior of decreasing in contact angles values with increasing –CH2– units in PUCEs.
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Table 4.15: Contact angle and total surface energy calculated data of PUCEs by Wu’s method
Sr. No.

Contact angles (θ)

Sample
codes

DDW

1

PUCE1

102.2

2

PUCE2

3

DPd
(mN/m)

TSEe
(mN/m)

48

2.27

22.32

25.06

103

50

2.99

22.98

25.97

PUCE3

105.2

51.9

3.01

21.79

24.80

4

PUCE4

107

52.8

3.45

21.2

24.65

5

PUCE5

108

54.9

3.96

20.49

24.45

6

PUCE6

110

56

4.01

16.55

20.56

7

PUCE7

119

60

4.34

14.55

18.89

DIM

b

Wu’s Method
PP
(mN/m)

aDouble

a

c

distilled water; bDiiodomethane; cPolar portion; dDisperse portion; eTotal surface energy

the contact angle was increased from PUCE1 to PUCE7 and showed remarkable
difference with both test liquids. Its means hydrophobicity increased with increasing CE
length. The PUCE1 having 1,2-ethanediol (short chain extender) showed lowest contact
angle and PUCE7 connected with long chain extender (1,10-decanediol) showed highest
contact angle value. These results depict the phenomenon as the hard segment carrying polar
group showed high intermolecular interaction. In case of higher degree of crystallinity, the
intermolecular interactions are highly satisfied internally and the availability od the polar
groups on the polymers surface reduced. So the polymer surface exhibited high contact
angles more hydrophobicity.
4.3.4.2 Surface free energy
It is well known that high surface energy (hydrophilic surface) spread the polar liquid and
showed less contact angle, while on the other hand the surface showed low surface energy
and high contact angle (Garbassi et al., 1998; Zenkiewiez, 2000).
The surface tension of PUCE1-PUCE7 with their polar and dispersive portion has
been calculated by Wu’s method (Wu 1971; Abbasian et al., 2004). It was found the total
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surface energy decreases with increasing CE length (Table 4.15). It was observed that total
surface energy having more dispersed portion as compared to polar portion and showed a
decreasing range of TSE ranging from 25.06 to 18.89 nN/m for PUCE1 to PUCE7. This
might be due to the factors of internal satisfaction of polar interactions discussed earlier. It is
well known that degree of wettability can be correlated with functional group activity present
in polymeric material.
4.3.5 Morphological Characterization
Scanning electron microscopy (SEM) Analysis and atomic force microscopy (AFM) study of
polyurethanes having PCL (4000 g/mol) and extended with 1,2-ethanediol have been
presented in section 4.1.6. While samples extended with 1,3-propanediol, 1,4-butanediol, 1,5pantanediol and 1,6-hexanediol have been discussed in section 4.2.5.
4.3.6 Mechanical Properties
The mechanical properties of SMPUs were measured. The room temperature (25 °C)
corresponds to glassy state. The results are given in Table 4.16. the Young’s modulus
increased This curve was found to be helpful in understanding the nature of polymer i.e.,
hard/ soft, brittle or ductile. The results in Table 4.16. It can be seen that the tensile strength
increased with increasing (PCL) soft segment length in case of all series. This may be
attributed that the increasing length of soft segment helpful for alignment of polymer chain
and showed high elongation at break. Moreover, the small chain extender length exhibited
opposite results. It was observed that the tensile strength depends on high intermolecular
forces, which make the polymer chain brittle and showed poor elongation strength. In case of
increasing chain extender length, similar behavior of increasing strength has been observed.
The SMPU1g (3000 g/mol) extended with 1,2-ethanediol showed low elongation at break as
compared to SMPU2g, SMPU3g, SMPU4g and SMPU5g.
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Table 4.16: Mechanical properties data of the samples
Sr.

Sample

Molecula

Chain

UTS

Elongatio

Young,s

Hardnes

No.

code

r weight

extender

(MPa)

n

Modulus(MPa

s

(%)

)

Shore A

of PCL
1

SMPU1b

750

1,2-ethanediol

26.79

543

2.99

85.7

2

SMPU1f

2000

-

32.64

217.8

9.84

89.5

3

SMPU1g

3000

-

25.29

449.9

1.17

92.1

4

SMPU2g

3000

1,3-

34.83

699

1.99

93

propanediol
5

SMPU3b

750

1,4-butanediol

26.74

210.7

30.34

85.9

6

SMPU3f

2000

-

29.99

599

4.11

90

7

SMPU3g

3000

-

36.98

726

1.70

92.8

8

SMPU3h

4000

-

28.67

537

1.844

93.9

9

SMPU4g

3000

1,5-

30.64

824

3.0

93.9

pantanediol
10

SMPU4h

4000

-

31.41

517

1.754

94.1

11

SMPU5d

1250

1,6-hexanediol

20.1

721

1.34

89.2

12

SMPU5g

3000

-

43.62

907

4.36

93.9

13

SMPU5h

4000

-

30.46

553

1.68

94.6

14

PUCE6

4000

1,8-octanediol

35.21

705

1.31

95.6

15

PUCE7

4000

1,10-

26.32

512

-

96

decanediol
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polymer. However, all the samples showed a smooth stress strain behavior from plastic to
elastic deformation region as the chain extender length increased. These results show an
increaseing trend in agreement with already reported in literature (Xiao et al., 1995; Tsonev
et al., 2014).
The hardness data of the samples are also presented in Table 4.16. the increasing
hardness with polycaprolactone diol.
It was observed that the thermal and mechanical properties of above discussion
polyurethane samples have been reported in Barikani et al. (2008).
4.3.7 Shape memory behavior
Thermo-mechanical tests were performed to examine SME of hard segments based
polyurethanes (PUCEs). It was well known that not only the synthetic parameters such as
hard segment and soft segment length, but also conditions of thermo-mechanical cycle such
as strain amplitude affect the shape memory properties (Tobushi et al., 2006; Chen et al.,
2007b; Wang et al., 2007; Tobushi et al., 2008). Three consecutive cycles were performed to
study shape memory behavior. There was a remarkable difference between the cycles.
(Leonardi et al., 2011; Meng et al., 2007). The SME of PUCEs after three cycles at 100%
elongation is reported in Table 4.17.. It was noticed that the both Rr and Rf increased with
increasing HSC (Lee et al., 2001).
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Table 4.17: Cyclic tensile behavior of different chain extender based polyurethanes
Sr. No.

Sample
code

Shape recovery
(%)

Shape retention
(%)

1

PUCE 1

90

79

2

PUCE 2

92

79

3

PUCE 3

94

80

4

PUCE 4

95

83

5

PUCE 5

96

83

6

PUCE 6

97

85

7

PUCE 7

97

75

As it was reported before that hard domain is liable for the upturn of the samples. The results
showed a trend of shape retention with methylene units in HS. (Momtaz et al., 2014). The
results show that the increasing hard segment length (number of −CH2– units) showed shape
fixity range from 79 to 75% and shape recovery range from 90 to 97%. The results are in
accordance with Hu et al. (2005). It can be observed that increase in shape recovery and
decrease in shape fixity could be related to the absence of chemical cross linking. The
maximum shape recovery obtained from this series was 97% (23.39 HSC) from H12MDI
based sample in comparison with HDI based synthesized polymer by Ping et al. (2007)
having 100% shape recovery (25.5 HSC).
This may be attributed to different block ratio and type of monomers in comparative
study but it could be predictable Moreover, it was anticipated that the increasing shape
recovery and decreasing shape fixity can be attributed to the alignment of hard segment
body. It is worth mentioning that more

polar interactions are found in ester based

polyurethanes as compared to ether-based ones. Moreover, the degree of intensity of esterbased PUs is higher than those of ether-based PUs.
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These results are also justifying the values given in Table 4.17 It can be concluded
from above discussion that the increasing hard segment contents, independent hard segments
domain were formed (Momtaz et al., 2014).
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4.4. Section–II (A): Synthesis and characterization of glycerin/1,4butanediol based polyurethanes (GPUs)
In this section H12MDI : PCL : 1,4-butanediol/glycerin based series has been synthesized and
characterized to study the effect of different %age of glycerin as chain extender, on the
thermo mechanical properties of glycerin based polyurethanes (GPUs).
4.4.1 Structure Characterization
The FT-IR spectroscopic technique was used to identify the structural notification of
H12MDI/PCL (2000 g/mol) and 1,4-BDO/glycerin (chain extenders) based (chemical crosslinked) polyurethanes. The synthesized pre-polymer was extended with different %age of
glycerin (10, 30, 50, 70 and 90%) to prepare final products. The FT-IR spectra of the GPUs
presented in Fig. 4.34 shows the development in the transmittance peaks of the cross-linked
GPUs at 1720-1722 cm-1, which are responsible for the carbonyl groups (Chun et al., 2007).
Moreover, the shift of peaks from 1720-1722 cm-1 was corresponds to the effect of increasing
cross-linking of hard segments (Hu et al., 2005). However, there was no considerable
difference in the wave number as the cross-linking agent does not change the spectrum. The
FT-IR spectra of GPUs exhibited characteristic stretching vibration peaks at 3316 cm-1 to
(−NH−); 2921 to 2938 cm-1 (asymmetric −CH2−); 2851 1 to 2863 cm-1 (symmetric −CH2−)
and 1071 cm-1 corresponding to −C−O−C− (Raja et al., 2013; Oprea & Oprea, 2010). It was
revealed that GPUs showed a common absorption peak at 1522 cm-1. However, no peak at
3470 cm−1 appeared, which means that no hydroxyl groups remain in GPUs and that the
glycerin has completely reacted with the isocyanate. Based on these FT-IR results, it was
revealed that the glycerin has effectively cross-linked with the isocyante, which greatly
affects the properties of the GPUs.
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Fig. 4.34: FT-IR Spectra of glycerin based polyurethanes containing
H12MDI: PCL: 1,4-BDO/glycerin
GPU1 (20% Gly); GPU2 (30% Gly); GPU3 (50% Gly); GPU4 (70% Gly); GPU5 (90% Gly)
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4.4.2 Thermal Characterization
4.4.2.1 Thermal Gravimetric Analysis (TGA)
The thermo-gravimetric analysis (TGA) was applied to study the thermal stability of
synthesized samples. The TG curves of the synthesized polymers as a function of different
%age of glycerin have been shown in Figure 4.35. It is quite clear that samples extended with
10, 30, 50, 70 and 90% glycerin showed a decreasing trend of thermal stability. It can be
observed from %age weight loss reported in Table 4.18; that by increasing %age of glycerin
(chain extender) exhibited a decreasing tend of the thermal stability. This might be due to
restricted movement of chain with increasing cross-linking behavior of glycerin. It means the
chemical cross-linking has considerable effect on the thermal stability of the polymers. The
decomposition temperature for GPUs ( onset, 10, 20 and 50 % weight loss) was in the range
of 255 to 265°C; 330 to 345°C; 351 to 373°C and 358 to 385°C, respectively. It was found
that there was no considerable difference among sample. However, the GPU1 showed
comparatively high thermal stability with 10% glycerin.

Fig. 4.35: TGA thermograms of GPUs having different %age of glycerin
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Table 4.18: Thermal Stability Data of the polyurethane synthesized on the basis of different percentages of glycerin
Sr.

Sample

Mass ratio of

Glycerin

Code

H12MDIa: PCLb: BDO/Glyc

(%)

No.

Tonset

T10

T20

T50

Tmax
(°C)

Tgd

∆He

Tcf

∆Hcg

(°C)

(J/g)

(°C)

(J/g)

(molar ratio 2 : 0.8 : 1.2)
1

GPU1

5.24g : 16g: 0.97g /0.07g

10

265

345

373

385

599

-54.52

0.197

37.75

-0.50

2

GPU2

5.24g : 16g : 0.70g /0.22g

30

257

333

351

380

597

-49.22

0.23

-

-

3

GPU3

5.24g : 16g : 0.54g /0.37g

50

255

341

354

358

599

-48.56

0.27

-

-

4

GPU4

5.24g : 16g : 0.36g /0.56g

70

260

330

354

374

599

-48.82

0.29

-

-

5

GPU5

5.24g : 16g : 0.12g /0.72g

90

255

333

351

379

600

-46.92

0.29

-

-

a4,4′-dicyclohexylmethane

diisocyanate;
diol;
c1,4-butanediol and glycrine;
dglass transition temperatue (Tg) (from DSC);
eenthalpy changes for Tg (from DSC);
fcrystallization temperature (Tc) (from DSC);
genthalpy change for Tc (from DSC);
bpolycaprolactone

123

4.4.2.2 Differential Scanning Calorimeter (DSC)
Differential Scanning Calorimeter (DSC) was used to study the thermal history of polymers.
The glass transition, crystallization and melting temperatureof the synthesized polyurethanes,
were calculated to illustrate the thermal behavior of both soft and hard segments (Negim et
al., 2011). It became significant to understand about crystallinity and temperature change by
changing the glycerin %age. The thermal conduct of each sample of GPUs was studied by
DSC experiments. The cooling and 2nd heating DSC thermograms are shown in Fig. 4.36 and
Fig. 4.37 respectively. The results for all GPUs as Tg and Tc with their respective enthalpies
(∆H), are summarized in Table 4.18. The polymers extended with increasing %age of
glycerin was presented a slight increase in glass transition temperature; as Tg is related to
soft segment and increasing glycerin made the plymer more stiff. It was obvious from 2nd
heating scans that all GPUs have shown glass transition (Tg) temperature. But the
crystallization temperature (Tc) was only observed in GPU1. This might be due to the fact
that an increasing %age of glycerin depicts increased cross-linking. Moreover, it was
revealed that the increasing cross-linking tend to decrease the concept of conformational
freedom for packing of hard segments. These consequences in accordance with already
reported text (Chun et al., 2007). The Tc peak intensity was very little, so even 10% glycerin
has slight effect on the cyrstallinity of PUs. However, Tm has not been observed in any
sample.
4.4.3 X-ray diffraction studies
X-ray diffraction analysis was performed to understand the crystalline changes in the GPUs
structure with increasing %age of glycerin (Blackwell & Lee, 1983; Quay et al., 1990). The
results revealed that an increased in high intensity of the peak localized at 2θ = 21o, has been
observed in GPU1; while increasing %age of glycerin could not change the apparent shape of
X-ray peaks located at 2θ = 19.5o without any significant change in the size of the peak.
(Fig. 4.38),
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Fig. 4.36: Cooling DSC thermogram (10 oC/min) of GPU samples

Fig. 4.37: 2nd heating DSC thermogram (10C/min) of GPU samples
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Fig. 4.38: X-ray diffractograms of GPUs by varying %age of glycerin (top to bottom)
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All the glycerin based polyurethanes (GPUs) showed a broad diffraction peak at 2θ = 19.5o,
which mainly due to the involvement of macrodiol based soft segments.
It is worth to mention that introduction of a glycerin molecules in combination with
1,4-BDO in the chain extension step creat disorder in the structure, thus lower its melting
point resulting making the final polymer highly amorphous. It can be revealed from the Fig.
4.38 that by increasing the contents of glycerin, the peak localized at 2θ = 21o is highly
decreased from sample GPU1 to GPU2. Further very small peak was observed in GPU3
which disappeared in GPU4 and GPU5. As a result the introduction of contents of glycerin
into the back bone of PU reduces the crystalline character of PU because glycerin produce a
branch structure in HS. The 1,4-BDO has been used in combination of glycerin, so the sharp
peak localized at 2θ = 21o may be due the involvement of 1,4-BDO attributed to the present
of polar functional moieties which enhanced the inter-chain interaction. These intermolecular
forces are even strong with the polymer chain pack together in a regular way and have
regions of crystallinity.
So the increasing percentage of glycerin did not showed any appreciable change in
polymer structure. Due to tri-functional character, the chemical crosslinking by glycerin may
restrict the melting of soft segment, but once the polymer crosslinked, the additional
crosslinking did not have as much impact on SS as the initial crosslinking. So, it can be
concluded that only GPU1 having 10% glycerin showed higher crystallinity which has been
associated with phase segregation.
4.4.4 Mechanical properties
The mechanical properties of GPUs were measured at room temperature (25 °C) which is
corresponding to glassy state. Tensile stress/strain yield, elongation peak along with
elongation break has been given in Table 4.19. It was evident that the mechanical properties
depend upon the polymer structure and its morphology (Petrović &
Simendic, 1985). It is well known that with the help of stress /strain data the properties of
polymer in term of hardness, brittleness etc. can be observed. It can be seen that GPU1 (10%
glycerin) showed significantly higher tensile strength and breaking strain as compared to
other GPUs. It has also been observed from data, the modulus slightly decreased with the
increase of cross-linking content (glycerin).
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This may be attributed to increasing stiffness and rigidity with corresponding increase
of glycerin percentage. So, it has been inferred that the tensile strength responsible for high
intermolecular forces and hydrogen bonding, which make the polymer chain brittle and
showed poor elongation strength. These results were in agreement with previous results
(Chun et al., 2007; Tsonev et al., 2014), which based on hard segment content. So, it has
been concluded that GPU1 has best mechanical strength among other samples. This may be
because of increasing intermolecular interaction, hard segments arrangement and high
hydrogen bonding intensity.

Table 4.19: Mechanical properties of glycerin based polyurethane
Sr.
No.

Sample
Code

Glycerin

Area

Elongation

Stress

Strain

Elongation

Hardness

(%)

(mm²)

Break

Yield

Yield

Peak

Shore A

(mm)

(N/mm²)

(%)

(mm)

1

GPU1

10

31.500

214.509

0.762

121.768

214.476

70.3

2

GPU2

30

31.500

213.365

0.921

76.470

213.166

76.9

3

GPU3

50

31.500

210.243

1.397

140.916

205.939

80.1

4

GPU4

70

31.500

199.878

1.175

169.738

197.091

83.6

5

GPU5

90

31.500

136.343

0.825

15.420

135.878

89

The hardness of the GPUs improved with increasing %age of glycerin. It has been
inferred that the the polymer hardness increased as the glycerin percentage increased. So, the
lower the conformational autonomy in the SS, the higher the Tg was. When the material
properties were studied well above the Tg, it was observed that themain orientation with with
increasing crosslinker contents.
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4.5 Section–II (B): Synthesis and characterization of glycerin based
polyurethane varying PCL molecular weights
After finding 10%age glycerin the best; as it showed good thermo-mechanical properties. A
series of glycerin based polyurethane have been synthesized by varying molecular weight of
polycarolactone diol (͞Mn= 750,1000,1250,1600 and 2000 g/mol).
4.5.1 Structure Characterization
The FT-IR spectroscopy technique was used for structure elucidation. The synthetic scheme
of glycerin based polyurethane having different weight of polycaprolactone diol has been
given in Fig. 4.39. The FT-IR spectra of synthesized polyol based polyurethane (PPUs)
having variable Mn of polycaprolactone diols range from 750 to 2000 gmol-1, extended with
1,4-butanediol (1,4-BDO) and glycerin (10%) are presented in Fig. 4.40. The FT-IR analysis
supports the proposed structure of final PPUs; as absence of −NCO and −OH− peaks and
presence of −NH peak confirmed the reaction. The bands of NHCO groups were observed at
3331-3367 cm-1 NH stretching in different samples. The −CH− and CH2 groups were
observed at 2858-2882 and 2921-2933 cm-1, respectively. The other observed bands were
assigned as: 1722-1726 cm-1 (−C=O bond); 1523-1589 cm-1 (−NH− deformations); 14511462 cm-1 (−CH2− bending vibration); It was experimental the strength of hydrogen bonded
NH decreased with the increase of molecular weight of PCL. As the glycerin responsible for
chemical cross (Minoura et al., 1978). Based on these results of FT-IR spectrum, it is evident
that the increasing length of soft segment had great affect on the morphological behavior of
PPUs (Lu et al., 2002).
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Fig. 4.39: Synthetic scheme of glycerin based polyurethane
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Fig. 4.40: FT-IR Spectra of glycerin based polyurethane (PPUs)
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4.5.2 Thermal Characterization
4.5.2.1 Thermal Gravimetric Analysis (TGA)
The corresponding weight loss was found to be helpful to study about thermal stability of
synthesized PPUs. The Fig. 4.41 showed regular trend of thermal stability in TGA curves at
different %age (on set, 10, 20, 50 % and max.) weight loss. The PPU1–PPU5 started
decomposition at 255, 255, 260, 308 and 310°C, respectively. The weight defeat at 255 °C is
rather small, and with increasing temperature ≈ 360 °C was triggered the large reduction in
the weight correspond to decomposition of soft and hard segments, respectively (Wilkie,
1999). The Table 4.20 represents polyurethanes based on different molecular weight of
polycaprolactone diols (͞Mn 750, 1000, 1200, 1600 and 2000 g/mol). An encouraging change
on thermal stability of all synthesized PPUs with increasing molecular weight of soft
segments (PCL) has been observed. This study also revealed that the thermal stability
increased with increasing soft segment length. While on the other hand, chemical crosslinking attitude of chain extenders also imparts a positive effect on stability, when results
were compared with those given in section 4.1.2.1. It has been inferred that synthesized
samples showed significant change in onset temperature range of 255-310 °C. The PPU5
having 2000 g/mol molecular weight PCL, showed maximum thermal stability and
considered being most stable.

Fig. 4.41: Comparative presentation of % age weight loss of PPUs
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4.5.2.2 Differential Scanning Calorimeter (DSC)
DSC analysis was used to find out transition changes in PPUs. The glass transition (Tg) was
considered to be the important tool to understand the shape memory behavior of synthesized
polyurethanes. Negim et al. (2011) reported that the shape fixity and recoverability can be
identified by Tg of the amorphous phase; as it is responsible to understand the behavior of
polymers. The available data showed important alteration of glass transition temperature and
degree of crystallinity with increasing molecular weight of soft segments as well as effective
contribution of crosslinker.
Differential Scanning Calorimeter (DSC) studied the thermal behavior of each sample
of PPUs; both in cooling and 2nd heating scans given in Fig. 4.42 and Fig. 4.43. The results of
all transitions (PPU1-PPU5) with their respective enthalpies are reported in Table 4.20. The
peaks of PPU1-PPU5 showed glass transition peaks at 8.08 , -9.81, -33.23, -40.56 and 56.95°C, respectively; with their corresponding enthalpies range from 0.14 to 0.28 J/g.
The thermogram belonging to PPU5 showed transitions both in heating and cooling
scans as well. In 2nd heating scan, PPU5 showed transition peaks at -55.95°C (Tg), -9.68°C
(Tc), and 42.03°C (Tm) with their corresponding enthalpies (0.28 , 28.11

and -35.56 J/g,

respectively).

Fig. 4.42: Comparative presentation of DSC cooling scan measurements of PPU samples
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Table 4.20: Thermal stability data, thermal transitions and corresponding enthalpies (J/g) of the glycerin based polyurethane
having different molecular weight of polycaprolactone diol
Sr.
Sample
PCL
Tonset
T10
T20
T50
Tmax
Tg.sa
Tc.sb
Tm.sc
No.

Code

(MW)

(°C)

(°C)

1

PPU1

750

255

322

336

356

596

8.08 (0.14)

-

-

2

PPU2

1000

255

321

334

358

597

-9.81(0.20)

-

-

3

PPU3

1250

260

341

354

365

599

-33.23(0.26)

-

-

4

PPU4

1600

308

330

354

374

599

-40.56(0.28)

-

-

5

PPU5

2000

310

333

351

379

600

-56.95(0.28)

-9.68(28.11)

42.03(35.96)

a

glass transition temperature of soft segments;
temperature of soft segments;
cmelting temperature of soft segments;

bcrystallization
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Fig. 4.43: Comparative presentation of DSC 2nd heating scan measurements of PPU samples

It was inferred that PPUs extended with 1,4-butanediol and 10% glycerin (chain extender).
all PPU1-PPU4 showed single glass transition temperature (Tg) with absence of any other
transition peaks; indicated presence of apparent compatibility segments in the amorphous
state network structure in accordance with already reported work (Gu & Mather, 2012;
Singhal et al., 2014). The PPU5 also showed both crystallization (Tc) and melting transitions
(Tm) during 2nd heating scan.
Moreover, the glass transition temperature (Tg) presented in Table 4.20 showed the
decreasing trend with increasing molecular wt of polycaprolactonediol blocked with 4, 4′dicyclohexylemethane diisocyanate and 1,4-butanediol/glycerin. The decreasing trend may
be due to the increase in chain length and flexibility behavior of −NHCOO− linkage formed
during the reaction (Shi et al., 2009).
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4.5.2.3 Dynamic Mechanical Thermal Analysis (DMTA) Studies
The DMTA of the synthesized material was carried at −150 to 200 °C at heating rate of 10
°C/min and frequency of 1 Hz. The presented results of (Fig 4.44 & Fig 4.45) PPU1-PPU5 as
function of temperature against storage modulus and tan δ of samples having different
molecular weight of polycaprolactone diols (750, 1000, 1250, 1600 and 2000 g/mol)
extended with 1,4-butanediol and glycerin, respectively. The results showed a regular change
in thermal transitions on the basis of increasing molecular weight of soft segments. It is
evident from the Fig. 4.44 that increased molecular weight of PCL exhibited observable
change in the transition charcateristics of PPUs. It has been observed in DSC that the Tg of
the PPUs was decreased with increasing PCL soft segments length. This trend has also been
justified by DMTA studies which showed low plateau modulus and low temperature for
PPU1, having lowest molecular wt of Polyol (750 g/mol). It has been observed that the
plateau modulus became high.
The PPU5 showed high crystalline than PPU1, with a lower crystallinity (Zia et al.,
2008a). It can be inferred that the increasing wt. of soft segments and chemical crosslinking
by glycerin; both responsible for increasing stiffness of the polymer. The study of the tan δ
curves (Fig. 4.45) presented the glass transition with corresponding intensities and
broadening of the peaks. The peak (tan δ peak) height and the increasing length of PCL In
this study a decrease in the intensity in the damping peaks has been seen with increasing
molecular weight of PCL. This decrease in damping peak heights and Tg, with increasing
soft segment length was mainly due to increase in chain flexibility in the polymer structure.
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.

Fig. 4.44: Storage Modulus/Temperature curves of glycerin based polyurethane having
different molecular weight of polycaprolactone diol
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Fig. 4.45: Tan δ/Temperature curves of glycerin based polyurethane having different
molecular weight of polycaprolactone diol
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4.5.3 X-ray diffraction studies
The glycerin based polyurethane with increasing molecular weight of polycaprolactone diol.
It is cleared from Fig. 4.46 that crystallinity peak has been observed in higher molecular
weight of PCL (2000 gmol-1). It has also been inferred that crystallinity of PPU5, in this
study is due to the presence of soft segments, which has been confirmed by peak at 2θ=18.5o.
The degree of crystallinity is usually influenced by three factors; i.e., chain length,
chain branching and interaction bonding. The results presented in Fig. 4.46 revealed that
diffraction peak localized at 2θ=18.5o referred to the soft segment of polymer. By increasing
the molecular weight of PCL (750 to 2000 gmol-1), all the samples displayed an increasing
trend of crystallinity. All the samples have same contents of glycerin, however, the molecular
weight of PCL was changed (750-2000 gmol-1). The PPU5 showed a diffraction peak at 2θ=
21.5 and 2θ= 24o, are usually observed by using glycerin and due to high molecular weight of
PCL. There is continuously increase in peak intensity localized at 2θ=7.0o, attributed to the
hard segment of the material.
As the hard segments in present study has been composed of glycerin (chain
extender) which may increase the polarity of hard segment. This chemical crosslinking
restricted orientation of the polymer chain. Overall, it can be inferred that by increasing the
molecular weight of PCL, the crystallinity of material continuously increased.
4.5.4 Surface Morphological Studies
4.5.4.1. Contact Angle Measurements
This measurement is helpful to understand surface morphology of synthesized samples; in
the form of hydrophilicity and hydrophobicity. Two test liquids, double distilled water
(DDW) and diiodomethane (DIM) were used for the current study. The contact angle was
specifically measured between test liquid and surface of polymer.
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Fig. 4.46: X-ray diffractograms of PPUs by varying molecular weight of PCL
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The results are summarized in Table 4.21, presented contact angle using DDW range from
104.9 to 100.2o with increasing molecular weight of PCL, similar behavior of decreasing
contact angle has been observed with DIM; values range from 58.1 to 53.2o. The results
revealed that the contact angles decreased with both test liquids (DDW and DIM), the
hydrophilicity of the synthesized polyurethanes (PPU1-PPU5) increased with increasing
molecular weight of soft segments. This phenomenon of increasing hydrophilicity might be
due the presence of some polar groups close to surface during orientation of polymer which
was considered, the source of increasing polarity in the hard segments.
As it is well known, the modification of hydroxyl in esteric / urethane groups an
increase of the polarity of the sample due to intermolecular interaction. This intermolecular
interaction can make the surface more polar during orientation mechanism that way, the
hydrophilicity was found to be high. Moreover, the long chain PCL (2000 g/mol) allowed the
alignment of hard segments easier due to availability of conformational freedom.
4.5.4.2 Surface Free Energy
In present study the surface tension of both polar and dispersive portion has been calculated
using Wu method (abbasian et al., 2004). The results existing in Table 4.21 revealed that the
surface energy increased with increasing molecular weight of PCL. These results showed that
lower the liquid surface tension or high the surface energy, the lower the contact angle
would become. It can also be explained as the wettability of solid surface increased with
decreasing surface tension of the liquid. So it has been inferred, that by increasing PCL wt
results directly proportional to surface energy i.e., restricted chain mobility in the synthesized
PPUs. Moreover, it was also concluded that the presence of glycerin, the polar component
steadily increased.
4.5.5 Morphological Characterization
SEM technique was used for morphological analysis of PPUs.
4.5.5.1 Scanning Electron Microscope (SEM) Analysis
Scanning electron microscope (SEM) images were taken to examine the micro-morphology
of PPUs.
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Table 4.21: Total surface energy and contact angle calculated data of PPUs

Sr.
No.

Sample Density Hardness
Code
(g/cm3)
Shore A

Polar
Portion
(mNm-1)

Surface Free Energy

Contact angle (θ) with

(Wu’s Method)

water and diiodomethane

Disperse
Portion
(mNm-1)

Total Surface
Energy
(mNm-1)

Double Distilled
Water

Diiodomethane

Theta L

ThetaR

Theta L

ThetaR

(deg)

(deg)

(deg)

(deg)

1

PPU1

1.13

69.3

1.01

22.37

23.38

104.9

104.9

58.1

58.1

2

PPU2

1.14

73.4

0.38

23.55

23.92

104.9

104.9

57.6

57.6

3

PPU3

1.14

79.9

1.34

33.88

35.22

102.3

102.3

56.1

56.1

4

PPU4

1.19

86.3

0.04

37.12

37.16

100.9

100.9

53.9

53.9

5

PPU5

1.20

92.2

0.47

42.07

42.55

100.2

100.2

53.2

53.2
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Fig. 4.47: SEM images of PPUs
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A homogeneous morphology without any deformation has been found in synthesized
polyurethanes which have confirmed a good compatibility of monomers and inter-crosslinking
reaction between them. It has been observed that SEM images of all samples (PPU1-PPU5)
were exhibited immiscibility of polymer with observable phase separation and crystallinity (Fig.
4.47). Moreover, an increasing development of phase separation has been observed with
increasing molecular weight of PCL; which seemed homogeneity in dispersion, exhibited
improvement It was revealed that the phase segregation also established by adding glycerin in
hard segments. These results of this study are in accord with the previous reports (Liua et al.,
2012; Zia et al., 2014),. Moreover, higher level of interchain interaction might be related to the
glycerin contents was also responsible for phase segregation. So it has been concluded that the
fractured surface of the samples showed rugged surface and clear light and dark domains of
hard and soft segments as phase segregation with increasing molecular weight of PCL.

4.6 Section–II (C): Synthesis and Characterization of glycerin based PUs
varying chain extenders
The influence of nature of HS and glycerol cross-linking; on thermodynamic, thermomechanical and shape memory properties, by varying chain extender has been discussed in
this section.
4.6.1 Structure Characterization
The structure morphology of polyurethanes are consist of hard

and soft segments its

structural morphology. The FT-IR spectrum was analyzed the phase separation, which might
be due to inter-molecular interactions (H-bonding, dipole-dipole interaction) between HS,
segregate themselves from SS, thus resulting phase separation. The FT-IR spectroscopic
technique was used to identify the specific peaks of glycerin based polyurethane by varying
chain extender PUGCE1- PUGCE5 (Fig. 4.48). The synthesized pre-polymer (Fig. 4.2) was
extended with combination of glycerol (10%) and different alkane diols) to prepare final
products.
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Fig. 4.48: FT-IR Spectra of Glycerin based polyurethanes (PPUs) having different chain
extenders
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The FT-IR spectrum has shown the disappearance of the characteristic peak of –NCO from
pre-polymer, after extended with glycerin and alkane diols. Moreover, the appearance of −NH
peaks was in agreement with the completion of reaction mechanism. All FT-IR spectra of
synthesized polymer have shown, the presence of −NH− and −C=O peaks at range from
3352-3381 and 1720-1729 cm-1, respectively. Further, the −CH− and −CH2− groups were
observed at 2860-2880 cm-1 and 2929-2933 cm-1, respectively. The shift of peak to lower
wavenumber has been observed with increasing hard segment contents indicated the phase
separation behavior of the polymer (Chun et al., 2007).
The stretching vibration corresponds to carbonyl groups of hard segments were
observed at about 1720-1729 cm-1 presented intermolecular interaction with –NH– in hard
segments (Lee et al., 2001; Yeganeh et al., 2008a; Yeganeh et al., 2008b). Because the
presence of glycerin (crosslinker) can also enhanced bonding between –C=O and –NH– to
some extent.
4.6.2. Thermal Characterization
4.6.2.1 Thermal Gravimetric Analysis (TGA)
The results of Thermo Gravimetric Analysis (TGA) of PUGCEs subjected to find transitions
at high temperatures. It was observed that all these samples undergo loss of weight and
exhibited transitions. The transitions can be focused at different wt. % loss (onset, 10, 20,
50% and maximum). The first transition (on set) for PUGCE1-PUGCE5 was between 299 to
314°C, the transition for 10% weight loss was between 321 and 340°C, the transition 50%
weight loss occurred between 356 and 380°C, respectively. The TG curves of the PUGCEs
have been reported Fig. 4.49, for all above said transitions.
It was revealed from TGA analysis results are given in Table 4.22. For all PUGCEs
having different alkane diol chain extenders the slope of the first transition got larger.
However, the weight loss percentage got smaller compared to that of PUGCE1, which can be
accepted as an indication of enhanced thermal stability due to presence of glycerin and
increasing length of hard segments. The others transitions exhibited a difference from the
first transition in terms of the temperature values at maximum weight loss within their limits.
The PUGCE5 showed high thermal stability and exhibited gradual weight loss. However,
these weight losses always occurred at higher temperature.
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Fig. 4.49: Comparative presentation of % age weight loss of PUGCEs

the thermal stability of PUGCEs decreased with CEs length. This might be due to
restricted movement of chain with increasing hard segment ratio. It means the HS length has
substantial effect on the thermal stability of the PUGCEs.
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Table 4.22: Thermal stability and thermal transitions (2nd heating scan) with corresponding
enthalpies (J/g) of the glycerin based polyurethane by varying chain extenders
Sr.
Sample
Chain
T
T10 T20
T50
Tmax
Tga
Tcb
No.
Code
extender
(°C)
(°C)
onset
1

PUGCE1

1,2-EDOd

314

340

356

380

600

-46.69

Tmc
(°C)

-

-

-54.74

-29.37

42.03

(0.27)

(27.21)

(-45.20)

-56.95

-26.68

42.65

(0.26)

(28.11)

(35.96)

-57.95

-23.81

43.37

(0.20)

(30.23)

(-29.71)

-58.10

-20.56

46.18

(0.12)

(34.23)

(-28.91)

(0.37)
2

3

4

5

PUGCE2

PUGCE3

PUGCE4

PUGCE5

1,3-PrDOe

1,4-BDOf

1,5-PDOg

1,6-HDOh

311

310

308

299

338

333

322

321

354

351

336

334

379

379

358

356

599

600

597

596

4.6.2.2 Differential Scanning Calorimeter (DSC)
The DSC thermographs of PUGCEs with glycerol cross-linking substantially showed a trend of
decreasing Tg and increasing Tm of the soft segments. The glass transition temperature (Tg)
with their corresponding enthalpies for PUGCE1 to PUGCE5 were -46.69 °C (0.37 J/g), -54.74
°C (0.27 J/g), -56.95 °C (0.26 J/g), -57.95 °C (0.20 J/g) and -58.10 °C (0.12 J/g), respectively.
While the crystallization temperature (Tc) and melting temperature (Tm) range from -29.37 to 20.56 °C and 42.03 to 46.18 °C, respectively. It was known from earlier polyurethane research
that an increase in the Tc and Tm value of soft segment was possible with higher contents of
hard segment (Wirpsza, 1993). On the other hand, the fall in the 2nd heating Tg values have been
attributed to partial phase mixing due to the chemical interaction, which was able to affect the
miscibility of usual hard and soft segments.
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The cross-linking by glycerin may restrict the melting but once the polymer crosslinked,
So, in the present study it was inferred, as the raised found in hard segments, melting of the soft
segment

of

cross-linked

polymer

increased

(Chun

et

al.,

2007).

Fig. 4.50: Comparative presentation of DSC cooling scan measurements of PUGCE samples
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Fig. 4.51: Comparative presentation of DSC 2nd heating scan measurements of PUGCE samples

The increasing hard segments content may be attributed to higher level of interchain
interaction form between polymer chains and the restricted chain movement, resulted
increased of Tm. The fact that Tm can be raised by the control of crosslinking and hard
segment content was also considered the important point, as the polymer having Tm around
room temperature found to be useful as a shape memory polymer.
4.6.3 Dynamic Mechanical Thermal Analysis (DMTA) Studies
The DMTA studied glycerin based polyurethanes having different chain extenders
(PUGCEs) with increasing chain extender length has been reported as the thermal transition
behavior of the synthesized samples (Fig. 4.52). The decrease of storage modulus was corelated with increasing chain length of chain extenders in polymer back bone. These results
have also been justified by DSC analysis and has been reported in literature that the degree of
crystallinity also increased with increasing chain extender length (Zia et al., 2008a).
Moreover, it was observed that the increasing CE length significantly affect the stiffness of
the prepared polyurethanes. As the instance, it was considered that the dynamic mechanical
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Fig.4.52 Storage Modulus/Temperature curves of PUGCEs
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Fig. 4.53: Tan δ/Temperature curves of PUGCEs
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characteristic, degree of crystallinity and molecular orientations.
The Fig. 4.53 represents the tan δ peaks trend. It is well known that are related to Tg,
therefore it can be seen that increase in CE length results to decrease the damping peak
intensity, which is related to the polymer samples (Fig. 4.53). It has been concluded that the
decrease of Tg with increasing hard segment contents impart increase in degree of
crystallinity
Moreover, the intensities of peaks were found to be higher with increasing hard segment
contents. These results were considered to be helpful to understand the phase segregation and
chain orientation degree. It was revealed that there was the peak localized at 2θ ≈19o with
increasing HS length, generating better defined peak. The reported results confirmed that
diffraction peak of polyurethane mostly observed at 2θ ≈21o.
It is worth to mention that the crystallization occur when linear polymerization are
uniformly structurally oriented in three dimensional matrix. From the Fig. 4.54, it can be
observed that by increasing the number of methylene units, the crystallinity of the material
increased by keeping the contents of glycerin remain constant; i.e., 10% throughout the
samples. A slight but continuously increase in the crystalline pattern of the material was
observed (Fig. 4.54). This increased crystallinity is associated with an increase in rigidity and
shifting the melting transition towards high temperature. As, it can be clearly observed that
there was increase in peak sharpness from sample PUGCE1 to PUGCE5. It is also pointed
out that, rarely it may happen at the certain level of glycerin molecules are aligned side by
side, as glycerin produce branch structure in HS. It is very mush clear that the packing of
linear groups is much easier than branched due to structural symmetry. So, it can be
concluded that in the presence of glycerin molecule, the ordering of hard segment is difficult.
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Fig. 4.54: X-ray diffractograms of PUGCEs by varying chain extender
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It has already discussed in section 4.33 that extended hard segment length is more feasible
for crystallization and can easily stimulate crystallization in soft segments too. The same
phenomenon has been observed is present case.
It has been inferred from current research work that the glycerin and hard segment
could have peak at 2θ ≈19o and 2θ ≈7.0o supports the existance of hard domain in polymer
chains (Chun et al., 2007).
4.6.5 Surface characterization
The contact angle was used to know about the surface changes of forces b/w liquid and
surface morphology of the polymer. The wetting of the surface depends upon interaction
between the studied phases. Two test liquid polar and non polar including double distilled
water and diiodomethane respectively, were used to find contact angles. The results are
summarized in Table 4.23, presented contact angle using double distilled water range from
104.5 to 95.0o with increasing chain length of chain extender, similar behavior of decreasing
contact angle has been observed with diiodomethane values range from 57.5 to 47.9o.
It was found that both liquid showed the increasing degree of hydrophilicity with
increasing chain length of chain extender. This phenomenon of increasing hydrophilicity
might be due the presence of glycerin, which was considered, the source of increasing
polarity in the hard segments.
As it was well known, the formation of urethane groups leads to an increase of the
polarity of the polymer and implicitly, of the intermolecular forces. Moreover, the long
length chain extenders increased the degree of orientation, which may also increased the
polarity of the surface due to availability of conformational freedom, was responsible to
make polymer surface hydrophilic.

155

Table 4.23: Total surface energy and contact angle calculated data of PUGCEs

Sr.
No.

Sample
Code

Surface Free Energy

Contact angle (θ) with

Density

Hardness

(Wu Method)

water and diiodomethane

(g/cm3)

Shore A

Polar
Portion

Disperse Total
Portion Surface
((mNm- Energy
1
)
(mNm1
)

Double Distilled Water

Diiodomethane

Theta L

ThetaR

Theta L

ThetaR

(deg)

(deg)

(deg)

(deg)

-1

(mNm )

1

PUGCE1

1.06

89.9

0.03

32.70

32.72

104.5

107.5

57.5

57.5

2

PUGCE2

1.11

90.5

1.31

33.32

34.63

101.6

101.6

57.8

57.8

3

PUGCE3

1.12

92.3

0.47

42.07

42.55

100.2

100.2

53.2

53.2

4

PUGCE4

1.15

94.4

0.75

42.10

42.85

98.7

95.7

48.8

48.8

5

PUGCE5

1.18

95.6

0.89

43.45

44.34

95.0

92.0

47.9

47.9

PUGCE1 extended with 1,2-ethanediol
PUGCE2 extended with 1,3-propanediol
PUGCE3 extended with 1,4-butanediol
PUGCE4 extended with 1,5-pentanediol
PUGCE5 extended with 1,6-hexanediol
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The static contact angle (sessile drop) was measured using a KRUSS (G10) instrument. Then
contact angle values were used in order to calculate surface free energy using DSA software
(version 1.90.0.14), which was set up at KRUSS instrument. The surface free energy is
calculated using Wu’s equation:
The well-known Young equation is the starting point: (But et al., 2003)
γsv = γsl + γlv cos θY

4.4

Where γlv is surface tension of the liquid, γsl is interfacial tension between solid and liquid.
θY is measured experimentally and γlv is available in litrature for different solvent. However,
γsl cannot be measured directly. To solve the equation, more assumptions of the relationship
between γsv, γsl and γlv have to be made.
In different methods, in order to calculate free surface energy value, the term “work of
adhesion” has to be explained:
Wsl = γlv + γsv − γsl

4.5

Equations (4.4) and (4.5) are combined:
Wsl = γlv (1 + cos θY )

4.6

Work of cohesion is defined:
WC = γA + γA − 0 = 2γA

4.7

Berthelot assumed that the work of adhesion (WA) between a solid and a liquid is equal to
the geometric mean of the cohesion work of a solid and the cohesion work of the measuring
liquid (Berthlot, 1899).
𝑊𝑠𝑙 = √(𝑊𝑠𝑠 𝑊𝑙𝑙 )

4.8

Finally, by combining equations (4.6), (4.7) and (4.8):
𝑊𝑠𝑙 = √2𝛾𝑙𝑣 2𝛾𝑠𝑣 = 2√𝛾𝑙𝑣 𝛾𝑠𝑣 = 𝛾𝑙𝑣 (1 + cos 𝜃𝑌 )

4.9

Equation (4.9) is the basis of SFE theories. In total agreement with Owen and Wendt, Wu
derived an equation for SFE, which consists of polar and dispersive components:
𝑝

𝛾𝑖 = 𝛾𝑖 + 𝛾𝑖𝑑

4.10

𝛾12 = 𝛾1 + 𝛾2 − 2𝜑 𝑑 − 2𝜑 𝑝

4.11

Fowke suggested that φd can be estimated from the geometric mean (γ1d γ2d)1/2as in equation
9:𝜑 𝑑 = 2(𝛾1𝑑 𝛾2𝑑 )⁄(𝛾1𝑑 + 𝛾2𝑑 )

4.12
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By using the “reciprocal” mean for both the dispersion and the polar interactions, equation
4.13 is obtained:
𝑝

𝑑
𝛾𝑑 𝛾𝑙𝑣

𝛾 𝛾

𝑠𝑣 +𝛾𝑙𝑣

𝑠𝑣

𝛾𝑠𝑙 = 𝛾𝑠𝑣 + 𝛾𝑙𝑣 − 4 [(𝛾𝑑𝑠𝑣

𝑝

𝑠𝑣 𝑙𝑣
𝑑 ) + (𝛾 𝑝 +𝛾 𝑝 )]

4.13

𝑙𝑣

And if equation 4.13 is combined with equation (4.4), Wu equation can be re-written as:
(Wu, 1971)
𝑝

𝑑
𝛾𝑑 𝛾𝑙𝑣

𝛾 𝛾

𝑠𝑣 +𝛾𝑙𝑣

𝑠𝑣

[(𝛾𝑑𝑠𝑣

𝑝

𝑠𝑣 𝑙𝑣
𝑑 ) + (𝛾 𝑝 +𝛾 𝑝 )] = 0.25𝛾𝑙𝑣 (1 + cos 𝜃𝑌 )

4.14

𝑙𝑣

Wu’s method was used for the surface tension (Wu, 1971). The results showed an
increasing surface energy with increasing chain length of CEs. These results showed that
lower the liquid surface tension or high the energy, the lower the contact angle would
become. It can also be explained as the wettability of solid surface increased with decreasing
surface tension of the liquid (Yuan & Lee, 2013). So it has been inferred, that by increasing
the chain extender length, results directly proportional to surface energy i.e., restricted chain
mobility in the synthesized PUGCE.
It was also concluded that the presence of glycerin, the polar component steadily
increased. So, this process increased the hydrophilicity of the PUGCEs film as number of
methylene units increased (Table 4.23).
4.6.6 Morphological Characterization
SEM technique was used for morphological analysis of PUGCEs.
4.6.6.1 Scanning Electron Microscope (SEM) Analysis
The micro-morphology examination of PUGCEs has been studied by scanning electron
microscope (SEM). The SEM images showed a good compatibility. The SEM images of
PUGCEs were exhibited immiscibility of polymer with visible phase separation and
crystallinity (Fig. 4.55).
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Fig. 4.55: SEM images of PUGCEs
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Moreover, an increasing development of phase separation without any deformation has been
observed with increasing HSC; which seemed homogeneity in dispersion, will certainly help to
improve the mechanical properties and degree of crystallinity. It has also been observed the
glycerin impart a positive effect on the phase segregation. These results are in accord with the
previous reports (Zuber et al., 2013; Zia et al., 2014), which confirmed the thermodynamic
incompatibility between soft and hard segments. So, it has been concluded that the fractured
samples showed clear light and dark domains of hard and soft segments as phase segregation
with increasing hard segment contents.
4.6.7 Shape memory behavior
At ambient temperature, the glassy state and rubbery states show dynamic movement of
molecular chains due to low Tm. The shape recovery process showed the interaction between
segments.on that basis the permanent shape can be achieved (Takahashi et al., 1996; Tobushi
et al., 2007).
The cyclic shape memory test results for PUGCEs with increasing hard segment
contents are given in Table 4.24. The present study with increasing HSC showed shape
retention range from 78 to 90% and shape recovery range from 90 to 97%. These results are
in accord with Chun et al. (2005), it can be observed that increase in shape recovery and
shape retention could be related to the presence of chemically cross-linking. The maximum
shape recovery was 97% (PUGCE5) extended with 1, 6-hexane diol. These results are also
justifying the values given in Table 4.24. the tensile stress which play important role to
understand the mechanical properties of synthesized polymers.
It was revealed that both shape recovery and shape retention increased with
increasing hard segment content. It was inferred that the chemical cross-linking by glycerin
fall to increased the shape recovery behavior and mechanical properties. (Hu et al., 2005;
Chun et al., 2007).
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Table 4.24: Cyclic tensile data of PUGCEs
Sr. No.

Sample

Shape recovery

Shape retention

Code

(%)

(%)

1

PUGCE 1

90

78

2

PUGCE 2

90

79

3

PUGCE 3

94

80

4

PUGCE 4

95

85

5

PUGCE 5

97

90

4.7 Section-III: Study of different nanocomposite based shape memory
polyurethanes (NSMPUs)
Polymeric nano composites are new class of materials becoming popular day by day because
of their better thermo-mechanical behavior. A series of PU nanocomposite has been
synthesized containing carbon nanotube, nano-diamond, nano-graphite, nano-silica and nanoclay. After characterization, the results were compared with pristine polyurethane (PPU).
4.7.1 Structure Characterization
The structural characterization of pristine polyurethanes (PPU) and nano-composite based
polyurethanes was performed by FTIR and
4.7.1.1 FT-IR spectral study
Molecular characterization of HDI/PCL/BDO based PPU, PUCNT, PUDMD, PUGRP,
PUSIL and PUCLY was established by FT-IR spectroscopy (Fig. 4.56). The FT-IR spectra of
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all the monomers (hexamethylene diisocyanate (HDI), polycaprolactone diol (PCL), 1,4butanediol (1,4-BDO) and individual polymerization steps (isocyanate (−NCO) terminated
prepolymer along with final polyurethane elastomers) were in 4000-750 cm-1 range and are
presented in Fig. 4.57. The broad absorption peak of PCL (Fig. 4.57b) at 3527 cm-1 revealed
the −OH stretching vibration; 2942 and 2864 cm-1 ascribed CH2 stretching, respectively.
The peak observed at 1727 cm-1 correspond to CO stretching and others peaks at 1368 cm-1
(CO− and −C−C− ); 1241cm-1 (asymmetric −C−O−C− ); 1166cm-1 (symmetric −C−O−C-);
1100 cm-1 (−C−O− and −C−C− stretching in the amorphous phase). The FT-IR spectrum of
−NCO terminated PU prepolymer has been presented in (Fig. 4.57c). It was cleared from the
results that NCO compeletly reacted with PCL, resulting absence of signal and the reduced
intensity of −NCO groups, indicate the completion of reaction. Moreover, the presence of
NH peak at 3325 cm-1 confirmed the formation of prepolymer.
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Fig. 4.56: Synthesis of nanocomposite based shape memory polyurethane
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Fig. 4.57: FT-IR Spectra: (a) Hexamethylene diisocyanate (HDI);
(b) Polycaprolactonediol (PCL); (c) prepolymer
(d) 1,4-butanediol (BDO) and (e) Final polymer
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Fig.4.58: FT-IR Spectra of different nanocomposite based shape memory polyurethanes
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The changes in the intensity of C=O at 1726 cm-1 indicates reaction of HDI with PCL. The
spectra showed (Fig. 4.57d) a broad peak of −OH stretching vibration appeared at 3365 cm-1.
The spectrum of final PU showed the −NCO peak disappeared at at 2269 cm-1 and at 3324
cm-1 justify the formation of shape memory polyurethan.
The FT-IR analysis supports the predesigned structure of final polymer. The FT-IR
spectra of finally synthesized nano-composite based polyurethanes are presented in Fig. 4.58.
On loading pristine PPU, nano-composite showed slightly board peaks with slightly higher
peak intensity ranging from 1722-1726 cm-1 as well as ester groups along with a hump at low
wave number (1685 cm-1) for PPU . The presence of hump peak at 1685 cm-1 might be due to
the chemical intermolecular interaction of PPU chains (Raja et al., 2013). The −NH−
stretching vibration range from 3319 to 3324 cm-1, other stretching peaks were assigned as:
1521-1524 cm-1 (−NH− deformations); 1448-1468 cm-1 (−CH2−); 1412 cm-1; 1306 cm-1
(−CH2−). It was inferred that the decreasing–NH peaks was attributed to nano-composite as
compared to PPU. The FT-IR spectra were significantly revealed the completion of
polymerization reaction by present of –NH− and −C=O and diminised of –NCO and –OH
peaks.
4.7.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
The molecular characteristic of the synthesized polymer samples were evaluated by 1H
NMR. The spectra of HDI/PCL/1,4-BDO based polyurethane shown in Fig. 4.59. The 1H
spectrum of final synthesized shape memory polyurethane (PPU) was proposed structure.
The 1H NMR spectra shown in Fig. 4.59 presented the following peaks: The peaks for
urethane wasfound at 8.0 ppm (s, NH). The peaks appeared at 1.15-4.23 ppm, of
polyurethane. The other peaks 3.99-3.96 (s, 2H); 4.23 (m, 2H); 2.47 (DMSO); 2.36 (m, 2H);
2.28-2.25 (m, 2H); 1.54-1.52 (m, 4H).
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Fig. 4.59: 1HNMR spectrum of HDI/PCL/1,4-BDO based shape memory polyurethane

4.7.2. Thermal Characterization
4.7.2.1 Thermal Gravimetric Analysis (TGA)
The thermal stability of synthesized PU was analyzed by Thermogravimetric analysis (TGA).
The curves of the samples were analyzed as a function of soft segment and relationships
between the degrees of the physical cross-linking (Thomas et al., 2001). The Fig. 4.60
showed the decomposition temperature of nanocomposite based polyurethane for different
percentage by weight loss. It was observed from the available data that all polymers showed
a regular trend of thermal stability. The temperature for different percentage of weight loss
(on set, 5, 10, 20, 50% and max.) is presented in Table 4.25.
It can be noted that the nanocomposite based polyurethanes (PUCLY, PUGRP,
PUDMD and PUSIL) exhibited more thermal stability as compared to pristine polyurethane.
The PUCNT showed maximum thermal stability. TGA studied showed that the dreadful
conditions of pristine PU start at about 270 °C and ended at 595 °C with development of
char. While all other nanocomposite based PU showed high thermal stability. This
phenomenon also suggested that the addition of nanocomposite responsible for increased of
mechanical as well as thermal stability.
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Fig. 4.60: Comparative presentation of % age weight loss of different polyurethane
composites
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4.7.2.2Differential Scanning Calorimeter (DSC)
The DSC thermograms of pristine PU and polyurethane nanocomposite are displayed in
Table 4.25. The Tg of all composite were in the range of -54.73 to -56.37 °C. The results
showed the Tm.s of soft segments and hard segments (Tm.h) range from 24.88 to 36.83 °C
and 99.00 to 127.51 °C. It was noticed that the nanocomposite showed an increasing trend of
glass transition temperature. The pristine PU did not show any crystallinity peak (soft and
hard segments), however hard segments of PU nanocomposite showed some extent of
crystallinity (Terrill et. al, 1998). The cooling and 2nd heating scans of nanocomposites are
given in Fig. 4.61 and Fig. 4.62 respectively. It was revealed that the differential scanning
glass transition temperature of nanocomposites polyurethane. However the disappearance of
soft segment and appearance of hard segments peak (PUCLY) were in contrast to already
reported in literature (Haghayegh & Sadeghi, 2012). On the other hand, the existence of both
soft and hard melting peaks was confirmed the smooth ordering of hard segments (Cheol et
al., 2006).
4.7.2.3 Dynamic Mechanical Thermal Analysis (DMTA) Studies
The Fig. 4.63 and 4.64 presents the storage modulus and tan δ for pristine and nanocomposite
based polyurethanes as a temperature in tensile mode. The shift of Tgs to higher temperature
was observed in PU nanocomposite.

the samples showed rubbery plateaus, indicative of

physically cross linked structure. The heat dependent viscoelstic with descending modulus
were observed in temperature ranging from -120 to 250 °C. Slight increase of storage
modulus below Tg, sense that the incorporation of nano fillers increased the modulus of nano
filler in glassy state. This significant rise in storage modulus on loading modified CNT was
attributed to the stiffening effect of CNTs and its fine dispersion, when compared to the
storage modulus of pristine PU. This result is in agreement with already reported work
(Koerner et al., 2004; Sonnenschein et al., 2005; Xiong et al., 2008).
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Table 4.25: Thermal stability and thermal transitions with corresponding enthalpies of polyurethane composites
Sr.
No.

Sample
Code

Tonset T5
T10
o
o
( C) ( C) (oC)

T20
(oC)

T50
(oC)

Tmax
(oC)

Tg.s
(°C)

Tm.s
(°C)

∆Hm.s
(J/g)

Tm.h
(°C)

∆Hm.h
(J/g)

1

PPU

270

279

347

367

399

592

-54.73

24.88

-17.56

116.17

-9.93

2

PUSIL

271

324

337

351

373

594

-55.21

36.83

-27.45

127.51

-3.83

3

PUGRP

282

316

328

340

356

584

-55.24

29.86

-18.80

113.82

-3.62

4

PUCLY

283

314

332

353

383

595

-55.86

34.70

-21.92

108.38

-1.96

5

PUCNT

290

321

337

352

376

593

-56.00

32.66

-22.98

99.00

-3.19

6

PUDMD

295

316

330

350

380

492

-56.34

33.87

-32.10

119.06

-5.65
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Fig. 4.61: Cooling DSC thermogram (10 oC/min) of nanocomposites
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Fig. 4.62: 2nd heating DSC thermogram (10oC/min) of nanocomposites
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Fig. 4.63: Storage Modulus/Temperature curves of nanocomposites
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Fig. 4.64: Tan δ/Temperature curves of nanocomposite
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However, the modulus values of nanocomposites (PUGRP, PUCLAY, PUSIL, PUDMD
AND PUCNT) were found different (Cao & Jana, 2007; Agarwal et al., 2011; Bae et al.,
2011). The incorporation of CNts caused rubbery mudulus. It is worth to mention that rubbry
modoluus decreased by dispersion (Gu et al., 2013).
The tan δ represents the ratio of th SM to LS. The tan δ peak corresponded to the Tg.
The PUCNT composites, showed tan δ peaks shifted towards higher temperatures. The
improvement of Tg of PUCLY and PUCNT as compared to others composites is because of
presence of crosslinking CNTs/organo clay and amino groups on the surface of PUCNT. It
was found the modified CNTs best performance as compared to other composites, thus
leading to more increase in Tg (Raja et al., 2013).
The tan δ curves of all composits were found very broad. (Liu et al., 2004; Miaudet et
al., 2007). Besides, the incorporation of organo clay and CNTs increases the tan δ value as
shown in Fig. 4.65.
4.7.3 X-ray diffraction studies
The crystalline nature of nano-composite based polyurethanes was determined using XRD
studies. The results displayed in Fig. 4.65 showed broad diffraction peaks nearly at 2θ = 20°
which were attributed to PU soft segments peaks. It was observed that the addition of
nanocomposite was responsible for appearance of sharp peaks. The diffraction peaks of
PUCNT, PUDMD, PUCLY appeared more intense along with humps toward high degree.
The formation of more crystalline phases due to higher interfacial interaction between
the nano particles and polymer matrix. Moreover, it was cleared that the loading of nano
composite slightly affect the miscibility behavior of the synthesized polymers (Yuan &
Ruckenstein, 1998; Lai & Lan, 2013). It has been reported in the literature that the peak of
pristine clay appeared at 2θ =4.8° (d-spacing = 1.85nm) (Fiena & Sadhan, 2007).
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Fig. 4.65: X-ray diffractograms of polyurethane composites
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But in present study PUCLY (0.5% clay) showed the absence of that particular peak
indicating the well dispersion of clay into PU matrix. These results are also supported by
DSC analysis, which showed the increasing trend of Tg by adding nanofillers. This smooth
dispersion of silicate layers of clay may be attributed to the H-bonding. However appearance
of hump at lower degree may be attributed to intercalation of nanocomposite in PU matrix.
The others XRD images of PUDMD, PUSIL and PUGRP also exhibited well defined pattern.
The XRD peak for PUCNT showed high peak intensity as compared to all others, presenting
more phase separation and crystallinity
4.7.4 Surface Characterization
4.7.4.1 Conatct angle measurments
The double distilled water (DDW) and diiodomethane (DIM) were used to evaluate the
hydrophilicity / hydrophobicity of the prepared samples by measuring contact angle of
polyurethane composite. Contact angle was precisely calculated between test liquid and
surface of PU composite. The values of contact angle using DDW and DIM as test liquids
range from 83.1 to 116.5° and 27.3 to 35.5°, respectively (Table 4.26). The contact angles for
PPU, PUCNT, PUGRP, PUSIL and PUDMD were 83.1, 68.7, 88.1, 93.6° and 116.5° for
water as test liquids. While for diiodomethane showed 27.3, 30.9 and 35.5° for PPU, PUCNT
and PUDMD, respectively. It was observed that PU composite showed hydrophobic
character as compared to pristine PU. This phenomenon might be due to fact that the strong
nano filler interaction with polymer matrix restricted movements of hard segments resulting
poor freedom to come on the surface. It was noticed that the PPU showed more
conformational freedom, resulting less restriction in movement of hard segments as
compared to nanocomposite, let them to come on the surface easily (Zia et al., 2008a).
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Table 4.26: Total surface energy and contact angle data

Sr.
No.

Sample
Code

Contact angle (θ) with

Surface free energy

water and diiodomethane

(Wu’s Method)

Double Distilled
Water
Theta L

Theta R

(deg)k

(deg)

Diiodomethane

Polar
Portion

Theta
L

(mN/m)

Theta R

Disperse
Portion
(mN/m)

Total
Surface
Energy
(mN/m)

(deg)
(deg)

1

PPU

83.1

83.1

27.3

27.3

2.49

45.30

47.79

2

PUCNT

86.7

86.7

30.9

30.9

1.13

43.85

44.97

3

PUGRP

88.1

88.1

-

-

-

-

-

4

PUSIL

93.6

93.6

-

-

-

-

-

5

PUCLY

-

-

-

-

-

-

-

6

PUDMD

116.5

116.5

35.5

35.5

2.20

41.80

44.00

4.7.4.2 Surface Free Energy
Wu method was used to calculate the surface tension with their polar and dispersive portions.
It was found that surface energy of composites were less than pristine polyurethane (Table
4.26). The total surface energy for PU, PUCNT and PUDMD are 47.79 , 44.9 and 43.99
mN/m, respectively. This shows that higher the liquid surface tension (Rubingh & Noda,
1992). So it was observed that the addition of nano particles results in decreasing surface free
energy, which ultimately increased in the synthesized polymer.

178

4.7.5 Morphological Characterization
For morphological analysis of polyurethane composite, following important tools were
extensively used:
4.7.5.1 Scanning Electron Microscope (SEM)
The SEM images of fractured PU composites (in liquid nitrogen) clearly revealed the
homogeneous distribution of nano particles in the synthesized polymer (Li & Shimizu, 2007).
The dispersion of nano particles can be identified by the appearance of bright spots (Fig.
4.66). The distribution of modified carbon nano tube and clay was attributed to increase
interaction of PUCNT due to hydrogen bonding, as proposed in reaction mechanism. It can
be noticed that the fractured surface of pristine PU was quite flat and smooth, while all
nanocomposites demonstrated wrinkled sheets, spotted and rough surface. In case of graphite
and nano carbon tube (0.5% loading), the composite surface seems to be fully covered with
nano fillers, absence of re-aggregation and PU segments was obscure (Gu et al., 2013). These
features also imply the uniform dispersion and good compatibility of nanocomposites within
PU matrix. Analogous phenomenon has been reported in literature (Ma et al., 2014; Tang et
al., 2012; Yang et al., 2012). It is pertinent to mention that the PUDMD and PUSIL also did
not show any type of agglomerates in PU matrix, contrary to the earlier reports (Yong &
Hahn, 2004; Rodgers et al., 2005), while tiny agglomerates has been observed in PUG. The
Fig. 4.67 presented the SEM images of pure nano particle.
4.7.5.2 Atomic Force Microscopy (AFM)
Atomic force microscopy has been used to elucidate nano scale level. The elucide of the
nanocomposite based polyurethane samples was imaged using contact mode. The Fig. 4.67
presented the phase detected features. The morphological behavior of MDI/1,4-BDO
polyurethanes (Janik, 2001; Aneja & Wilkes, 2003; Christenson et al., 2005). However, only
few research works HDI/1,4-BDO polyurethane composites has been reported. In the present
study the surface morphology of pristine polyurethane (PPU) and its composite (PUGRP,
PUSIL, PUCLY, PUDMD and PUCNT) are visualized in Fig. 4.66. The phase images
presented light and darker soft phase (PCL) segments, respectively. This is in accordance
with previous the findings (Klinedinsta et al., 2005). In these image
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Nano silica

Nano graphite

Nano carbon tube

Nano diamond

Nano clay

Fig.4.66: SEM images of nano particles
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PPU

PUSIL

PUCLY

PUDMD

PUCNT

PUGRP

Fig.4.67: SEM images of polyurethane composites
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Fig.4.68: AFM images of nanocomposites
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there was visual evidence for the appearance of micro phase separated structure in all
prepared samples. Further the homogeneous dispersion of nano particles in all polyurethane
composites can be clearly visualized.
4.7.6 Shape Memory Properties
The Rf of nanocomposite based shape memory polyurethanes (NSMPUs) material.
It was considered that all deformation are because of strain. However, a crystalline and
segments behave good properties entropy find less and more orintation (Lee et al., 2001).
The shape fixity and recovery ratio for the average of three cycles were shown in Table 4.27.
extraordinarily, the unspoiled PU and its nanocomposites (PUCNT, PUCLY, and PUGRP)
exhibit high shape recovery and fixity above 95% (Gu et al., 2013). It was observed the
incorporation of nano fillers has significant effect on the shape fixity and shape recovery of
polyurethane. It was revealed that -55 oC (DSC). It can be considered that the elastomeric
networks of the polyurethane (Gunes et al., 2008). The modified CNTs and nano-caly
(Cloisite 15A) an extra fixed stage due to the interaction between the nano particles and the
PU matrix. Moreover, better dispersion led to more hydrogen bonding between hard
segments and hydroxyl groups of ammonium ion in PUCNT and PUCLY (Haghayegh et al.,
2012). The shape recovery of PUSIL and PUDMD
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Table 4.27: Cyclic tensile behavior of varying chain extender based polyurethanes
Sr. No.

Sample
Code

Shape recovery
(%)

Shape retention
(%)

1

PPU

90

80

2

PUSIL

91

86

3

PUDMD

94

89

4

PUGRP

95

90

5

PUCLY

97

91

6

PUCNT

98

95

was found to be 91 and 94% respectively, while the shape fixity was 86 and 89 %,
respectively. This result is in agreement with the result reported by Zhang and his coworkers,
(Zhang et al., 2011) concluded that better dispersion for obtained results, led to better shape
memory properties, also the study showed a strong correlation between soft segment
crystallinity and shape memory performance. Although nanoparticles were used with the
expectation that shape memory performance would be significantly improved. Our data
showed that the filler particle interfered with crystallization due to comparable sized of the
filler and the typical crystal lamella. In all composites, higher shape memory properties were
observed and noticed that the cyclic tensile testing data revealed that fillers impart positive
effect on hysteresis characteristics of SMPU.
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Chapter 5

SUMMARY
In this research, a thorough study of polyurethane based shape memory polymer system was
presented. Important shape memory properties; such as, shape recovery and fixity along with
thermo-mechanical, structural and morphological behavior were characterized. This study
comprised of three major sections, which have been further divided into sub sections. The
polyurethane has been synthesized by step growth polymerization following two step
synthesis processes. A range of series has been synthesized by varying diisocyanate structure,
polycaprolactone diol molecular weight, chain extender length, crosslinker %age (glycerin)
and nano fillers. In the first section of study, a range of H12MDI based polyurethane
elastomer and PCL of different molecular weight and increasing methylene units in chain
extender (alkane diol) were synthesized step by step. Structural characteristics find using
Fourier Transform Infrared (FT-IR) spectrophotometer and Nuclear Magnetic Resonance
(1HNMR &

13

CNMR) spectroscopy, which confirmed the proposed structure. The FT-IR

spectroscopy was also used as a key tool to observe every step of the fake lane. The thermal
stability and thermal transition were found by TGA and DSC studies. The PCL molecular
weight. The Tg and increasing crystalline. The DMTA curves, showed higher modulus with
wide temperature range for highest molecular weight PCL The water absorption (%),
equilibrium degree of swelling of synthesized samples has been monitored. The contact angle
and total surface energy measurements results suggested the chain flexibility and molecular
orientation helping to make surface hydrophobic. Finally, the investigation by SEM and
AFM displayed the existence of separate domains. The shape recovery and shape fixity was
found to be increased due to incorporation of longer PCL and its increasing flexible linking.
The shape memory polyurethane having increasing chain extender (CE) length has
been characterized using FT-IR spectroscopy. The effect of CE length on structural, thermal
mechanical properties were studied and investigated. The results the increase of glass
transition temperature along with increasing crystallization and decreasing melting
temperature has been observed. The increasing length of CE can be decreasing H12MDI
urethane hydrogen bonding, and thermal stability CE length. The surface morphology due to
intermolecular interaction exhibited the polymer hydrophobic. Both thermal and mechanical
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properties revealed that increasing degree of crystallinity and phase segregation interpreted
the higher tensile strength along with 97% shape recovery and 85% shape retention
study of structural for synthesized polyurethane elastomer show the thermomechanical properties, hydrogen bonding, hydrophobicity, surface morphology and shape
memory behavior were found to be depending upon PCL molecular weight as well as chain
extender length in PU back bone.
Glycerin based polyurethane series based on H12MDI, and PCL glycerin and 1,4BDO were prepared. The modification in the chemical structure of the PU back bone was
characterized with FT-IR technique. The TG analysis showed the effect on properties of
polymer increasing glycerin ratio. The results also revealed the increasing glass transition
temperature and polymer stiffness with increasing glycerin ratio. The glycerin % were
interpreted in term of increasing intermolecular interaction, hard segment arrangement and
intermolecular interactions. It was inferred about increasing the glycerin contents in the
polyurethane back bone, the rigidity were increased and this behavior.
It was found that the polymer having 10% glycerin displayed best thermal properties
so, a series of PU (10% glycerin) was synthesized soft segments on molecular properties..
The experiment results from TGA, DSC, DMTA and XRD measurements found the increase
of thermal stability, crystallinity properties with increasing soft segment length. The increase
in properties was interpreted in term of increasing chain flexibility and phase separation. The
surface morphology was observed by SEM and AFM techniques. The higher changes of
surface properties and phase segregation.. The hydrophilicity of the polymer was found
directly proportional to the molecular weight of PCL.
Glycerin based polyurethane elastomer varying chain extender (CE) length, were
synthesized and characterized. The structural elucidation of polymer was carried out by FTIR spectroscopy technique increasing repeating units of methylene groups in chain extender.
The TGA data and DSC thermograms showed increasing thermal stability with increasing
hard segment contents (HSC). DMTA curves showed for highest HSC (PUGCE5).
Investigation of tangent curves (tan δ) showed the glass transitions occurred within broader
temperature range, and decreasing damping peaks intensity with increasing CE length
interpreted as increasing degree of crystallinity, deformation of hard domains and chemical
crosslinking by glycerin, which was supported by XRD analysis. The study about surface
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morphology inferred the polymer hydrophilic and phase separation found to be increased
with increasing CE length. As the chemical crosslinking exited and approperate length of CE
also improved cyclic shape memory behavior. The results showed both shape recovery and
shape fixity increased with hard segment content. It was concluded that the chemical
crosslinking by glycerin The results suggested that macromolecular rearrangement depend
upon chain extender length and crosslinking behavior of glycerin.
Investigation of structural-property relationship for glycerin based synthesized
polyurethane elastomer showed phase segregation and shape memory behavior by changing
glycerin ratio, PCL molecular weight and chain extender length in PU back bone.
Finally, it was concluded that these polymers have properties and reasonably claimed that
they can be utilized.
A series of PU nanocomposite consist of carbon nanotube (PUCNT), nano-diamond
(PUDMD), nano-graphite (PUGRP), nano-silica (PUSIL) and nano-clay (PUCLY) has also
been synthesized and their thermo-mechanical, surface morphology, and shape memory
behavior was characterized. The molecular characterization of HDI/PCL/BDO based PU
nanocomposites was confirmed by FT-IR spectroscopy. The thermal properties showed
positive effect of nano fillers on glass transition temperature (Tg), and XRD studies. The
SEM and AFM images showed prominent phase separation in all composites as compared to
pristine polyurethane (PPU). It was observed that addition of nano fillers showed good shape
memory effect.
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