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Abstract

Shape memory polymers (SMPs) are functional materials, which find applications in a
broad range of temperature sensing elements and biological micro-electro-mechanical systems
(MEMS). These polymers are capable of fixing a transient shape and recovering to their original
shape after a series of thermo-mechanical treatments. Generally, these materials are
thermoplastic segmented polyurethanes composed of soft segments, usually formed by a
polyether macroglycol, and hard segments formed from the reaction of a diisocyanate with a low
molecular mass diol. The hard segment content is a key parameter to control the final properties
of the polymer, such as rubbery plateau modulus, melting point, hardness, and tensile strength.
The long flexible soft segment largely controls the low temperature properties, solvent
resistance, and weather resistance properties. The morphology and properties of polyurethanes
(PU) are greatly influenced by the ratio of hard and soft block components and the average block
lengths. However, in some applications, SMPs may not generate enough recovery force to be
useful. The reinforcement of SMPs using nanofillers represents a novel approach of enhancing
the performance of these materials. The incorporation of these fillers into SMPs can produce
performance enhancements (particularly elastic modulus) at small nanoparticle loadings (~1-2 wt
%). An optimal performance of nanofiller-polymer nanocomposites requires uniform dispersion
of filler in polymers and good interfacial adhesion. The addition of nanofillers like cellulose
nanofibers (CNF), conductive cellulose nanofibers (C-CNF), and carbon nanotubes (CNTS)

allows for the production of stiffer materials with deformation capacity comparable to that of the



unfilled polymer. Additionally, the use of conductive nanoreinforcments such as C-CNF and
CNTs leads to new pathways for actuation of the shape memory effect.

During this work, thermoplastic shape memory polyurethanes were synthesized with
varying chemical composition and molecular weight. This was achieved by controlling the
moles of reactants used, by using polyols with different molecular weights, and by using
different diisocyanates. Using these controls, polymer matrices with different but controlled
structures were synthesized and then reinforced with CNF, C-CNF, and CNTs in order to study
the influence of chemical structure and polymer-nanoreinforcement interactions on polymer

nanocomposite morphology, thermal and mechanical properties, and shape memory behavior.
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CHAPTER I.

INTRODUCTION

Shape Memory Materials/Polymers

Shape memory materials are stimuli-responsive materials that possess the ability to change their
shape upon application of an external stimulus [Lendlein & Kelch, 2002; Chun et al., 2007].
They were first introduced in 1951 when Chang and Read discovered shape memory effect in an
Au-47.5 at% Cd alloy [Chang & Read, 1951]. The designation of shape memory material covers
a broad variety of materials (metal, ceramic, and polymer) [Chun et al., 2007]. Although a
variety of materials have been found to exhibit shape memory effect, Ni-Ti alloy (Nitinol) is the
most widely used shape memory material for commercial applications because of its shape
memory performance, good processability, and excellent mechanical properties [Buhler et al.,
1963; Wei & Sandstrom, 1998]. Additionally, Ni-Ti alloys have good biocompatibility and
corrosion resistance which makes them desirable for biomedical applications. Shape memory
materials are being pursued in research because of their unusual properties which are due to the
phase transitions in the materials and include shape memory effect, pseudoelasticity or large
recoverable strain, high damping capacity, and adaptive properties [Wei & Sandstrom, 1998]. A
variety of external stimuli can be used to trigger the shape memory effect, making shape memory
polymers useful for a range of applications. The external stimuli used to trigger a change in a
shape may be heat [Auad et al., 2009; Kim et al., 1996; Kamieneski et al., 2007], magnetic field

[Mohr et al., 1996], electric field [Jimenez et al., 2007], or light [Maitland et al., 2002; Lendlein



et al., 2005]. These polymers are capable of sensing the external stimuli and then exhibiting a
predictable response such as a change in shape, position, strain, stiffness, natural frequency,
damping, friction, and other static and dynamic characteristics to the environmental changes

[Wei & Sandstrom, 1998].

Shape memory polymers have found applications in a wide range of fields. Several researchers
have taken advantage of the large strain recovery behavior of shape memory polymers to create
novel medical devices capable of performing in vivo functions such as gripping or releasing of
therapeutic medical devices within blood vessels [Benett et al., 1997; Lee et al., 1997; Lee et al.
2000]. Shape memory polymers are also useful in industrial applications where manipulation of
objects located in inaccessible locations is necessary [Lee & Fitch, 2000], aerospace applications

[Gall et al., 2004], and smart textiles [Ding et al., 2004].

Shape Memory Alloys

Shape memory alloys (SMASs) derive their shape memory capabilities from their high
temperature austenite and low temperature martensite phases. They are capable of recovering
from up to 10% strains through temperature and stress-induced transformations between these
phases [Smith, 2005]. The shape memory effect in SMAs works by plastic deformation applied
at an ambient temperature that becomes elastic upon heating, allowing the material to return to
its original shape. Despite the plastic to elastic transformation, the material experiences an
increase in modulus with an increase in temperature [Monkman, 2000]. The thermodynamic
stability of the austenite and martensite phases gives the material its ability to “remember”

various shapes, which are constructed in the austenite phase. Despite their advantages, SMASs



have obvious drawbacks such as high manufacturing costs, limited recoverable deformation,
appreciable toxicity, comparatively inflexible transition temperatures, and demanding processing

and training conditions [Uo et al., 2001; Hornbogen, 2006; Liu et al., 2007].

Due to the disadvantages of shape memory alloys, increasing attention is being directed towards
shape memory polymers [Rousseau, 2008]. Due to their light-weight, high shape
recoverability, easy manipulation, economical value in comparison with shape memory alloys,
and unusual properties, the development of shape memory polymers and composites is being
actively pursued [Hayashi et al., 1991; Liang et al, 1991; Ahir & Terentjev, 2005]. For certain
types of shape memory polymers, strains of up to 700% have been reported [Koerne et al., 2004]
as opposed to shape memory alloys, shape memory ceramics, and glasses that normally have
strains of less than 10, 1, and 0.1%, respectively [Wei et al., 1998; Winzek et al., 2004]. In
contrast to their shape memory alloy counterparts, shape memory polymers rely on one or more
glass transition temperatures to exhibit a change in shape and exhibit a decrease in elastic
modulus with increasing temperature [Monkman, 2000]. Disadvantages of shape memory
polymers include their relatively low modulus, usually 4-10 MPa against 200-400 MPa for
SMAs [Wei et al., 1998; Cao & Jana, 2007], which results in small recovery forces [Cao & Jana,
2007; Koerne et al., 2004; Xu et al, 2006; Jeong et al, 2000], their response time is much longer
than SMAs [Liu & Mather, 2005; Razzaq & Frormann, 2007], and the number of achievable
cycles is lower than SMAs [Lin & Chen, 1998; Xu et al., 2006]. The molecular design of the
polymer, however, can have a large impact on the achievable material properties and behavior
[Rousseau, 2008]. The literature contains information on a broad variety of shape memory

polymers based on common chemistries such as polyurethane (PU) [Chun et al., 2007], epoxy



[Gall et al., 2004; Liu et al., 2006], polyethylene [Ota, 1981; Machi, 1996], and polyolefin [Liu

et al., 2002].

Categories of Shape Memory Polymers

It is accepted in academia and research that shape memory polymers can be divided into four
categories which are distinguished by the differences in fixing mechanism and origin of
“permanent” shape elasticity [Liu et al., 2002; Liu et al., 2007]. These categories split shape
memory polymers into 1) covalently crosslinked glassy thermosets, 2) covalently crosslinked
semicrystalline rubber, 3) physically crosslinked amorphous thermoplastics, and 4) physically
crosslinked semi-crystalline block copolymers [Liu et al., 2007; Rousseau, 2008; Lendlein &
Kelch, 2002]. Before these categories can be explored, it is important to discuss the molecular
mechanism that makes shape memory a possibility in polymers. Shape memory polymers derive
their ability to achieve temporary strain fixing and recovery from the intrinsic elasticity of the
polymeric network [Liu et al., 2007]. However, it is important to note that shape memory
behavior is not an intrinsic polymer property, so polymers do not exhibit this behavior by
themselves but through a combination of polymer morphology, structure, and specific external
processing conditions [Behl & Lendlein, 2007; Rousseau, 2008]. Shape memory behavior can
be observed in elastomeric polymers that consist of two phases [Lendlein & Kelch, 2002;
Rousseau, 2008; Ratna & Karger-Kocsis, 2008]. One of the phases allows for shape fixity
through chemical or physical crosslinks while the other phase is responsible for reversibility or
“remembering” the original/permanent shape through transitions such as a melting or glass
transition temperature [Rousseau, 2008]. The two phases will exhibit separate and different

phase transitions. The phase with the higher thermal transition, Tyem, is the phase which is



responsible for the permanent shape and acts as the physical crosslink, while the phase that
allows for fixity exhibits a lower phase transition, Tians, Which can be either a melting or glass
transition and allows for the fixation of the switching segments [Lendlein & Kelch, 2002].
Generally, the melting point is preferred since it is usually a much better defined and sharper
transition [Ratna & Karger-Kocsis, 2008]. The material is processed to the desired shape above
the switching temperature, Tians, but below the Tperm. Upon deformation of the material in the
rubbery state, the macromolecules rearrange along the deformation axis and reduce the entropy
of the polymer network. It is possible to fix the temporary shape of the material by cooling it to
a temperature that is below the switching temperature, Tgans. Cooling the material to a
temperature below Ty stores the energy so that the deformed network configuration is “frozen
in”. Generally, the polymer is capable of holding the deformed shape indefinitely. If the
material is once again heated to a temperature above its reversible phase transition, the increase
in molecular mobility from the entropy elasticity allows for the material to recover its permanent

original shape [Rousseau, 2008, Lendlein & Kelch 2002].

The shape memory behavior of the first category of shape memory polymers, covalently
crosslinked glassy thermoset networks, is based on the formation of a phase-segregated
morphology. The shape memory effect of polymers with this morphology was discussed above.
This is the simplest type of shape memory polymer [Liu et al., 2007]. The transition
temperature, Tyans, IS @ melting temperature or a glass transition temperature. Shape memory
polymers in this category generally show excellent shape fixity and recovery due to the high

modulus, that can be adjusted through the extent of crosslinking and the absence of slippage



between chains, below the Ty and the excellent rubber elasticity, attributed to crosslinking, above

the T4 [Rousseau, 2008; Liu et al., 2007].

Covalently crosslinked semicrystalline rubber comprises the second category of shape memory
polymers. This category is similar to the first in that permanent shapes are established through
crosslinking and cannot be reshaped after processing. However, the temporary shape is
controlled through deformation above the T, of the crystalline regions and subsequent cooling
below their crystallization temperature [Rousseau et al., 2008]. The stiffness of these materials
is sensitive to the degree of crystallinity and the degree of crosslinking, making it more
compliant below the critical temperature. The temporary shapes of polymers in this class are
fixed by crystallization as opposed to vitrification. Polymers in this class are expected to need
lower temperatures relative to Tyans t0 €xperience a change in shape. The lower temperatures
allow for full crystallization, which would create an expected increase in shape fixity [Rousseau,
2008]. In comparison to the first category, there is generally a wider range of attainable shape
fixity and recovery. Included in this category are semi-crystalline rubbers, liquid crystalline

elastomers (LECs), and hydrogels with phase separated microdomains [Liu et al., 2007].

The third category, physically crosslinked amorphous thermoplastics, consists of linear block
copolymers and multiblock copolymers. The T, of the soft segment regions are responsible for
the shape memory behavior. After deformation at a temperature greater than the T4 of the
polymer, the shape can be maintained by cooling the material below the glass transition
temperature. Physical crosslinking of the hard segments through molecular interactions such as

van der Waals, dipole-dipole interactions, or hydrogen bonding are responsible for the material’s



permanent shape [Rousseau, 2008]. The majority of shape memory polymers in this category are

amorphous segmented shape memory polyurethanes.

The final category of shape memory polymers, physically crosslinked semi-crystalline block
copolymers, is similar to the third class. Some of the block copolymers in this category have soft
segments that will crystallize and the melting temperature of the soft segments function as a
shape memory transition as opposed to their Tq. The secondary shapes are therefore fixed by
crystallization of the soft segments [Liu et al., 2007]. The most commonly reported shape
memory polymers in this class are polyurethane based chemistries [Rousseau, 2008]. Segmented
shape memory polyurethanes, which will be the focus of this research, fall into this category and

represent the majority of this category of shape memory polymers.

Shape Memory Polyurethane

The biphasic morphology of polyurethane makes it an excellent candidate for a shape memory
material [Lee et al., 2004; Chun et al., 2007]. Polyurethane is composed of soft and hard
segments which phase separate due to the thermodynamic immiscibility that exists between the
two [Chun et al., 2007; Lee et al., 2004; Takahashi et al., 1996]. It has been researched
extensively since its discovery by Mitsubishi in 1988 [Liang et al., 1997; Richard & Gordon,
1993]. Much of this research has been devoted to the polyurethane morphology [Briber &
Thomas, 1985; Christenson et al., 2003; Martin et al., 1996], crystal structure [Li et al., 2003],
thermal behavior [Seymour & Cooper, 1973; Schneider et al., 1975], deformation behavior
[Christenson et al., 2005; Desper et al., 1985], and rheological properties [Vlad & Oprea, 2001,

de Vasconcelos et al., 2001; Yoon & Han, 2000].



Thermoplastic segmented polyurethane is synthesized through condensation polymerization of a
diisocyanate and a long chain diol to form a prepolymer. The prepolymer is then further
polymerized in the presence of a low molecular weight diol, the chain extender [Maiti et al.,
2006; Mondal & Hu, 2007]. The soft segments, composed of long chain diols, are responsible
for the reversible phase transformation that allows for the shape memory effect, whereas the hard
segments, formed by the reaction of the diisocyanate and the chain extender, are responsible for
memorizing the permanent shape [Auad et al., 2009; Hu et al., 2005]. Hard segments are
capable of binding themselves via hydrogen bonding and crystallization, which makes the
polymer solid below its melting transition temperature [Auad et al., 2009; Mondal & Hu, 2007].
Figure I-1 is a cartoon representation of the linear thermoplastic polyurethane soft and hard

segment phase separated structure that is formed during the condensation reaction.

Figure I-1. Cartoon representing the soft and hard segment phase separated structure of a linear
thermoplastic polyurethane.
The shape memory effect works by applying a specified initial deformation at an elevated
temperature that is above the melting temperature of the soft segments of the polymer. These
deformations can then be fixed by cooling the polymer to a temperature below the melting
temperature of the soft segments of the polymer. The original shape can then be recovered by
once again heating the polymer to a temperature above the melting temperature of the soft

segments. The three cycles are known as deformation, fixing, and recovery [Hu et al., 2005;



Auad et al., 2009]. A graphical representation of the shape memory cycles is shown below in
Figure 1-2. Shape memory behavior can be evaluated in tension using a tensile tester equipped
with a thermally controlled chamber or in compression using a dynamic mechanical analyzer
(DMA). Depending on the instrument used, testing can be performed in strain or stress-
controlled modes. Depending on the technique used to evaluate shape memory effect, slight
variation may exist in the results. However, all testing is concerned with determining the shape
fixity (Ry) and shape recovery (R;). The shape fixity is defined as the ability of a shape memory
polymer to fix the temporary shape upon completion of deformation after subsequent cooling
and unloading [Chun et al., 2007; Tobushi et al., 2004; Li et al., 1997]. Shape recovery is the
ability of the shape memory polymer to “remember” the original shape and recover it, after
subsequent cooling and unloading, upon reheating to the rubbery state of the material [Rousseau,
2008].  The shape memory testing procedure and equations used in the calculation of shape

memory behavior will be discussed in greater detail in Chapter II.

Stress 1. Loading/ Deformation

[MPa] 2. Cooling

(T2< Tm soft)

3. Unloading
T2 < Tm soft

4. Heating (T1>Tm sgft

€p &y €m
Strain [%0]

Figure I-2. Graphical representation of shape memory behavior testing cycles.
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Polymers that exhibit a change in shape caused by a change in temperature posses what is
referred to as thermally induced shape memory effect. The focus of this research will be on
polymers exhibiting this type of shape memory effect. While some researchers have stated that
shape memory effect is an intrinsic property of shape memory polyurethanes [Gall et al., 2004;
Liu et al., 2007], this is not necessarily the case [Behl & Lendlein, 2007; Buckley et al., 2007; Li
et al., 1998]. Rather, it results from a combination of the chemical structure and morphology
together with the applied processing and programming technology [Lendlein & Kelch, 2002;
Rousseau, 2008]. Therefore, shape memory effect can be engineered by controlling the
molecular mass of the soft segment, the amount of hard segment content, the mole ratio of soft to

hard segments, and the polymerization process.

Chemical Structure of Polyurethane

The use of shape memory polyurethanes presents several challenges. The first challenge of the
research is control of the chemical structure of the polymer. A variety of different synthesis
routes are available for the production of polyurethanes. A substantial change in polymer
properties can be achieved by changing the segment lengths, the segment composition, or the
percentage of hard/soft segments [Auad et al., 2009]. A great deal of research has been
performed in this area. Lee et al. investigated the role of hard segment content on the structure
and thermomechanical properties of the SMP [2004]. Others have investigated the effects of
hard segment ordering, chain symmetry, block lengths, and segment shape on shape memory
polyurethane properties [Kim et al., 1998; Mattoso et al., 2006; Prisacariu et al., 2003; Sheth et
al., 2005; Yang et al., 2003; Lin et al., 1998]. However, little research has been performed on the

impact that chemical structure has on shape memory behavior. This research will add to the
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current body of knowledge on the direct effect of soft segment length and hard segment

composition on shape memory behavior.

Shape Memory Polyurethane Nanocomposites

As previously discussed, shape memory polyurethanes present disadvantages such as weak
recovery force and low stiffness in comparison to shape memory alloys. The second challenge
of this research is overcoming these disadvantages. Current applications of SMPs are limited for
this reason. An important goal of this research is to open the door to broader application areas
by creating an increase in mechanical properties and recovery, while maintaining the shape
memory behavior of the polymer material. It should be mentioned that the low recovery stress of
shape memory polyurethane is mainly attributed to its low modulus. Other investigators have
sought to overcome this challenge by increasing the stiffness or elastic modulus of the material
[Rousseau, 2008]. Some studies have focused on creating improvements through the chemical
structure of the material itself. For example, crosslink density has been increased and mesogenic
units have been introduced to form liquid crystalline phases within the rubbery region of the
polyurethane [Jeong et al., 2000, Rousseau, 2008]. Scientists have also investigated improving
the recovery force and/or mechanical properties of shape memory polyurethanes by the addition
microreinforcements to create composites. A composite is a material that is composed of two or
more different materials in order to blend the best properties of each of the constituent materials.
A wide variety of micro-reinforcements, such as silica, carbon or glass fibers, Kevlar®, cellulose
whiskers or microfibrils, wood flour, clays, etc. have been utilized for composite construction
[Gall et al.,, 2002; Gall et al., 2004; Seydibeyoglu & Oksman, 2008; Liang et al, 1997

Krishnamurthi et al., 2001]. Traditional composites utilizing microreinforcements require
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addition of more than 40 wt% reinforcements to induce an increase in properties. Property
enhancements include increases in thermal stability, stiffness, and strength of the employed
polymer matrix. Additionally, in the case of shape memory polyurethanes, the use of
microreinforcements has exhibited an increase in mechanical properties but at a detriment to the
shape memory behavior [Liang et al., 1997; Ohki et al., 2004; Yang et al., 2005; Li et al., 2000].
However, utilization of reinforcements with such a large size does have its drawbacks.
Reductions in strain to failure, impact strength, and fracture toughness are often observed
[Friedrich et al., 2005]. The use of nanoreinforcements, a reinforcement in which one of the
dimensions is in the nanometer range, is a new approach to enhance the properties of shape
memory polymers. Nanocomposites differ from traditional composites, however, because they
exhibit property enhancements with as little as 0.5 wt% reinforcement [Wouterson et al, 2007].
Due to their much higher surface area and the reduction in defects of the reinforcing phase at the
nano level, nanoparticle incorporation offers a way to achieve the same property enhancements
without many of the drawbacks witnessed from microreinforcements [Sternitzke et al., 1998].
Even nanocomposite materials with particle sizes exceeding 20 nanometers have exhibited the
ability to increase properties over neat polymer matrices [Friedrich et al., 2005]. Additionally,
previous studies have found that the higher surface area, or aspect ratio, of nanoreinforcements
leads to a better polymer-nanoreinforcement interface than witnessed in microreinforcements.
This improved interface is capable of producing polymer composites with increased properties,
elastic modulus and strength in particular, at very small particle loadings (~1-2 wt%)
[Bhattacharya & Tummala, 2002; Ash et al., 2001]. Previous studies performed by Gall et al.
[2002] have shown that nanoreinforcements can increase stiffness and recoverable stresses of

shape memory polyurethane materials. It is expected that shape memory polyurethanes with
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enhanced recovery force, increased stiffness, and improved deformation capacity in comparison
to the un-reinforced polymer matrix can be obtained through the addition of nanoreinforcements

[Gall et al., 2002; Ryabov et al., 2001].

While use of nanoreinforcements has exhibited increased properties in polymer naocomposites,
their use also presents a challenge. In order to obtain an increase in properties, it is imperative to
achieve excellent dispersion and interfacial adhesion of the nanoreinforcements in the polymer
matrix. This can be achieved through careful preparation of the nanoreinforcements. Two of the
current methods to overcome problems in polymer nanocomposites include surface modification
and chemical modification. Surface modification is often used with both natural and synthetic
nanofillers. Physical methods of modification change the structural and surface properties of the
fiber and therefore, create better interfacial adhesion with the polymer matrix. Physical
treatments involve surface fibrillation and electric discharge.  Additionally, chemical
modifications are also used with nanofillers that are not inherently compatible with hydrophobic
polymer matrices. In order to improve compatibility and dispersion, a hydrophobic coating
needs to be developed on the fiber surface. When this type of chemical modification is
performed on natural nanofillers, coupling agents such as silane, isocyanate, and titanate based
compounds are often used [George et al., 2001]. In order to increase the interfacial adhesion of
natural nanofibers into a polymer matrix many surface treatments such as bleaching, grafting of
monomers, acetylation, acid hydrolysis, and delignification are utilized [Saheb et al., 1999].
Synthetic nanofillers employ the covalent attachment of functional groups to increase dispersion

and adhesion [Chen et al., 2006, Auad et al., 2009; Hatchett & Josowicz, 2008]. This research
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will employ modification of the selected nanoreinforcements to achieve optimal dispersion and

adhesion within the shape memory polyurethane matrix.

Nanoreinforcements

The nanoreinforcements chosen for investigation during this research are cellulose nanofibers
(CNF), conductive cellulose nanofibers (C-CNF), and carbon nanotubes (CNT). Cellulose,
which constitutes the primary structural material in a wide variety of plant life, is one of nature’s
most abundant materials [Eichhorn & Young 2001]. It possesses attractive attributes of low cost,
low density, high stiffness, and biodegradability [Zadorecki & Michell 1989; Boldizar et al.,
1987]. Cellulose fibers are composed of assemblies of microfibrils, which form slender and
nearly endless rods [Mark 1980; Marchessault & Sundarrjan 1983]. Upon exposure to strong
acids, the microfibrils are degraded into microcrystals that are similar in structure to the parent
microfibril but with shorter lengths ranging from a few hundred nanometers to a few microns.
Additionally, cellulose possesses polar groups that can interact with segmented polyurethanes
[Marcovich et al., 2006]. During polyurethane synthesis it is possible for the —OH group of
cellulose to co-react with the polyurethane. This interaction leads to strong interfacial adhesion
that is necessary for property enhancement in nanocomposites. Researchers have shown that use

of cellulose microfibrils can induce property enhancements [Orts et al., 2005]

Cellulose nanofibers coated with polyaniline, in order to achieve conductive cellulose nanofibers
(C-CNF), presents a new approach to creating conductive polymers through the use of
nanoreinforcement. Polyaniline was chosen for this application due to its good environmental

stability, low cost, and easy polymerization. Conducting polymers have gained attention due to
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the possibility of commercial applications. However, conductive polymers present a challenge
for applications due to their low mechanical properties [Malmonge et al., 2001]. In this research,
a way to overcome this challenge will be investigated. By coating a nanoreinforcement, such as
CNF, with polyaniline, and then creating a nanocomposite, it is expected that a non-conductive
polymer will not only gain the conductive properties of the polyaniline but will also experience

an increase in mechanical properties due to the nanoreinforcement material.

The use of synthetic carbon nanotubes as a nanoreinforcement presents another challenge. While
carbon nanotubes possess a number of advantages, such as excellent mechanical properties,
increased electrostatic discharge, chemical stability, low density, and conductivity, their poor
surface reactivity and high aspect ratio create dispersion problems in nanocomposites [Chen et
al., 2006; Auad et al., 2009]. Synthetic CNT are generally incompatible with organic molecules,
including polymers. Entanglements are usually encountered due to the extremely high aspect
ratio and can cause difficulty when preparing CNT nanocomposites [Ajayan et al., 2000; Zhou et
al., 2003; Cadek et al., 2004; Andrews et al., 2002; Sun et al., 2002]. For this reason, several
researchers have focused on surface functionalization of CNT to aid in nanofiller dispersion
[Auad et al., 2009; Cui et al., 2003; Gong et al., 2000]. During these studies, various
functionalization methods have been described including covalent bonding methods in which
carboxyl groups on the CNT surface are converted to organic groups in order to improve the
surface group reaction efficiency between the CNT and the SMPu [Auad et al., 2009]. This
research will employ a surface functionalization method in order to overcome the challenges

associated with dispersion and agglomeration.
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Research Objectives

There are four main objectives associated with this research:

1) The first objective is to obtain a basic understanding and comprehension of the morphology
and thermal and mechanical properties of segmented shape memory polyurethanes with a
variety of chemical structures, segment lengths, and hard/soft segments percentages.

i) After gaining control of the structure of the segmented shape memory polyurethane, the
second objective is to overcome dispersion problems associated with nanoreinforcement
materials through modification of the reinforcement surface or structure.

iii) The third objective is to offer new information on the property effects of nanoreinforcement
on segmented shape memory polyurethanes with different chemical compositions by
reinforcement of the polyurethane matrix.

iv) Finally, the last objective is to increase the recovery force of the nanoreinforced segmented
shape memory polyurethane while maintaining the shape memory effect. The tasks to fulfill

these objectives are discussed in the following chapters of this text.
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CHAPTER II.

SEGMENTED SHAPE MEMORY POLYURETHANES

INTRODUCTION

Shape memory polymers (SMPs) belong to a class of “smart” polymers that possess the ability to
“memorize” a permanent shape, be deformed and fixed to a temporary shape under specific
conditions, and then later recover to the original, stress-free condition by influence of an external
stimulus [Liu et al., 2007]. Shape memory materials have drawn considerable interest in recent
years because of their capacity to remember their initial shape at different conditions, their
superior properties, and potential applications in a wide variety of fields such as medical,
industrial, electronic, and textiles [Ratna & Karger-Kocsis, 2008; Liu et al., 2007; Chen et al.,

2007; Cho et al., 2004].

Segmented shape memory polyurethane is a material that exhibits shape memory behavior
through the interactions of its chemical structure, which is made up of hard and soft segments
[Lee et al., 2004; Auad et al., 2009]. It differs from conventional polyurethane through its
segmented structure and wide range of glass transition temperature or soft segment crystal
melting temperature [Mondal & Hu, 2007]. Segmented shape memory polyurethanes possess
structure-property relationships which are easily controlled and very diverse. Due to this control,
it is possible to set the shape recovery in a wide range of temperatures (i.e., between -30 to 70°C)

by changing the chemical structure of the network [Lee et al., 2004; Auad et al., 2009].
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Properties can vary from rubbery to glassy and from a linear thermoplastic polymer to an
elastomeric thermosetting plastic [Chen et al., 2007]. These unique properties are predominantly
influenced by the phase separation process that occurs due to the thermodynamic immiscibility
of the soft and hard segments [Li et al., 1996; Chen et al., 2007, Auad et al., 2009]. It is possible,
however, to control the degree of phase separation through control of block length, copolymer
composition, crystallization of hard and soft segments, synthesis conditions, and thermal history
[Chen et al., 2007]. The ability to control these aspects of the polymer structure and synthesis is
responsible for the wide variety of properties and applications that are achievable for these

materials [Lee et al., 2004].

In this chapter, two series of thermoplastic shape memory polyurethanes were synthesized and
characterized. One system utilized tolylene 2, 4 diisocyanate (TDI) for the hard segments and
polyether glycol (PTMG) (TERATHANE®) with molecular weights of 2000 and 2900 g/mol
(PTMG 2000 and PTMG 2900) as the soft segments while other system was composed of
methylenedi-p-phenyl diisocyanate (MDI) and the soft segments were PTMG 2000 or PTMG
2900. This portion of the research focuses on the effect of hard segment content, composition of
the network, and chemical structure of the reactants on the thermal, mechanical, and shape
memory properties of the tailored shape memory polyurethanes. Molecular weight, morphology,
thermal and mechanical properties, shape memory behavior, and rheological behavior of the
samples were evaluated. The main goal of this chapter is to evaluate the effect of the molecular
structure, phase separation process, and processing time on the final properties of shape memory

polyurethanes.
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Many studies have been performed on shape memory polyurethanes composed of MDI hard
segments and polycaprolactone (PCL) soft segments [Chen et al., 2007; Jeong et al., 2000; Ji et
al., 2007; Kim et al., 1996; Kim et al., 1998; Li et al., 1996; Mondal & Hu, 2007]. Additionally,
many reports in literature have also focused on shape memory polyurethanes with hard segments
composed of MDI and soft segments composed of poly(tetramethylene oxide) (PTMO) [Lin &
Chen, 1998; Aneja & Wilkes, 2003; Auad et al., 2009]. However, very few reports in literature
have evaluated the use of TDI for the hard segment composition of shape memory
polyurethanes. This portion of the research is important due to the selection of raw materials for
the hard and soft segments. Since there has been little research performed on shape memory
polyurethanes with the chosen compositions, it is expected that this research will add to the body
of knowledge on the effect of the shape memory polyurethane structure on the overall
performance of the polymer itself. Additionally, this research will be a systematic study of the
chemical and physical properties of shape memory polyurethanes in relation to their shape

memory behavior, which is an area that has not been widely explored.

MATERIALS

Thermoplastic shape memory polyurethanes were prepared from polyether glycol (PTMG)
(TERATHANE®) with molecular weights of 2000 and 2900 g/mol PTMG 2000 and PTMG
2900), and two diisocyanates with different structures, tolylene 2, 4 diisocyanate (TDI), and
methylenedi-p-phenyl diisocyanate (MDI). 1-4 butanediol (BD) was used as a chain extender.
The solvent utilized was N,N-dimethylformamide (DMF). The BD and DMF were stored under
4 A molecular sieves for a period of at least 4 days prior to use. All utilized reactives were

purchased from Sigma-Aldrich.
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A high-performance polyester thermoplastic polyurethane was kindly donated by Huntsman
(Irogran PS455-203, Huntsman, USA) for comparison purposes. The chemical structure of this
polyurethane is substantially different than synthesized polyurethanes, however, the mechanical

and thermal properties and the shape memory behavior are comparable.

METHODS

Two series of thermoplastic shape memory polyurethane copolymers were synthesized by a two
step solution polymerization. Pre-polymerization method or two-step process was selected for
the shape memory polyurethane preparation because a more uniform and controlled distribution
of domain sizes and properties can be obtained than with the one-step method [Ahn et al., 2007;
Cho et al., 2004]. Figure 11-1 shows a graphical representation of the soft and hard segments that
are formed during the two steps of the reaction. First, PTMG (PTMG 2000 or PTMG 2900) was
dissolved in DMF. This solution was added drop-wise to a 500mL round bottom flask
containing a magnetic stir bar and a solution containing diisocyanate (MDI or TDI) and DMF.
The mixture was allowed to react for 45 minutes at 80°C under strong stirring and nitrogen.
During this step of the reaction, the soft segments of the polyurethane were formed. Fourier
transform infrared (FTIR) spectroscopy was utilized to insure the reaction between the

diisocyante (TDI or MDI) and the PTMG (PTMG 2000 or 2900) was complete.

28



Hard Segment Phase-
formed by a reaction of
a short diol/diurea and
a dissocyanate

Soft Segment Phase-based
on long chain diol

Figure 11-1. Representation of polyurethane hard and soft segments.

In the second step, the soft segments were chain extended by addition of BD in order to form the
phase segregated hard segment domains. BD is added to the reaction mixture according to the
desired diisocyanate to BD ratio (see Table 11-1). This step of the reaction was allowed to take
place for 5 minutes until a considerable increase in the solution viscosity occurred. The solution
was cast into open Teflon® molds and placed in an oven at 80°C for 24 hours to allow for solvent
evaporation. In order to obtain linear polyurethanes, the isocyanate (NCO) to hydroxyl (OH)
ratio was 1.0 for all synthesized samples. The formula used to calculate the molar ratio of the

reactants was:

'\/Iisocyamate*X + MBD*(X']-) = %HS*(Misocyanate*X + I\/IBD*>< - MBD + MPTMG) (1)

where Misocyanate 1S the molecular mass of the isocyanate, X is the molar amount of isocayante to
be used, Mgp is the molecular mass of 1-4 butanediol, and Mptmc IS the molecular mass of the

PTMG. Information regarding the molar fractions, the sample name designations, and the hard
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segment weight percentages are shown in Table 11-1. By controlling the molar ratio of the
reactants, it is possible to control the weight percentages of hard and soft segments. The reaction

scheme is shown in Figure 11-2.

Sample TDI MDI BD PTMG PTMG wt% of hard
: ) (2000) (2900)
designation moles moles moles segments
moles moles
MDI 2000/45 5 4 1 45
MDI 2000/39 4 3 1 39
MDI 2000/32 3 2 1 32
MDI 2000/23 2 1 1 1 32
MDI 2900/32 4.3 3.3 1 23
TDI 2000/32 3.9 2.9 1 32
TDI 2900/32 5.5 4.5 1 32

Table I1-1. Formulations of prepared shape memory polyurethanes.
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Figure 11-2. Reaction scheme for the preparation procedure of linear thermoplastic
polyurethanes.

The chemical structure of the diisocyanates chosen for the polyurethane systems can be seen in
Figure 11-3. Due to the substitution of the isocyanate groups, the crystallization of MDI is more

regular. This contributes to an increase in the degree of crystallinity of the polyurethane itself

which directly affects its morphology and properties.
\C*N Nfc/
NCO
b) HsC
NCO

Figure 11-3. Chemical structure of a) methylenedi-p-phenyl diisocyanate (MDI) and b) tolylene 2,
4 diisocyanate (TDI).
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The commercial polyurethane was received from Huntsman in pellet form. In order to construct
polyurethane films, 30.0 wt% of polyurethane pellets was dissolved in DMF. This solution was
then cast in open Teflon® molds and placed in an oven at 80°C for 24 hours to allow for solvent

evaporation.

TECHNIQUES

Fourier Transform Infrared (FTIR)

The completion of the reaction between the diisocyanate and long chain diol was observed using
Fourier Transform Infrared (FTIR; Nicolet 6700) equipped with an attenuated total reflectance
(ATR) stage. A small amount of the reactive solution was taken from the reaction flask

periodically and evaluated.

Gel Permeation/Size Exclusion Chromatography (GPC)
Gel permeation/size exclusion chromatography (Viscotek270 Dual Detector with Viscotek 3580
Refractive Index Detector) was utilized to evaluate the molecular weight of the polyurethane

samples. DMF was the eluting solvent.

Differential Scanning Calorimetry (DSC)

Thermal analysis was performed using temperature-modulated differential scanning calorimetry
(TA Instruments DSC Q2000). Modulated DSC is generally used to characterize melting and
recrystallization in polymers that exhibit multiple melting endotherms.  Samples were
equilibrated -80°C. Heating and cooling rates of 10°C/min and modulation rate of £ 1.0°C every

60 seconds were used. Samples were heated from -80°C to 280°C. Subsequently, they were
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cooled to -80°C at a cooling rate of 10°C/min. Samples were then reheated to 280°C and cooled
once again to -80°C. The enclosure was purged with dry nitrogen. Thermal transitions were

evaluated.

Rheological Analysis

Rheological measurements were performed using a TA Instruments AR-G2 rheometer equipped
with disposable parallel plates (diameter = 25mm). In order to determine the temperature at
which the samples were in the molten state, temperature ramp sweeps were performed over a
range of temperature (80 - 270°C). The remaining rheological experiments were strain sweeps
which were performed on samples in the molten state in order to determine the linear viscoelastic

range for frequency sweep experiments.

Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA; TA Instruments Q500) was employed to determine the
decomposition temperature of the polyurethane films. Samples were evaluated from room
temperature to 400°C at a heating rate of 10°C/min. The enclosure was purged with dry

nitrogen.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM; Philips Model SEM 505) was used to observe the fragile
fractured surfaces of the shape memory polyurethane films. Liquid nitrogen was used during the
fracture of the samples to insure that temperatures were below the glass transition of the soft

segments. Samples were coated with gold to aid in conductivity for viewing.
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Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM; Veeco Instruments Inc., Dimension 3100) in tapping mode was
used to evaluate sample morphology. Samples were cast as usual and allowed to dry at 80°C for
solvent evaporation. The samples were then melted, a temperature of 220°C for the MDI system
and 170°C for the TDI system was used, and allowed to condition at the specified temperature
for 5 minutes in order to erase any thermal history. Images were taken at room temperature

immediately following.

Tensile Analysis

Stress/strain measurements were obtained by testing 5mm Xx 25mm specimens at room
temperature using a Universal Testing Machine (INSTRON 4400R Model 1122) in accordance
with ASTM D 1708. The gauge length was 15mm. For evaluation of Young’s modulus (E) and
yield stress (oy) an extension speed of 10 mm/min was used. An extension speed of 100 mm/min
was used for determination of elongation at break (gp). At least five replicates of each sample

were tested and the average values were reported.

Shape Memory Behavior (SMB)

Thermal cyclic tests were performed on microtensile specimens of 5 mm x 25 mm using a
universal testing machine equipped with a heating chamber (INSTRON 8501). Samples were
first conditioned to a specified temperature, T;, which was above the melting transition
temperature of the soft segments, T, soft, for ten minutes and then subsequently elongated to a
maximum deformation of 100 or 200% of the original length at a speed of 10, 20, or 30 mm/min.

The samples were then cooled below the glass transition temperature of the soft segments
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(~ -20°C) and unloaded. Finally, the samples underwent the recovery process by heating once
again for 10 minutes at the initially specified temperature. Figure 11-4 is representative of the
procedure followed to evaluate shape memory behavior, which was previously discussed in

Chapter 1.

Loading
Ty > Tp, sof

Stress

Unloading

T, < T, soft
-20°C
| €p &y €m
Strain

Figure 11-4. Representative stress versus strain graph for the testing of shape memory behavior.

The strain maintained after unloading and the residual strain of each cycle were used to calculate

the fixity (Rf) and recovery (Rr) ratios, which are indicated in the following equations:

R, = ? x 100% )
m
Em— &
R = mg P x 100% ©)
m

where gr, is the maximum strain in the cycle (100%), ¢, is the residual strain after unloading and

gp IS the residual strain after recovery.
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To evaluate the dependence of the shape recovery with the number of cycles, this parameter was

also evaluated as:

R (-2l

En—&,(N-1)

where g,(N) represents the residual strain after heating in the Nth cycle.

x100% 4)

Additionally, a dynamic mechanical analyzer (TA Instruments, RSA Il1) was used to determine

the effect of recovery time on the shape memory behavior of the samples.

RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR)

FTIR spectroscopic analyses were carried out to insure that adequate time was given for the
completion of the reaction between the diisocyanate (TDI or MDI) and the long chain polyol
(PTMG 2000 or PTMG 2900) in the first step of the polymerization. In Figure II-5, the IR
spectra of the TDI/PTMG 2000 and MDI/PTMG 2000 reactions are shown. The peak that
occurs at 2275cm™ corresponds to the isocyanate group. This peak was examined in order to
observe the reaction between the diisocyanate group, -NCO, and the hydroxyl group, -OH. As
can be seen in Figure 11-5 a and b, the peak at 2270 cm™ is decreasing with time. This indicates
that the reaction between the isocyanate and the polyol is proceeding. It is expected that
approximately 50% of the isocyanate groups will react with the PTMG 2900 in the first step of
the reaction leaving the prepolymer with terminal isocyanate groups, and leaving the the
remaining 50% to react during the second step of the reaction. This is observed in the FTIR
spectra. After the addition of the BD, the isocyanate peak has an absorbance of zero which
indicates that the isocyanate has completely reacted. The reactions between MDI and PTMG

2900 and TDI and PTMG 2900 follow similar trends.
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Figure 11-5. FTIR spectroscopic analysis of reaction between a)TDI and PTMG 2000 and b) MDI
and PTMG 2000 over a 45 minute period.

Molecular Mass Evaluation

The molecular masses of the prepared thermoplastic shape memory polyurethanes were
determined using gel permeation/size exclusion chromatography. The measured M, (g/mol) and
polydispersity index (PDI) are summarized in Table I1-2. As observed in the table, M, values for
synthesized polyurethanes of known chemical structure possess values that are similar to that of
commercially available polyurethane (Irogran PS455-203, Huntsman, USA). The PDI values are
acceptable for polymers produced using a condensation reaction. These values are in the range

for M, values reported elsewhere in literature [Chun et al., 2007; Lee et al., 2001; Takahashi et

al., 1996].

37



Mh
Sample (g/mol) | PDI
Commercial PU 27009 | 1.62
MDI 2000/32 24257 | 2.01
MDI 2000/23 24943 | 1.97
MDI 2900/32 19267 | 1.46
TDI 2000/32 14687 | 1.73
TDI 2900/32 18641 | 2.72
Table 11-2. Molecular weight and polydispersity for shape memory polyurethane samples.

Rheological Characterization

Rheological characterization was performed to determine the melting transition temperature of
the shape memory polyurethane samples. For further testing of the viscoelastic response of the
samples, which was performed in the molten state, it was important to determine the correct
temperature at which to perform the tests. From Figure 11-6 a, the TDI system was determined to
be in the molten state at 180°C. For the MDI system, a temperature of 220°C was used for
testing although it appears that the sample was not completely melted. The storage modulus
shown in the graphs is 3 orders of magnitude higher than that of the typical melted sample,
which indicates that some partial crosslinking is present in the MDI network. Higher

temperatures were not used to avoid degradation of the samples.
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Figure 11-6. Rheological results for segmented shape memory polyurethanes: a) G versus
temperature and b) tan(delta) versus temperature.

Thermal Characterization

Segmented copolymers exhibiting shape memory effect can be characterized not only by micro-
phase separation but also by the ability of the soft segments to crystallize at room temperature
[Lietal., 1996]. The effects of polymer structure and the crystallization temperatures of the soft
segments were investigated by modulated differential scanning calorimetry (DSC). Similar to
conventional DSC, modulated DSC measures the difference in heat flow between the sample and
inert reference as a function of time and temperature. However, in modulated DSC a sinusoidal
modulation (oscillation) is used in addition to the conventional linear heating ramp to yield a
heating profile in which the temperature increases with time but nonlinearly. The effect is that of
two experiments in which the sample is subjected to not only a linear heat rate but also a
sinusoidal heat rate. Generally, shape memory polyurethanes show two clear melting peaks.
One melting peak, which occurs around ambient conditions, corresponds to the melting of the
soft segments (Tmss) While the other, which corresponds to the melting of the hard segments

(Tmus), occurs at a much higher temperatures. During this study, it was found that a molecular
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rearrangement occurs in the first thermal cycle. For this reason, focus was directed to the second

thermal cycle for the observation of transition temperatures.

Effect of Hard Segment Content

Modulated DSC results observed for the transition temperatures related to the soft segments are
presented in Table I11-3. Results for the melting transitions were obtained from the reversible
heat flow while those for crystallization were obtained from the total heat flow. During the first
heating, melting of the hard segments was only exhibited for samples containing greater than or
equal to 32 wt% hard segment content. The hard segment melting transitions for the MDI 2000
system containing 32, 39, and 45 wt% hard segment content occurred at 172, 175, and 185°C,
respectively. The MDI 2900/32 sample exhibited a hard segment melting transition, which
occurred at approximately 200°C. It has been reported in literature that segmented shape

memory polyurethanes with low amounts of hard segment percentage usually do not exhibit hard

segment transitions [Ji et al., 2007; Cho et al., 2004].
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Run 1 Run 2
Sample TmSS AH,, SS AH,, (/g Tm SS AH;,, SS T.SS AH, SS
Designation [°C] (J/g) SS) [°C] J/g) [°C] J/g)
PU Matrix 23.11 5.17 * * * * *
MDI 2000/45 5.98 4.61 8.38 19.69 42.76 -11.32 15.56
MDI 2000/39 5.25 8.42 13.80 18.01 43.41 -25.27 4.42
MDI 2000/32 6.83 6.23 10.21 15.81 27.85 -16.48 19.86
MDI 2000/23 7.49 21.04 34.49 * * * *
MDI 2900/32 14.79 61.13 100.21 24.19 87.12 -6.4 32.83
TDI 2000/32 * * * 18.6 46.13 -22.95 17.31
TDI 2900/32 17.85 0.48 0.79 23.23 46.05 -9.04 27.49

Table 11-3. Melting temperature (Tr), enthalpy of melting (AHmetiing), and enthalpy of
crystallization (AH¢) of shape memory polyurethane soft segments. * indicates a transition was
not observed.

During the first heating cycle, the MDI 2000 polyurethane system exhibits a decrease in the
enthalpy of melting as the hard segment content is increased. This behavior has been reported
[Lee et al., 2001] for a polyurethane system containing MDI, PTMG 1800, and BD. A smaller
enthalpy of melting for the sample with the highest percentage of hard segment content suggests
that it is possible to achieve more ordered packing of the hard segment. Restricted alignment of
the hard segment chains would occur at higher hard segment contents due to the short, less
flexible BD which is the main component of the soft segment [Auad et al., 2009; Lee et al.,
2001]. In similar studies it has been found that MDI/BD hard segment glass transitions in
polyurethanes with poly (tetramethylene oxide) or polypropylene oxide soft segments are usually
not clearly observable, as is the case with the currently studied polyurethane system. This
indicates that a significant portion of the soft segment is amorphous [Xu et al., 2008]. In the
second heating, it is clearly observed that the melting temperature of the soft segments increases
with increasing hard segment content, which shows that better phase separation is achieved with

increasing hard segment content.
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Effect of Soft Segment Length

The influence of soft segment length, from PTMG 2000 to PTMG 2900, on the thermal
properties of the MDI polyurethane system with 32 wt% hard segments was evaluated (see Table
11-4). The DSC scanning curves from the second thermal cycle of the prepared polyurethane
films with different soft segment lengths (SS) and hard segment lengths (HS) are presented in
Figure 11-7. When the soft segment length is increased but the hard segment content is held
constant, an increase in the melting temperature, crystallization temperature, enthalpy of melting,
and enthalpy of crystallization occurs. Additionally, a more substantial increase occurs in the
second heating. Also, as previously stated, samples composed of MDI/PTMG 2900 exhibit a
melting transition for the hard segments that occurs at approximately 200°C. This effect was
previously discussed for the MDI system whereby the length of the chains impacts the ordering
and crystallinity of the polyurethane systems. As the length of the soft segment increases, the
chains become more flexible which allows for an increase in crystallinity and better phase
separation of the hard and soft segments, which leads to the visibility of the hard segment

melting transition.
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Figure 11-7. Second thermal cycle of segmented shape memory polyurethane samples.
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Run 1 Run 2
TnSS AH,SS | AH,(J/lg | T,SS AH,, SS T.SS AH, SS
Sample Designation [°C] J/9) SS) [°C] J/9) [°C] J/9)
MDI 2000/32 6.83 6.23 10.21 15.81 27.85 -16.48 19.86
MDI 2900/32 14.79 61.13 100.21 24.19 87.12 -6.4 32.83
TDI 2000/32 * * * 18.6 46.13 -22.95 17.31
TDI 2900/32 17.85 0.48 0.79 23.23 46.05 -9.04 27.49

Table 11-4. Comparison of the thermal transitions of polyurethanes with constant hard segment
content but varying soft segment length. * indicates that a transition was not observed.
In this study, the TDI 2000/32 polyurethane system exhibited no clear endotherms during the
first heating step but upon cooling, a crystallization peak was formed. During the second run, a
clear, low-temperature melting peak is observed and attributed to the melting of the soft segment
domains. The associated cooling process now exhibits a crystallization peak that appears at a
higher temperature and an increase in the enthalpy of crystallization (AH) is observed. This
indicates that the heating/cooling process aids in crystal development, leading to the formation of
more perfect crystalline regions (increased crystals with higher melting and crystallization
temperatures and a narrow distribution of crystal sizes). Alternatively, packing disorder in the
hard segments or release of residual strain could be aided by the temperature scanning which has
often been observed [Petrovic et al., 2004]. The TDI 2900/32 polyurethane system performs
similarly with the main difference being that upon the first heating, a low temperature melting
peak is observed which is associated to the melting of the soft segments. In the TDI 2900/32
polyurethane system, the same trend is shown from the initial heating to the second heating as
with the TDI 2000/32 polyurethane system: the melting temperature of the soft segments
increases as do the enthalpy of melting (AHmeiting) and the temperature of crystallization increases
as well as the enthalpy of crystallization (AH¢). Additionally, increasing the soft segment length

in this system from PTMG 2000 to PTMG 2900 but leaving the hard segment content constant
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creates an increase in the melting temperature of the soft segments and an increase in the
crystallization temperature due to the additional orientation and crystallization of the soft

segments that is achieved.

Degradation Characterization

Thermal gravimetric analysis was performed to evaluate the nature of degradation of solid
polyurethane films with different formulations in an inert atmosphere. Shape memory
polyurethane usually exhibits a three stage weight loss. The first stage, results from the
evaporation of residual water. The decomposition of the urethane bonds of the hard segments,
which begins at around 250°C, is responsible for the second stage. In the third and final stage,
decomposition of the soft segments occurs [Yeh et al., 2008]. The hard segment is responsible
for the thermal degradation whereas the soft segment accounts for the apparent weight loss [Tien
& Wei, 2002]. For samples composed of MDI, BD, and PTMG, the decomposition is initiated
from MDI-BD. Next, oxidation of the B-carbon next to the ether bond of the soft segments
occurs. This oxidation breaks the C—O bond and unzips the molecular chain [Tien & Wei,
2002]. This behavior is exhibited in the synthesized shape memory polyurethanes. In Table 11-5,
the percent weight loss at increasing temperatures can be observed. The initial weight loss below
200°C is very low. As the temperature is increased to 300°C a relatively small reduction in the
weight is observed, which relates to the degradation of the hard segments. However, at a
temperature of 400°C, a substantial decrease in the weight is visible, due to degradation of the

soft segments.
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% Weight % Weight % Weight
Sample Loss at Loss at Loss at
200°C 300°C 400°C
MDI 2000/32 0.73 6.03 42.64
MDI 2900/32 0.84 8.42 42.56
TDI 2000/32 0.53 14.45 48.12
TDI 2900/32 2.22 21.93 51.07

Table 11-5. % Weight loss of polyurethane films at designated temperatures.

The curves for the degradation of segmented shape memory polyurethanes with MDI hard
segment composition are shown in Figure 11-8. Although MDI is the most widely used
diisocyanate for polyurethane preparation, it is susceptible to thermal degradation and oxidative
degradation which leads to discoloring, which limits the applications. From the graph, it is clear
that the length of the soft segment influences polymer degradation. Polyurethane synthesized
with soft segment lengths of PTMG 2000 experience less degradation than those with soft

segments composed of PTMG 2900.
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Figure 11-8. Degradation of segmented polyurethane with MDI hard segment composition.

The curves for the degradation of shape memory polyurethane with TDI hard segment
composition are shown below in Figure 11-9. By comparing the values listed in Table 11-4 above
and the curves for the degradation of samples with MDI hard segment composition versus those
with TDI, it is clear that the type of diisocyanate has a significant impact on degradation
behavior as has previously been reported in other studies [Shieh et al., 1999].  Polyurethane
samples with hard segments composed of TDI experience much greater levels of degradation
than those composed of MDI. This is due to the molecular structure of the diisocyanates, which
was previously discussed. Additionally, differences in the interactions, such as hydrogen
bonding, dipole-dipole interactions, and Van der Waals forces, between the polymer systems
may be responsible. The effect of soft segment length on the degradation behavior is also visible
in samples possessing TDI hard segment composition. Similar to the MDI system, samples

containing soft segment lengths composed of PTMG 2900 exhibit a much higher degree of
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degradation at 300°C than those composed of PTMG 2000 due to better regularity of the
polymer network which correlates to the increase in enthalpy of melting observed in the DSC

experiments.
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Figure 11-9. Degradation of segmented polyurethane with TDI hard segment composition.

Morphology (SEM and AFM)

In order to observe the morphology of the segmented shape memory polyurethane samples,
scanning electron microscopy and atomic force microscopy were utilized. Scanning electron
micrographs of the shape memory polyurethane films composed of MDI hard segments are
shown below in Figure 11-10 a and b. The micrographs correspond to the fragile fractured cross

section surface of freshly broken samples.

From Figure 11-10 a, it is impossible to differentiate the micro-phase domains of the hard

segments for the MDI 2000/32 from the micrograph. However, the micro-phase separation can
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be differentiated in the MDI 2900/32 sample (Figure 11-10 b). From these micrographs, it can be
assumed that the MDI 2900/32 sample possesses a greater degree of phase separation between
the hard and soft segments in comparison to the MDI 2000/32 sample. It is expected that a
greater degree of micro-phase separation will significantly influence the properties of the sample
creating an increase in modulus and strength as well as a change in the thermal transitions of the

polyurethane.

Figure 11-10. Scanning electron micrographs of cryo-fractured shape memory polyurethane
samples with MDI hard segments: a) MDI 2000/32, b) MDI 2900/32.

Tapping mode AFM amplitude images of the solid MDI system polyurethane films are presented
in Figure 11-11 a and b. In these images, the hard and soft segments are visible. The phase
segregation of the soft and hard segments is obvious. The image for the MDI 2900/32 sample
corresponds to the SEM image in that the phases are distinguishable. However, the MDI
2000/32 sample exhibits similar phase segregation that was not previously visible using the
SEM. The properties of this system are greatly influenced by the degree of phase separation that
exists between the two phases. This also confirms the conclusion drawn from the DSC

experimental results that an increase in the length of the soft segments leads to an increase in
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phase separation and an increase in the melting temperature and enthalpy of melting for the soft

segments.

Data type

Data type
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Figure I1-11. Tapping mode AFM images of a) MDI 2000/32 and b) MDI 2900/32.

Figure 11-12 a and b shows the micrographs for the TDI 2000/32, and TDI 2900/32 samples.
Similar to the MDI 2000/32 sample, it is impossible to discern micro-phase separation of the soft
and hard segments. This morphology can be attributed both to the structure of the isocyanate,
which was previously discussed, and to the length of the soft segments. Due to the substitution
of the —-NCO groups in the structure of TDI, it is more difficult for the hard segments to organize.
When the soft segment length increases, organization and crystallization of the hard segments
becomes increasingly difficult. While the TDI system does not experience the increased phase
separation of the MDI system, it does exhibit an increase in the melting temperature and enthalpy

of melting of the soft segments during the DSC, which suggests phase separation is existent. At
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lower hard segment contents, the micro-phase separation is difficult to observe. Comparable
behavior has been observed by Merline et al. in shape memory polyurethanes prepared from poly
(tetramethylene oxide) (PTMO), tolylene diisocyanate (TDI), and 1, 4 butanediol where it was
found that the SEM did not differentiate micro-phase domains of the hard segment but did
exhibit phase miscibilization as the hard segment content of the polyurethane was increased

above 33 wt% [Merline et al., 2007].

. Xi.828 @Brm 1§32 gE1 §
=

Figure 11-12. SEM micrographs of cryo-fractured shape memory polyurethane samples: a) TDI
2000/32; b) TDI 2900/32.

The amplitude image of the TDI 2900/32 sample is shown below in Figure 11-13. It was not
possible to obtain an image of the TDI 2000/32 sample. This sample was completely
transparent, indicating no phase separation and making it impossible to obtain an image. The
TDI 2900/32 sample did, however, show some features. It is important to note that these
features are not inherent to the polyurethane structure but are due to bubbles in the sample which
are the result of solvent evaporation. The TDI 2900/32 sample image and the inability to obtain
an image for the TDI 2000/32 sample corresponds with the SEM images in which no phase

separation is visible in the fractured film samples.
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Figure 11-13. AFM amplitude image of the TDI 2900/32 sample.

Mechanical Characterization

The mechanical properties of shape memory polyurethanes with varying hard segment
concentration and composition and soft segment lengths were investigated by tensile testing at
room temperature. The samples showed the expected elastomeric behavior. The Young’s
modulus (E), tensile strength (cy), and elongation at break (e,) were determined using ASTM D
1708. The results for the average of five samples and the standard deviations are shown below in
Table 11-6. As the stress is increased, plastic deformation occurs. Stress is redistributed by
deformation and reorganization of the soft segments and the stress-strain curve deviates from the
Hookean behavior, since stress redistribution by deformation and reorganization of the hard
segments occurs. Eventually, the stress becomes so great that the polymer can no longer bear the
load and the sample breaks. A representative stress versus strain curve for this behavior is

shown below in Figure 11-14.
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Figure I11-14. Representative stress versus strain curve exhibiting the elastomeric behavior.

Effect of Hard Segment Content

In the MDI 2000 system, samples with lower percentages of hard segments exhibit a lower
modulus but a much higher elongation at break. This behavior has been reported in other studies
and is the result of the higher proportion of PTMG units which have a higher molecular mass and
impart an enhanced flexibility and in turn are responsible for the higher elongation [Merline et
al., 2007]. The Young’s modulus of the MDI 2000 polyurcthane system increases with an
increase in hard segment content. The hard segment domains act as reinforcement for the soft
matrix formed by the soft segments [Sheth et al., 2005]. The elongation at break for this system
is very high for samples containing low hard segment content (MDI 2000/23) and decreases
considerably as the hard segment concentration increases. This behavior was studied by
Versteegen et al. and attributed to the reorganization and ease of deformation of the thin

crystalline lamellae which leads to a more uniform stress distribution over the soft segments
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[Versteegen et al., 2006]. However, if a higher hard segment content is present, there is more

mobility restriction imposed on the material which leads to a decrease in the elongation at break.

Effect of Hard Segment Composition

To study the effect of the hard segment composition, the MDI and TDI systems were compared.
The chemical structures of MDI and TDI were shown previously in Figure 11-3. The structure of
the isocyanate has a great impact on the regularity, orientation, and ability to organize in regular
crystal domains. All of these factors influence the mechanical properties of the polyurethane
systems. The 2, 4 substitution of the isocyanate groups in the structure of the TDI lead to a more
irregular structure than the symmetrical 4, 4 substitution of MDI, which leads to a slightly bent
structure that is capable of forming more regular crystalline regions in comparison to TDI. This
structural influence leads polyurethanes with TDI hard segments to exhibit lower modulus with
less crystallinity which in turn leads to a higher elongation at break in comparison to the MDI

system.

The influence of the isocyanate structure has been studied using MDI, a bent structure, versus 1,
4-phenyldiisocyanate (PDI), a planar structure. This study found that the planar structure of PDI,
pictured in Figure 11-15 ¢, produced segmented polyurethanes with superior mechanical
performance to polyurethanes produced with MDI, Figure 11-15 a, due to stronger interactions
between the hard segments which led to higher crystallinity of the hard segments and increased
phase separation [Yang et al., 2003]. Similarly, in this study, it is expected that the mechanical
properties of the MDI are higher than those of TDI, Figure 11-15 b, due to the influence of the

diisocyanate structure. In general, polyurethane systems incorporating hard segments composed
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of MDI are harder and stiffer in comparison to those using TDI [Thomson, 2004]. Additionally,
MDI is most commonly used in the production of segmented shape memory polyurethanes due

to its symmetric structure [Shieh et al., 1999].
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Figure 11-15. Chemical structure of a) methylenedi-p-phenyl diisocyanate (MDI), b) tolylene 2,

4 diisocyanate (TDI), and c) 1, 4-phenyldiisocyanate (PDI).

Effect of Soft Segment Length
The effect of soft segment length on the mechanical properties was observed by comparing the
MDI 2000/32 to MDI 2900/32 polyurethane samples and the TDI 2000/32 to TDI 2900/32
samples. For the MDI system, the increase of the soft segment length produces a marked
increase in the Young’s modulus and elongation at break and a slight increase in the tensile
strength. The TDI system follows the same trend with an increase in soft segment length leading
to a substantial increase in Young’s modulus and elongation at break and a slight increase in the

tensile strength. The increase in length impacts the ability of the samples to phase separate and

crystallize. As previously discussed in the thermal characterization, samples possessing longer
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soft segments lengths are more flexible and can crystallize more readily. The soft segment
length also directly affects the ultimate deformation at break, with longer soft segment lengths

leading to higher deformation.

Overall, several important trends were observed. The increase of soft segment length leads to
increased elongation at break. Samples with hard segments composed of MDI exhibit higher
modulus and lower elongation at break opposed to samples with TDI hard segments that posses

lower modulus but a much higher elongation at break.

E [MPa] o, [MPa] & [%]
Commercial PU 8.70 + 1.425 1.51+0.15 1664.07+ 49.43
Matrix

MDI 2000/45 37.00 + 0.49 2.89 + 0.20 203.0 + 65.0

MDI 2000/39 15.70 + 0.49 2.01+0.12 473.00

MDI 2000/32 17.59 + 0.57 419+ 0,094 206.0 + 27.10

MDI 2000/23 453+ 032 1.08 +0.22 2165.00

MDI 2900/32 4367+ 3.15 5.95 + 0.52 751,50 + 39.30

TDI 2000/32 0.74 * 056 0.31 * 0.031 891.80 * 58.70

TDI 2900/32 4.67% 052 0.62+0.056 | 1150.60 * 140.00

Table 11-6. Tensile properties of the shape memory polyurethanes

Shape Memory Behavior (SMB)

One of the most important features of shape memory materials is their ability to recover their
original dimensions upon application of an external force after deformation. During the
evaluation of shape memory behavior, deformation is the driving force for both the temporary
shape and the shape recovery [Kim et al., 1996]. Fixity is responsible for freezing the molecular

segmental motion of the soft segment phase in order to maintain a temporary shape while
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recovery involves the reactivation of the mobility of the molecular segments necessary to obtain
the original shape [Kim et al., 1996; Tobushi et al., 1998]. In this study, shape memory behavior
was evaluated through a series of cyclic thermo-mechanical tests. Additionally, the recovery

behavior over time was evaluated using dynamic mechanical analysis.

Figure 11-16 shows the stress versus strain curves of the thermal cycles for the TDI 2900/32
matrix. The TDI 2900/32 matrix was chosen as the model for the study of the experimental
parameters’ impact on shape memory behavior testing results. This sample is representative of
the behavior of all the synthesized segmented shape memory polyurethane samples. From the
graph, it is clear that the first cycle is distinct from the remaining cycles. This is due to the
inherent nature of thermoplastic elastomers. Complete elastic recovery is rarely observed;
usually, some tensile set after elongation occurs. This is due to irreversible changes in the
morphology of the material during deformation. After the material has been plastically
deformed, the initial modulus of the second cycle will be lower compared to the initial modulus
in the first or original cycle. Strain-induced crystallization has been shown to increase the tensile
set [Versteegen et al., 2006]. This behavior is also exhibited in the mechanical testing performed

using dynamic mechanical tensile testing.
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Figure 11-16. Shape memory behavior cycles for TDI 2900/32 tested at a condition temperature
of 60°C with a deformation rate of 20 mm/min and a maximum deformation of 100%.
When segmented shape memory polyurethanes are deformed in the temperature range between
the melting temperature of the soft segments (~15°C) and the melting temperature of the hard
segments (~175°C), and then subsequently cooled below the melting temperature of the soft
segments under a fixed maximum strain, the deformed shape becomes fixed due to the freezing
of the micro-Brownian motion. Rubber elasticity was observed in the temperature range
between the melting temperature of the soft segments and that of the hard segments due to the
micro-Brownian motion of the soft segments and the restricted molecular motion due to the
crystalline frozen phase. Application of an external stress to the segmented polyurethane creates
preferential extension of the soft segments in the direction of the applied stress between the fixed
hard segment domains. However, a small recovery may occur after unloading, causing the
maximum deformation to not be fully retained (which is reflected in the fixity values). Upon
reheating to a temperature between the melting temperature of the soft segments and the melting

57



temperature of the hard segments, partially recovery of the original length is achieved due to the

elastic energy stored during deformation.

In order to achieve effective shape memory behavior, the hard segments must retain their inter-
or intra-polymer chain attractions, such as hydrogen bonding, dipole-dipole interactions, or
physical crosslinking, while the soft segments should remain free to absorb external stress by
unfolding and extending their molecular chains [Auad et al., 2009; Cho et al., 2004; Lee et al.,
2001; Ratna & Karger-Kocsis, 2008]. If the stress destroys the interactions among the hard
segments, shape memory will be lost and the recovery of the original shape will be impossible.
Control of hard and soft segment composition is of the upmost importance in order to satisfy the

conditions required for shape memory applications [Ratna & Karger-Kocsis, 2008].

Due to the large impact of structure and morphology on the properties of segmented shape
memory polyurethanes and the large number of variables involved in the testing of shape
memory behavior, it is important to understand the effects of different testing parameters in order
to determine the optimum conditions. During this portion of the work, the influence of chemical
structure, hard segment composition and soft segment length, on the shape memory behavior was
studied. Additionally, the effects of the conditioning temperature, deformation rate, and

maximum strain were evaluated.

As previously discussed, the stress versus strain behavior of the first cycle was distinct from the
behavior in subsequent cycles. Therefore, the shape recovery was calculated with respect to the

deformations of the previous cycle. It was noticed, however, that after the first cycle the

58



remaining cycles (cycles 2-4) exhibit similar behavior. It should be mentioned, however, that in
some cases, additional testing of more than 4 cycles was performed (up to as many as 12 cycles)
with repeatable results. This suggests that after the first deformation, which produces some
reordering of the phase distribution, the behavior is almost that of an ideal elastic network with

deformation which is almost completely reversible [Li et al., 1996].

Effect of Conditioning Temperature

The first experimental testing parameter to be evaluated was the effect of the conditioning
temperature. In order to observe the effects, the TDI 2900/32 matrix was subjected to thermo-
mechanical cycling using a maximum deformation of 100% and deformation speeds of 20
mm/min. Conditioning temperatures of 40, 60, and 80°C were evaluated. The results can be
seen in Table II-7. From the data, it is clear that the fixity remains largely unaffected by the
conditioning temperature; however, the recovery increases with temperature. Fixity is mainly a
function of the soft segment domains while recovery is dependent on the hard segment domains.
The increase in recovery can be attributed to the increased chain mobility of the soft segments
which occurs with the increase in temperature making it easier for the hard segments to recover
the original shape. However, the increase in chain mobility of the soft segments due to an

increase in temperature does not appear to have a significant impact on the shape fixity.
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TDI 2900/32 o rd

20 mm/min TEC] | 1%cycle [%] 2 [%cle 3 [;:/z/]cle 4" cycle [%]
em = 100%

40 87.71+3.44 88.06+4.73 | 89.88+4.92 | 87.96+7.13
Fixity 60 90.80+2.54 91.26+2.46 | 88.84+1.36 | 90.58+2.40
80 88.98+£1.73 90.44+2.26 | 88.88+3.28 | 91.48+3.29
40 80.12+10.58 | 74.68+5.20 | 76.24+4.12 | 76.22+5.06
Recovery 60 86.30+2.74 84.82+5.57 | 83.84+7.98 | 82.84+11.26
80 92.36+2.21 84.90+5.80 | 81.82+6.99 | 76.90+8.51

Table 11-7. Effect of conditioning temperature on shape memory behavior.

In order to further explore the effect of conditioning temperature on the shape recovery, the TDI
2900/32 sample was tested using a dynamic mechanical analyzer. Standard tensile tests were run
at temperatures of 40, 60, and 80°C. The samples were strained to a maximum deformation of
300% at a strain rate of 20 mm/min, unloaded, allowed to recover for 10 minutes, and
subsequently re-strained to 300% to evaluate the recovery. The results are shown in Figure II-
17. Similar to the shape memory behavior testing, the samples exhibited an increase in recovery

with an increase in conditioning temperature.

60



100000
—— TDI 2900/32 Matrix 40°C »
—————— TDI 2900/32 Matrix 40°C , after 1 .
—— TDI 2900/32 Matrix 60°C
8000001 -~ TDI 2900/32 Matrix 60°Cafter 10 min recovery .-
TDI 2900/32 Matrix 80°C
TDI 2900/32 Matrix80°C, after 10 min rggoﬁery
= ) »
A, 6000007
]
o
40°C.
400000 QO/C -
200000 B 80°C
0 =T T T T T T T T T T
0 50 100 150 200 250 300

Strain [%]

Figure 11-17. Effect of recovery temperature evaluated using dynamic mechanical analysis.
Dash line represents the second run, which was performed after a 10 minute recovery period.

In order to evaluate the actual percentage increase in recovery as conditioning temperature was
increased, the point where the slope of the curves intersected the x-axis was determined for both
the initial and recovery runs. The difference in these values was taken to be the percent

recovery. As seen in Figure 11-18, the percent recovery increases substantially with an increase

in conditioning temperature.
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Figure 11-18. Percent shape recovery with increasing temperature for the TDI 2900/32 sample.

Effect of Strain Rate

The next experimental testing parameter to be evaluated was the effect of the strain rate. In order
to study this testing parameter, the TDI 2900/32 sample was tested at a temperature of 40°C and
a maximum deformation of 100%. Strain rates, or loading rates, of 10, 20, and 30 mm/min were
examined. The results are shown in Table I1-8. In the range of strain rates studied, there is not a

significant impact on the shape fixity and recovery of the TDI 2900/32 samples.

T?.I:ZZSE)? 2 Erae |y oo 1o4] 2"cycle | 3"cycle 4" cycle

£.-=100% (mm/min) [%] [%] [%0]
10 88.44 75.87 80.7 84.7

Fixity 20 87.71+3.44 | 88.06+4.73 | 89.88+4.92 | 87.96+7.13

30 83.83+0.71 | 78.78+3.87 | 87.52+2.50 | 85.18+3.71
10 91.04 88.01 86.84 85.08

Recovery 20 80.12+10.58 | 74.68+5.20 | 76.24+4.12 | 76.22+5.06

30 92.06+£0.20 | 89.94+0.48 | 84.32+4.81 | 81.14+5.18

Table 11-8. Effect of strain rate.
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In order to determine whether strain rate has an impact on recovery, a dynamic mechanical
analyzer in tensile mode was used to study the effect of much higher strain rates. The TDI
2900/32 samples were strained to a maximum deformation of 300% at a temperature of 40°C
with strain rates of 20, 40, and 80 mm/min. The curves of stress versus strain are shown in
Figure 11-19. The values for modulus from the initial run and the recovery run are listed in Table
[1-9. From the values, it is obvious that modulus increases with an increase in strain rate. By
increasing the strain rate from 20 to 80 mm/min, the modulus more than doubles. The increase
in strain rate induces an increase in orientation of the polymer chains which leads to an increase

in Young’s Modulus.

500000 -
| — TDI 2900/32 20 mm/min

i TDI 2900/32 20 mm/min, 10 min recovery
450000 | — TDI 2900/32 40 mm/min
"""" TDI 2900/32 40 mm/min, 10 min recovery
TDI 2900/32 80 mm/min
TDI 2900/32 80 mm/min, 10 min recover

400000
350000 —
300000 +

250000 +

Stress [Pa]

200000 +
150000 ~
100000

50000

0 "::':::::/T/ T T T T T T T T T
0 50 100 150 200 250 300

Strain [%]

Figure 11-19. Effect of strain rate on recovery evaluated using dynamic mechanical analysis.
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As expected, the percent shape recovery of the samples increased with an increase in the strain
rate. As previously discussed, the recovery is largely controlled by the hard segments. When
much faster strain rates are utilized, orientation or alignment of the hard segments takes place
much more quickly. This leads to not only an increase in the recovery, as can be seen in Figure
[1-20, but is also seen in the values for the modulus, Table 11-9, which double when the strain
rate is increased from 20 to 40 mm/min and nearly triple when the rate is increased from 20 to 80
mm/min. This increase in modulus is also expected due to the hard segments acting as

reinforcements as previously discussed in the mechanical characterization.

95

90

Recovery [%]

85 T T T T T T T
20 40 60 80

Strain Rate [mm/min]

Figure 11-20. Effect of strain rate on percent recovery for the TDI 2900/32 sample at 40°C with a
10 minute recovery.

Strain Rate Modulus Recovery
[mm/min] [Pa] Modulus [MPa]
TDI 2900/32, 20 0.33 0.33
40°C, 10min 40 0.61 0.46
recovery 80 0.82 0.67

Table 11-9. Effect of strain rate on modulus.

64



Effect of Maximum Deformation

Finally, the effect of maximum deformation on shape memory behavior was evaluated. Tests
were performed on the TDI 2900/32 sample at a temperature of 40°C and a strain rate of 20
mm/min. Maximum deformations of 100% and 200% were evaluated. The results are shown in
Table 11-10. As expected, shape fixity and recovery both experience an increase with an increase
in maximum deformation. During the loading of the sample, the molecular structure is aligned
which increases the crystallinity of the soft and hard segment domains of the segmented shape
memory polyurethane. By increasing the maximum deformation, the sample is becoming more
crystalline due to the additional area, created during deformation, for alignment. An increase in
crystallinity of the two phases leads to an increase in both shape fixity and recovery. Similar

behavior was reported in the literature [Gunes et al., 2008].

TD'_ZZB’E’Q 2T £ (%) 1% cycle 2" cycle 3" cycle 4" cycle
. 0 0 0 0 0
20mm/min [%] %] [%] %]
Fixit 100 87.71£3.44 | 88.06+4.73 | 89.88+4.92 | 87.96%7.13
ixi
y 200 94.80+2.26 | 94.15+0.495 | 94.29+0.976 | 94.87+1.17
100 80.12+10.58 | 74.68+5.20 | 76.24+4.12 | 76.22+5.06
Recovery
200 87.27+3.49 | 84.74+3.28 | 84.67+3.32 | 84.35+3.012

Table 11-10. Effect of maximum deformation.

Effect of Recovery Time

The TDI 2900 sample was strained to a maximum deformation of 100% using a strain rate of 20
mm/min at 40°C. The sample was then allowed to recover for 5, 10, or 20 minutes prior to
performing the second cycle. The stress versus strain curves obtained at different recovery times

are shown below in Figure 11-21. The effect of an increase in recovery time is hard to observe
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from the graphs due to the slight variation in initial modulus of the TDI 2900/32 samples tested.
So, Figure 11-22 shows the values that were found for the percent recovery of the samples. In
order to determine these values, the intersection of the X-axis for each of the curves was
determined. The value for the initial test was then subtracted from the value for the second test.
From Figure 11-22, it is clear that percent recovery increases almost linearly with the increase in
recovery time. This result was expected. As the time allowed for recovery is increased, the hard

segments have more time to recover the original shape.

450000
) —— TDI 2900/32
4000004 - TDI 2900/32 after 5 min recovery
1 —— TDI 2900/32
3500004 TDI 2900/32 after 10 min recovery
] TDI 2900/32
300000 4 TDI 2900/32 after 20 min recovery
< 250000
o, }
$ 200000
] ]
150000
100000
50000 A
0 7| . : . I , I I |

0 50 100 150 200 250 300
Strain [%]

Figure I1-21. Effect of recovery time.
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Figure 11-22. Percent shape recovery with increasing time.

Effect of Chemical Structure

In this section, we will first study the influence of soft segment length on shape memory
behavior and then evaluate the effect of hard segment composition (MDI versus TDI). First, the
influence of soft segment length on the shape memory behavior of the MDI system was studied.
Table 11-11 lists the results for fixity and recovery of the MDI system. Thermo-mechanical tests
were performed at a temperature of 60°C with a deformation rate of 20 mm/min and a maximum
deformation of 100%. As expected, the fixity increased with an increase in soft segment length.
As previously discussed, the MDI 2900/32 system possesses better phase separation. This was
apparent in the observed melting transition of the hard segments from the differential scanning
calorimeter as well as in the observed phase separation in the scanning electron micrographs.
Better phase separation leads to an increase in fixity and recover. Additionally, the increased

length of the soft segments aids in fixity.
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NLD Izzfggé/f 21 T 1% cycle 2" cycle 3" cycle 4" cycle
somm/min | L°C] [%] [%] [%] [%]
Fixity 60 73.63+5.08 74.80+0.11 74.66+3.54 71.78+2.20
Recovery 60 83.68x2.37 82.84+2.30 81.02+0.93 78.66+6.02
N:;: Izzfggé/i 2 0T 1% cycle 2" cycle 3" cycle 4" cycle
somm/min | [C] [%] [%] [%] [%]
Fixity 60 86.95+2.20 87.33+0.55 86.22+0.08 87.52+1.36
Recovery 60 85.32+0.45 84.00+1.87 83.06+2.74 81.90+1.65

Table 11-11. Effect of soft segment length on the fixity and recovery of the MDI system.

Effect of Soft Segment Length

The influence of soft segment length on the shape memory behavior of the TDI system was
studied next. Table I1-12 lists the results for fixity and recovery of the TDI system. Shape
memory behavior testing was performed at 40 and 60°C with a deformation rate of 20 mm/min
and a maximum deformation of 100%. With the TDI system, a more complex behavior occurs.
The hard segment domains are not effectively hydrogen bonded due to the substitution of the
—NCO groups in the isocyanate structure. Additionally, the hard segments are much shorter than
those of the MDI samples which make it increasingly difficult for the TDI hard segments to
recover the longer soft segment chains. It is observed, however, that increasing the conditioning
temperature from 40 to 60°C creates an increase in fixity and recovery. Once again, this is due
to the increased chain mobility which allows for greater recovery by the hard segments and

greater fixity by the soft segments.
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TDI 2000/32 T
em = 100% °C] 1%cycle [%] | 2%cycle [%] | 3“cycle[%] | 4" cycle [%]
20mm/min
Fixit 40 91.14+4.84 95.24+0.96 92.64+4.98 93.10+1.84
Y 60 93.02+2.80 91.40+0.91 90.73+0.89 92.02+1.73
Recover 40 94.50+3.08 89.48+2.71 89.88+4.012 85.9246.90
y 60 90.24+0.23 90.46+1.16 90.28+3.28 91.44+1.98
TDI 2900/32 T
em = 100% C] 1%cycle [%] | 2%cycle [%] | 3"cycle[%] | 4" cycle [%]
20mm/min
Fixit 40 87.71+£3.44 88.06+4.73 89.88+4.92 87.96+7.13
y 60 90.80+2.54 91.26+2.46 88.84+1.36 90.58+2.40
Recover 40 80.12+10.58 74.68+5.20 76.24+4.12 76.22+5.06
y 60 86.30+2.74 84.82+5.57 83.84+7.98 82.84+11.26
Table 11-12. Effect of soft segment length on the fixity and recovery of the TDI system.

The effect of soft segment length was studied additionally using the dynamic mechanical
analyzer in tensile mode. Samples were strained to a maximum deformation of 300% using a
deformation rate of 20 mm/min and conditioning temperatures of 40 and 60°C. After 10
minutes, the recovery was evaluated by performing a second run. From Figure 11-23 it is clear
that the TDI 2000/32 samples experience better shape recovery. This is further supported by the
values for modulus which are shown in Table 11-13. As previously discussed, higher modulus
indicates the effectiveness of the hard segments. TDI 2000/32 samples possess more effective
hard segments that are more capable of recovering the short soft segment length and therefore,

exhibit better shape recovery than those of the TDI 2900/32 samples, which have lower modulus

and recovery.
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Figure 11-23. Comparison of shape recovery for TDI 2000/32 versus TDI 2900/32.

Temperature [ Modulus Recovery
[°C] [Pa] Modulus
[MPa]
TDI 40 0.86 0.56
2000/32 60 0.40 0.26
TDI 40 0.28 0.34
2900/32 60 0.32 0.09

Table 11-13. Modulus values for the TDI system at 40 and 60°C.

Effect of Hard Segment Composition

The results for samples conditioned at 60°C from Tables II-11 and 11-12 were compared to
evaluate the effect of hard segment composition on the shape memory behavior. The overall
structure of samples prepared from MDI is more rigid and consequently less capable of shape
recovery. This behavior was reported to be linked to microphase separation and density of

physical crosslinks affecting the dynamic properties of the segmented shape memory
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polyurethanes [Lee et al., 2001]. Also, the larger size of the hard segment domains in the MDI
system allow for recovery of much longer soft segment chains as opposed to TDI which has

difficulty recovering the shape when longer soft segment chains are utilized.

Tensile tests were performed on the MDI 2900/32 and TDI 2900/32 samples using a dynamic
mechanical analyzer. The samples were tested at 60°C to a maximum deformation of 100%
using a strain rate of 20 mm/min. Recovery was evaluated after 10 minutes. The stress versus
strain curves are shown in Figure 11-24. From the curves, the different behavior of the systems is
evident. While the MDI system has a much higher Young’s modulus, it exhibits a reduction of

shape memory behavior in comparison to the TDI 2900/32 system.

1000000

—— MDI 2900/32 60°C
177 MDI 2900/32 60°C after 10 min recovery
—— TDI 2900/32 60°C
800000 o - TDI 2900/32 60°C after 10 min recovery
600000
I
=
0
4
= 400000
(%))
200000 —
0 - ,,I,,
i %0 100
Strain [%]

Figure 11-24. Comparison of MDI 2900/32 versus TDI 2900/32 using the DMA.

As a final remark, the effect of segmented shape memory polyurethane chemical structure (hard

segment composition and soft segment length) obviously influences the material properties and
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transition temperatures which in turn effect the hard segment structure, phase segregation, and
ordering. This subsequently determines the shape memory behavior of the materials [Lee et al.,

2004].

CONCLUSIONS

Segmented shape memory polyurethanes with a controlled chemical structure were synthesized
by controlling the molar ratio of the reactants. These samples were thoroughly characterized in
order to determine the impact that hard segment content, hard segment composition, and soft
segment length make on the final polymer properties. It was observed that samples with 32 wt%
hard segment content exhibit the best combination of mechanical, thermal, and shape memory
properties. For this reason and their similarity to the commercial polyurethane sample, samples
containing 32 wt% were chosen as the focus of the remainder of this research with particular

emphasis on the TDI 2900/32 system.

It was found that the hard segment composition has a great impact on the mechanical and
thermal properties due in large part to the structure of the isocyanate utilized which has a
substantial impact on the phase separation and crystallinity of the hard segments. The soft
segment length significantly influenced the ultimate deformation at break for both polymer
systems studied. The thermal properties were also influenced due to the increase in length of the

soft segments.

Both of the synthesized systems exhibited shape memory behavior. The evaluation of the

influence of testing parameters exhibited the importance of choosing shape memory testing
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parameters similar to those of the end use application. Changing the shape memory behavior
testing parameters significantly affects the test results. Additionally, from the study of chemical
structure, it is evident that in order to achieve shape memory behavior the following must be
present: phase separation of the hard and soft segments, crystallinity of the soft segments for
fixity, and effective hard segments for recovery. Dynamic mechanical analysis was used to
further reinforce the findings in the shape memory behavior testing and to study the impact of

recovery time, which was observed to be a significant factor in shape recovery.

The thermal, mechanical, and shape memory properties of the segmented shape memory
polyurethane can be greatly influenced by the chemical structure and the experimental variables
such as maximum deformation, strain rate, and conditioning temperature. Therefore, careful
consideration should be given to the end use application so that the polymer may be engineered

to achieve the desired properties.
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CHAPTER III.

EFFECT OF AGING AND THERMAL TREATMENT

INTRODUCTION

Polyurethane block copolymers play an important role in the area of shape memory polymers.
Transitions from the glassy state to the rubbery state in the soft segment phases and the phase
separation between the hard and soft segments of the polymer itself are responsible for
polyurethane’s shape memory behavior [Cho et al., 2004]. Due to the importance of chemical
structure for shape memory behavior, researchers have focused on the microphase and
macrophase separation behavior and the corresponding impact on structural and physical
properties. Additionally, the properties of segmented polyurethanes have been observed to be
highly time dependent [Tey et al., 2006]. Moreover, in addition to the chemical structure and
composition of the polymer molecules, the shape recovery behavior of the specimens may be

influenced by their processing conditions during preparation [Li et al., 1997].

Researchers have shown that amorphous solids are not thermodynamically stable at temperatures
below their transition temperature [Simon, 1930; Kovacs, 1963]. Instability occurs when this
state is not in equilibrium. Studies of glassy materials have shown that a slow process occurs in
which an attempt to reach and establish equilibrium is made. During this approach towards
equilibrium, many properties of the material are affected. As these properties change with time,

the material is said to undergo physical aging [Struik, 1978]. The physical aging phenomenon
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encompasses a wide range of behaviors, all of which include an observed change in a polymer
property as a function of storage time, at constant temperature and zero stress, and with no other
influence from external conditions [Hutchinson, 1995]. Physical aging is distinguished from
chemical or biological aging, which involve permanent modification of the chemical or physical
structure, because it involves only reversible changes in properties [Hutchinson, 1995]. During
the aging process, a gradual continuation of the glass form sets in around the glass transition
temperature of the polymer. This impacts the temperature dependent properties that often
change drastically at or around the transition temperature. Properties will change in the same
direction as during cooling through the glass transition range. Therefore, the material becomes

stiffer, experiences decreased damping, and creep and stress relaxation rates [Struik, 1978].

Since the aging process affects many polymer properties, it is very important to understand for
controlling polymer properties for use in practical applications [Struik, 1978; Li et al., 1997].
Thus, this portion of the work explores the aging of segmented polyurethanes as well as the
effect of thermal treatment on the final morphology, thermal and mechanical properties of
polyurethane. It is hypothesized that the properties will be influenced by both thermal treatment

and aging.

MATERIALS & METHODS

Two series of linear, thermoplastic polyurethanes with 32 wt% hard segment content were
prepared as outlined in Chapter 1I. Upon completion of film preparation, samples were
characterized both with and without thermal treatment. Samples designated as “no thermal

(3

treatment” were tested at ambient conditions while samples designated as “with thermal
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treatment” were first conditioned to 80°C for three hours in a convection oven and then allowed
to cool in the oven for 2 hours prior to characterization. The morphology and thermal and

mechanical properties of all samples were evaluated.

TECHNIQUES
Atomic force microscopy (AFM), differential scanning calorimetry (DSC), and tensile

measurements were performed as outlined in Chapter I1.

Atomic Force Microscopy (AFM)

As outlined in Chapter Il, atomic force microscopy (AFM; Veeco Instruments Inc., Dimension
3100) in tapping mode was used to evaluate sample morphology. Sample preparation was
previously discussed. In order to evaluate the effects of time/aging on sample morphology,
images were initially taken at ambient conditions immediately following their preparation. This

was designated as time zero. Samples were then stored at -20°C between subsequent viewings.

RESULTS AND DISCUSSION

TDI System

Annealing

An annealing treatment was performed on the TDI system at an intermediate temperature
between the crystallization and melting temperatures (Tannealing = 0 Or 5°C). Annealing is the use
of a heat treatment to alter a material’s morphology and properties. When the polymer is heated
above a transition temperature for an arbitrary amount of time and then allowed to gradually

cool, the internal stress of the material is removed. The annealing treatment was performed
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using a differential scanning calorimeter. The samples were first heated from room temperature
to 180°C at a rate of 10°C/min. They were then cooled from 180°C to -50°C at 10°C/min. Next,
they were heated from -50°C to 0°C (for TDI 2000/32 samples) or 5°C (for TDI 2900/32
samples). Samples were held at the annealing temperature (Tannealing) fOr the selected amount of
time. Finally, they were heated from the Tanneaiing t0 180°C. The results for annealing times

ranging from 0 to 120 minutes are shown in Table I11-1.

Annealing Time Terystallization SS AHcrystatlization Trmetting SS [°C] AHmeting SS[J/g]
[min] [°C] SS [J/g]
0 -15.86 -30.11 23.94 35.74
30 -19.97 -29.01 25.09 42.30
60 -18.04 -29.90 23.95 45.07
120 -17.18 -29.58 23.95 45.16
Table I11-1. Effects of annealing time on melting and crystallization transitions of the TDI
2900/32 system.

From the annealing results, it can be seen that the melting temperature (Tmeiing SS) does not
change with annealing, indicating that the crystals are not perfected. However, the enthalpy of
melting (AHmelting SS) increases with annealing time which indicates that the amount of crystals
is increasing. This confirms that initial phase separation is incomplete immediately after film
forming. Figure 111-1 shows further evidence of these results. From this graph it is clear that the
enthalpy of melting reaches a plateau at approximately 60 minutes. This indicates that the TDI

2900/32 samples experience a very short aging period.
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Figure 111-1. Effect of annealing time on the melting temperature and enthalpy of melting for the
TDI 2900/32 system.
Annealing results for the TDI 2000/32 system are shown in Table I11-2. With this system two
things were noticed: the enthalpy of melting of the soft segments increases from 0 to 60 minutes
and if the annealing is performed to 180°C instead of 280°C no transitions are observed. It is
unknown whether the enthalpy of melting continues to increase as the annealing time is
increased above 60 minutes. Also, the behavior exhibited in the annealing testing is similar to
the DSC results, which will be discussed later in the chapter, in which no thermal treatments are

present for samples that are not first subjected to a thermal treatment.
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Annealing | Terystallization AHcrystallization Thnetting AHmetting
Time SS [°C] SS [J/g] SS SS[J/g]
[min] [°C]
0 No crystallization was 19.1 16.23
60 noticed 20.13 | 34.96
Table 111-2. Effects of annealing time on melting and crystallization transitions of the TDI
2000/32 system.

Mechanical Properties

The mechanical properties for the TDI 2000/32 system both with and without thermal treatment
are shown below in Table I11-3. The properties for all samples tested are relatively constant over
the time studied (80 days) with the values obtained immediately following sample preparation
showing no significant change as the sample is aged. As previously discussed, the aging period
for the TDI system is very short so there were no visible changes expected in the time period

studied due to the polymer samples reaching an equilibrium so soon after sample completion.

TDI
E [MPa] oy [MPa] &p [%0]
2000/32
No With No With .
Days Thermal Thermal Thermal Thermal N'I'Or J;&gﬂ?l W.;:[:a;?negrﬂal
Treatment | Treatment | Treatment | Treatment
0 0.7 +0.06 1.0+£0.2 [ 0.3+£0.03 | 0.4+0.07 |891.8+58.7 | 849.6 +111.0
6 09+0.2 12+03 [ 04+£0.04 | 05+£0.05 [ 543.9+£53.8 | 672.3+33.0
80 1.0+ 0.05 15+04 [ 04+0.03 | 0.6 £0.05 [ 865.5+77.4 | 492.1+36.2

Table I11-3. Tensile properties as a function of time for TDI 2000/32 samples.

The TDI 2900/32 system showed similar behavior to the TDI 2000/32 system. The mechanical
properties, shown in Table IlI-4, exhibited no significant changes and remained relatively

constant over the 80 day time period studied.
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TDI o
9900/32 E [MPa] oy [MPa] eb [%]
No With No With No Thermal With
Days Thermal | Thermal Thermal Thermal Treatment Thermal
Treatment | Treatment | Treatment | Treatment Treatment

0 4.68+0.52 | 5.06+0.20 | 0.62+0.056 | 1.03+0.21 | 1150.6+140.0 | 1202.7+£52.2
6 2.56+0.19 | 4.98+0.68 | 1.03+0.078 | 1.15+0.040 | 1257.36+140.2 | 1214.0+175.8
80 3.80+0.10 | 4.74+0.68 | 1.01+0.21 | 1.46+0.25 0959.5+227.1 770.2+459.8

Table 111-4. Tensile properties as a function of time for TDI 2900/32 samples.

The constancy of the tensile properties supports the annealing findings that the samples reach
equilibrium in a very short period of time. Aging has very little effect on the mechanical

properties of the TDI system.

Morphology

Tapping mode AFM was used to study the evolution of the polymer structure over time.
Attempts were made to take images of the TDI 2000/32 samples prior to conditioning at -20°C.
However, no images were obtainable. The sample was completely clear which suggests that no
phase separation is present in the sample immediately following its preparation. The image
taken 2 days after the sample was prepared, shown in Figure IlI-2, however, shows that

crystalline regions are developing over time. When the development of a crystalline structure

occurs so does phase separation and the ability to obtain AFM images.
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Figure 111-2. TDI 2000/32 sample morphology at 2 days after sample preparation.

The TDI 2900/32 system showed similar behavior to that of the TDI 2000/32 system. The
images obtained at time Day 0, Day 1, and Day 2, are shown in Figures I11-3 a, b, and c,
respectively. The main difference is that an image was obtained for time= Day 0, prior to sample
conditioning at -20°C. While the image does exhibit a phase separated structure, there were
bubbles present in the sample that were visible to the naked eye. It is believed that the structures
that are visible in the AFM images are these bubbles, which are attributed to the solvent
evaporation during the sample preparation. When subsequent images were taken of the TDI
2900/32 system after conditioning at -20°C, a structure very similar to that present in the TDI

2000/32 system develops.
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From the atomic force micrographs presented for the TDI 2000/32 and TDI 2900/32 samples, the
combined effect of aging and thermal effects are obvious. Aging at a low temperature allows for
organization and development of a crystalline structure within the samples. This structure will

have a substantial impact on the thermal and mechanical properties of the samples.

Thermal Properties (DSC)

In order to further evaluate the development of organizational order of crystalline domains
within the polymer structure, DSC was used. DSC indicates the degree of organizational order
of crystalline domains through the melting behavior of the crystalline phase and the interaction
between the hard and soft segments [Petrovic, 2004]. Since the molecular rearrangement that
occurs in the samples is the focus of this study, the thermal transitions obtained during the first

thermal cycle were evaluated.

The thermal transitions for the soft segments of the TDI 2000/32 system are shown in Table I11-

5. Transitions were only observed for the TDI 2000/32 samples with no thermal treatment. No
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transitions, melting or crystallization, appeared in the first run for samples that had been
subjected to thermal treatment prior to testing. The morphology of the TDI 2000/32 system
exhibited little to no phase separation. The DSC results further reinforce this conclusion.
Additionally, the lack of transitions for the samples that were subjected to thermal treatment

suggests that the thermal treatment is effective in erasing the thermal history of the material.

TDI
2000/32 Runi
No
Thermal | Tm SS AH TcSS AH
Treatment | [°C] [J/g] [°C] [J/g]

Day 0 279 | 557
Day 6 -28.92 | 3.59
Day 80 -29.28 | 5.546

Table 111-5. Thermal transitions of the TDI 2000/32 system.

The DSC results for the TDI 2900/32 system are shown in Table I11-6. Samples tested
periodically over the 80 day period studied, show constant transition temperatures. As expected,
the effect of aging has very little impact on these samples due to the short time required to reach

equilibrium.

TDI
2900/32 No Run 1

Thermal TmSS AH | TcSS AH
Treatment [°C] [J/g] | [°C] | [J/g]

Day 0 -12.98 | 26.82
Day 6 -7.63 | 31.81
Day 80 147 | 27.8

Table I11-6. Thermal transitions of the TDI 2900/32 system.
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The thermal transitions for TDI 2900/32 samples that were subjected to thermal treatment are in

the same range as those that were not. The values are shown in Table I11-7.

TDI
2900/32
With Run 1
Thermal | Tm SS AH Tc SS AH
Treatment | [°C] [J/g] [°C] [J/g]

Day 0 -9.71 30.21
Day 6 -13.6 26.14
Day 80 -15.68 | 28.03

Table 111-7. Transitions of the TDI 2900/32 system after subjecting to thermal treatment.

MDI System

Mechanical Properties

The tensile properties for the MDI 2000/32 system both with and without thermal treatment are
shown in Table I111-8. Most samples exhibit a decrease of the modulus and strength in the first 20
days of observation. After this the values reach a plateau and remain relatively constant. The
thermal treatment appears to be effective in creating stability of the properties during the first 20
days. After this time, the yield stress and elongation at break remain relatively constant for the
remainder of the study. It is important to note, however, that thermal treatment leads to
decreased mechanical properties. This effect is expected as thermal treatment leads to more
mobility of the soft segments. The contamination of the hard segments with soft segments

reduces the hard segment interactions, which leads to a decrease in modulus and strength.
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MDI E [MPa] oy [MPa] &p [%0]
2000/32
Days No With No With No With
Thermal Thermal Thermal Thermal Thermal Thermal
Treatment | Treatment | Treatment | Treatment | Treatment | Treatment
0 17.59+5.68 | 14.90+1.34 | 4.20+0.09 | 3.98+0.11 | 206.0+27.0 | 133.9+58.8
6 17.33+1.20 | 13.80+0.52 | 5.01+0.20 | 3.95+0.30 | 608.0+49.5 | 376.1+62.1
21 16.02+0.49 | 9.51+0.87 | 2.20+0.10 | 1.90+0.20 | 109.0+36.8 | 137.6+39.0
35 16.05+1.29 | 11.88+1.16 | 2.29+0.09 | 2.09+0.09 | 149.1+8.8 | 165.4+3.1
83 20.57+1.50 | 13.40+4.07 | 2.00+0.20 | 2.01+0.11 | 109.9+1.0 | 113.0+7.0

Table 111-8. Tensile properties as a function of time for MDI 2000/32 samples.

The tensile properties of the MDI 2900/32 system exhibit behavior similar to that of the MDI
2000/32 system. The mechanical properties are reported in Table 111-9. From the table, it is
evident that the Young’s modulus (E), strength (oy), and the deformation at break (ep) experience
a decrease within the first 20 days. After this time, the properties reach a plateau and the
properties remain fairly constant. The effect of thermal treatment on this system is much clearer.
From the results, it is obvious that the thermal treatment significantly affects the modulus of the
system, with thermally treated samples exhibiting a much lower modulus. Due to the longer
length of the short segments, a more pronounced difference is expected for the same reason listed
in the MDI 2000/32 system. The additional length of the soft segments, which are now a longer
length, produces the decrease in modulus. However, it should be noticed that the thermal

treatment has a more significant influence on the elongation at break of this system, with the

values decreasing approximately 50% during the study.
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MDI E [MPa] oy [MPa] &p [%0]
2900/32
Days No With No With No Thermal With
Thermal Thermal Thermal Thermal Treatment Thermal
Treatment | Treatment | Treatment | Treatment Treatment

0 43.68+3.15 | 13.29+1.56 | 5.95+0.52 | 5.21£0.73 | 751.6+£39.3 | 755.6+£39.1
6 23.60+14.5 | 12.58+1.16 | 5.99+0.32 | 4.10+0.07 | 896.4+52.6 | 950.1+56.7
21 16.22+4.23 | 10.53+2.06 | 2.49+0.55 | 1.74+0.15 | 486.1+41.6 | 432.5+68.4
35 19.53+1.24 | 10.61+1.64 | 3.13+0.29 | 1.82+0.12 | 535.4+36.5 | 364.1+86.4
83 26.8445.20 | 10.23+1.85 | 4.28+0.31 | 1.77+0.03 | 523.0+106.4 | 357.6+125.5

Table 111-9. Tensile properties as a function of time for MDI 2900/32 samples.

From the mechanical properties, it is clear that the time required to reach equilibrium is much
longer than in the TDI system. Additionally, the structure of polyurethanes constructed with
hard segments of MDI or TDI produces a large difference in not only the mechanical properties

of the polymer itself, but also a difference in the way samples react to aging and thermal

treatment.

Morphology (AFM)

Tapping mode AFM amplitude images of the solid MDI 2000/32 polyurethane films taken
immediately following sample preparation and 3 days after sample preparation are presented in
Figure I11-4 a) and b), respectively. In these images, the phase segregation of the hard and soft

segments is clearly visible. However, it is difficult to determine if any evolution of the samples

is occurring during the time evaluated.
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The images for the MDI 2900/32 samples immediately following sample preparation and 3 days
later are shown in Figure I11-5 a) and b). Phase separation of the hard and soft segments is
clearly visible at Day 0. Once again, the changes during the time evaluated are not significant

enough to observe.

Z range

Z ran i- 1 1 1
Figure 111-5. MDI 2900/32 sample morphology at time a) Day 0 and b) Day 3.

The effect of aging on the polymer morphology is less noticeable in the MDI system is less than

in the TDI system. This does not mean that there is no impact but merely that the changes are
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minute during the short time period in which polymer morphology was observed. It should be
noted, however, that the MDI system has a much less active structure at room temperature due to
the to the structure of the diisocyanates, which was previously discussed in Chapter Il, and the
length of the soft segments, which effects the polymer’s mobility and ability to crystallize. This
decreased activity of the structure leads to a much longer aging period to reach equilibrium in the
MDI system, which was also observed in the mechanical properties, and leads to the expected

result of less observation of aging impact during a very short time period.

Thermal Properties

DSC was used to further investigate the crystal structure of the MDI system. First, the MDI
2000/32 samples with no thermal treatment were evaluated. Once again, the focus was on
thermal transitions occurring in the first DSC cycle. The thermal transitions are shown in Table
[11-10. Transitions for both melting and crystallization of the soft segments were observed. This
corresponds to the AFM images which show clear phase separation in the polymer morphology.
While the melting transitions do not exhibit a clear trend, it is clear from the increase of the
crystallization transition of the soft segments that as the polymer ages increased crystallization of

the soft segments is occurring.
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MDI

2000/32 No Run 1

Thermal Tm SS AH Tc SS AH

Treatment [°C] [J/g] [°’C] [J/g]
Day 0 12.54 27.16 | -12.82 | 25.75
Day 6 11.51 4355 | -10.44 | 30.39
Day 21 13.75 3245 | -13.81 | 25.12
Day 35 11.35 41,71 | -13.87 | 22.17
Day 83 9.56 2518 | -17.32 | 22.92

Table 111-10. Thermal transitions of the MDI 2000/32 system.

MDI 2000/32 samples subjected to thermal treatment also exhibited thermal transitions in the
first DSC cycle. The values for these transitions are listed in Table I1I-11. The thermal
transitions of heat treated samples exhibit a trend similar to the mechanical properties. The
melting and crystallization temperatures of the soft segments exhibit a decrease until day 21.

After this, the values remain relatively constant. This indicates that the heat treatment is

effective in reducing the internal stress of the polymer chains.

MDI

2000/32
With Run 1l

Thermal Tm SS AH TcSS AH

Treatment [°C] [J/g] [°C] [J/g]

Day 0 11.38 26.57 -14.28 26.72
Day 6 10.46 35.58 -12.05 28.54
Day 21 9.89 21.6 -14.0 25.63
Day 35 14.2 38.84 -13.99 23.96
Day 83 11.5 25.85 -15.17 24.08
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Next, the crystalline structure of the MDI 2900 system was evaluated using DSC. This system
also exhibited a phase separated structure when viewed using AFM. During DSC, this sample
exhibited transitions for the melting and crystallization of the soft segments and also
crystallization of the hard segments, which was not exhibited in the other polyurethane systems.
Due to the observance of the crystallization of the hard segments, it can be concluded that the
degree of phase separation in the MDI 2900/32 system is higher than that in the other systems.
Samples from the MDI 2900/32 system behave similarly to that of the MDI 2000/32 system.
From the data for samples with no thermal treatment, Table 111-12, there is once again no visible

trend in the values.

MDI 2900/32 Run 1
No Thermal TmSS| AH | TcHS AH TcSS AH
Treatment [°C] [J/9] [°C] [J/9] [°C] [J/g]
Day 0 14.79 | 62.60 * * -1.60 | 36.81
Day 6 15.96 | 41.83 | 167.03 | 1.99 -1.14 | 35.67
Day 21 18.77 | 52.16 | 166.93 | 2.60 -0.75 | 40.15
Day 35 18.13 | 46.39 | 166.18 | 2.09 -2.07 | 35.48
Day 83 17.74 | 42.64 | 166.06 | 2.31 -2.13 | 37.95

Table 111-12. Thermal transitions for MDI 2900/32 samples with no thermal treatment.
* indicates that no transition was observed.

Thermal treatment of the MDI 2900/32 system, Table I11-13, creates a similar decrease in the
melting transition temperature of the soft segments over the period of time studied. Additionally,
the crystallization temperature of the soft segments moves to a lower temperature. The
crystallization temperature of the hard segments, however, seems to be unaffected. These results
are expected. As previously observed, samples with no thermal treatment experience an increase

in melting temperature over the aging period examined. The decrease in soft segment melting
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temperature exhibited by samples which have been subjected to thermal treatment is due to the
mobility of the polymer chains, which is enhanced by the thermal treatment prior to DSC
experiments. Additionally, the temperature of the thermal treatment, 80°C, is not high enough to
impact the soft segments so, similar to the samples with no thermal treatment, no changes are

observed in these transitions as a result of the thermal treatment.

MDI 2900/32 Run1
W#:‘e;trr‘r‘fgma' TmsS | AHSS | TcHS ?EC TcSS | AH, SS

rel | val | rel | e | el | i

Day 0 15.77 | 63.12 | 165.97 | 1.97 | 027 | 41.31

Day 6 16.21 | 60.30 | 168.94 | 246 | -008 | 3849

Day 21 1466 | 41.03 | 168.25 | 201 | -1.30 | 37.14
Day 35 13.76 | 4517 | 16540 | 1.99 | 258 | 37.47
Day 83 1129 | 2959 | 165.05 | 220 | -2.76 | 38.07

Table I11-13. Thermal transitions of the MDI 2900/32 system after thermal treatment.

The MDI system has a more regular, oriented structure. This structure, which can be viewed in
the AFM and is exhibited in the thermal transitions gained from the DSC, leads to increased
phase separation and decreased activity or mobility of the structure at room temperature.

Additionally, thermal treatment is effective in influencing polymer properties.

CONCLUSIONS

The effects of aging and thermal treatment on the morphology and thermal and mechanical
properties of synthesized linear, thermoplastic polyurethanes were studied. It was found that a
very short period of time (approximately 1 hour) is required to reach equilibrium for samples

with hard segments composed of TDI. However, samples with hard segments composed of MDI
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take much longer to reach equilibrium (approximately 20 days). The use of thermal treatment
was effective in the MDI system but showed little effect in on the TDI system. The properties
and morphology of the polymers were affected by the age and thermal history of the samples.

From this study, the impact of the age of the polymer on its properties was recognized. From
this point on in the research, it was recognized that the results of polyurethane characterization

were highly time dependent.
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CHAPTER IV.

PREPARATION OF NANOREINFORCEMENTS

INTRODUCTION

A composite is a material that is composed of two or more different materials in order to
blend/combine the best properties of each of the constituents.  Similarly, a polymer
nanocomposite is also composed of two materials: one being a continuous polymeric material,
which may be a thermoset, thermoplastic, or elastomer, and the other being a discontinuous
reinforcing material in the nanoscopic range (one of the characteristic dimensions should be in
the nanometer range). This reinforcing material is known by a variety of different names such as
nanoreinforcement, nanofiller, or nanoparticle [Koo, 2006]. Even though nanocomposites have
been in existence for centuries, they were not recognized until modern characterization
techniques evolved. In fact, the term nanocomposite was not coined until 1986 [Twardowski,
2007]. Research articles involving nanocomposites have appeared in a wide variety of journals
and now journals and books are being dedicated totally to the subject [Paul & Robeson, 2008].
Within the field, many diverse topics exist such as composite reinforcement, barrier properties,
flame resistance, cosmetic applications, bactericidal properties, and biomedical applications

[Twardowski, 2007; Njuguna et al., 2008].

Traditional, macroscale composites require more than 40 wt% reinforcement to induce a

considerable increase in properties. Nanocomposites, however, exhibit property enhancements
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with as little as 0.5wt% reinforcement [Wouterson et al., 2007]. Property enhancements using
reinforcements in the range of micrometers include increases in thermal stability, stiffness, and
strength of the employed polymer matrix [Angelovici et al., 1998; Kazanci, 2004]. However,
utilization of reinforcements with such a large size does have its drawbacks. Reductions in strain
to failure, impact strength, and fracture toughness are often observed [Friedrich et al., 2005].
Due to their high aspect ratio (ratio of length to diameter), nanoparticle incorporation offers a
way to achieve the same property enhancements without many of the drawbacks witnessed from
microreinforcements.  Even nanocomposite materials with particle sizes exceeding 20
nanometers have exhibited the ability to increase properties over neat polymer matrices

[Friedrich et al., 2005].

As previously discussed, shape memory polyurethanes exhibit disadvantages of lower strength
and stiffness, which limits their application. The use of nanofillers in a shape memory
polyurethane matrix has been widely investigated as a way to overcome these disadvantages and
to increase the application areas of the polymer [Ratna & Karger-Kocsis, 2008]. Due to the wide
variety of available nanofillers and their vastly different properties, it is important to choose a
nanofiller/polymer system that fits the desired end use. Nanofillers possess many advantages.
However, as with any material there are disadvantages. While the focus of this research is the
enhancement of the mechanical, thermal, and shape memory properties, it is important to note
that selection of the correct nanofiller for a composite system can also lead to improvements in
barrier properties, flame retardant properties, dimensional stability, thermal conductivity,
chemical resistance, and ablation resistance.  For example, silicon carbide (SiC) was shown to

produce an increase in micro-hardness and modulus [Gall et al., 2002], exfoliated nanoclays have
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been studied for barrier and flame retardant applications [Choi et al., 2006; Pluta et al., 2002],
and carbon nanotubes are being researched for their conductive properties [Baibarac & Gomez-
Romero, 2006]. Additionally, the use of conductive nanofillers in segmented shape memory
polyurethanes may lead to alternate pathways for shape memory actuation. The major
disadvantages associated with the use of nanofillers come with dispersion and processability
[Koo, 2006]. Of course, the main advantage lies in the nanocomposite system itself.
Nanocomposites offer the ability to construct lighter, stronger, and thinner structures. The ability
of polymer nanocomposites to produce these structures is already being achieved in many

commercial applications [Njuguna et al., 2008].

The nanoreinforcements chosen for investigation during this research are cellulose nanofibers
(CNF), conductive cellulose nanofibers (C-CNF), and carbon nanotubes (CNT). Cellulose, a
natural and biodegradable nanofiller which constitutes the primary structural material in a wide
variety of plant life, is one of nature’s most abundant materials [Eichhorn & Young 2001].
Natural nanofillers offer many advantages over conventional reinforcement materials. They are
low in cost and density, have high specific properties, are non-abrasive, and are a renewable and
biodegradable resource [Zadorecki & Michell 1989; Boldizar et al., 1987; George et al., 2001].
They are readily available and are comparable to other reinforcing materials for property
enhancements. There are disadvantages, however, such as incompatibility with hydrophobic

polymer matrices and aggregation during processing.

Cellulose fibers are composed of assemblies of microfibrils, which form slender and nearly
endless rods [Mark, 1980; Marchessault & Sundarrjan, 1983]. Hydrogen bonding is responsible

for the attraction that these nano/micro crystals possess. Upon exposure to strong acids, the
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microfibrils are degraded into microcrystals that are similar in structure to the parent microfibril
but with shorter lengths ranging from a few hundred nanometers to a few microns. However,
depending on the treatment efficiency, some association between crystals may remain and has
been reported by other authors [Ebeling et al., 1999]. Additionally, cellulose possesses polar

groups that can interact with SMPu. The structure of cellulose is shown in Figure 1V-1.

Figure IV-1. Chemical structure of cellulose.

During polyurethane synthesis it is possible for the —OH group of cellulose to co-react with the
polyurethane. This interaction leads to strong interfacial adhesion that is necessary for property
enhancement in nanocomposites. During this portion of the work, cellulose nanofibers will be
achieved through acid hydrolysis of microcrystalline cellulose. This treatment will aid in
achieving stable suspensions of cellulose crystals in an organic polar solvent,
dimethylformamide (DMF), for incorporation into a polymer matrix. This portion of the work is
closely related to that of Dufresne and coworkers, who attempted to incorporate cellulose
crystals into polymeric matrices [Favier et al., 1995; Dufresne and Vignon, 1998; Dufresne and

Cavaille, 1999; Neus Angles and Dufresne, 2000].

Cellulose nanofibers coated with polyaniline, in order to achieve conductive cellulose nanofibers
(C-CNF), presents a new approach to creating conductive polymers through the use of
nanoreinforcement. Polyaniline was chosen for this application due to its good environmental

100



stability, low cost, and easy polymerization. Conducting polymers have gained attention due to
the possibility of commercial applications. However, conductive polymers present a challenge
for applications due to their low mechanical properties [Malmonge et al., 2001]. In this research,
a way to overcome this challenge will be investigated. By coating a nanoreinforcement, such as
CNF, with polyaniline, and then creating a nanocomposite, it is expected that a non-conductive
polymer will not only gain the conductive properties of the polyaniline but will also experience
an increase in mechanical properties due to the nanoreinforcement material. Additionally, the
use of electrically conductive cellulose opens the door to a new pathway for actuation of shape
memory polyurethanes. Electrical conduction of the nanoreinforcements may be used to induce

the shape memory effect in the polyurethane matrix.

The use of synthetic carbon nanotubes as a nanoreinforcement presents another challenge. While
carbon nanotubes possess a number of advantages, such as excellent mechanical properties,
increased electrostatic discharge, chemical stability, low density, and conductivity, their poor
surface reactivity and high aspect ratio create dispersion problems in nanocomposites [Chen et
al.,2006; Auad et al., 2009]. Synthetic CNT are generally incompatible with organic molecules,
including polymers. Entanglements are usually encountered due to the extremely high aspect
ratio and can cause difficulty when preparing CNT nanocomposites [Ajayan et al., 2000; Zhou et
al., 2003; Cadek et al., 2004; Andrews et al., 2002; Sun et al., 2002]. For this reason, several
researchers have focused on surface functionalization of CNT to aid in nanofiller dispersion
[Auad et al., 2006; Cui et al., 2003; Gong et al., 2000]. During these studies, functionalization
methods have been described including covalent bonding methods in which carboxyl groups on

the CNT surface are converted to organic groups in order to improve the surface group reaction

101



efficiency between the CNT and the SMPu [Auad et al., 2006]. This research will study the
synthesis, modification, and characterization of nanofillers as a means to overcome the

challenges associated with dispersion and agglomeration.

MATERIALS
Microcrystalline cellulose powder (MCC; Avicel PH-101 MCC, FMC Biopolymer, Philadelphia,

PA) was selected as the raw material for obtaining cellulose nanocrystals.

In order to obtain conductive cellulose nanofibers, aniline, ammonium peroxydisulfate (APS),
hydrochloric acid (HCL), p-toluenesulfonic acid (pTSA), sulphonated lignin acid (SLA),
dodecylbenzenesulfonic acid (DBSA), ammonium hydroxide (NH4;OH), and sulfuric acid were

purchased from Sigma-Aldrich and used without treatment.

Multi-walled carbon nanotubes (Shengzhen Nanotech Port Co., China) were used after
corresponding chemical modifications. Technical specifications for the multi-walled carbon
nanotubes are a diameter range of 40-60nm, length range of 5-15um and purity of 95%. The
functionalization of the multi-walled carbon nanotubes utilized sulfuric acid (H,SOj), 70%
HNO3, acetone, and methylenedi-p-phenyl diisocyanate (MDI), which were purchased from

Sigma-Aldrich and used without treatment.
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METHODS

Cellulose Nanofibers (CNF)

Cellulose nanofibers (CNF) were obtained by subjecting MCC to acid hydrolysis in a
concentrated sulfuric acid solution (64wt% sulfuric acid in deionized water). The ratio of MCC
to sulfuric acid solution was 1:8.75 g/ml. The treatment was performed at 45°C under strong
stirring for 2 hours. To aid in dispersion, the solution was subjected to a 10 min ultrasonic
treatment (Ultrasonik 250, NEY). The solution was then diluted with an equal volume of water
and washed repeatedly. Centrifugation (12000 rpm, 10 min) was used to separate MCC from the
aqueous solution. This process was performed until a pH of 5 was obtained. The final

suspension was freeze-dried and stored in a dessicator to avoid moisture absorption from the air.

Conductive Cellulose Nanocrystals (C-CNF)

Conductive cellulose crystals were prepared by through in situ polymerization. Aniline was
dissolved (0.15 v/v%) in an aqueous solution of HCI (1.0 M). Then, 67 ml of the aniline solution
was gently added to 50 ml of the CNF suspension (1 wt/vol %), Finally, 50 ml of a solution of
ammonium persulfate (APS) in aqueous HCI (0.25 g of APS in 50 ml of the 1.0 M HCI solution)
was added for carrying out the aniline polymerization. The reaction was monitored by open
circuit potential using platinum and saturated - calomel electrodes. A schematic of the set up
used for the open circuit potential (Voc) measurements taken during the polymerization is shown
below in Figure IV-2. During the final stage the mixture took the characteristic dark green color,
which corresponds to the emeraldine oxidation state of the conductive polyaniline. The resulting

coated cellulose was washed repeatedly and finally dialyzed [Mattoso et al., 2009].
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Figure 1V-2. Schematic representation of the set up used for open circuit potential (Voc)
measurements during polymerization of aniline.

Carbon Nanotubes (CNT)

As-received multi-walled carbon nanotubes (MWNTS) were purified and acidified by means of
ultrasonication in concentrated acid solution (3:1 H,SO04/70% HNO3) for 1 h at room
temperature. After exhaustive washing, drying and grinding, carbon nanotubes were re-dispersed
in acetone for reaction with excess methylenedi-p-phenyl diisocyanate (MDI). The solution
containing CNTs and MDI was refluxed and sonicated. The sample was thoroughly washed to
remove excess MDI. The resulting modified carbon nanotubes, CNT-MDI, were stored in a
desiccator to avoid moisture. The reaction steps are shown in Figure IV-3. Functionalized
CNTs provide bonding sites to the polymer matrix so that the load can be transferred to the
nanotubes to prevent separation between the polymer surface and nanotubes. Interfacial
adhesion of nanoreinforcements in the polymer matrix is important for achieving improved

mechanical and thermal properties.
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Figure 1VV-3. The reaction between isocyanate groups and the carboxyl groups on CNTSs surface.

TECHNIQUES

Fourier Transform Infrared (FTIR)

Fourier Transform Infrared (FTIR; Nicolet 6700) equipped with an attenuated total reflectance
(ATR) stage was used to verify that the —OH groups present in cellulose are available for and

participating in the reaction with a polyurethane system.

X-Ray Diffraction
In order to determine the effectiveness of acid hydrolysis in the degradation of the amorphous
regions of the cellulose, X-ray diffraction (Philips X-Ray diffractometer Model PW 1830 with

Ni-filtered CuKa radiation at 40kV and 30mA) was used. Cellulose prior to and post hydrolysis
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were analyzed. Samples were scanned from 26=5 to 60° in steps of 0.02°. The resultant peaks
of the spectra were deconvoluted using Origin™ software and the areas under the peaks were
calculated. The ratio of the area of the crystal peaks to the sum of crystal and background areas

was considered the degree of crystallinity.

Scanning Electron Microscopy (SEM)
A scanning electron microscope (Philips model SEM 505) was used to observe the hydrolyzed
cellulose fibers (CNF), the conductive cellulose nanofibers (C-CNF), and the functionalized

carbon nanotubes (CNT).

Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA; TA Instruments Q500) was employed to observe the
degradation behavior of the CNF, C-CNF, and the CNTs. CNF and C-CNF were evaluated from
room temperature to 400°C and the CNTs were evaluated from room temperature to 600°C. A

heating rate of 10°C/min was used. The enclosure was purged with dry nitrogen.

RESULTS AND DISCUSSION

Cellulose Nanofibers (CNF)

The cellulose nanofibers were evaluated to determine the effectiveness of the acid hydrolysis
treatment in degrading the amorphous regions of the cellulose. The crystalline peaks observed in
the X-ray diffraction analysis of the post acid hydrolysis MCC show an increased area over
cellulose which has not been subjected to treatment. As can be seen in Figure 1V-4 below,

crystallinity increased from 56% (pre-hydrolysis) to 67% (post hydrolysis). These values are in
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the same range as values provided elsewhere in literature for vegetable source cellulose [Eichorn

& Young, 2001; Ardizzone et al., 1991; Fink, 1999; Marcovich et al., 2006]. Additionally, this

result was expected as the amorphous regions of the MCC are more easily susceptible to acid

attack.
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Figure 1\V-4. X-ray diffraction analysis of pre and post acid hydrolysis MCC.

Morphology

Optical microscopy of the pre-hydrolysis MCC exhibits large agglomerates, which are formed by

strong hydrogen bonding, of up to 30um in size [Marcovich et al., 2002]. Additionally, scanning

electron microscopy of the post hydrolysis MCC showed cellulose crystals with diameters of

significantly smaller size, in the range of 50-100nm with an average aspect ratio above 50. The

optical and scanning electron micrographs can be seen below in Figure IV-5aand b.
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Figure 1\VV-5. Micrographs of pre and post hydrolysis cellulose; a) Optical micrograph of pre-
hydrolysis cellulose, b) Scanning electron micrograph of post-hydrolysis cellulose.

Degradation Characterization

Thermal gravimetric analysis was performed to evaluate the nature of degradation of the selected
nanofillers in an inert atmosphere. Figure IV-6 shows the degradation behavior of the CNF. The
weight loss curve of the neat microcrystalline cellulose shows just one peak corresponding to the

thermal degradation of cellulose. The maximum degradation rate occurs at 313°C.
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Figure IV-6. Degradation of CNF.

Reaction Evaluation

The chemical reaction that occurs during curing between the —OH groups of cellulose and the
isocyanate groups is responsible for the formation of strong matrix-reinforcement adhesion in a
polyurethane system. To confirm that the reaction takes place, excess MDI was mixed with
hydrolyzed cellulose nanocrystals and heated at 70°C. After curing for 1 hour under pressure,
samples were milled and analyzed using Fourier Transform Infrared (FTIR) spectroscopy. The
results are shown below in Figure 1\V-7. Curve 1 (Figure IV-7) shows the spectra of the
hydrolyzed cellulose. Curve 2 corresponds to the reacted sample after a wash was performed
with toluene to remove the unreacted MDI. Curve 3 represents the spectra of the MDI and the
hydrolyzed cellulose after curing. This curve exhibits a new peak at 1720cm™, which

corresponds to the formation of urethane, as well as a peak at 2270cm™, which corresponds to
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the isocyanate (MDI). The isocyanate peak at 2270cm™ decreases from Curve 3 to Curve 2
indicating that MDI is removed but not completely eliminated. However, the urethane peak at
1720cm-1 is neither reduced nor eliminated by washing. The observations confirm that the

hydrolyzed cellulose reacts with the isocyanate groups and are not removed by washing.

| —— Post-hydrolysis CNF Urethane
| — MDI + CNF prior to washing
MDI + CNF after wasing

MDI

Arbitrary Units
1

. T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber cm™

Figure IV-7. FTIR spectra of the hydrolyzed cellulose prior to and post reaction with MDI
prepolymer: 1) hydrolyzed cellulose (CNF), 2) MDI reacted with CNF after washing with
Toluene, 3) MDI reacted CNF

Conductive Cellulose Nanofibers (C-CNF)
Conductivity

The electrical resistivity of the C-CNF was found to be 5.3 10° Q cm.
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Morphology

The image below, Figure 1V-8, shows cellulose nanofibers that have polyaniline grown on the
surface (C-CNF). The C-CNF shown in the image were dried from an aqueous suspension. The
fiber diameter does not appear to be substantially influenced by the polyaniline deposition.
However, the fibers do appear to be aggregated. This is partially the result of the evaporation of
the solvent before the microscopy analysis and also of the interlinking between fibrils caused by
the polyaniline. The aggregation due to the polyaniline will play an important role in the use of

the C-CNF as nanoreinforcement in polyurethane matrices.

Figure 1V-8. Cellulose nanofibers with polyaniline deposited on the surface (C-CNF).

Degradation Characterization

The degradation behavior of cellulose with polyaniline deposited on the surface can be seen
below in Figure IV-9. From the graph, it is clear that the polyaniline has an impact on the
degradation temperature of the cellulose nanofibers. Additionally, as the deposition time of the
polyaniline onto the cellulose nanofiber surface is increased from 2 to 4 hours, degradation is
noticed at a lower temperature. In other studies, the major weight losses of polyaniline have

been observed at around 160°C and 450°C. The first decrease of mass in the polyaniline was
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attributed to the removal of dopant molecules, HCI, and possible impurities, such as remaining

monomers [Kim et al., 2001].
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Figure 1\V-9. Degradation of conductive cellulose nanofibers (C-CNF).

Reaction Evaluation

Comparison of the FTIR spectra (Figure 1VV-10) of the cellulose nanocrystals before and after
polyaniline growth show a new peak at 806 cm™ in the spectrum of the modified CNF, which
corresponds to the out of bending vibration of the C-H band of the benzene rings of the
polyaniline. There is also a small new band at 1570 cm™ which is assigned to the stretching

vibration of the N in the quinoid moieties in the polyaniline chains [Stejskal et al., 2005].
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Figure IV-10. FTIR spectra of the cellulose nanocrystals before and after PANI growing. The
spectra of homopolymerized PANI is included for comparison.

Carbon Nanotubes (CNT)

Morphology

In Figure IV-11, the structure of the carbon nanotubes prior to acidification and modification can
be observed. The high aspect ratio of the pristine carbon nanotubes prior to acidification, which
is visible in the scanning electron micrograph, leads to entanglements of the MWNTSs and

difficulty in dispersion.
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Figure 1V-11. Unmodified multi-walled carbon nanotubes (MWNTS).

Degradation Characterization

Thermal gravimetric analysis was performed to evaluate the weight percentage of isocyanate
groups successfully attached to the surface of the MWNTSs. The small amount of mass loss
(<1wt %) of the unmodified MWNTSs observed in TGA, Figure IV-12, is attributed to the
presence of small amounts of amorphous carbon and impurities. The curves for the acidified
MWNTSs show a continuous loss process for the range of analyzed temperatures. The results
show that the two step surface modification process was efficient with a significant mass fraction
of organic groups being successfully chemically bonded to the surface of the MWNTSs. The
mass fraction of the organic groups eliminated at 600°C was calculated. It was found that 30wt%

of isocyanate groups were attached to the surface of the MWNTSs.
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Figure IV-12. Comparative thermal gravimetric analysis of pure MWNTSs, acidified MWNTS,
and functionalized MWNTs (CNT-MDI).

CONCLUSIONS

During this portion of the research, nanofillers were selected and modified for use in polymer
matrices. Cellulose nanofibers were chosen for their availability, low cost, and attractive
properties. Their incompatibility was overcome through the use of acid hydrolysis to aid in
dispersion. Similarly, conductive cellulose nanofibers (C-CNF) were modified in order to
determine if it was possible to create a low cost, electrically conductive nanofiller from a
renewable resource and to evaluate the effects of the modification on the structure of the
cellulose. Multi-walled carbon nanotubes (MWNTS), chosen for their outstanding mechanical
properties, were successfully acidified and functionalized with MDI groups in order to enhance

dispersion and compatibility of the nanofiller with a polyurethane matrix.
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CHAPTER V.
SEGMENTED SHAPE MEMORY POLYURETHANE/CELLULOSE NANOFIBER

NANOCOMPOSITES: CELLULOSE ADDITION DURING REACTION

INTRODUCTION

Recent environmental concerns have resulted in a push for biodegradable or recyclable materials
constructed from renewable resources. Eco-design is a driving force behind the research and
development of many new materials. Natural fibers have gained increasing attention as a
replacement for many synthetic materials [George et al., 2001]. Since the mid-1990’s, when
Favier et al. reported the potential of cellulose nanofibrils in a copolymer acrylate latex film as
an “all-organic” nanocomposite, several researchers have explored the use of natural cellulose
nanofibrils as a replacement for clay and other nanoreinforcements [Orts et al., 2005; Favier et

al., 1995; Dufresne et al., 2000; Paillet & Dufresne, 2001].

The purpose of this section of the work is to investigate the properties and shape memory
potential of nanocomposites prepared by incorporation of cellulose nanofibers into the
polyurethane matrix during the first step of the synthesis reaction. The chemical structure of
linear polyurethanes was varied as outlined in Chapter Il, in order to obtain matrices with

different soft segment molecular weights and hard to soft segment ratios. The main goal was to
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observe the effect of CNF incorporated during the synthesis reaction on the nanocomposite

behavior.

MATERIALS AND METHODS
The materials and preparation of the segmented shape memory polyurethane matrices were
detailed in Chapter 1l. The origin and preparation of the cellulose nanofibers (CNF) used for

nanoreinforcement was detailed in Chapter IV.

Preparation of Nanocomposites

Cellulose nanofiber/segmented shape memory polyurethane nanocomposites were prepared by
addition of a selected amount of hydrolyzed cellulose nanofibers in the first step of the reaction.
The reinforcement was previously dispersed in DMF by ultrasonication and subsequently
incorporated into the reaction. Films containing 0.1, 0.5, and 1.0 wt% of cellulose crystals were
obtained. The final films were produced by casting the reaction mixture with the cellulose in an

open mold and drying in a convection oven at 80°C for 24 hours.

TECHNIQUES
Differential scanning calorimetry (DSC), tensile measurements, scanning electron microscopy
(SEM), and evaluation of shape memory behavior were performed following the procedures

outlined in Chapter II.
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RESULTS AND DISCUSSION

Thermal analysis (DSC)

The interactions between the nanofiller and the polymer on the nanocomposite behavior were
investigated using thermal analysis. A summary of the transition temperatures and enthalpy of
melting for the hard and soft segments is included in Table V-1. In the table, the enthalpy of
melting in J/g of soft segments was calculated by dividing the observed enthalpy of melting (J/g)
by the soft segment percent for each sample. This allowed for comparison of the enthalpy of

melting between each sample.

Soft segments Hard segments

CNF Trneltin
H Tmelting AHmelting AHmelting o AHmelting
M oo | €T | el | prigss] | gy | Hs il
0 5.98 4.61 8.38 |[185.36| 9.53
MDI 0.1 7.06 6.5 11.82 * *
2000/45 0.5 9.64 15.16 27.56 * *
1.0 8.12 10.59 19.25 * *
0 5.25 8.42 14.03 | 178.7 5.61
MDI 0.1 5.74 11.8 19.67 * *
2000739 0.5 8.17 | 13.99 | 23.32 * *
1.0 8.06 12.21 20.35 * *
0 6.83 6.23 9.16 |172.75| 2.23
MDI 0.1 9.41 28.48 41.88 * *
2000/32 05 | 1162 | 2651 | 38.99 * *
1.0 8.97 26.69 39.25 * *
0 7.49 21.04 27.3 * *
MDI 0.1 12,99 | 31.36 40.73 * *
2000/23 0.5 11.31 | 31.35 40.71 * *
1.0 11.68 | 31.97 41.52 * *

Table V-1. Thermal properties of the hard and soft segments in the SPU reinforced with different
percentages of cellulose. * indicates that a transition was not observed.
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The results for the MDI 2000/39 sample with varying concentrations of CNF show that the
thermal behavior is significantly affected by small concentrations of CNF. The data shows that
the addition of a small amount of CNF shifts the melting temperature of the soft segments
upwards and increases the enthalpy of melting. This indicates that the cellulose favors the phase
segregation of the polyurethane hard and soft segments. This effect reduces the interruption of
soft segment crystallites by reducing order in the hard segments. Soft segment crystallites
formed in the presence of the CNF reinforcement are more perfect and melt at higher
temperatures than the unreinforced matrix. The segregation effect due to the cellulose addition is
also present in MDI 2000/39 and MDI 2000/45, although in these cases the effect of the high

concentration of HS interfering with the SS crystallization is more important.

As previously discussed in Chapter I, the melting endotherm corresponding to the hard segment
phase in the neat polyurethane is small, but noticeable in all the samples, except for the sample
with the lowest hard segment content (23% hard segment). The effect of adding cellulose
nanocrystallites is the suppression of the endotherm. This suppression occurs because the polar
nature of the cellulose crystals, which suggests a preferential association with the hard segments
that are more polar than the PTMG soft segments. This association between the nanocellulose
and the hard segments interferes with the hydrogen bonding that physically link hard segment
together in crystalline domains, thus, preventing them from ordering. This effect has been
reported previously in segmented polyurethane reinforced with clay nanoplatelets [Gregory,
2005]. In that case, the morphology study of the different neat PU and derived nanocomposites
lead to the conclusion that the polar nanoparticles affected mostly the ordering of the hard

segmented phase, and that the crystallization of the soft segment phase was favored through the
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increased phase segregation.

Mechanical analysis

The mechanical properties of polyurethanes with different concentration of hard segment, length
of soft segments and percentages of cellulose crystals were investigated by testing the
composites at room temperature (25°C). As seen in Figure V-1, the stress versus strain curves
exhibited typical elastomeric behavior. Stress increases linearly with the strain at very small
deformations. Plastic deformation occurred as the stress was increased. At this stage, the stress-
strain curve deviates considerably from the Hookean behavior, since stress is redistributed by
deformation (fragmentation) and reorganization of the hard segments. Finally, the polymer

cannot bear the load anymore, and the material breaks.
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Figure V-1. Tensile stress versus strain curve for the segmented polyurethane with 32% hard
segment content.
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The values of the Young’s modulus (E) and elongation at break () are reported in Table V-2.
The effect of soft segment length and hard segment content on the mechanical properties of the
shape memory polyurethane matrices was previously discussed in Chapter 1l. The focus will be
on the effect of cellulose nanofibers added during the reaction. When cellulose nanofibers are
added during the first step of the polyurethane synthesis, there is the possibility of a reaction
occurring between the soft segment chains and the CNF through the action of the diisocyanate.
It is important to note that the values for the polyurethane matrices listed in this chapter vary
from those previously reported in Chapter Il. This is due to variations in room temperature when
tensile testing was performed. Even a slight variation in the temperature creates a major impact
in the tensile properties. This is because the soft segment transition is close to room temperature
and the behavior will behave either as a glassy solid or a rubbery viscoelastic material depending
on the temperature. This is visible in the DSC thermograph for the MDI 2000/32 sample shown
in Figure V-2. Prior to the melting transition, which occurs at approximately 20°C, the material
is in the glassy state. However, after this transition, the rubbery plateau, where the material is

viscoelastic, can be seen.
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Ve | E[MPa] eo[%]
0 | 3704%113 | 203465
MDI 2000/45 05 | 2614%242 | 16%2
1 | 20042493 | 37%2
0 | 1571049 473
MDI 2000/39 05 | 21.67+236 | 79:8
10 | 2105530 | 1145
0 | 9.60+0.03 672
MDI 2000/32 05 | 1431£048 | 115%21
10 | 1475:078 | 68%7
0 | 454 £032 2165
MDI 2000/23 05 | 647:080 | 261+43
10 | 656+106 | 142:28

Table V-2. Mechanical properties of MDI 2000 samples with CNF added during the first step of
the reaction.

0.0

—— MDI 2000/32

-0.2 4

-0.4

Heat Flux [mW/mg]

-0.6 4

T T T T
-50 0 50 100 150

Temperature [°C]

Figure V-2. DSC thermograph of the MDI 2000/32 sample exhibits the glassy state prior to the
soft segment melting transition and the rubbery plateau after the transition.
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From the DSC results, it is evident that the addition of cellulose during the first step of the
reaction does not hinder the capability for crystallization of the soft segment chains. So, it can
be inferred that low range spatial mobility of the chains is not compromised by the creation of
these bonds. Additionally, the presence of cellulose nanofibers with abundant hydroxyl groups
affects the ordering and grouping of the hard segments, which is based on hydrogen-bonding
attractions. This observation is also supported by the DSC data which shows the disappearance
of the hard segment melting peak after cellulose reaction. The mechanical properties of the
nanocomposites respond to a balance of these two effects. While the addition of high modulus
CNF to the polymer matrix increases the modulus of the elastomers, the CNF also
simultaneously interfere with the formation of the hard segment domains, which leads to a
reduction of the modulus. The analysis of the tensile test results for the MDI 2000
nanocomposites indicates that the presence of a small amount of CNF (0.5 wt%) produces a
marked increase of the tensile modulus. Addition of greater amounts of CNF does not appear to
have a significant impact on further increasing the previous result. The effect of adding rigid
fibrils to the elastomer is the dominant effect. However, the MDI 2000/45 sample shows a
reduction of the modulus when CNF is added to the polymer matrix. The interaction of the CNF
with the hard segment reduces the ordering of the hard segments and CNF addition does not

compensate or counteract for this change.

The addition of cellulose crystals also impacts the elongation at break of the samples. For the
two samples with lower hard segment content (and lower modulus), the behavior is the expected
for an elastomer reinforced with rigid particles, and thus, the higher the cellulose content, the

lower the elongation at break. Just as with the variations in the modulus, the major change occurs
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by addition of a minimum amount of cellulose. For the MDI 2000 samples with higher hard
segment content, the effect of addition of rigid particles is accompanied by the disruption of the
hard segment domains. The main effect is the reduction of elongation at break by incorporation
of a minimum amount of cellulose. At 1 wt% of cellulose, the disruption of the hard segment
domains can also favor the higher extensibility of the soft segment chains, leading to the increase

of the deformation at break.

Morphology

Scanning electron micrographs of the cryo-fractured films, Figure V-3, illustrate the morphology
of the unfilled segmented shape memory polyurethane films and the impact due to the presence
of cellulose nanofibers. The fractured surface of the unfilled polyurethane matrix shows
characteristic brittle marks and very little plastic deformation. In contrast, the sample with 1
wt% CNF exhibits a rougher fracture surface which suggests the activation of new and different
energy dissipating mechanisms. The advancing cracks are deflected due to the presence of the
rigid cellulose nanofibers, which generate a more tortuous crack path. Additionally, the image
features are similar in the areas analyzed, indicating a homogeneous dispersion of cellulose

nanofibers at the level observed by the scanning electron microscope.
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incorporated during the first step of the synthesis reaction.
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Shape Memory Behavior (SMB)

Shape memory behavior was observed through a series of cyclic thermo-mechanical tests.

Shape memory behavior of the segmented shape memory polyurethane matrices was previously
discussed in Chapter Il. The effect of CNF added during the reaction on the shape memory
behavior of the nanocomposite system was the focus of this portion of the work.
Nanocomposites with CNF added during the first step of the synthesis reaction did not exhibit
shape memory behavior. As previously indicated, cellulose can chemically react with the
diisocyanate (MDI in this case), which strongly interferes with the formation of the hard
segments. The excess interactions between the cellulose nanofibers and polyurethane chains
results in structures that are not capable of showing shape memory behavior. At the high
temperature part of the cycles (Temperature > Melting Temperature of Soft Segments (T, SS); in
this case a temperature of 45°C was used), the low ordered hard segment domains of the
composites are easily perturbed by the imposed tensile loads and the material breaks at relatively

low deformations.

128



Finally, it is clear from Chapter 1l that the segmented shape memory polyurethane structure (hard
segment content and soft segment chain length) and the experimental testing parameters
obviously have a large impact on the material properties, phase segregation, and phase ordering,
which determine the shape memory response of the materials [Lee et al., 2004]. From this work,
it becomes clear that not only the presence of cellulose nanofibers but also the time at which the
cellulose nanofibers are added to the polymer matrix also has an effect on the shape memory
behavior. As seen in Table V-3, CNF/PU nanocomposites in which the cellulose is incorporated
after the reaction exhibit similar shape memory properties to the unfilled polyurethane matrix.

This behavior will be the focus of the next chapter of this work.

sample CFJ\I/ltJOI/S]S(a 1St[%2/]cle 2“"[%c|e 3fd[%cle
MDI Ry 84.6 67.9 81.6
200039 | 7 R 71.2 71.2 71.2
MDI Ry 62.9 61.8 70.5
2000/32 00 R 80.6 79.9 79.0
MDI Ry 53.8 55.8 51.3
200023 | 7 Ry 90.7 88.3 85.6
MDI . Ry 79.3 80.9 78.2
2000723 R 82.1 80.2 80.0

Table V-3. Shape memory properties of the unfilled polyurethane matrix in comparison to a
nanocomposites with 1 wt% CNF (notated 1*) incorporated after the reaction.

CONCLUSIONS
Segmented shape memory polyurethanes were synthesized through a two step polymerization.

Small percentages of cellulose nanofibers were added during the first step of the polymerization

129



reaction. The incorporation of cellulose induced changes in the micro-structure of the
polyurethanes, which affected the thermal, mechanical, and shape memory performance of the
nanocomposites. In general, CNF favored the phase separation between the soft and hard
domains, as exhibited by an upward shift in the melting temperatures of the crystalline phases

and an increase in the Young's modulus and a decrease in the deformation at break.

The effect of the addition of cellulose nanofibers during the reaction on the nanocomposite
properties was investigated. The incorporation of CNF during the polyurethane synthesis leads
to nanocomposites with increased modulus, reduced deformability, and eliminated the shape
memory behavior of the segmented polyurethanes. The shape memory behavior is a property
that this research wishes to maintain. Therefore, addition of cellulose during the reaction is not

desirable to obtain the desirable properties of the nanocomposite system.
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CHAPTER VI.
SEGMENTED SHAPE MEMORY POLYURETHANE/CELLULOSE NANOFIBER

NANOCOMPOSITES: POST REACTION CELLULOSE ADDITION

INTRODUCTION

Eco-friendly polymer composites utilizing cellulose micro and nanofibrils have recently received
attention due to the possibility of obtaining enhanced mechanical properties similar to those
nanocomposites utilizing clay and synthetic nanofillers [Panaitescu et al., 2008; Orts et al.,

2005].

This section of the work investigates the properties and shape memory potential of composites
prepared by post synthesis incorporation of cellulose nanocrystals into a segmented polyurethane
matrix. In order to obtain matrices with different soft segment molecular weights and hard to
soft segment ratios, the chemical structure of linear polyurethanes was varied as outlined in
Chapter Il. The effect of post reaction addition of cellulose nanofibers to the segmented shape
memory polyurethane matrix on the nanocomposite behavior was analyzed. The addition of
cellulose added after the reaction is expected to have a different effect on the polymer matrix
than cellulose added during the reaction due to the lack of interactions between the matrix and

the nanoreinforcement material, as previously highlighted in Chapter V.
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MATERIALS & METHODS
The materials used for preparation of the segmented shape memory polyurethane matrices were
detailed in Chapter 1. The origin and preparation of the cellulose nanofibers (CNF) used for

nanoreinforcement was detailed in Chapter IV.

Preparation of Nanocomposites

Synthesized segmented shape memory polyurethanes with 32% hard segment content were
dissolved in N,N-dimethylformamide (DMF). Solutions containing 30 wt% polyurethane were
prepared. Cellulose nanofibers, which had been previously freeze dried, were dispersed in dry
DMF using ultrasonic treatments. The CNF/DMF suspensions were subjected to ultrasonication
until they became milky in color and the suspension remained stable. The coloration of the
suspensions after ultrasonic treatment can be seen in Figure VI-1. The ultrasonic treatment time

was approximately 12 minutes.

Figure VI-1. CNF/DMF suspension after ultrasonic treatment.
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The CNF/DMF suspension was then incorporated into the dissolved polyurethane/DMF solution.
A speedmixer (DAC 150) was used at 2000 rpm for 18 minutes to aid in dispersion. Reinforced
polyurethane films containing 0, 0.5, 1.0, 1.5, and 2.0 wt % CNF were obtained by casting the

mixture into an open Teflon® mold and drying in a convection oven at 80°C for 24 hours.

TECHNIQUES
Differential scanning calorimetry (DSC), scanning electron microscopy (SEM), thermal
gravimetric analysis (TGA), tensile measurements, and evaluation of shape memory behavior

were performed following the procedures outlined in Chapter II.

Rheological Characterization

Information regarding the percolation thresholds, or the connectivity, of the nanocomposites was
obtained by rheological measurements of films in their molten state. This was previously
determined to be 220°C for the MDI system and 180°C for the TDI system. A rheometer, TA
instruments AR-G2, equipped with parallel plates (diameter = 25 mm) was used to register the
viscoelastic response of the samples. The measurements were carried out in the linear
viscoelastic region, which was determined by performing strain sweeps. Frequency sweeps were

then performed using a strain of 1%.

RESULTS AND DISCUSSION
Rheological Characterization
Percolation, which is the study of connectivity in networks, is a very important concept in

polymer nanocomposites. Rheological characterization is often used to examine the structural
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transitions of polymer nanocomposites. Through percolation studies, the critical filler
concentration value can be determined. Due to the structural transition that occurs, a sudden,
expected change in the properties of polymer nanocomposites occurs beyond the critical filler
concentration. Two critical concentrations, the first and second percolation thresholds, have
been proposed in literature [Kotsilkova, 2007]. These parameters determine the qualitative and
structural transitions of nanocomposites as nanofiller content increases. The first percolation
threshold, known as flocculation, occurs at the critical concentration where fractal flocs are
formed. The second percolation threshold, percolation, occurs when fractal flocs form a
continuous structural network. Through observation of rheological properties of nanocomposite
dispersions, a clear change in properties is exhibited with respect to both percolation thresholds.
Below the first percolation threshold, or flocculation, solutions exhibit very little to no
viscoelasticity. Dispersions in this concentration region exhibit rheological behavior very similar
to the homopolymer. In the concentration range between the two percolation thresholds, the
behavior becomes viscoelastic but still exhibits a largely liquid-like response. Above the second
percolation threshold, however, the rheological behavior of the nanocomposite dispersion
drastically changes. Nanocomposite solutions with critical concentration values above this range
display the following characteristics: a secondary plateau of the storage modulus, dynamic
modulus that exhibits a pseudo-solid like behavior, a sudden increase in the solution viscosity,
and a yield stress [Kotsilkova, 2007]. The determination of the second percolation threshold, or

percolation, was of interest in this study.

The rheology results of G’ (storage modulus) versus frequency for the MDI systems are shown

in Figure VI-2 a and b. In general, the MDI system exhibits similar behavior for soft segment
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lengths of 2000 and 2900. The values of G’ are very large and the slope of the G’ versus
frequency curves are very small at 220°C, which is characteristic of solid-like materials
indicating that the samples may not have been in the molten state or samples in which partial
crosslinking may have occurred. In this case, the latter is believed to be the cause. Similar
behavior has been observed for ester based MDI/poly(oxytetramethylene adipate)/BD
polyurethane matrices at 190°C [Han, 2007]. During this study, a similar upswing in the slope of
G’ was found when the temperature was increased above a certain critical temperature. It is
possible that some degradation of the polymer matrix may be occurring or that insoluble gels
might be forming during the dynamic frequency sweep experiments giving rise to an increase in
G’. Since the temperature sweeps were performed to determine the melting temperature of the
matrices and thermal analysis corresponded to a molten sample at 220°C, it can be assumed that

the addition of CNF has a major impact on the storage modulus of the nanocomposites.
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Figure VI-2. Storage modulus, G’, versus frequency for a) MDI 2000/32 nanocomposites and b)

MDI 2900/32 nancomposites.

largest differences in the curves occur at low frequencies.

In Figure VI-3 a and b, the rheological response of the TDI 2000/32 and TDI 2900/32
nanocomposites is presented as G’, the storage modulus of the suspension, versus frequency.

TDI nanocomposites with soft segment lengths of 2000 and 2900 exhibit similar behavior. The

nanocomposites increased with increasing CNF concentration. An equilibrium plateau occurred
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at low frequencies for the sample containing only 1.0 wt% CNF.

The behavior of the

nanocomposites clearly shifted from that of a Newtonian liquid to a viscoelastic solid with

increasing CNF concentration.
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Figure VI-3. G’ versus frequency for a) TDI 2000/32 nanocomposites and b) TDI 2900/32

nanocomposites.

The dynamic viscosity of the TDI 2900/32 nanocomposites plotted as a function of the frequency

for different CNF concentrations is shown in Figure VI-4.
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polyurethane matrix remains relatively unchanged over the range of frequencies evaluated and
the sample behaves as a Newtonian liquid. As cellulose nanofibers are added to the polyurethane
matrix, the low-frequency viscosity increases. This is an indication of the non-Newtonian
behavior introduced by the cellulose nanofibers. At approximately 1.0 wt% CNF concentration,
the behavior exhibits a Newtonian plateau at low frequencies and shear thinning at higher
frequencies. This plateau is attributed to the structure formed due to interactions between the
individual nanofibers. At higher frequencies, this structure breaks down into individual
nanofibers. This rheological behavior has been observed in other studies of liquid rubbers filled
with carbon black or silica particles [Aranguren et al., 1992]. Addition of increasing amounts of
CNF (2.0 wt%), a power law behavior was exhibited that extended over the entire frequency
range studied. Similar behavior has been observed in nanocomposites constructed from CNF

and a commercial polyurethane matrix [Marcovich et al., 2006].
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Figure VI-4. Dynamic viscosity versus frequency of the TDI 2900/32 nanocomposites.
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Theoretical Determination of Percolation Threshold

A theoretical model was used to predict the percolation threshold of the polymer
nanocomposites. The TDI 2900/32 system was selected for evaluation because it is in the liquid
stage at high temperatures and does not exhibit the partial crosslinking that is visible in the MDI

system.

The Einstein model has led to the derivation of many simple models for describing particle
suspension viscosity. However, these models only take into account volume concentration of the
particles and their aspect ratio (in the case of non-spherical particles) [Guth, 1945]. In these
models, the hydrodynamic effects of the particles on the flow field are taken into account. The
usual result is an increase in the viscosity with increasing particle concentration. Other models
use formulas to predict an infinite viscosity of the suspension at maximum particle packing,
which is experimentally determined to be 0.6-0.7 volume fraction for spheres [Krieger, 1972]. If
particles have irregular forms, or rod shapes as is the case in the CNF/PU system, maximum
packing is reduced. One of the equations that takes into account the aspect ratio of the particles

is shown below [Guth, 1945; Payne & Whittaker 1972]:

n” =1+0.67 ¢¢f + 1.62 ¢} f? (1)

m

where 1 is the suspension viscosity, 717,, is the suspending media viscosity, @ is the volume

fraction of the particles, and f is the aspect ratio (Length/Diameter) of the fibers.
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The above equation (1) was used to evaluate the obtained experimental data. The results of the

predicted and experimental viscosities for the molten nanocomposites suspensions (expressed as

ni) are shown in Figure VI-5, which plots the ), reduced viscosity, versus the volume fraction

of the fibers for different aspect ratios of the fibers, f. Artificial aspect ratios ranging from 10 to
200 were evaluated. From the plot, it appears that cellulose nanofibers with an aspect ratio of
150 most closely fit the obtained experimental data. During previous evaluation of the cellulose
nanofibers by scanning electron microscopy in Chapter IV, an average aspect ratio of greater
than 50 was found so there is some discrepancy in the measured aspect ratio and the aspect ratio

determined using the model.
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Figure VI-5. n, versus volume fraction for the TDI 2900/32 nanocomposites.

Theoretical Model for Determination of the Concentration Percolation Threshold
The experimental results of the frequency sweeps were analyzed using a van Gurp-Palmen plot.

This plot is useful for quickly identifying the range of concentrations where the liquid-solid
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change occurs (percolation threshold). In this plot, Figure VI-6, the phase angle, 9, is plotted
against the complex dynamic modulus, G*. The unfilled matrix, which exhibits Newtonian
liquid behavior, is expected to be completely out of phase with respect to the sinusoidal strain
input (6 ~ 90°). For the remaining nanocomposite samples, however, the expected viscoelastic
behavior, in which the phase angle is much higher at higher frequencies but decreases at lower
frequencies, is observed. The curve corresponding to 1 wt% CNF shows a large curvature that
when extrapolated to a phase angle of 0° a non-zero G value is obtained, which is characteristic

of the development of a 3D network formed by the nanofiller.
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Figure VI-6. Van Gurp-Palmen plot for the TDI 2900/32 nanocomposites.

Finally, the experimental data was modeled as a function of the CNF concentration according to

a percolation expression as follows [Du et al., 2004; Mewis & Macosko, 1994; Hough et al.,

2004]:
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G o (m—mg )™ )

where m is the weight percent of the cellulose nanofibers, m ¢ is the concentration at the
percolation threshold, and ¢ IS an exponent. It is important to note that this equation can only

be applied near the percolation threshold.

The experimental data measured at low frequencies was fitted to the above equation (2) in order
to obtain the concentration at the percolation threshold. Since the model must be used near the
percolation threshold, a CNF concentration range of 1-2 wt% was used. From the results, shown
in Figure VI1-7, a critical concentration of 0.93 wt% was found. This value lies within the range
of concentrations for which the qualitative change in suspension behavior was observed. The
experimental data are well fitted with an exponent of 0.70, which is in the range of exponents
reported by other investigators for polymer systems reinforced with short, rigid fibers [Favier et

al., 2004; Dani & Ogale, 1996].
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Figure VI-7. Storage modulus (G’) versus cellulose nanofiber weight percent behavior fitted
using the percolation model given in Equation 2.

Thermal Characterization

Thermal analysis was performed to investigate the interactions between the filler and the
polymer on the nanocomposite behavior. The effects of the chemical structure of the
polyurethane matrix on the thermal properties were previously discussed in Chapter Il. A
summary of the transition temperatures and enthalpy of melting for the MDI 2000/32 and MDI
2900/32 systems is shown in Table VI-1. Due to the molecular rearrangement that occurs in the
first heating cycle, which was previously discussed in Chapter Il, the results from the second
thermal cycle were focused upon. From the reported results, it is clear that the addition of a
small amount of CNF into the polymer matrices produces a large effect on the thermal behavior.
The data shows that a small addition of CNF shifts the melting temperature of the soft segments

of the MDI 2000/32 system upwards and increases the heat of melting. This indicates that the
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cellulose favors the phase segregation of the polyurethane hard and soft phases. This effect
reduces the interruption of soft segment crystallites by reducing order in the hard segment
domains. Thus, the soft segment crystallites formed in the presence of the reinforcement are
more perfect and melt at higher temperatures than those that are formed in the unreinforced
polyurethane matrices. The endotherms corresponding to the melting and crystallization of the
hard segment phase of the neat polyurethane and the nanocomposites of the MDI 2900/32 system
are small, but noticeable. By addition of the CNF, the endotherm is suppressed. This
suppression is due to the polar nature of the cellulose nanofibers, which suggests a preferential
association with the hard segments that are more polar than the PTMG soft segments. This
association between the CNF and the hard segments interferes with the hydrogen bonding that
physically links together the hard segments in crystalline domains, preventing ordering. This
effect was previously reported in studies of nanocomposites constructed from segmented
polyurethane matrices with clay nanoplatelets [Gregory, 2005]. During that study of
nanocomposite morphology, it was found that the polar nanoparticles affected mostly the
ordering of the hard segment domains and that the crystallization of the soft segment domains

was favored through the increased phase separation.
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Sample C(C):I’l]\:(léznt Tmelting AHmelting Tc SS AHC SS Tmelting AHmelting Tc HS AHC
Designation [Wi%] SS[°C] | SS(J/g) [°C] (J/g) HS [°C] | HS (J/g) [°C] HS(J/g)
0 15.8 27.9 -16.5 19.9 * * * *
0.5 17.8 64 -17.1 34.4 * * * *
MDI _ * * * *
2000/32 1.0 194 55.1 20.3 30.6
15 21.5 38.2 -23.9 12.9 * * * *
2.0 15.7 53.1 * * * * * *
0 24.2 87.1 -6.4 32.8 202.3 3.0 * *
0.5 23.0 81.6 -5.1 33.4 196.0 3.4 163.1 2.3
MDI - * * * *
2900/32 1.0 184 66.3 18 215
15 21.0 60.3 -12.7 30.6 189.7 2.2 142.8 0.8
2.0 20.9 70.7 -13.8 2.9 195.7 4.2 155.8 2.3

Table VI-1. Thermal transitions for MDI system. * indicates that no transition was observed.

The soft segment transition temperatures and enthalpy of melting for the TDI 2000/32 and TDI
2900/32 systems are shown in Table VI-2. Once again, the results from the second heating cycle
are focused upon. The TDI 2000/32 system exhibited only a slight change upon the addition of
cellulose nanofibers. The overall behavior remained relatively constant. The addition of
cellulose nanofibers to the TDI 2900/32 matrix creates an increase in the melting transition of the
soft segments. The melting and crystallization temperatures and enthalpies of melting and
crystallization of the soft segments also exhibited an increase. Similar to the MDI system, this is
due to the more perfect soft segment crystallites, which are formed in the presence of the

reinforcement, that melt at higher temperatures.
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Sample CNF Tmelting AHmemng TC SS AHC
Designation Content | S5 SS(J/g) | [°C] S5
. [wioe] | [°C] : [J/g]

0 18.6 47.6 -23.0 | 185

oI 0.5 21.8 77.4 -22.3 9.7
2000/32 1.0 18.7 78.9 -20.1 | 24.1
1.5 17.9 58.4 -19.1 | 23.8

2.0 16.7 48.8 -205 | 195

0 23.2 45.6 -9.0 28.1

oI 0.5 22.6 85.0 -3.7 441
9900/32 1.0 18.2 46.4 -3.2 43.5
1.5 24.2 126.9 -3.4 45.4

2.0 24.4 78.2 -3.3 61.8

Table VI-2. Thermal transitions for TDI system.

Mechanical Characterization

The tensile properties of the nanocomposites were evaluated at room temperature. The modulus
values for the segmented polyurethane matrices vary greatly from the values listed in Chapter 1.
This discrepancy is due to the transition temperature of the soft segments, which is very close to
room temperature. The mechanical behavior is greatly affected by the temperature. If the
matrices are tested at a temperature above the melting temperature of the soft segment, the
samples will exhibit a lower modulus but a higher elongation at break. Conversely, if the
samples are tested below the melting temperature of the soft segments, they will exhibit a higher
modulus but lower elongation at break. In order to evaluate the behavior of the nanocomposites
in relation to the matrices, all samples were tested on the same day to remove the effect of
temperature. The stress versus strain curves for all samples exhibited typical elastomeric

behavior.
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Table VI-3 summarizes the mechanical properties for nanocomposites constructed with MDI
2000/32 and MDI 2900/32 as the matrices. The addition of high modulus cellulose nanofibers to
the segmented polyurethane matrix increases the Young’s modulus (E) of the elastomers, but
simultaneously, the cellulose nanofibers may interfere with the formation of the hard segment
domains which leads to a decrease in modulus. The latter effect is not as noticeable in this case
where cellulose is added after the reaction as it was in the previous chapter where cellulose
nanofibers were added during the reaction. The results indicate that the addition of a small
amount of CNF (0.5 wt%) produces a significant increase in the tensile modulus. However,
addition of increasing amounts of CNF produces only a small increase in the tensile modulus.
The effect of the rigid fibrils on the polymer matrix is the dominant effect. The effect of the
addition of nanoreinforcements with a high modulus outweighs the detrimental effect the

nanoparticles have on the ordering of the hard segment domains.

The eclongation at break (gp) of the samples is also affected by the addition of cellulose
nanofibers. For the MDI system, the behavior is expected for an elastomer reinforced with rigid
particles. In this system, the higher CNF content produces a lower the elongation at break. The
major change occurs by addition of a minimum amount of cellulose. In this system, a greater
degree of phase separation and ordering of the soft and hard domains is present prior to the

addition of the CNF due to the structure of the isocyanate and the soft segment lengths.
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Sample CNF Content

Designation [wt%] E [MPa] oy [Pa] &p [%0]
0.0 14+04 0.7E6+0.2E5 507.5+150.0
0.5 13.0+14 1.5E6 + 2.1E4 99.4+120

MDI 2000/32 1.0 7.7+11 1.06E6 + 1.9E5 943+6.1
15 19.4+34 2.3E6 + 3.7E5 96.2 +8.8
2.0 104+1.4 1.3E6 + 1.3E5 76.1+24.4
0.0 11+0.2 0.3E6 + 0.5E5 896.6 + 203.2
0.5 59+0.6 1.2E6 + 7.6E3 152.0+12.2

MDI 2900/32 1.0 6.6+1.0 1.3E6 + 1.0E5 172.7 + 14.6
15 4.5+ 0.9 0.9E6 + 3.9E4 103.0 + 334
2.0 5.0+ 0.6 1.5E6 + 8.8E4 727.2 +58.2

Table VI-3. Mechanical properties for nanocomposites with the MDI system as a matrix.

The mechanical properties of the TDI 2000/32 system nanocomposites were not evaluated
because they were very soft and pliable at room temperature making measurement impossible.
The mechanical performance of nanocomposites constructed with TDI 2900/32 as a matrix is
outlined in Table VI-4. The initial addition of nanofibers created a decrease in the Young’s
modulus and strength of the nanocomposites. However, addition of increasing amounts of
nanofillers produced an increase in the properties. At 2 wt% CNF, the maximum
nanoreinforcement content studied, the properties were the same as the unfilled matrix. In the
future, higher particle loadings should be studied. The main effect of nanoreinforcement
addition was the sizable increase in the elongation at break. Many researchers have reported a
decrease in elongation upon addition of nanofillers, which was observed in the MDI1 2000/32 and
MDI 2900/32 systems [Paul & Robeson, 2008; Shah et al., 2005]. However, the chemical
structure of the TDI 2900/32 system creates a different effect when the sample is elongated. The

addition of cellulose nanofibers creates greater phase segregation and domain organization,
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which is visible from the DSC results above. When the structure is elongated the cellulose

nanofibers align and orient within the polymer matrix and allow for greater elongation.

Sample CNF Content
Designation [wi%] E [MPa] oy [Pa] €p [%0]
0.0 1.2 +0.083 5.5E5 + 5.5E4 542.5+29.0
DI 0.5 0.4+0.109 1.7E5+ 7.1E4 714.4 + 66.5
2900/32 1.0 0.7 +0.932 3.4E5 + 5.4E4 798.6 + 94.7
15 09+0.1 4.4E5 + 5.5E4 470.1+21.8
2.0 1.1+0.1 5.5E5 + 6.8E4 976.4 + 144.7

Table VI-4. Mechanical properties for nanocomposites utilizing TDI 2900/32 as the matrix.

Shape Memory Behavior (SMB)

Similar to Chapter Il, shape memory behavior of the CNF/PU nanocomposites was evaluated at
60°C using a deformation rate of 20 mm/min through a series of cyclic thermomechanical tests.
A maximum deformation of 100% was chosen. Nanocomposites constructed using the TDI

2900/32 system as a matrix were given attention. The results for fixity and recovery ratios from

the first 4 cycles are shown in Table VI-5.

From the results it is clear that the addition of CNF to the polyurethane matrix in the range of
particle loadings studied does not make a significant impact on the shape fixity or recovery.
While no change is observed, this is an important result due to other researchers who have
observed a decrease in or elimination of the shape memory properties with the addition of

nanoreinforcements [Auad et al., 2009; Razzaq & Frormann, 2007].
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TDI
_? ioggii [f,:v’t\(l,/';] 1% cycle [%] | 2™ cycle [%] | 3™ cycle [%] | 4™ cycle [%]
20mm/min
0 95.51+0.01 96.97+0.90 94.92+2.72 96.62+0.88
0.5 98.32+1.07 98.68+0.06 98.78x0.25 98.76x0.45
Fixity 1.0 97.06x£0.54 96.66+0.03 96.16%0.23 96.76x0.62
15 97.64+1.36 98.16+0.23 98.32+0.79 97.36%0.23
2.0 97.04£2.77 97.2241.95 98.46x0.59 96.94+0.37
0 82.09+£3.01 82.34+0.48 77.78+£0.76 75.3243.33
0.5 83.84+5.89 76.84+1.65 76.50+£3.54 66.34+3.77
Recovery 1.0 87.64+5.37 79.48+4.47 78.16£2.60 74.64+1.47
15 86.16+1.64 73.75+8.84 74.14+£1.95 67.78+1.16
2.0 80.45+0.95 79.38+0.08 70.64+0 70.2+1.70

Table VI-5. Shape memory testing results of the nanocomposites.

Experimental Parameters

In order to evaluate the effect of recovery time, the unfilled TDI 2900/32 matrix was tested at
60°C using a strain rate of 100 mm/min and a maximum deformation of 100%. This sample was
compared to a nanocomposite containing 1.5 wt% cellulose nanofibers. The results are shown in
Table VI-6. From the results, it is clear that the fixity and recovery increase with recovery time
for the unfilled matrix as well as the nanocomposites. This result was expected and similar
behavior was shown for other deformation rates and conditioning temperatures in Chapter II.
With the addition of cellulose nanofibers, a slight increase is observed in the fixity along with a
small reduction in the recovery. This result was also expected and corresponds to the DSC data.
The fixity is governed by the soft segments, which exhibited an increase in enthalpy of melting
during differential scanning calorimetry experiments. This increase indicates more perfect
crystalline structures are formed upon the addition of CNF and so an increase in shape fixity is

the resultant effect. By increasing the recovery time from 5 to 10 minutes, the CNF/PU
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nanocomposites exhibited very little change in shape fixity but a sizable increase was observed
in shape recovery. Once again, this was the expected result. The increase in recovery time

allows additional time for the hard segments to recover the original shape.

Recovery CNF 1 cycle | 2™ cycle | 3“cycle | 4™ cycle
Time

mingg | W] o] | el | e | [%]

5 0 Fixity 96.32 95.56 96.52 96.84

Recovery 90.44 87.72 81.88 74.12

5 15 Fixity 97.96 98.44 97.88 98.08

' Recovery 82.68 72.20 77.60 77.60

10 0 Fixity 97.08 97.92 95.56 97.32

Recovery 95.88 93.56 91.61 86.16

10 15 Fixity 97.76 97.44 97.36 96.88

' Recovery 96.00 96.00 90.44 70.64

Table VI1-6. Shape memory results comparing the recovery time of the unfilled TDI 2900/32
matrix and a nanocomposite containing 1.5 wt% CNF tested at a strain rate of 200 mm/min and a
temperature of 60°C.

In addition to the thermomechanical testing, the effect of the recovery time of the
nanocomposites was evaluated using dynamic mechanical analysis at 40°C and 20 mm/min with
a maximum deformation of 300%. Recovery times of 5, 10, and 20 minutes were evaluated.
The procedure was discussed in Chapter Il.  The results for a recovery time of 5 minutes are
shown below in the stress versus strain curve pictured in Figure VI-8. The graph shows the

behavior of the sample during the initial run and the recovery behavior 5 minutes later (indicated

by the dashed line).
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Figure VI-8. Evaluation of a recovery time of 5 minutes on TDI 2900/32 nanocomposites. The
dashed lines indicate the recovery behavior.

Tests were performed to evaluate recovery times of 10 and 20 minutes. Graphs similar to Figure
VI-9 were generated and the recovery was evaluated. Figure VI-9 is a better representation of
the recovery. The calculation of the recovery values from the graph was previously discussed in
Chapter 1l. The graph shows the percent recovery versus the CNF concentration. When the
samples were allowed to recover for 5 minutes, a clear decrease with an increase in CNF
concentration was observed. By allowing additional time for recovery to occur, the samples
exhibit increased recovery at higher CNF concentrations of 2 wt%. This result is expected as the
addition of CNF creates more perfect crystalline soft segments, as exhibited earlier by the DSC,
which must be recovered by the hard segments. Increasing the recovery time allows the hard

segments to recover more of the original shape.
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Figure VI-9. Comparison of recovery versus CNF concentration over time.

CONCLUSIONS

Cellulose nanofibers were incorporated into segmented shape memory polyurethanes matrices
after the polymerization. The incorporation of cellulose nanofibers induced changes in the
micro-structure of the polyurethane matrices, which in turn affected the thermal and mechanical
performance of the nanocomposites. Generally, the cellulose nanofibers favored the phase
separation between the soft and hard domains generating an upward shift in the melting
temperatures of the crystalline phases, an increase in the Young’s modulus, and a decrease in
deformation at break. These results are similar to those for nanocomposites in which cellulose
nanofibers were added during the first step of the polymerization. However, the main difference
is that nanocomposites with CNF incorporation post polymerization retain their shape memory

behavior.
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CHAPTER VII.

COMMERCIAL POLYURETHANE NANOCOMPOSITES

INTRODUCTION

The aim of this portion of the research was to investigate the effect of reinforcing commercially
available shape memory polyurethane. The incorporation of nanoreinforcements was expected
to produce an increase in the mechanical properties of the material while maintaining the shape
memory behavior. Additionally, the use of nanoreinforcements was believed to be a pathway to
overcome the disadvantages, such as low stiffness and recovery, associated with unfilled
polyurethane. The advantages of cellulose nanofibers as nanoreinforcements in synthesized
polyurethanes have previously been evaluated and discussed in detail. During this work,
conductive cellulose nanofibers (C-CNF) and carbon nanotubes (CNT), in addition to cellulose
nanofibers, were used to reinforce a commercial polyurethane, Irogran™ PS455-203. These
types of conductive nanofillers open the door to a new type of shape memory polymers in which
the actuation of the polymer is induced through the temperature changes that occur as a result of

the electrical conductivity of the nanofillers.

The use of conductive cellulose nanofibers (C-CNF) is a new approach to the creation of a
conducting polymer composite. Conducting polymers, such as polyaniline and polypyrrole, have
been investigated for deposition on a variety of substrates such as particles, fibers, polymer

films, and membranes. [Stejskal et al., 2005]. The use of polyaniline is desirable due to its
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environmental stability, easy polymerization, low cost, and potential applications in biosensors,
electrodes, batteries, and gas sensors [Li et al., 2009; Mo et al., 2009]. The main drawback,
however, is the low mechanical properties of the conducting polymer. Other researchers have
sought to take advantage of polyaniline’s conductive properties while overcoming its low
mechanical properties by coating nanoreinforcement materials, such as cellulose nanofibers or
wood sawdust [Dutta et al., 2005; Sapurina et al., 2003]. The desired effect is that the produced
nanocomposites will gain the increase in mechanical properties from the nanoreinforcement and

the conductive properties from the polyaniline coating.

Carbon nanotubes (CNT) have gained increasing attention due to their superior mechanical
properties, high electrical/thermal conductivity, and high specific surface area [Chen et al., 2006;
Mondal & Hu, 2006]. Many other researchers have found that a substantial increase in Young’s
modulus, tensile strength, and hardness can be achieved through the incorporation of CNT at
contents as low as 1 wt% [Chen et al., 2006; Zhang et al., 2004; Frogley et al., 2003]. Similar to
the C-CNF, the motivation of this area of the research is the potential of creating a conductive
shape memory polyurethane nanocomposite with the increased mechanical properties made
possible by use of CNT and the added benefit of a possible new actuation mechanism for the

shape memory behavior.

MATERIALS AND METHODS
All nanoreinforcements utilized in nanocomposite construction after the modifications outlined
in Chapter IV. A commercial polyurethane matrix (Irogran'™ PS455-203, Huntsman, USA) was

received in pellet form and dissolved in DMF solvent to be utilized as the polymer matrix for
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construction of nanocomposites. The properties shown in Table VII-1 for the chosen

polyurethane were obtained from the Huntsman website [www.huntsman.com].

Melt Flow Index 177°C/2.16kg-22
Softening Onset 110°C
Tensile Strength 22.0 MPa
100% Tensile Modulus 3.0 MPa
300% Tensile Modulus 6.0 MPa
Ultimate Elongation 700%

Table VII-1. Listed properties for Irogran'” PS455-203 on the Huntsman website.

Cellulose Nanofibers (CNF) and Conductive Cellulose Nanofiber (C-CNF) Nanocomposites
CNF and C-CNF nanocomposites were constructed in a similar manner as outlined in Chapter
VI. The CNF and C-CNF, which had been previously freeze dried, were dispersed in DMF
using ultrasonic treatments. The CNF/DMF and C-CNF/DMF suspensions were then
incorporated into a 30 wt% dissolved commercial polyurethane/DMF solution. A speedmixer
(DAC 150) was used at 2000 rpm for 18 minutes to aid in dispersion. Nanocomposite solutions
with varying percentages of nanofillers were prepared. The suspensions were cast in open

Teflon® molds and dried in a convection oven at 80°C for 24 hours in order to achieve films.

Carbon Nanotubes (CNT)

A similar procedure to that of the CNF and C-CNF was used to prepared CNT nanocomposites.
CNTs were dispersed in DMF using limited ultrasonic treatments. Ultrasonication time was
limited to 10 minutes to avoid breakage and degradation of the CNT structure. The CNT
suspension was then added to a 30 wt% dissolved commercial polyurethane/DMF solution. The

speedmixer was used to aid in dispersion. Nanocomposite solutions with 1 and 2 wt% CNTSs

159



were prepared. The suspensions were cast in open Teflon® molds and dried in a convection oven

at 80°C for 24 hours in order to achieve films.

TECHNIQUES

Differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA), tensile
measurements, scanning electron microscopy (SEM), and evaluation of shape memory behavior
were performed following the procedures outlined in Chapter 1l. Rheological characterization
was performed following the procedure outlined in Chapter VI, however, the molten state of the
commercial polyurethane matrix was determined to be 160°C in the temperature sweep

experiments.

Conductivity
The electrical conductivity of the composites prepared with different concentrations of
nanocrystals was determined at room temperature using and ad-hoc equipment (two probe

method).

RESULTS AND DISCUSSION

Cellulose Nanofibers (CNF)

Rheological Characterization

Rheological experiments were used to investigate the percolation composition of the reinforced
polyurethane. Figure VII-1 shows the frequency dependence of storage modulus, G’, for melted
films at 160°C and 1% strain with varying percentages of CNF. It is immediately apparent from

this figure that cellulose nanofibers (CNF) have a dramatic effect on nanocomposites at very
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small particle loadings. Samples prepared with less than 1 wt% CNF exhibited Newtonian liquid
behavior in the frequency range analyzed. At concentrations higher than 1.0 wt% a clear non-
Newtonian behavior is introduced by the presence of CNF. From these results, it is suggested
that a qualitative change occurs in the range of 1-2 wt% of CNF. A plateau appearing at 1 wt%

CNF is in the range previously reported by other investigators [Marcovich et al., 2006].

100000 |
F = Commercial Polyurethane Matrix i
10000 | e 0.5wit% CNF '
i 1.0 wt% CNF 'l
[ v 2.0wt% CNF '=
1000 £ v:El
vv.l
T F v V,onm
[} L
= 100 vvvvv '.-
o [ va ‘.
rvwvvyY an?
10 E a"oe
E | | ..
e
)
ge®
»
1t of
joom
0.1 P | — 1 R | L
0.01 0.1 1 10 100

Frequency [rad/s]

Figure VII-1. Storage modulus, G’, versus frequency for the CNF/PU nanocomposites.

Thermal Characterization (DSC)

The effect of cellulose nanofibers on the thermal behavior of the segmented polyurethanes was
studied by differential scanning calorimetry (DSC). The data corresponding to the first
temperature cycles are analyzed and the data is presented in Table VII-2. From the results, it is
clear that the presence of cellulose nanofibers do not produce a significant change in the thermal

properties of the commercial polyurethane matrix.
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Tmelting
. AHmetin
Filler [wt%] SS meng
o SS (J/
| rop | S50/
Commercial P(_)Iyurethane 20.6 56
Matrix
0.5 21.3 3.1
1.0 17.9 1.9
CNF
1.5 19.2 4.6
2.0 20.2 4.5

Table VI1I-2. Soft segment transitions of CNF/PU nanocomposites.

Mechanical Characterization

The mechanical properties of the CNF/PU nanocomposites are presented in Table VI1I-3. All the
nanocomposite samples exhibited increased Young’s modulus (E) and strength (cy) over the
unfilled commercial polyurethane matrix.  Additionally, all the nanocomposite samples
presented an elongation at break (e,) of more than 500%. The elongation at break of the samples
reinforced with 1.5 and 2 wt% CNF actually exceeded that of the unfilled matrix. The decrease
in elongation exhibited by the 0.5 and 1.0 wt % sample may be due to inadequate dispersion or
agglomerations of the nanoparticles. These aggregations would behave as defects in the polymer
matrix and create breaking points therefore resulting in a decreased elongation at break. Overall,
the elongation at break exhibited an increase with increasing filler content. This behavior was
unexpected and is opposite of the decrease with increasing filler content that has been observed
by other researchers [Marcovich et al., 2006; Meincke et al., 2004]. The Young’s modulus and
strength also exhibited an increase with increasing filler content. The most significant increase
occurs in the Young’s modulus where the value doubles with the addition of only 0.5 wt% CNF.
This is a substantial increase in modulus in comparison to that reported by other investigators
[Gall et al., 2002].
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Filler [wt%] E [MPa] oy [MPa] &p [%0]
Commercial Polyurethane 8.70 + 1.43 1,51 +0.15 1664.07 + 49.43
Matrix
05 16.43 + 1.41 2.00 + 0.76 526.80 + 22.80
e 1.0 21.54 + 0.56 1.88 £ 0.22 829.50 + 24.00
15 24.44 + 1047 2834030 | 1715.63 + 255.62
2.0 26.82 + 2.13 3.18+0.11 1884.93 * 92.23

Table V1I-3. Mechanical properties of CNF/polyurethane nanocomposites.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to view the fracture surface of both the unfilled
polyurethane and the polyurethane nanocomposites.  The fracture surface of the unfilled
polyurethane can be viewed in Figure VII-2. The fracture surface is mostly featureless except

for a few features which are characteristic of a brittle fracture.

Figure VII-2. SEM image of the commercial polyurethane matrix.

In contrast to the unfilled commercial polyurethane matrix, the 0.5 and 1 wt% CNF reinforced

films, which are shown in Figure VII-3 a and b, respectively, exhibit a very different fracture
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surface. The rougher surface indicates increased energy dissipation during fracture due to
changes in the crack trajectory. Due to the reinforcements, the crack pathway must change to
avoid or go around the rigid filler material. This is further evidenced by the increasing
roughness of the nanocomposite containing 1 wt% CNF over that which contains only 0.5 wt%

CNF.

Figure VI11-3. SEM images of CNF/PU nanocomposites with a) 0.5 wt% and b) 1.0 wt% CNF.

Shape Memory Behavior (SMB)

The shape memory behavior of the unfilled polyurethane matrix and the CNF/PU
nanocomposites was tested through a series of thermomechanical cycles. The temperature
selected for the shape memory testing was 60°C, which was an intermediate temperature
between the melting of the soft and hard segments. The results are summarized in Table VII-4.
Although there is a slight variation in the fixity (Rf) and recovery ratios (R;), there was no
significant variation in the nanocomposites prepared with 1 wt% CNF over that of the unfilled

commercial polyurethane matrix. As previously discussed, the stiffness of the material could be
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increased with the addition of CNF. The improvement in stiffness does not appear to negatively

impact the shape memory behavior of the nanocomposites.

CNF 1st cycle 2nd cycle 3rd cycle
[wt%)] % Rs¢ % R, % Rs¢ % R, % Rs¢ % R,
0 92.6£1.1 | 725453 | 91.9+0.2 | 67.7£9.9 | 90.5+0.1 | 63.1+£12.9
05 94.4 72.3 94.4 71.7 94.2 73.9
1.0 96.9 73.3 96.8 98.9 85.6 62.5

Table VI1I-4. Shape memory behavior of CNF/PU nanocomposites.

Conductive Cellulose Nanofibers (C-CNF)

Rheological Characterization

Figure V11-4 shows the storage modulus, G’, versus the frequency in the linear viscoelastic range
(small strains) for the composite polyurethane films in the liquid molten state (at 160°C). The
storage modulus of the liquid experiences an increase with C-CNF concentration. The largest
variations are observed at low frequencies, where the structure of the C-CNF is more effective in
increasing the relaxation times of the material. Addition of a low concentration of C-CNF

produces a non-Newtonian response and thus, the storage modulus is a function of the frequency

for all the composites at concentrations above 4 wt %.

From these results, it is suggested that a qualitative change occurs in the range of 4 - 10 wt% of
C-CNF. The concentration threshold is much lower than usually found in macroscopic filler
composites [Marcovich et al., 2004], however it is higher than the threshold previously found for
CNF/Polyurethane nanocomposites. This difference can be attributed to the "gluing” action of

the polyaniline as it grows on the surface of the nanofibers. The conductive polymer may act to
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link the C-CNFs, which consequently causes them to behave as thicker fibers of lower aspect

ratio than the nonconductive CNFs.
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Figure VII-4. Storage modulus, G’, versus frequency of the melted polyurethane composites
containing different concentrations of C-CNF.

Thermal Characterization (DSC)

The thermal transitions are summarized in Table VII-5. Overall, the trend exhibited is an
increasing melting point of the soft segments with increasing C-CNF concentration. A similar
trend is observed for the enthalpy of melting of the soft segments, which is about 4 times bigger
for the 15 wt% composite than for the commercial polyurethane matrix. These changes indicate
that the C-CNF favors phase separation, leading to the formation of more perfect crystals and to
increased crystallinity (higher melting temperature and higher heat of melting, respectively). The
effect of nanofillers as crystallization nucleating agents has been discussed in the literature in the

case of a silica reinforced polyurethane, where the crystallization of the soft segment phase was
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also preferentially affected by the presence of the nanoparticles [Nunes et al., 2001].
Furthermore, this behavior was previously reported for a polyurethane system containing
unmodified cellulose nanocrystals [Auad et al., 2008] and was explained as the result of the
cellulose nanofibrils, CNF, acting as heterogeneous nucleating agents for the polymer
crystallization of the soft segments. During that work, the enthalpy of melting associated with the
soft segment phase exhibited an increase of 80% with the addition of just 1 wt% of cellulose
nanofibers (CNF). Comparatively, a higher C-CNF content is needed to obtain the same increase

in the enthalpy of melting (between 4 and 10 wt %).

T
melting AHmeIting

Filler [wt%] SS
o SS (J/
| °C] (J/g)
Commercial Polyurethane 20.6 56

Matrix

2.0 22.8 5.3
4.0 28.4 7.3
C-CNF 7.0 25.5 7.5
10.0 | 26.4 16.4
15.0 | 32.6 21.2
Table VI1I-5. Thermal transitions of C-CNF/PU nanocomposites.

Mechanical Characterization

The mechanical properties of the C-CNF/PU nanocomposites are listed in Table VII-6. As
expected, addition of C-CNF has the overall effect of increasing the elastic modulus of the films.
Films containing C-CNF reinforcements exhibited no real yield stress response. The value
reported corresponds to the intersection of the extrapolated straight lines that can be drawn at
low and large deformations. The values follow the same trend observed for the Young’s
modulus, while a reduction in the elongation at break occurs. These results are expected for the
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reinforcement of an elastomer with rigid particles. A large effect is observed in the range of C-
CNF concentrations utilized. The modulus of the 10 wt% C-CNF sample is more than three
times the modulus of the unreinforced polyurethane matrix. Even though the ultimate elongation
is reduced, it is clear that the material maintains the ability to stretch to more than eight times the

initial length before rupture, which is still a significantly large extensibility.

Filler [wt%] E [MPa] s, [MPa] & [%6]

Commercial Polyurethane Matrix 8.70£1.43 1.51+0.15 1664.07 £ 49.43

2.0 1140+ 1.76 2.17+0.19 1534.29 + 91.818

C-CNF 4.0 17.61 £ 2.07 2.81 +0.04 1112.273 + 109.83

10.0 31.01+2.35 3.15+0.07 753.00 + 22.00

Table V1I-6. Mechanical properties of C-CNF/PU nanocomposites.

Scanning Electron Microscopy (SEM)

The SEM images of the cryo-fractured surfaces of the C-CNF/polyurethane nanocomposite films
with 4 and 10 wt% C-CNF are shown in Figure VII-5. The images show increased roughness in
the fracture surface of the 4 wt% sample over the unreinforced polyurethane matrix, which is the
obvious result of the decreased crack propagation at points where the rigid cellulose particles
deflect the crack towards an easier fracture path. The image corresponding to the surface of the
sample containing 10 wt% of C-CNF shows also a very rough surface where the crack path
appears to be deflected with higher frequency, in correlation with the increasing concentration of
fibrils. There does appear to be some nanofiller aggregation in the sample. Inadequate
dispersion problem is practically unavoidable at concentrations above the percolation threshold,
such as in this case. Incorporation of relatively high amounts of nanofibrils leads to increasing
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dispersion difficulty and to some particle aggregation in the final material, which affects the

composite performance.

15k 1,088 18 mm P - ! l Sk ¥1. BE8 18 -
P .

L

Figure VI1I-5. SEM images of C-CNF/PU nanocomposites with a) 4 wt% C-CNF and b) 10 wt%
C-CNF.

Conductivity

The resistivity of films with varying concentrations of C-CNF is summarized in Table VII-7. At
C-CNF concentrations below 4 wt%, the material is non-conductive. However, above this
concentration, the sample shows conductivity. Although the conductivity of the samples is low,
this method offers an alternate determination of the concentration range at which the percolation
of the C-CNF occurs. The electrical percolation threshold appears in the concentration range of
4-10 wt% C-CNF, which is the same concentration range that the rheological percolation was
determined. The low values obtained suggest that higher doping should be utilized if more
interesting electrical properties are desired [Eichhorn et al., In press]. The use of higher C-CNF
concentrations is another option, however, that would lead to reduced extensibility and reduction

of the shape memory properties.
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Sample Resistivity (Q2 cm)
0 wt% C-CNF >10
2 wt% C-CNF >10
4 wt% C-CNF >10*1
10 wt.% C-CNF 22101
15 wt% C-CNF 27101
100 wt% C-CNF 5.310°

Table VI1I-7. Resistivity values versus C-CNF concentration.

Shape Memory Behavior (SMB)

Table VI1-8 summarizes the results for the unreinforced commercial polyurethane sample and for
two composite films of different C-CNF concentrations. As previously discussed, the addition of
high concentrations of C-CNF increases the tensile modulus of the polyurethane but leads to a
reduction in the elongation at break. The effect is important during the high temperature step of
the cycle which involved the elongation of the sample at 60°C, for example the 10 wt%
composite breaks at about 35 % elongation. Also, by increasing concentrations of the C-CNF
larger interactions with the hard segment blocks are produced, which interferes in the
arrangement of this phase [Auad et al., 2008]. Increasing dispersion problems should not be
underestimated in this respect. The material may still be suitable for some applications, but it
does not offer the advantage of large extensibility, which was one of the polyurethane

characteristics intended to be preserved, while increasing the modulus.
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The fixity and recovery of the samples were calculated according to equations 2 and 3 outlined in
Chapter 11. The recovery was observed between 63 and 78 % for all the samples up to at least the
4th cycle. Although the recovery calculated with respect to the 100% elongation may seem low,
the repeatability of the results in subsequent cycles should be considered. If the actual strain of
the tested samples in subsequent cycles (after the first cycle) is considered (em - &p), the

calculated recoveries would be higher than 85%. Consideration of this value is important because

it corresponds to the behavior that the material exhibits during cycling.

C(l:\I_F 1st cycle 2nd cycle 3rd cycle 4th cycle
wtos] | % R % R, % Ry % R, % Ry % R, % Ry % R,
0 92.6+1.1 | 72.545.3 | 91.9+0.2 | 67.7£9.9 | 90.5+0.06 | 63.1+12.39 | 93.3+1.1 | 60.8+12.8
2 95.1+0.5 | 77.0+4.2 | 94.5+2.1 | 73.9+13.5 | 93.7+24 | 69.4+14.9 | 93.6+0.8 | 64.6+13.8
4 90.7+2.8 | 75.0+£17.9 | 91.5+4.5 | 73.6£14.5 | 73.0+0.7 | 71.2+14.1 | 78.4+9.0 | 65.1+2.36

Table V1I-8. Recovery and fixity of C-CNF/PU nanocomposites.

The fixity is above 90%, with the exception of the 3rd and 4th cycles of the 4 wt% sample. This
drop in fixity of the 4 wt% sample as cycling progresses is suggested to be the result of the
interactions of the C-CNF with the hard segment phase of the PU, which leads to increasing
morphology disruption during cycling. However, further cycling proved to be repeatable at the

elongation used in the study.
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Carbon Nanotubes (CNT)

Rheological Characterization

Figure VII-6 shows the frequency dependence of storage modulus, G’, for melted samples with
varying percentages of CNT. From the graphs, it is observed that G’ increases with nanofiller
concentration. The most important differences in the graphs are observed in the low frequency
range. At higher frequencies, nanofiller effects are comparatively weaker. This phenomenon
has been observed for other polymeric nano-systems where the short length dynamics are
approximately unchanged but the terminal behavior is strongly modified. At low frequencies,
samples begin to show an equilibrium plateau with the addition of as little as 2 wt% CNT. This
plateau can be attributed to structural changes that occur due to discrete particles forming crystal
networks in the melts. These networks of crystals restrict the long-range motions of the polymer
strands. The percolation threshold can be associated with the extensive interactions that occur

between the crystals at these concentrations.
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Figure V1I1-6. Storage modulus (G”) versus frequency for CNT/PU nanocomposites.

Thermal Characterization (DSC)

Table V1I-9 shows the melting temperatures of the soft segments, corresponding to the first

heating of the polyurethane matrix without reinforcement and the nanocomposites prepared with

the addition of 0.5 wt% and 1 wt% of CNT. The addition of carbon nanotubes to the

polyurethane matrix does not cause a measurable change in the melting temperatures of the

nanocomposite material.

Filler [wt%] R s
Commercial Polyurethane Matrix 20.6 5.6
0.5 23.6 11.3
CNT 1.0 26.3 4.4
2.0 24.0 2.9

Table VI1I-9. Melting transitions for CNT/Polyurethane nanocomposites.
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Mechanical Characterization

The Young’s modulus (E), the yield stress (oy), and the elongation at break (ep) of the
nanocomposite films are presented in Table VII-10. Similar to cellulose nanofibers, the addition
of 0.5 wt% CNT produced a 51% increase in the Young’s modulus over the unfilled commercial
polyurethane. The strength increased dramatically over that of the unfilled commercial
polyurethane with the increase of the nanofiller content, reaching a maximum value of 6.58 +
0.53 MPa at 1 wt% CNT. All the nanocomposite strengths are higher than that of the
unreinforced polyurethane. So, it can be confirmed that the nanofiller acts as a reinforcing
material with very good fiber-matrix interface. In contrast with microreinforced composites, the
elongation at break of this system was not significantly impacted by the presence of

nanoreinforcements.

Filler [wt%] E [MPa] oy [MPa] &0 [%]
Commercial Polyurethane 8.70 + 1.43 151+0.15 | 1664.07 + 49.43
Matrix
05 12.98 + 1.90 555+061 | 1061.10 +7.89
CNT
1.0 19.19 + 1.84 658 +0.53 | 1205.72 + 32.10

Table VI1I-10. Mechanical properties of CNT/PU nanocomposites.

Scanning Electron Microscopy (SEM)

The scanning electron micrographs of the 0.5 and 1.0 wt% CNT/PU nanocomposites are shown
in Figure VII-7 aand b. Similarly to the CNF/PU and C-CNF/PU nanocomposites the roughness
of the fracture surface increases with increasing nanoreinforcement content. The reason for this

has been previously discussed in this chapter.
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Figure VI1I-7. Scnning electon micrographs of CNT/PU ﬁanocompsites: a) 0.5 wt% ad b) 1.0
wt%.

Shape Memory Behavior (SMB)

It was necessary to verify that the original shape memory properties of the polyurethane were not
affected by the incorporation of nanoreinforcements. Shape memory behavior testing was
performed on the nanocomposites in order to evaluate the effect of nanoreinforcements on the
polyurethane matrix’s ability to fix and recovery its shape. Table VII-11 summarizes the shape
memory characteristics for the CNT/PU nanocomposite films. The recovery ratio decreased with
increasing number of cycles, while the fixity increased (or remained largely unaffected) for both,
CNT/PU composites and the unfilled commercial polyurethane matrix. However, the fixity and
recovery ratios did not vary significantly in the range of CNT loadings studied. Note that other
researchers have found that the addition of nanoparticles to a shape memory polymer decreased
the recoverable strain limit, a factor attributed to the inability of the finite fraction of particles to
exhibit shape memory behavior, but increased the attainable recovery stress [Gall et al., 2002].
In the present study, this behavior was not observed because of the low concentration of
nanoreinforcements employed. However, researchers in other studies have found an opposite

effect where the incorporation of multi-walled carbon nanotubes into a shape memory
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polyurethane matrix created an increased recovery ratio and recovery stress of the

nanocomposites [Mondal & Hu, 2006; Koerner et al., 2004]. The results of this study more

closely resemble the latter findings.

1st cycle 2nd cycle 3rd cycle 4th cycle
% R, %R, % R %R, % R, %R, % R, %R,
Comaz:fi'j' PUT 926411 | 725553 | 91.9502 | 67.7409 | 90.540.06 | 63121239 | 93.3+11 | 60.8+128
0.5 wt% CNT 91.48 80 93.92 74.33 93.36 73.83 93.68 72.25
Twit% CNT | 929+20 | 732+96 | 95.7+26 | 67090 |94.16+ 11| 985+75 | 94106 | 687 %50

Table VI1I-11. Shape memory behavior results for CNT/PU nanocomposites.

CONCLUSIONS

Nanocomposites were constructed using a commercially available thermoplastic polyurethane as
the matrix and CNF, C-CNF, or CNT as the nanoreinforcements. The effect of the
nanoreinforcement on the nanocomposite properties was evaluated. The percolation thresholds
of each of the nanocomposite systems was evaluated and found to be 1-2 wt%, 4-10 wt%, and
approximately 2 wt% for CNF, C-CNF, and CNT, respectively. The higher percolation
threshold of the C-CNF nanocomposite system was attributed to the gluing action of the
polyaniline coating on the surface of the cellulose nanofibers. All of the nanoreinforcements
evaluated created an increase in the mechanical properties of the nanocomposites over those of

the unfilled commercial polyurethane. Additionally, the shape memory behavior was maintained

in the range of particle loadings studied.
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CHAPTER VIII.
NANOREINFORCED SEGMENTED SHAPE MEMORY POLYURETHANES

PROCESSED BY EXTRUSION

INTRODUCTION

Smart fibers, fibers made from shape memory materials, are able to sense a variety of stimuli,
such as electrical, thermal, chemical, or magnetic, from the environment and adapt or respond [Ji
et al., 2006]. A new class of textiles constructed from smart materials is emerging for industrial,
technical, medical, and military purposes. These “smart textiles” integrate the functionalities of
smart materials into the textile structure [Ji et al., 2006]. Smart fibers, or shape memory fibers,
find their most immediate application in the textile and clothing industry where they are used to
create intelligent textiles capable of self-regulating in response to external stimuli [Meng & Hu,

2007; Tang & Stylios, 2006].

Polyurethane fibers can be produced through a variety of processing techniques such as dry, wet,
chemical, and melt spinning [Meng & Hu, 2008]. During this work, the goal was to construct
shape memory polyurethane fibers reinforced with cellulose nanofibers (CNF) and carbon
nanotubes (CNT) by an extrusion process. The impact of cellulose nanofibers (CNF) and carbon
nanotubes (CNTs) as reinforcement for segmented shape memory polyurethane fibers was

studied. The morphology and mechanical properties of the fibers were evaluated.
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MATERIALS

Multi-walled carbon nanotubes (Shengzhen Nanotech Port Co., China) and microcrystalline
cellulose (MCC, Avicel PH-101, FMC BioPolymer, USA) were used after corresponding
chemical modifications, which were previously detailed in Chapter 11l. A commercial shape
memory polyurethane matrix (Irogran PS455-203, Huntsman, USA) was received in pellet form
and dissolved in dimethylformamide (DMF) solvent to be utilized as the polymer matrix for

construction of nanocomposites.

METHODS

Preparation of Nanoreinforced Segmented Shape Memory Polyurethane Suspensions
Polymer solutions were obtained by dissolving 30 wt% commercial polyurethane pellets in DMF
solvent. Samples containing 0, 0.5, and 1.0 wt% nanofillers were prepared. Cellulose nanofibers
(CNF) were subjected to ultrasonication for approximately 1 hour in DMF prior to their addition
into the polyurethane (PU) matrix. Ultrasonication of the CNF in DMF prior to addition to the
polyurethane matrix aids in dispersion. After addition of the CNF/DMF suspension to the
dissolved polyurethane matrix, a speedmixer (DAC 150) was used at 2000 rpm for 18 minutes to
further aid in dispersion of the CNF in the polyurethane matrix. A similar procedure was used to
prepare carbon nanotube based composites. However, the ultrasonication time was limited to 10

minutes in order to avoid degradation of the carbon nanotube structure.

Preparation of Nanoreinforced Shape Memory Polyurethanes Fibers by Extrusion
Nanofiller/polyurethane/DMF suspensions were extruded to produce continuous fibers with a

fixed cross-sectional profile. Sample solutions were poured into a HPLC syringe pump fitted
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with a spinning pack and a single hole spinneret. Each of the prepared suspensions were extruded
by dry jet-wet spinning at a temperature of 12.5°C, spinneret diameters of 1.3mm, throughput

ranging from 0.05-0.4 mL/min.

The suspensions were filtered through a screen pack containing a 325 mesh screen before
passing through the spinneret. Filaments were obtained by forcing the composite suspension
through the hole in the spinneret. The spinneret’s hole shape determines the final cross section
and shape of the finished fiber. As seen in Figure VIII-1 fibers were extruded directly into the
coagulation bath with no air gap being used. The system was equipped with a pair of stepped
cylinder godets with four levels. This allows three drawing steps, which leads to a total of four
draw ratios. In order to produce a variety of fiber sizes and orientations, multiple pump speeds,
solution draw down rates, and draw ratios were utilized. After drawing and further exposure to
the distilled water coagulation bath, the fiber exits to a take-up package as seen in Figure VI1I-2.

After take-up, the fiber was soaked in distilled water overnight before being allowed to dry.
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Figure VI1II-2. Fibers exit coagulation bath onto take up package.

TECHNIQUES
Scanning electron microscopy (SEM) was performed following the procedures outlined in
Chapter VI. The thermal and rheological characterization of samples containing CNF and CNT

nanofillers was previously performed and discussed in Chapter VII.
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Tensile Analysis of fibers

Stress/strain measurements were obtained from an Instron 4400R Model 1122. The gauge length
was 15 mm and the extension speed was 37 mm/min. The initial modulus, breaking tenacity and
elongation at break were calculated following ASTM D3822-96. Fiber tex was obtained by
measuring the length of the extruded fibers and weighing a specified length. The following
conversion was used to calculate the fiber tex and/or fiber denier: tex = 1 gram / 1000 meters,

denier = 1gram/ 9000 meters.

RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM)

Extruded fibers were evaluated using scanning electron microscopy (SEM) to evaluate CNF and
CNT orientation within the fibers. Figure V1I1-3 shows extruded CNF/PU and CNT/PU fibers
containing 1 wt% nanofibers at different magnifications. While it is not clearly observable in the
SEM micrographs below, other researchers have found evidence in melt spun multi-walled
carbon nanotubes (MWNTSs)/shape memory polyurethane nanocomposite fibers of preferential
alignment of the MWNTSs to the fiber axis. During fiber processing, a number of parameters can
influence this alignment process. In the melt spinning process, where this phenomenon has
previously been observed, higher shear force and drawing ratio contribute to the axial alignment
of the MWNTSs [Meng et al., 2007]. While alignment of the nanofillers within the polyurethane
matrix is not clearly visible in the SEM micrographs, it is clearly observed that overall alignment
along the fiber axis is occurring. The draw ratio, 1:2, has an influence on orientation and

alignment of the polymer chains along the fiber axis.
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The fiber surface is also of interest and can be observed in Figure VIII-3. From the SEM
micrographs taken at 500x magnification, the surface of the fibers reinforced with 1 wt% CNF is
clearly much smoother than those reinforced with 1 wt% CNT. The surface of the CNT fibers
may be more rough and coarse due to CNT aggregates which are exposed on the fiber surface.
Similar effects have been reported in CNT reinforced polyurethane fibers [Meng et al., 2007].
This must be considered for the final application of the fibers. For example, hand is of major

importance in textile applications.

Figuré VI11-3. Extruded fibers at varying magnificatidns: a) and b) CN/PU fiber (1wt% CNF);
c¢) and d) CNT/PU fiber (1wt% CNT).
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Tensile Analysis

In order to examine the mechanical properties of the nanocomposite fibers, tensile testing was

performed at room temperature. A summary of the results is shown in Table VIII-1.

. . Breakin
Filler [wt%] l;:r?t\;rﬁﬁrﬁ Tex Imt['gl\l;\g;ililus Deé(;ggw; t[loz)r]] at Tenacit}g/J
[cN/dtex]
Commercial
Polyurethane 0.4 48.9 | 0.027 £0.0063 | 682.41 +102.67 | 0.085+0.011
Matrix
0.5 04 58.5 0.044 +.0049 711.17 £82.15 0.11+£0.024
1.0 0.2 7.0 0.013 +£.048 682.65 £ 87.24 0.25 +0.010
CNT 1.0 0.2 5.2 0.011+.040 | 677.00 £ 144.45 0.35+0.011
1.0 0.1 3.0 0.012 +.052 | 667.48 £ 104.97 0.39 £ 0.081
1.0 0.05 4.3 0.093+£0.022 | 642.95+73.71 0.25+0.017
1.0 0.05 3.1 0.067 £ 0.024 | 830.33 £204.31 0.30 £ 0.061
0.5 0.4 20.0 | 0.064+0.016 | 670.63 + 127.66 0.18 +0.036
CNF 1.0 0.2 6.2 0.087 £0.019 | 638.19 +69.12 0.55+0.84
1.0 0.1 5.8 0.095+£0.072 | 657.50 £119.21 0.44 £ 0.072
1.0 0.05 8.6 0.094 £0.046 | 783.38 +82.95 0.31 +0.064
Table VIII-1. Tensile properties of the commercial polyurethane matrix and hanocomposite
fibers.

The fibers were produced with a draw ratio of 1:2. As discussed previously, the draw ratio leads
to an increase in molecular orientation. From other studies [Meng & Hu, 2008], molecular
orientation had led to shape memory polyurethane fibers with outstanding mechanical properties
when compared to those that lack molecular orientation. From the table, it is clearly visible that
the nanocomposite fibers experience a significant increase in breaking tenacity over the

unreinforced polyurethane fibers. Fibers with the addition of 0.5 wt% CNF showed an increase

in breaking tenacity of 110% over that of the control matrix and 30% over fibers with 0.5 wt%

185



CNT. Anincrease in modulus was also observed with the addition of nanoreinforcements, which
correlates to the findings of the commercial polyurethane nancomposite films in Chapter VII. A
slight increase in the deformation at break was observed after the addition of
nanoreinforcements. From the samples tested, the increase in mechanical properties was overall,

more significant for fibers containing CNF. This effect can be seen in Figure V1I1-4.
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Figure VI1II-4. Tenacity versus strain for extruded fibers with 0.5 wt% nanoreinforcements.

This behavior indicates good dispersion of the CNT in the matrix and additional mechanisms of
energy dissipation. Chen et al. observed similar behavior in CNT/PU composite fibers fabricated
through a twin-screw molten extrusion method.  Similarly, composite fibers exhibited an
increased modulus and yield stress without diminished elongation at break. It was observed that
this behavior is not only attributable to the CNT nanoreinforcements but also to their impact on

the behavior of the soft segment crystallization which would allow for larger deformations [Chen

186



et al., 2006]. The values obtained for elongation at break for fibers with a much lower linear
density exceed the range of values reported for Spandex, which provides an elongation at break
ranging from 500-600% for much larger fibers with a range of linear density in the range of 11-

2500 dtex [Meng & Hu, 2008].

CONCLUSIONS

Shape memory polyurethane fibers reinforced with cellulose nanofibers and modified carbon
nanotubes were prepared. Tensile tests of the extruded fibers showed an increase in the initial
modulus and elongation at break with the incorporation of nanoreinforcements. A more
significant effect in the initial modulus and elongation at break was observed in the fibers
reinforced with cellulose nanofibers. An important result was that the elongation at break
remained largely unaffected by the incorporation of nanoreinforcements and even slightly

increased in some cases.
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CHAPTER IX.

CONCLUSIONS

During this work, the main focus was to study the effect of chemical structure on the properties
and shape memory behavior of thermoplastic segmented shape memory polyurethanes.
Additionally, nanoreinforcement of the polyurethane matrix was studied as a pathway to
overcome the inherent disadvantages of low stiffness and low recovery force. Particular focus
was placed upon hard segment content, hard segment composition, soft segment length, the
timing of nanoreinforcement addition, the type of nanoreinforcement, and dispersion properties

of the polymer suspensions.

Early in the research, segmented shape memory polyurethanes with 32 wt% hard segment
content were found to exhibit the best combination of mechanical, thermal, and shape memory
properties. For this reason, samples created with 32 wt% hard segments were concentrated on
during the remainder of the research with particular emphasis placed on the TDI 2900/32 system.
Since little focus has been given to polyurethanes constructed with TDI hard segments in the
literature, this research adds substantially to the existing body of knowledge regarding the
behavior of polyurethanes constructed using this particular isocyanate. By examining the
structure of the polyurethanes, it was found that the hard segment composition plays an
important role in the thermal and mechanical properties due to the structure of the utilized

isocyanate, which greatly impacts the phase separation and crystallinity of the hard segments.
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The soft segment length was found to have a significant influence on the ultimate deformation at

break, thermal properties, and shape fixity.

In order to gain a better understanding of the gathered data for the shape memory behavior
testing, the influence of the testing parameters was evaluated in depth. It was found that the
testing parameters are of great importance and may have a significant influence the obtained
shape memory behavior results. For this reason, careful selection of the testing parameters is
important and the end application of the polymer system should be taken into consideration.
Additionally, this study found that in order to achieve shape memory behavior the following
must be present: adequate phase separation of the hard and soft segments, effective hard

segments for shape recovery, and crystallinity of the soft segments for shape fixity.

The next step was to determine the influence of sample age and thermal treatment on the
morphology and thermal and mechanical properties of the synthesized linear, thermoplastic
polyurethanes. It was determined that the properties and morphology of samples composed of
TDI hard segments reached equilibrium in a very short period (1 hour) as opposed to those
composed of MDI hard segments which took much longer to reach equilibrium (approximately
20 days). The use of thermal treatment was effective at producing equilibrium in the MDI
systems but showed little effect on the TDI system. Overall, it was found that the sample age has
a significant impact on the polymer properties and that this effect must be taken into account not
only in research but also when considering the end use or application of the polymer system.
This examination was important because the current understanding and discussion of how aging

affects the mechanical properties of the polyurethanes was limited in the literature.
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The nanofillers selected for this research were desirable for the potential improvements to the
polyurethane matrices as well as the possibility of introducing a new type of shape memory
actuation to the polymer matrices (in the case of conductive cellulose nanofibers and carbon
nanotubes). The commercial applicability of the nanofillers was also a consideration. For
example, cellulose is desirable in commercial nanocomposites due to its availability and low cost
while carbon nanotubes, which are more expensive, have excellent mechanical properties and
stand to make substantial improvements in polymer properties at very low particle contents.
Nanofiller incompatibility was overcome through modification. In order to improve nanofiller
dispersion and adhesion to the polymer matrices, cellulose nanofibers were subjected to acid

hydrolysis while carbon nanotubes were acidified and functionalized with MDI groups.

The effect of the incorporation of nanofillers into the polymer matrix was studied. The timing of
the addition of nanofillers was also of interest. It was found that when cellulose nanofibers were
added during the polymerization of the segmented shape memory polyurethanes, changes in the
micro-structure of the polyurethanes occurred which affected the thermal, mechanical, and shape
memory performance of the nanocomposites. The CNF tended to favor the phase separation of
the soft and hard segments, which was observed in the upward shift of the melting temperatures
of the crystalline phases. An increase in the Young’s modulus, a decrease in the deformation at
break, and elimination of the shape memory behavior were observed. Since retention of the
shape memory behavior was of great concern during the construction of the nanocompistes, it
was determined that addition of the CNF to the polymer matrix during the polymerization
reaction is not an adequate path to achieve the desirable properties of the CNF/PU

nanocomposite system.  However, when cellulose nanofibers were added after the
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polymerization the shape memory behavior was retained. Similarly, the incorporation of
cellulose nanofibers induced changed in the microstructure of the polyurethane matrices, which
was observed in the thermal and mechanical properties. The nanocomposite system exhibited
behavior similar to that of CNF added during the first step of the reaction with the main
difference being the retention of the shape memory behavior. The timing of nanofiller addition
on the polymer properties has not previously been investigated in literature and the findings of
this study are significant for other studies involving nanofillers that are capable of chemically

interacting with the polymer matrices.

The impact of different types of nanofillers, CNF, C-CNF, and CNT, was evaluated using the
commercial thermoplastic polyurethane provided by Huntsman. The mechanical and thermal
properties of the nanocomposites were evaluated and compared. Additionally, a great deal of
attention was directed to the impact of the nanofillers on the shape memory behavior of the
nanocomposite system. All of the utilized nanoreinforcements were found to create an increase
in the mechanical properties of those of the unfilled polyurethane matrix. The only
nanoreinforcement to create a change in the thermal properties of the matrix was the C-CNF, in
which much higher particle loadings were studied. The electrical percolation threshold of the C-
CNF/PU nanocomposite system was determined to be in the range of 4-10 wt%, which
corresponds to the rheological percolation threshold determination. The percolation threshold
was determined to be approximately 1.5 wt% for the CNF and approximately 2 wt% for the
CNT. The shape memory behavior of the polymer nanocomposite systems was maintained in
the range of particle loadings studied and was even slightly enhanced over the unfilled

polyurethane matrix.
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Finally, extrusion processing of shape memory polyurethane nanocomposite fibers was
evaluated. The evaluation of nanoreinforcement on fiber properties was important to this
research because the material is suitable for and often used in intelligent textile materials. It was
found that through utilization of nanoreinforcements such as cellulose nanofibers or carbon
nanotubes, a significant improvement could be made over the unfilled polyurethane fibers in the

initial modulus and yield stress without sacrificing the elongation at break.

193



