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Shape memory properties of specimens consisted of aromatic epoxy (E),
aliphatic epoxy (N), Jeffamine D230 (D) and BA-a benzoxazine monomer (B) were
evaluated. The mole ratio of /B = 1/0, 0.8/0.2, 0.6/0.4, 0.4/0.6, 0.2/0.8 and 0/1 were
used as a mixed curing agent for epoxy system with a fixed E/N mole ratio of 1/1.
Effects of BA-a content on thermal, mechanical and shape memory propertics of
epoxy-based shape memory polymers (SMPs) were investigated by differential
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), flexural test and
shape recovery test. The results revealed that the obtained SMPs exhibited a higher
flexural strength and flexural modulus than those of the unmodified epoxy-based
SMP at room temperature and at 20°C above glass transition temperature (Tg). The
presence of 1 mole BA-a as a curing agent provided the specimen with the highest T,,
i.e. about 72°C higher than that of epoxy-based SMP cured by Jeffamine D230. The
results of the shape-memory tests suggested that the obtained SMPs showed
outstanding shape recovery and shape fixity performances with an addition of the
BA-a. All SMP samples needed only a few minutes to fully recover to their original
shape. The samples exhibited high shape fixity (98-99%) and shape recovery ratio
(90-100%) which increased with increasing recovery temperature. In addition,
recovery stress values increased with increasing BA-a mole ratio from 20 kPa to 38
kPa, when BA-a up to 1 mole ratio was added. All of the SMP samples fully
recovered to their original shape at the end of 100 cycles with minimum change on

their flexural strength.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Shape memory polymers (SMPs) have gained a great deal of attention in the
field of smart materials research during the last two decades. In some applications,
SMPs have been used to substitute shape memory alloys (SMA) because they possess
more advantage including excellent processing, light weight, low cost, easy control of
activation temperature and great flexibility (Atli et al., 2009). It evinces great interest
due to the adaptability for shape change when temperature switches from below to
above the transition temperature. They provide great potential for application in self-
deployable structures for space applications (Leng et al, 2011), micron-sized
actuators, orthodontic applications, medical treatment etc (Biju et al., 2012).

Generally, thermosets are widely used as SMP materials because thermoset
SMPs have chemical crosslinks, and can be softened but do not melt at clevated
temperatures (Ehrenstein, 2001). Thermoset resing are preferred to thermoplastics in
some applications i.e. spacecraft, due to their better mechanical performance and
environmental endurance (Lake and Beavers, 2002). Epoxy resin is one of the most
popular thermoset that have been used as structure and can apply for extreme
applications. Shape memory epoxies have attracted much attention from academic
and industrial researchers because they possess excellent shape memory performance.
Recently (Atli et al., 2009), they are commercially available which reported properties
are comprised in the range of large deformations, low recovery stresses and low glass
transition temperature.

Recently, Xie et al., (2009) developed methods to tailor epoxy SMP’s T,
Starting with an amine cured aromatic epoxy system, the SMP samples were prepared
by introducing flexible aliphatic epoxy chains. The authors also found that, the T, of

the epoxy SMPs ranged from room temperature to 89°C. However, shape memory
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epoxy polymers are not suitable for many practical applications that require more
stringent characteristics such as high glass transition temperature, high strength, high
stiffness and good shape recovery (Lu et al., 2010). The ability to fine tune glass
transition temperature and mechanical property of the SMPs is thus important
requirement to suit their particular applications. There are two major methods use to
meet the requirement, structure modification and blending with the other. The latter
one is preferable due to case of processing and tailored properties.

Benzoxazine resins are a novel kind of thermosetting phenolic resin that can
be synthesized from phenol, formaldehyde and amine group. The curing of the resins
involves ring-opening polymerization without a catalyst or a curing agent and does
not produce by-products upon curing which results in void-free products.
Polybenzoxazines have some reported outstanding properties such as high glass-
transition temperature, high thermal stability, near-zero volumetric shrinkage or
expansion upon polymerization, low melt viscosity before cure resulting in its high
process ability, low water absorption. Furthermore, polybenzoxazines possess high
electrical properties, excellent mechanical performance and wide molecular design
flexibility (Ning and Ishida, 1994 and Wang and Ishida, 2002).

In recent years, epoxy-benzoxazine alloys have gaimed much nterest from
researchers to enhance the alloys properties (Rimdusit et al., 2011). Ishida and Allen
(1996) have studied benzoxazine-epoxy copolymers system. It was revealed that the
significant increase in crosslink density of the thermosetting matrix strongly
influences to its mechanical properties that leads to significant increases in the glass
transition temperature, flexural stress, and flexural strain at break over those of the
polybenzoxazine homopolymer, with only a minimal loss of stiffness.

Therefore, the first aim of this study is to develop benzoxazine-epoxy based
SMPs using EPON 826, NGDE and Jeffamine D230 as aromatic epoxy, aliphatic
epoxy and curing agent, respectively. The thermal and mechanical properties are
characterized. The second one is to investigate properties on shape memory such as

shape fixity and shape recovery.
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1.2 Objectives

1. To develop shape memory epoxy meodified with benzoxazine resin for

mechanical properties, shape memory properties and thermal stability

enhancement.

2. To study the effects of benzoxazine resin and curing agent contents on

properties of benzoxazine-modified epoxy based shape memory polymer.

1.3 Scopes of the Study

1. Synthesis of BA-a typed benzoxazine resin by solventless synthesis

technology.

2. Preparation of polymeric alloys using EPON 826 as aromatic epoxy and

NGDE as aliphatic epoxy and using Jeffamine D230 as curing agent.

Parameters to be mvestigated is Jeffamind D230/BA-a contents: 1/0,
0.8/0.2, 0.6/0.4, 0.4/0.6, 0.2/0.8 and 0/1 mole ratio.

3. Characterization.

3.1

3.2

Thermal and mechanical properties of epoxy-benzoxazine alloys

- Differential Scanning Calorimeter (DSC)

- Dynamic Mechanical Analysis (DMA): three point bending mode
- Universal Testing Machine: flexural mode

Shape memory properties (shape fixity and shape recovery)


http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/

CHAPTER 2

THEORY

2.1 Shape Memory Polymers (SMPs)

Shape memory polymers (SMPs) represent responsive polymers which can fix
deformed temporary shape and recover their original shape depend on external
stimulus. They can be stimulated by temperature, pH, chemicals, and light upon
applhication of an external stimulus, they also have the ability to change theirr shape.
The shape of thermally responsive shape memory polymers can be readily changed
above the shape memory transition temperature (T...) and the deformation can be
fixed below this temperature. As a result, when they are heated above T their
original shape can be recovered automatically.

The permanent shape can be recovered when the material is heated back above
a critical temperature. This phenomenon is the shape memory effect. The crtical
temperature at which the polymer stiffness changes drastically with heating or cooling
15 called the glass transition temperature (T,). The low temperature region where the
material has high stiffness 1s referred to as the glassy state, and the region with low
stiffness at high temperature is called the rubbery state.
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Figure 2.1 Elasticity versus temperature of amorphous polymers
(Feninat et al., 2002).
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For a polymer to possess shape memory properties, it has to have a permanent
network and a reversible phase. Permanent shape can be achieved via chemical
crosslinking or physical crosslinking (e.g. chain entanglement and crystallization).
The fixing of temporary shapes is due to the reversible phase, which corresponds to
either a glass transition or a melting transition. When a reversible thermal phase
transition is utilized to fix temporary shapes, the corresponding temperature is
typically called the shape memory transition temperature (Tins). Since most polymers
possess at least one reversible thermal transition, they can be converted mto SMP by
introducing a permanent network (e.g. chemical crosslinking).

Most of the shape memory effects are based on the existence of separated
phases related to the coiled polvmer structure, cross-links, hydrogen bonding, ete.
Chains tend to go back to the random coiled configuration, unless they are constrained
by permanent or temporary cross-links and partial bonding. The shape memory
transformation depends on the mechanism by which polymer molecules transpose
between the constrained and random entangled conformations. Shape memory
polymers are processed by conventional methods to have a permanent shape. This
permanent shape is stored in the system while the polymer assumes different
temporary shapes, and by heating the polymer higher than the transition temperature,
the permanent shape can be restored. The phase corresponding to the higher transition
polymer component acts as the physical crosslink responsible for the permanent
shape. The second component acts as a molecular switch and helps to freeze
temporary shapes below the transition temperature.

Chemical crosslinks can also be used in elastomeric shape memory polymers,
instead of physical crosslinks. Temporary shapes can thus be formed above the
transition temperature and can be frozen by keeping the material below the transition
temperature, while the permanent shape can be obtained again by heating above the s
transition temperature. This is the reason why most of the thermally induced SMPs
have a one-way shape memory effect: they remember one permanent shape formed at
the higher temperature, while many temporary shapes are possible at lower

temperatures for which the systems do not have any memory.
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Figure 2.2 Time series photographs that show the recovery of a shape memory tube.
(a)—(f) Start to finish of the process takes a total of 10 s at 50°C (Behl and Lendlein,
2007).

In terms of chemical structure, SMPs can be considered as phase-segregated
linear block copolymers having a hard segment and a soft segment. The hard segment
acts as the frozen phase and the soft segment acts as the reversible phase. The
reversible phase transformation of the soft segment i3 responsible for the shape
memory effect. Researcher found that the shape memory effect could be controlled by
a thermo-mechanical cycle. When the SMP is heated above the glass transition
temperature of the hard segment, the material can be processed. This origmnal shape
can be memorized by cooling the SMP below the glass transition temperature of the
hard segment. When the shaped SMP is cooled below the glass transition temperature
of the soft segment at which the shape is deformed, the temporary shape is fixed. The
original shape i1s recovered by heating the material above the glass transition
temperature of the soft segment. Another method for setting a temporary shape
mvolves the material being deformed at a temperature lower than the glass transition
temperature of the soft segment, resulting in stress and strain being absorbed by the
soft segment. When the material is heated above the glass transition temperature of
the soft segment, the stresses and strains are relieved and the material returns to its
original shape. Examples of polymers used to prepare hard and soft segments of
SMPs include various polyether, polyacrylate, polyamide, polysiloxane, polyurethane,
polyether amide, polyvinyl ether, polyurethane-urea, polyether ester, and
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urethane/butadiene copolymers. The shape-fixing process, deformation, and shape
recovery are schematically illustrated in Figure 2.3. It describes the thermo-
mechanical cycle:

e Process 1 The polymer pellets are heated above the melting temperature of the
hard segment, T,,, then the polymer melts and is cross-linked. This is denoted
as the first synthetic form.

e Process 2 The polymer is cooled and crystallization occurs, having the primary
shape (predetermined shape). This is the fixed shape into which the polymer
returns upon triggered by the temperature change.

e Process 3 The polymer is heated to the T, together with the application of an
external force, the polymer is leff in a secondary shape.

e Process 4 The external force in process 3 is still applied on the copolymer but
the temperature is lowered until it reaches a temporary shape.

e Process 5 Once the copolymer is heated above the T, it returns to the primary
shape. A thermal-mechanical cycle of the shape memory effect is complete.
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Figure 2.3 Shape fixing and recovering processes of a shape memory polymer
(Rousseau, 2008).
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The four classes of SMPs are defined later. Typical examples of SMP
compositions for each SMP class as well as a summary of their resulting SMP

properties as reported in the literature are included (Rousseau, 2008).

Class I: Chemically Cross-linked Glassy Thermosets. In such a system, the
macromolecules are covalently linked and the resulting three-dimensional network
exhibits a Ty below or above which the thermoset becomes reversibly glassy or
rubbery, respectively. T, governs the shape memory behavior i this case and the
temporary shape is commonly formed at Ty and fixed by cooling below T, The
permanent shape is set by the covalent bonds of the three-dimensional network during
processing. For this class of materials, usually excellent shape fixity and recovery are
observed due to the high modulus below T, and excellent rubber elasticity above T,.
Indeed, the most common examples for this class of materials are epoxy-based SMPs
that have been reported in the literature to show fixing and recovery of 95-100%
when explicitly quantified. Typically, such epoxv systems are commercially available

thermoset epoxy systems with proprietary formulation.

Class II: Chemically Cross-linked Semi-crystalline Rubbers. Here, the permanent
shape is again set by the chemical crosslinks formed during processing;, however, a
temporary shape is formed and fixed when the sample is deformed above the Ty, of
the crystalline regions and subsequently cooled below their crystallization
temperature. For this class of materials, there exists a wider range of shape fixity and
recovery attainable that depends on the composition of the network compared to class
I SMPs. Examples of such SMPs include cross-linked ethylene-vinyl acetate rubbers
with 30-95% recovery depending on their composition. Cross-linked polyethylene
systems commonly used as heat shrink materials with fixing and recovery of up to 96
and 94%, respectively, and cross-linked poly-cyclooctene with almost complete
(=100%) shape fixity and recovery have also been reported.

Therefore, class II SMPs can be tailored to optimize performance and reach
shape fixity and recovery values of up to 95%. However, because the temporary shape
is fixed through crystallization, the modulus in the fixed state is relatively low, in the

order of 10° Pa, one order of magnitude lower than that for class I SMPs. Morecover,
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because intrinsically polymers show large thermal hysteresis between melting and
crystallization transition temperatures, it is expected that class II SMPs would have to
be cooled to lower temperatures relative to T, compared to class I SMPs to allow full

crystallization for good shape fixity, potentially extending the SM cycele time.

Class III: Physically Cross-linked Amorphous Thermoplastics. For physically
cross-linked amorphous thermoplastics, the SM behavior is attributed to the T, of the
soff segment regions and, therefore, a deformed shape obtamed at T > T, 1s
maintained by cooling below the glass transition. In contrast, the permanent shape of
the network is provided by physical crosslinking of the hard segments through
molecular interactions such as van der Waals, dipole—dipole interactions, or hydrogen
bonding. Physically cross-linked amorphous PUs represents the majority of this class
of SMPs. Again, they are generally synthesized following common synthetic routes
such as reacting diisocyanates and polyols with a diol or a triol as a cross-linker. Their
shape fixity and recovery abilities have been reported to vary from 80 to 90% and 75
to 100%, respectively. Researchers have reported how the length and/or molecular
weight distribution of soft segment and the hard segment content affect SM
performance, especially with respect to recovery rate and to a lesser extent shape
fixity and recovery speed. For example, as noted earlier, an MDI-PTMG-based PU
showed increased shape retention and a higher rate of recovery if a bimodal molecular
weight distribution of soft segment and a copolymer block-type arrangement were
used. Again, this emphasizes the need for optimizing material/structure/properties of
SMPs in order to increase SM performance. With regards to cycle life, Ohki et al.
reported on the SM behavior of a glass fiber reinforced PU, which underwent 60
consecutive mechanical cycles without failure and only a slight accumulation of
residual strain as the cycle number increased; however, they tested only five
consecutive thermo-mechanical cycles. In addition, Lin and Chen tested their
polyether-based PU SMP through 200 consecutive SM cycles. They observed an
improvement in shape fixity and shape recovery for subsequent cycles with increasing
cycle number although with a slight decrease in these properties relative to the initial,
starting strain of the first cycle. In conclusion, class III SMPs generally exhibit
slightly lower SM performances compared to class I and II SMPs, specifically shape
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recovery and fixity. This is mainly explained by a loss in physical crosslinks integrity
caused by mechanical deformation. However, class III-SMPs exhibit a relatively high

modulus below T, comparable to that of class I SMPs, in the order of 10° Pa.

Class IV: Physically Cross-linked Semi-crystalline Block Copolymers. Very
similar in their structure to class III SMPs described earlier, the physically cross-
linked semi-crystalline block copolvmers exhibit SM behavior about the soft segment
Tm. whereas retention of their permanent shape is achieved by physical crosshinking
between hard segments through molecular interactions in crystalline regions. Again,
for this class of SMPs, the most commonly reported systems are PU-based with
common chemistries involving for instance the use of polycaprolactone diol (PCL) as
a soft segment, methylene diisocyanate (MDI) as a hard segment, and butandiol (BD)
as the cross-linker. Commercially available PU formulations have also been used. For
this class of SMPs, shape fixity and recovery have been stated to range anywhere
from 65 to 96% and 56 to 100% depending on the composition (soft segments length
and/or molecular weight distribution and hard segment content). For instance, hard
segment contents varying from 10 to 33% have been reported as optimum values for
increased SM behavior in the PU systems described by Li et al. and Park et al.,
respectively. In addition, Li et al. also stated that their PCL/MDI/BD-based PU
exhibited a lower limit of soft segment molecular weight, of 2000 to 3000 g/mol.
Although shape memory behavior of class 111 and IV SMPs can be tailored to
reach relatively high performance levels comparable to those of class I and I SMPs,
they require SM training through a minimum of 2-3 cycles. Indeed, in contrast to
covalently cross-linked SMPs, a significant irrecoverable strain generally results from
the first completed SM cycle which persists through subsequent thermo-mechanical
cycles. Therefore, an optimized behavior for a specific class IV SMP is achieved after
the sample has been trained, that is, it has been cycled thermo-mechanically several

times according to the application requirements prior to utilization.

2.1.1 Shape Memory Properties
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For a polymer to possess shape memory properties, it has to have a permanent
network and a reversible phase. The phase showing the highest thermal transition acts
as the physical cross-link and is responsible for the permanent shape. Above this
temperature the polymer melts and can be processed. A second phase serves as a
molecular switch and enables the fixation of the temporary shape. The transition
temperature for the fixation of the switching segments can be a glass transition (Ty).
After forming the material above the switching temperature, but below T, the
temporary shape can be fixed by cooling the polymer below the switching
temperature. Heating up the material above T, again cleaves the physical cross-links
in the switching phase as a result of its entropy elasticity (Lendlein and Kelch, 2002).

Entropy elasticity which described flow of the polymer chains under stress can
be stopped by cross-linking the chains. The cross-linkage points act as permanent
entanglements and prevent the chains from slipping from each other. The cross-links
can either be chemical and/or physical.

Chemically cross-linked polymers form insoluble materials. Their shape is
fixed during the cross-linking and cannot be changed afterwards. Thermoplastic
elastomers contain physical net-points. A requisite for the formation of the net-points
is the existence of certain morphology of a phase-separated material, as found for
block copolymers containing thermodynamically immiscible components. The highest
thermal transition is related to the hard-segment-forming phase. If this thermal
transition is not exceeded, these domains will stabilize the permanent shape by acting
as physical net-points in the material. Besides the net-points, networks contain
flexible components in the form of amorphous chain segments. If the glass transition
temperature of these segments is below the working temperature, the networks will be
elastic. They show entropy elasticity and can be stretched with a loss of entropy. The
distances between net-points increase during stretching and they become oriented. As
soon as the external force is released, the material returns to its original shape and
gains back the entropy lost before. As a result, the polymer network is able to
maintain the mechanical stress in equilibrium.

The elastic modulus increases upon heating; the coefficient of thermal

expansions for a stretched eclastomer is negative above the glass transition
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tetrperature; below the T, walue the sample behawves like a glass and contracts if it 1z
fiurther cooled down (Figure 2.4).

T!. T —=

Figure 2.4 Flot of the stress gin an elastomer which 12 stretched and then kept under
constant strain over a temperature range abowe and below the T value (L endlein and
Felch, 2002

21.2 Shape Memory Effect (SME)

mhape memory belawior can be observed i vatious polyrmer syetems which
are sigm ficantly different i molecuar structure, morphology and processing method.
Figwe 2.5 shows a geneml approach for producing a shape memory effect. A
terrmporary shape can be fized after processing and the penranent shape subsequertly
cati be recovered fom the terporary shape when triggered by the esternal stimulus
such asheating to a certain temperature.

In itz molecular mechamam, the polymer wall exhibit shape  memory
functionality if the material can be stabilized in the deformed state in a temperature
range that 15 relevant for the particular application Thiz can be reached by using the
networl chains as a land of molecular swatch. For this purpose the flezability of the
segments showld be a function of the temperature. One posahility for a swatch
function 13 a thenmal transition { Tz) of the networls chains in the termperature range of
interest for the particular apphication At termmperatires abowe Tz the chain segments
are flexmihle, whereas the flesahlity of the chains below this thermal tranaition 15 at
least partly lirmted. In the case of a transition from the ribber-elastic or sascous state
to the glassy state, the flemability of the entire segmert 1z brmited. If the therral
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transition chosen for the fixation of the temporary shape is a melting point, strain-
induced crystallization of the switching segment can be mitiated by cooling the
material which has been stretched above the T, value. The crystallization achieved is
always incomplete, which means that a certain amount of the chains remains
amorphous. The crystallites formed prevent the segments from immediately reforming
the coil-like structure and from spontaneously recovering the permanent shape that is
defined by the net-points. The permanent shape of shape-memory networks is
stabilized by covalent net-points, whereas the permanent shape is fixed by the phase

with the highest thermal transition at Ty,

Permanent Temporary Permanent
shape shape shape
Programming Recovering

Figure 2.5 Schematic representation of processing of shape memory effect.
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shape (B)

netpoint -~ switching segment, relaxed
~== switching segment, elongated and fixed

Figure 2.6 Molecular mechanism of the thermally-imnduced SME. T, is the thermal
transition temperature of the switching phase (Behl and Lendlein, 2007).
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The molecular mechanism of programming the temporary form and
recovering the permanent shape is demonstrated schematically in Figure 2.6. A quick
deformation of the amorphous material by a sudden subsequent decrease or reduction
of the external force, the polymer reforms its original shape. Such polymers will also
exhibit a shape memory effect if a suitable programming technique is applied. The
temporary entanglements of the polymer chains which act as physically net-points can
be used for the fixation of the permanent shape. This thermal transition can be used as
a switching transition if the glass transition is in the temperature range that is relevant

for a specific application.

2.1.3 Parameters for Characterization of SMPs (Hu, 2007)

To characterize the shape memory properties of polymers, a set of parameters
is needed. First, the parameters should be able to reflect the nature of polymers.
Second, to distinguish them from other properties of materials, shape memory
properties are shown through a series of thermo-mechanical cyclic processes.
Therefore the parameters should be able to define the whole shape memory processes
as well. At last, the design of the parameters should consider the potential

applications. The parameters are introduced in the following.

1) Shape fixity (Ry)

The parameter which described when a shape memory polymer is heated to a
temperature above the transition temperature for triggering shape memory behaviors
(Te), it can develop large deformations which can be mostly fixed by cooling to a
temperature below T,. This parameter was proposed to describe the extent of a
temporary shape being fixed in one cycle of shape memorization. Shape fixity is equal
to the amplitude ratio of the fixed deformation to the total deformation. Shape fixity
related to both structures of polymers and the thermo-mechanical conditions of shape
memorization. As compared with the structures of SMPs, the thermo-mechanical
conditions play equally or even more important roles in determining the shape fixity

and other shape memory properties.
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2) Shape recovery (R,)

A given SMP holding a deformation by low temperature can restore its
original shape by being heated up above T,. Shape recovery is used to reflect how
well an original shape has been memorized. Compared with the case of shape fixity,
the diverse and confused usages take place not only to notation but also to
mathematical expressions for this parameter.

Like shape fixity, shape recovery depends on both the structures of polymers

and the thermo-mechanical conditions of shape memorization.

3) Recovery stress

Recovery stress stems from the clastic recovery stress generated in the
deformation process. When SMPs are heated and deformed, the elastic stress is
generated and the elastic stress is stored when SMPs are cooled below T, If the
deformed and fixed SMPs are reheated above Ty, the stress stored in SMPs 1s released
as shape recovery stress. In this sense, one cycle of shape memorization can be looked
on as a thermo-mechanical cycle consisting of stress generation, stress storage, and
stress release. SMPs are considered promising in development of smart actuators. The
characterization of shape recovery stress is therefore essential.

The dilemma for the characterization of recovery stress of SMPs is chiefly
caused by viscoelasticity of polymers, especially for the thermoplastic SMPs. Owing
to the limitations of equipment and efficiency of heat transfer, it is practically
impossible to heat or cool an SMP to a certain temperature in a sufficiently short time
in experiments. Therefore the stress relaxation is inevitable by all means if only the
SMP is in a constrained state. As a consequent, the stress generated in deformation
must be lost more or less in the shape fixing and shape recovery processes.
Additionally, the rate of stress relaxation alters with the temperature change in the
whole shape memory process, which means that its influence on the recovery stress is
unknown. In the other words, the recovery stress may change all the time with the
stress relaxation, but the exact nature of the change is uncertain. Therefore it is

difficult to calculate the recovery stress in quantitative terms.

4) Recovery rate
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This parameter is a dimension for describing the speed when a given SMP
recovered from a temporary shape to its original shape by being heated. The
parameter has no uniform name, which called were as speed of recovery process,
deformation recovery speed or shape recovery speed. The parameter can be measured
qualitatively and quantitatively.

Liu et al. investigated the shape recovery process of some SMPs and
qualitatively studied the shape recovery speed using a video camera at a rate of 20
frames/s. It was evident that the SMP was restored to its original shape in 0.7 s. Li et
al. and Luo et al. investigated the shape recovery of SMPs with a constant heating
rate. Through the curve of shape recovery as a function of temperature, the shape

recovery speed was calculated.

2.1.4 Applications of Shape Memory Polymer (Leng et al., 2011)

The potential applications for SMPs that include smart clothing, space and
medical applications, smart structural repair, reconfigurable tooling, micro-
electromechanical systems, actuators, self-healing, health monitoring, biomedical
devices, self-repairing auto bodies, kitchen utensils, switches, sensors, intelligent
packing, heat-shrinkable tubes, and biosensors. Specific examples from recent works

are detailed from now on.

1) Deplovable structures

For the traditional acrospace deployable devices, the change of structural
configuration in-orbit is accomplished through the use of a mechanical hinge, stored
energy devices or motor driven tools. There are some intrinsic drawbacks for the
traditional deployment devices, such as complex assembling process, massive
mechanisms, large volumes and undesired effects during deployment. In contrast, the
deployment devices fabricated using SMPs and their composites may overcome

certain inherent disadvantages.

2) Automobile
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SMPs have been used in automobile engineering, and many interesting
products have been developed. Some mteresting applications of SMPs include seat
assemblies, reconfigurable storage bins, energy-absorbing assemblies, tunable vehicle
structures, hood assemblies, releasable fastener systems, airflow control devices,
adaptive lens assemblies and automotive body molding. The reasons for using SMPs
are due to their excellent advantages such as shape memory behavior, easy
manufactuning, high deformed stran and low cost. That is why they have attracted a
lot of attention in automobile engneering and have even been used to replace the

traditional structural materials, actuators or sensors.

—Resistance
—Heater

AMPX Imbadass wing L Wire or SMF tangled fibers

(@)

Cold (unpowered) state

lﬁ% SMP hooks engage, hold shape

SI\Q\hooks ’ forced attachment s M

.‘15‘.'11';15:‘-:1 .l‘ Attachment force is high

Powered(hot) state

Applied release force | ]
vkt naEl AN * ‘ '
SMP hooks soften, straighten SMP hooks re-form upon release

(b)

Figure 2.7 A reversible attachment based on SMPs: (a) an alternative SMP based
smart hook and loop attachment embodiment; (b) schematics of working process of
the active hook-and-loop fastener (Leng et al., 2011).

Asg a typical example, SMPs are proposed to be used for the reversible
attachments, as shown in Figure 2.7. In this embodiment (see Figure 2.7a), one of the
two surfaces to be engaged containg smart hooks, at least one portion of which is

made from SMPs materials. By actuating the hook and/or the loop, the on-demand
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remote engagement and disengagement of joints/attachments can be realized (see
Figure 2.7b). With a memorized hook shape, the release is effective and the pull-off
force can be dramatically reduced by heating above the T, It can be used for a
reversible lockdown system in the lockdown regions between the vehicle body and
closure.

SMPs can also be used in an airflow control system to solve a long-time
problem for automobiles. As we know, airflow over, under, around, and/or through a
vehicle can affect many aspects of vehicle performance, including vehicle drag,
vehicle lift and down force, and cooling/heating exchange. Reduction to vehicle drag
reduces the consumption of fuel. A vehicle airflow control system, which comprises
an activation device made of SMP material, actively responses to the external
activation signal and alters the deflection angle accordingly. Thus, the airflow 1s under

control based on the environmental changes.

3) Self-healing composite system

A healable composite system for use as prmary load-bearing aircraft
components has been developed by Cornerstone Research Group (CRG), Inc. The
composite system consists of piezoelectric structural health monitoring system and
thermal activation systems based on SMPs (see Figure 2.8). Upon damaging, the
monitoring system will sense the location and magnitude of damage, send the
corresponding signals to the controlling system, resistively heat the SMPs at the
location of damage, and finally the induced shape-recovery of SMPs will heal the
damage. As shown in Figure 2.9, the SMP composite system can recover 75-85 % of
flexural strength upon bending test.

Figure 2.8 Sclf-healing system based on SMP (Leng et al., 2011).


http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/

15

700 B Epoxy SMP A
600 B Epoxy SMP B n
0O EPON 826/EPI-CURE 9351

= 500 +—
z
g 400 — J
Z 300 +—
£ 200 +—

100 +—

(i} T
Before Damage After Healing

Figure 2.9 Flexural strength of epoxy-based composites before damage and after
healing (Leng et al., 2011).

4) Morphing structures

Flight vehicles are envisioned to be multi-functional so that they can perform
more missions during a single flight, such as an efficient cruising and a high
maneuverability mode. When the airplane moves towards other portions of the flight
envelope, its performance and efficiency may deteriorate rapidly. To solve this
problem, researchers have proposed to radically change the shape of the aircraft
during flight. By applying this kind of technology, both the efficiency and flight
envelope can be improved. This is because different shapes correspond to different
trade-offs between beneficial characteristics, such as speed, low energy consumption
and maneuverability. For instance, the Defense Advanced Research Projects Agency
(DARPA) is also developing morphing technology to demonstrate such radical shape
changes. As illustrated in Figure 2.10, Lockheed Martin is addressing technologies to
achieve a z-shaped morphing change under the DARPA’s program fund.

During the development of morphing aircraft, finding a proper skin under
certain criteria is crucial. Generally, a wing skin is necessary, especially for the wing
of a morphing aircraft. Researchers focus their works on mvestigating proper types of
materials that are currently available to be used as a skin material for a morphing
wing. In this case, the SMPs show more advantages for this application. It becomes

flexible when heated to a certain degree, and then returns to a solid state when the
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stimulus 1s termmated. Since SMPs holds the ability to change its elastic modulus,

they could potentially be used in the mentioned concept designs.

Figure 2.10 Z-shaped morphing wings produced by Lockheed Martin
(Leng et al., 2011).

5) Reflector

Stifftness for a flexible reflector, a new kind of solid surface deployable
reflector was developed by Harris Corporation, which is similar to a spring back
reflector. By enabling large aperture antennas to be stowed within an existing launch
vehicle, the reflector 1s envisioned to significantly promote the ability of satellite
communication systems. In addition, Harris Corporation 1s now considering the use of
elastic memory composite (EMC) materials for the system (see Figure 2.11) to realize
the full potential. The stiffener around the edge of the antenna can be made by EMC
materials. The antenna can be stowed m the spacecraft and then its deployment can be
triggered by the shape memory effect to finally hold the surface of the antenna m a

precision micro-system.

(a) (b)

Figure 2.11 Shape memory polymer composite reflectors: (a) pre-deformed shape

and (b) recovered shape (Leng et al., 2011).
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6) Shape memory polymer textiles and applications
Shape memory fibers based on SMPs can be implemented to develop smart

textiles that respond to thermal stimulus. SMPs can be used for textiles, clothing and
related products in the form of shape memory fibers, shape memory varns and shape
memory fabrics. Hu et al at Hong Kong Polytechnic University have
comprehensively mvestigated shape memory finishing chemicals and technologies for
cotton fabrics, wool fabrics and garment finishing. Figure 2.12 shows morphology of
a shape memory fiber detected by SEM. On the surface of a single filament of this
shape memory fiber, the grooves can be observed which are due to the traces after the
solution is extruded from the pinholes of the spinneret. The diameter of the single
filament iz measured as about 16 pm. Furthermore, shape memory finishing fabrics
can be produced with coating shape memory emulsion or combining shape memory
films. When washed in hot water or dried at temperatures higher than T, their
wrinkles will disappear and they can recover the original flat shape. It iz also expected

that the smart fibers may be used for novel tiber sensors or advanced medical usage.

(a) (b)

Figure 2.12 Scanning electron microscopy of shape memory fiber: (a) View of multi-
filament (500x) (b} view of an solated single filament (4000x) {Leng et al., 2011).

2.1.5 Shape Memory Epoxy (Feldkamp and Rousseau, 2010)

Epoxies are an important family of shape memory polymers (SMPs) due to
their excellent stabilty and thermo-mechanical endurance and the high wvalues of
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shape fixity and shape recovery. Actuators based on these materials can be designed
for large tensile elongations (e.g., 75% or higher) or large recovered stresses (e.g., 3
MPa or higher). We show that an SMP based on an epoxy network with both
chemical and physical crosslinks could be strained up to 75% in 4 repeated shape
memory cycles with tensile stresses close to 3 MPa. Shape fixity and shape recovery
values were close to 98% and 96%, respectively, without any significant change
between the first and subsequent cycles.

In previous reports, we showed that epoxy resins exhibit excellent
instantaneous shape memory effect with nearly complete shape fixity and shape
recovery at deformation strains above 6—7%. Adequate material design enabled for
maintaining these excellent characteristics even under more drastic conditions, which
included increased times spent under load in the hot stage, increased times in the

temporarily fixed state, or even extensive cycle repetitions.

2.1.6 Shape Memory Polymer Composites (I.eng et al., 2011)

1) Particle-filled shape memory polymers

The thermo mechanical behavior of SMPs can be designed either through
modification of the molecular structure of the polymer or through the addition of
functional fillers into the polymer as a matrix for multi-phase composites. The SMP
composites can be classified as particle- or fiber- reinforced depending on the type of
filler they employ. SMP composites filled with particles (e.g., carbon black, carbon
nanotubes, carbon nano-fibers, SiC, Ni, Fe;Oa, clay, and short or continuous fibers
may meet various requirements in practical applications. In general, the SMP
composites filled with particles or short fiber develop some particular function, such
as high electrical conductivity, magnetic-responsive performance, or high stiffness on
the micro scale. Hence, this type of SMP composites is studied as a multifunctional
material. Yang and Huang investigated the thermo mechanical properties of
polyurethane SMP filled with carbon powders. Their results demonstrate that the
incorporation of carbon powders is an efficient means of increasing the recovery
stress. In addition, Gall et al, (2002) comprehensively investigated the thermo
mechanics of SMPs and their composites, including a SiC reinforced epoxy SMP. The
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SiC/SMP nano-composites were found to have a higher elastic modulus and were
capable of generating higher recovery forces in comparison with pure SMP specimen
carbon nano-fibers have the potential to be used in nano-electronic devices, such as
artificial muscles, as well as in electrochemical energy storage matrices. Carbon nano-
fibers usually vary from 5 to 1000 microns in length and are between 50 to 300 nm in
diameter. The Young's modulus of these nano-fibers can reach as high as 1.2 TPa and
some samples have been reported to have tensile strengths up to 64 GPa, compared to
conventional carbon fibers that have strengths equal to about 4.0-5.0 GPa. Thus, it is
expected that composites filled with carbon nano-fibers may present better
performances when compared to the conventional carbon fiber reinforced materials.
Consequently, carbon nano-fibers with diameters of 24 nm and lengths 300 nm were
used for reinforcement of SMPs by Manpreet. They demonstrated that the presence of
nano-fibers in SMP leaded to significant reinforcement for SMPs. Pure SMPs or
particle-reinforced SMPs are not suitable for use as structural materials; however,
they are generally used as functional materials through the addition of some particular
particle fillers. For instance, electrically conductive carbon black, carbon nanotubes,
nickel powders and chopped carbon fibers are incorporated into SMPs to develop
electro active SMPs. Ferromagnetic Fe;Oy-filled SMPs can lead to magnetism
induced SMPs. Moreover, mnfrared optical fiber could be embedded into SMPs to
develop light-induced SMPs by transmitting the infrared light through the fiber to heat
the SMP.

2) Fiber-reinforced shape memory polvmers

In general, since the improvement in their mechanical properties is quite
limited and their strength and stiffness remain low, SMP composite’s reinforced with
particles or short fibers cannot be used as structural materials. In contrast, continuous
fiber-reinforced SMPs offer a significant improved in strength, stiffness and
resistance against relaxation and creep, thereby providing better mechanical
properties. As both a functional and structural material, these SMPs show good
potential for many advanced applications. When used as actuator materials, they
require no moving parts. Substantial interest has therefore been generated for the use

of fiber-reinforced SMPs in deployable structures including antennas, trusses and
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solar arrays. In addition, most studies regarding SMP composites are focused on
thermoplastic SMP resins such as polyurethane SMP. However, the relatively poor
thermal and mechanical properties (e.g., temperature, moisture and chemical
resistance) of thermoplastic SMPs cannot fully meet practical requirements.
Thermosetting SMPs, however, show an improvement in the aforementioned
properties and can be widely used as functional or structural materials. A carbon fiber
fabric reinforced polyurethane SMP was developed for industrial applications. The
bending recovery ratio of this SMP based laminates was larger than that of pure SMP
sheet for any given recovery time. Epoxy SMP composites (Elastic Memory
Composite, EMC) show great potential for light weight deployable spacecraft
structures applications. Composite Technology Development (CTD), Inc. firstly
started to comprehensively researched the EMC and the relevant applications in
deployable structures since the 1990s. A study of the micro-mechanisms of
deformation in EMC materials has been conducted by CTD and Gall et al. Their
studies have investigated several interaction phenomena between the reinforcement
fibers and the SMP resin in an epoxy EMC laminate. Due to the effects of micro
buckling and the shift in the neutral-strain surface, the fiber-reinforced SMP
composites laminate can achieve much larger compressive strains than traditional
hard-resin composite. In addition, Leng ¢t al. developed a fiber-reinforced
thermosetting styrene-based SMP composite. Based on the high strain capability and
relatively good mechanical properties, the fiber reinforced SMP composites show
potential for deployable structures applications. The aforementioned carbon-fiber
reinforced SMP composites exhibit better mechanical and thermo mechanical
properties than pure SMPs, and they can also be activated by loading a voltage on the
carbon fibers embedded in the SMP matrix. Hence, they could be somewhat described
as a multi-functional materials. In addition to carbon-fiber reinforced SMPs, glass-
fiber or Kevlar-fiber reinforced SMPs are also an important type of shape memory
composite. Liang et al. previously investigated glass and Kevlar fiber reinforced
thermoplastic SMP composites. They found an improvement in stiffness but a
decrease in recoverable strain as a result of the incorporation of the reinforcement.
Ohki et al. investigated the mechanical and shape recovery properties of thermoplastic

SMP composites reinforced by chopped strand glass fiber, especially for the
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relationship between fiber weight fraction and recoverability. With the incorporation
of 50 wt% of glass fiber, they found that the failure stress increased by 140% while
the recovery rate decreased by 62%.

Table 2.1 Summary for the filled SMP systems.

Malrix Filler Filler size Max. filler (%) Preparation method

PCO BN micro 30 wt Melt mixing

PU AlIN ACTo 40 wi Melt mixing

P GF, Kevlar micro 70 vol Impregnation

PU GF MICTE 30 wit Melt mixing

P CB iCHD 30 wi Solution mixing

FU MWNT Iano 16.7 wt Solution mixing

PU MWNT nano T wi Solution mixing

PU MWNT NG T wi Solution mixing

FU MWNT nano 10 wt Solution mixing

FU MWNT nano 25 wit Solution mixing

PU Iron oxide nano 10wt Melt mixing

Custom made thermosel [ron oxide MANo 12.1 wi In-sitn polymerization

P lron oxide micra 44) vol Melt mixing

PU clay nano 5wl Melt mixing

FuU clay, CNF, SiC 1o 3 wit Melt mixing

PU CB micro Swi Melt mixing

FU CNF, 0x-CNF nano T wi Melt mixing

EPOXY CF micro 6 vol RTM/pre-preg

epoxy SicC 300-700 nm 40 wt In-sitn polymerization

UHMWPE, PP TEG micro B wi powder mixing and
hot compaction

epoxy TEG icro 18 wit In-sitne polymerization

epoxy TEG IHCED 10 wt In-sitne polymerization

Notes: PCO: poly-cyelooctene, PU: polyurethane, UHMWPE: ultra-high moelecular
weight polyethylene, PP: polypropylene, BN: boron nitride, ATN: alurmmm nitride,
GF: glass fiber, CB: carbon black, MWNT: mmlti wall carbon nanotube, clay:
organoclay, CNF: carbon nano-fiber, oxygen rich, surface modified carbon nano-fiber,
S1C: silicon carbide, CF: carbon fiber, TEG: thermo-expanded graphite, RTM: resin
transfer molding (Gunes and Jana, 2008).

2.2 Epoxy Resin

The generic term epoxy (epoxide in Europe) is now understood to mean the
base (thermoplastie, uncured) resins as well as the resultant cross-linked (thermoset,

cured) plastic. The epoxy, epoxide or oxirane group is a three-membered ring
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consisting of two carbon atoms and one oxygen atom. The nature of this three-
membered ring makes it highly reactive. The structure for an epoxy resin is given in
Figure 2.13. Chemically, an epoxy resin contain one or more epoxy (oxirane) groups
per molecule which can be situated terminally, cyclicly, or internally in a molecule
and can be converted to a solid through a thermosetting reaction.
0
HC/—\CH
R R

Figure 2.13 General structure of an epoxy resin.

Three major types of epoxy resin:

1. Cycloaliphatic epoxy resins (R and R’ are part of a six-membered ring).

2. Epoxidized oils (R and R’ are fragments of an unsaturated fatty acid, such as oleic
acid in soybean oil).

3. Glycidated resins (R is hydrogen and R’ can be a polyhydroxyphenol, polybasic

acid, or polyamine). There are the epoxides used in most commercial application.
Diglycidyl Ether of Bisphenol (Standard Epoxy)

Most widely used epoxy resins are made from diglycidyl ether of bisphenol A.
The chemical structure of bisphenol A is illustrated in Figure 2.14.

I
Figure 2.14 Chemical structure of bisphenol A.

Bisphenol A epoxy resins find large volume application in protective coating,
and significant uses as adhesive, sealants impregnate, bonding, and laminating
materials. In addition epoxy resin used in this study is diglycydyl ether of bisphenol A
(DGEBA). The formation of DGEBA from bisphenol A and epichlorohydrin is shown
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in Figure 2.15. From the reaction, DGEBA is obtained by reacting epichlorohydrin
with bisphenol A in the presence of sodium hydroxide. The reaction takes place in
two steps; they are the formation of a chlorohydrin intermediate and the
dehydrohalogenation of the intermediate to the diglycydyl ether, respectively. Each
molecule of the diglyeydyl ether will react with that of the bisphenol A at the epoxide
group, forming eventually the higher molecular weight DGEBA at last.

(|3H33
HO—@- C—@—OH . H—CH—CH,Cl
| N o
CH;
Bisphenol A Epichlorohydrin (ECH)

l NaOH

CH o
#5% ?H3 L 7N
PN W PN R, S A
|
' On b,

CH;
DGEBA

Figure 2.15 Formation of diglycydyl ether of bisphenol A (DGEBA).

The choice of resin and curing agent depends on the application and on
handling characteristic (viscosity, pot life, gel time); curing temperature and time; use
propertiecs (mechanical, chemical, thermal and electrical); toxicological and

environmental limit; and cost. A description of curing agents is given in Table 2.2.
Basic Characteristics of Epoxy Resins

The epoxy resins possess a preferably unique combination of properties as

following:


http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/

28

RﬂTﬂﬂ Rigidity Thermal Strength
B i GHs Kl b B | GHa B o
e e e e e W] L
H H H CH, H OHH CH,4 HoHoH
Chemical Resistance
Adhesion

Figure 2.16 Sources of epoxy properties.

1. Low viscosity. The liquid epoxy resins and their curing agents can produce low
viscosity, easy to process (or modify) systems.

2. Easy cure. Epoxy resins cure rapidly and easily at practically any temperature from
5to 150°C, depending on the selection of curing agents.

3. Low shrinkage. Their low shrinkage during cure is one of the mast advantageous
properties of the epoxy resins. Furthermore, epoxy resins react with very little
rearrangement and without volatile by-products being evolved.

4. High adhesive strengths. Owing to the chemical makeup, mainly the presence of
the polar hydroxyl and ether groups, the epoxy resins are excellent adhesives. They
can be cured with low shrinkage, thus the various surface contacts set up between
the liquid epoxy resins formulation and the adherents are not disturbed during cure.
Adhesive strengths without the need for both open time and high pressure are
perhaps the best available in the contemporary plastic technology.

S. High mechanical properties. The strength of appropriately formulated epoxy
resing usually surpasses that of other types of casting epoxy resins. This is due to
their low shrinkage and comparatively unstressed structure after curing.

6. High electrical properties. Cured epoxy systems exhibit good electrical properties
over a range of temperatures and frequencies. They are excellent electrical
insulators.

7. Good chemical resistance. The chemical resistance of the cured epoxy resin relies
considerably on the curing agent used. Generally, most epoxy resins possess

extremely high resistance to caustics and good to excellent resistance to acids.
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8. Versatility. The epoxy resins are likely the most versatile of the modern plastics.
The basic properties may be modified in many ways such as by blending of resin

types, by selection of appropriate curing agents, and by application of modifiers.
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Type

Advantages

Disadvantages

Applications

Aliphatic amines

-low viscosity;
-ambient cure temperature;
-little color

-short pot life;

-rapid heat evolution;
-critical mix ratio;
-moderately toxic;

-high moisture absorption

-adhesives;

-small castings;
-electrical encapsulation;
-civil engineering

Aromatic amines

-good elevated temperature
performance;

-good chemical resistance;
-long pot life;

-low moisture absorption

-incompatibility with epoxy
resing;

-long cure cycles at high
temperature;

-toxicity

-high performance composites and
coatings;

-adhesives;

-filament winding;

-electrical encapsulation

-low viscosity;

-construction adhesives;

; g -ambient cure temperature; -poor performance at high -sealants;
Polyamidoamines . . . .
-good mix ratios, mechanical temperature -floorings;
properties, and pot life -concrete bonding
-good mix ratios, pot life, -maintenance coatings;
flexibility, toughness, and -low temperature performance; -castings;
Polyamides corrosion resistance; -high viscosity; -trade sale paints;
-ambient cure temperature; -poor color -adhesives;
-low toxicity -marine coatings
-good mechanical and electrical ;
: -castings;
R -long cure cycles at high -potting;
Anhydrides -low shrinkage and viscosity; 5 Y & P &
i temperature -encapsulation;
-long pot life; -filament windin
-little color &
. . -long cure cycles at high -powder coatings;
. -high temperature resistance; 5 M & P . &%
Catalytic st lonamat Hoss temperature; -adhesives;
ylongp -brittle -¢lectrical encapsulation
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Type Advantages Disadvantages Applications
-good electrical properties; -incompatibility with epoxy resins; | -electrical laminates;
Dicyandiamide -high temperature resistance; -long cure cycles at high -powder coatings;

-latent systems

temperature

-single-package adhesives

Polycarboxylic polyesters

-good weather ability, corrosion
resistance, and mechanical
properties;

-low cost

-poor chemical resistance

-powder coatings

-fast cure at low temperature;

-moisture-sensitive;

-powder coating;

Isocyanates -gO(_)d flexibility and solvent YREAN RS ERALES
resistance
-good chemical resistance,
clectrical properties, shelf -poor UV stability; moldine compounds:
Phenol-formaldehyde, novolacs stability, and compatibility with -high melting; & P ’

epoxies;
-high temperature resistance

-high temperature cure

-powder coatings

Polysulfides and polymercaptans

-rapid cure times;
-flexible systems

-poor performance at high
temperature;
-odorous

-sealants;
-adhesives

Melamine-formaldehyde

-good color and hardness;
-stable one-component systems

-high temperature cure;
-low compatibility with epoxy
resing

-stove paints;
-can coatings;
-finishes

Urea-formadehyde

-stable one-component systems;
-little color

-high temperature cure

-fast-bake enamels;
-stove primers;
-can and drum coatings; topcoats

Resole phenolics

-stable one-component systems;
-good chemical resistance

-high temperature cure;
-brittle;
-poor weather ability

-baked enamels;
-drum and pail coatings
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In this research study, epoxy type EPON Resin 826 will be selected. EPON
Resin 826 can be cross-linked with a variety of curing agents/depending on
processing conditions and properties desired for the finished product. EPON 826 is
commonly used to fabricate high strength fiber reinforced pipes and composites. The
low viscosity of the resin provides rapid wet out of a wide range of reinforcing fibers
including glass, graphite, aramid and boron. High fiber content with low void content
can be achieved with this resin. Structural composites such as this have a high ratio of
strength to weight. This makes them suitable for applications ranging from sporting
goods equipment to aerospace structural members. EPON Resin 826 systems are also
excellent electrical insulators. Such systems are used frequently in electrical
encapsulations, laminates and molding compounds. Structures, linings and coatings
made with EPON Resin 826 protect metal surfaces and resist attack from acids, bases,
solvents and fuel. They find use in the oil, gas, mining and chemical industries. The
higher shear strength obtained with EPON Resin 826 adhesives is due in part to the
low internal stresses inherent in cured epoxy resins. Such adhesives are used to bond a

broad range of substrates.

o CHg CH CH; o
VAN I | I /\
CHy-CH-CH,1+0 cl: 0—CH,—CH-CH,1+0O c|: O—CH,~CH-CH,
CH;g CHy

n

Figure 2.17 Structure of EPON Resin 826 (Merfeld et al., 2003).

Table 2.3 Typical properties of EPON Resin 826

Typical properties
Approximate average molecular weight (Feninat, 2002), g/mol 365
Epoxide equivalent weight (EEW) 178-186
Viscosity, poise at 25°C 65-95
Density, g/ml at 25°C 1.16
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Applications for EPON 826:
 Fiber reinforced pipe and composites
¢ Tooling and molding compounds
« Construction, electrical and acrospace adhesives
 Electrical castings and laminates
s Chemical resistant high solids tank linings
e Flooring

¢ Grouting compounds

For some types of processing the viscosity of the uncured resin system needs
to be lowered. When it is not advisably, as in the case of hand lay-up, to use volatile
solvents as diluents, reactive diluents must be used. In this research used Neopentyl
glycol diglycidyl ether (NGDE) as diluents. They are low viscosity liquids

containing epoxide groups.

Figure 2.18 Structure of Neopentyl glycol diglycidyl ether (NGDE).

In this research used aliphatic amine as curing agents, Jeffamine D-230, the
temperatures required to achieve cure with amine curing agents fall in a wide range,
from 25°C to nearly 200°C, depending on the chemical structure of the amine. They
can cure epoxides at room temperature or only slightly above. Aliphatic amine-cured
systems also tend to have low glass transition temperatures (T,) the temperature at

which the mechanical behavior changes from rigid to rubbery.

NH; “NH;

Figure 2.19 Structure of Jeffamine D-230 (n~2.5)
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2.3 Benzoxazine Resin

Polybenzoxazine is a phenolic polymer in which generated by the Mannich-
like condensation of phenol, formaldehyde and amine. It can be prepared by using
solvent less synthesis technology (Rimdusit and Ishida, 2002). The general pattern for

this process is:

CHa, 0O
—OFO— i v
CHj 4HCH

Bisphenol-A Formaldehyde Aniline

A

N
=
S * + 4110
o >
N

Benzoxazine monomer (BA-a)

Figure 2.20 Schematic synthesis of bifunctional benzoxazine monomer.

Polybenzoxazine offers many advantages. First, a variety of reactants can be
used to design desired molecular structures. Second, thermal polymerization is easy to
carry out and is not dependent on the use of a strong acidic or basic catalyst. Third,

processing is easier compared to traditional resing because of low viscosity. Fourth,
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benzoxazine polymerization does not produce any byproduct. Consequently,
benzoxazine can be easily processed to make void free products.

The polymer network structures are responsible for high modulus of
polybenzoxazines based on bisphenol-A compounds. Earlier, it was assumed that high
flexural modulus and near zero shrinkage (or little expansion) upon polymerization
are due to chemical crosslinking only. However, more recent studies demonstrated
that extensive hydrogen bonding networks also contribute substantially. The intra and
intermolecular hydrogen bonding were found to establish large networks, which in
turn prevent shrinkage and lead to higher modulus.

Thermal properties of polybenzoxazine are the most studied properties besides
mechanical properties. High glass transition temperature, flame retardancy, and high
char yield are among the significant features. Furthermore, it has been reported in
detail that polybenzoxazine can be tailored through two substitutions, preferably
phenols and amines, to improve thermal stability. In this regard, polybenzoxazines
containing propargyl, allvl, and maleimide functionalities were developed and
investigated. The studies revealed that the modifications in chemical structure result
in polymers stable in the temperature range between 200°C and 350°C, offering very

high glass transition temperatures from 100°C to 250°C.
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CHAPTER 3

LITERATURE REVIEWS

Ishida and Allen (1996) investigated mechanical characterization of
benzoxazine and epoxy based on DGEBA. The benzoxazines are copolymerized with
an epoxy resin in order to modify their performance. The addition of epoxy to the
polybenzoxazine network greatly increases the crosslink density of the thermosetting
matrix and strongly influences its mechanical properties. Copolymerization leads to
significant increases in the glass transition temperature, flexural stress, and flexural
strain at break over those of the polybenzoxazine homopolymer, with only a mimimal
loss of stiffness. By understanding the structural changes included by vanations of
epoxy content and their effect on material properties, the network can be tailored to
specific performance requirements. Figure 3.1 show the glass transition temperature

and the flexural strength of copolymer, respectively.

160 200
~ 180 F
o
[
=
-~ =160+
15 g
=
- g
& £ 140
-
g
A 120 1
=
130 L L - L L 100 L 1 L L .
0 10 20 10 40 50 0 10 20 30 40 50

Composition (% epoxy) Composition (% epoxy)

Figure 3.1 The glass transition temperature and the flexural strength of copolymer
(Ishida and Allen, 1996).

Rimdusit and Ishida (2000) found the synergism in the glass-transition
temperature (T,) of ternary systems based on benzoxazine, epoxy, and phenolic

resins. The systems showed the maximum T, up to about 180°C in
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henzoxzamne/epoxyphenclic 341 mass ratio. Adding a small fraction of phenolic
resin enhanced the crosslink density and, therefore, the Tz i the copolymers of
henzozazine and epoxy resins. To obtain the ultimate T; in ternary system, 6-10 wits
phenolic resin was needed. The molecular ngidity from bhenzomxamine and the
irmproved crosslink density from eposxy contribute to the synergistic belawior, The
mechanical relasation spectra of the fully cured ternary systems in a temperature
range of —140 to 350°C showed four types of relasation transitions: ganmma transition
at —al to —A0°C, beta tranation at A0-30°C, alpha) transition at 135-190°C, and alpha
at 200-300°C. The partially cured specimens showed an additional loss pealr that was
frequency-independent as a result ofthe firther curing process of the materials. Effect
ofthe epoxy content on glass tranation termperature of the binary and ternary systems

are shown in Figure 3.2,

1%1
“ n'u__ -
150 /& "
[/ if
o 140¢ ¢~ - %
=] o LN
——" -\H\
= a0k X
C u,
120 F L
| I'ﬁ X . | T T T T PR 1 " PRI __]
¥ 10 20 A0 4.0} 5O &0

Epoxy content (wi3h)

Figure 3.2 Effect ofthe eposxy content on glass transition temperature of
the hinary () and ternaty (0O) systemns (Rimdusit and Tshuda, 20007

Rimdusit and Ishida {2000} have developed new polymeric systems bhazed on
the ternary mmizture of benzoxazine, epoxy, and phenolic nowolac resns. Low melt
viscoaty resins render woid-free specmens with minimmal processing steps. The
matenal properties show a wade range of dearable reliablity and processahility,
which are highly dependert on the conpostion of the monomers i the misture. A
glass transition tenperature as high ag 170°C and considerable thermal stability at 5%
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weight loss up to 370°C can be obtained from these systems as shown in Figure 3.4.
Phenolic novolac resin acts mainly as an inmitiator for these ternary systems while low
melt wviscosity, flexibility and improved crosslink density of the matenals are
attributed to the epoxy fraction. Polybenzoxazine imparts thermal curability,
mechanical properties as well as low water uptake to the ternary systems.

120 p 107
[ = 10°f
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=] w F 8,
B ! S Sk
& 40F 10 k 1
=1 E Lﬂ
e J S M S T 10" E, o P P ;
0 200 400 600 800 0 50 100 150 200 250

Temperature (°C) Temperature (°C)

Figure 3.3 Loss moduli and TGA thermogram of ternary systems:
(®) BEP 111, (0) BEP 121, (A) BEP 131 and (¢) BA-a

Liu et al. 2010) have mvestigated the effect of crosslink density, recovery
temperature and consecutive cycles on the shape memory properties. A sernes of
shape memory epoxy resins (SMEPs) were prepared by epoxy and varying content of
aromatic amine cunng agent. The T, values obtained from DSC analysis are also
summarized in Table 3.1. These results show all samples possess distinctive glass
transition temperatures ranging from 44.7°C to 145.3°C and the T, values gradually
increase with the addition of curing agent. More curing agent brings higher cross-

linking density and closer structure, which can hinder the movement of segment.

Table 3.1 Glass transition temperatures of prepared epoxy resin systems.

Sample EP-50 EP-60 EP-70 EP-80 EP-90 EP-100
T, (°C) 44.7 63.7 20.3 93,9 113.5 1453
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This series of materials were marked as EP-x, where x represented the curing
degree of epoxy resin (EP). From the Table 3.1 shown EP-50 for which the strength is
too low to use as an SMP, is abandoned in the subsequent expermments. While EP-60
is primarily investigated because its T, is in the suitable range of temperature needed
by space deployable structures. EP-60 and EP-100 samples are further characterized
by DMA. The spectra and data obtained are shown in Figure 3.5.

(a) EP-60 (b) EP-100
0
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Figure 3.4 Storage modulus and loss tangent (tan ¢) as a function of
temperature of (a) EP-60, (b) EP-100 (L et al., 2010).

According to the results, EP-60 has a decrease of 3 orders on storage modulus
and B, reaches 2.88x10° Pa at the rubbery state, while EP-100 has a decrease of only
1.5 orders and E, reaches 8.17x10’ Pa. Usually, a good SMP should have a change of
storage modulus for more than 2 orders below and above T, and an appropriate value
of E, at rubbery state to guarantee large elastic deformation. Thus EP-60 meets the
requirements, but EP-100 is abandoned because of too high storage modulus at
rubbery state to accomplish large deformation.

The shape recovery ratio vs. temperature curves for SMEPs are presented in
Figure 3.5. All samples have similar trend that the shape recovery ratio monotonically

and sharply increases with the increase of temperature and finally reaches 100%. EP-
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60, EP-70, EP-80 and EP-90 can all recover their original shape completely at a
gradually higher temperature. These resulis declare that their SMEPs have excellent
shape recovery ability. EP-60 starts shape recovery at 14°C below its T, EP-70 at
13"C below T, EP-80 at 8°C below T, and EP-90 at the temperature of T,. The reason
can be explained that highly cross-linked structures have strong constrained force on
their segments, so these highly cross-linked samples need larger free volume and
more energy, which can be obtained at higher temperature, to accomplish shape

|

| %

I }
40

|[ —=— EP-60
[ =
o[[ -_-“ —v— EP-90

120

TECOVETY.

Shape recovery ratio (%)

_J_ AVE __L__.

140

Temperature("(})

Figure 3.5 Shape recovery ratios of prepared epoxy resins vs. temperature
(Liu et al., 2010).

Xie and Rousseau (2009) have developed methods to tailor T, of shape
memory epoxy polymer. Starting with an amine (Jeffamine D230) cured aromatic
epoxy (EPON 826) system, epoxy polymers were synthesized by either reducing the
crosslink density by substituting the diamine curing agent with a monoamine such as
decylamine (DA) or mtroducing flexible by replacing the EPON 826 with a flexible
aliphatic diepoxy NGDE. The molar compositions for all epoxy synthesized are
summarized in Table 3.2.

All the other epoxy polymers in Table 3.2 show typical shape memory
properties, with shape fixaty above 90% and shape recovery around 100%.
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Interestingly, it appears that the shape fixity for the DA and NGDE series including
the REF seems to increase as more and more DA and NGDE were present in the
formulation. The difference in shape fixities for all the epoxy samples can be
correlated to the difference in glassy modulus and rubbery modulus for each
individual sample. The reduction in the crosshinker led to the decrease in crosslinking
density, as reflected in the increase of M in Table 3.2.

All DA series samples showed distinctive glass transition temperatures
ranging from 30 to 89°C (Figure 3.3a) and relatively constant storage moduli in their
respective glassy and rubbery regions and the difference between the glassy modulus
and rubbery modulus for each individual sample ranges from 2 to 3 orders of
magnitude as shown Figure 3.7(b), the reduction in the crosslink density (increase in

M,) leads to the reduction in the rubbery modulus for the DA series.

Table 3.2 Compositions, shape fixity, and shape recovery of the epoxy samples.

Average
Sample EPON D230 DA NGDE | molecular weights Ry R, (%)
826 (mol) | (mol) {mol) (mol) between crosslink | (%)
points (M,)

REF 0.02 0.01 0 - 475 91.3 99.1
DA1 0.02 0.0075 | 0.005 - 647 95.2 99.2
DA2 0.02 0.005 0.01 - 092 94.2 99.8
DA3 0.02 0.0025 | 0.015 - 2026 102.3 | 982
DA4 0.02 0 0.02 - w0 - -
NGDEI1 0.015 0.01 - 0.005 439 92.3 99.2
NGDE2 0.01 0.01 - 0.01 403 96.4 99.7
NGDE3 0.005 0.01 - 0.015 367 96.8 99.3
NGDEA4 0 0.01 - 0.02 331 - -

In the NGDE series, increasing the crosslink density alone would increase the
material rigidity, thereby reducing its T, ranging from 88 to 6°C. The results, shown in

Figure 3.6(a) and (b), suggest that the impact of increasing the crosshnk density by
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flexability, resulting in a net reduction in T, and rubbery modulus.
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Figure 3.6 (a) DSC curves for the DA epoxy series, (b) DMA curves for the

DA epoxy series (Xie and Rousseau, 2009).
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Figure 3.7 (a) DSC curves for the NGDE epoxy series. (b) DMA curves for the

NGDE epoxy series (Xie and Rousseau, 2009).
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Feldkamp and Rousseau (2010) have studied the effect of the deformation
temperature on the shape memory behavior of epoxy networks. Two main approaches
exist for increasing flexibility and ultimate ¢longation in epoxy systems. In this work
used epoxy resins synthesized where a DEGBA-based monomer (EPON 826 or Dow
D.E.R.383) is crosslinked with a mixture of a diamine cross-linker with either a
second diamine cross-linker or a monoamine pendant chain both of high molecular
weight.

Note that varying the chemical and structural design of these epoxies enabled
tailoring of the glass transition temperature (alternatively, the transformation
temperature) of the epoxy SMPs from 36.5 to 98.6°C, thereby offering a strong and
stable material solution to multiple applications ranging from low to high
transformation temperature requirements. In addition, it can be noted that the modulus
(") of the epoxies in their glassy state (E') 1s high (=2 GPa) and remains high in their
rubbery state (=10-25 MPa) relative to that of other common SMPs in the rubbery
state.

Figure 3.8 shows the data obtained upon testing the D-148(04) M600 samples.
The stress/strain curves obtained for three specimens of the D-148(04) M600 samples

are shown when tested at T:( (dashed lines), and at Ty (solid lines). The presented

data are representative of all other epoxy samples discussed herein.

o (MHa)

Figure 3.8 Stress/strain curves measured for D-148(04)M600 at the deformation
temperature (Tq = 96°C, solid lines) and at the onset temperature of the glass

r
transition (TgE = 44°C, dashed lines). The respective average strain at break values

El’
are s:d: 13.3% and 8:5 = 60.7% (Feldkamp and Rousseau, 2010).
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Leonardi et al., (2010) have investigated the epoxy network contans
chemical cresshnks represented by m-zvlvlenediamme (WEDAY umts and physical
crosslinks represented by n-dodecylamine (DAY units, by the masimum ratio was 4 1.
The mcrease in the rubbery modulus 1z ascnbed to the increase of the fraction of
physical crosshnks produced during the annealing period. The final result 15 shown m
Figure 2.9 representing the dynamic-mechanical thermal response of the epoxy
networks obtained before and after the anmealing period Both To and the rubbery
modulus increased with the annealing. T, measured by DSC also increased from
376 C to 41.2%C with the annealing.

Figure 3.9 shows the uniasmal tensile behavior of the epoxy network in the
rubbery state, at three different tetnperatures The strain at break shows a sigmificant
increase when decreasing temperature appreaching the glass transition At 55%C the
matertal 15 located at about halt of its transition while at 75°C 1t 15 close to the end
value. They can speculate that the presence of local glassy regions increases the

toughness of the material

6 =
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Figure 3.9 Typical uniasmial stress-strain curves a different temperatures in

the rubbery state (Leonard et al., 20107,

They selected a temperature of 55°C as the high temperature of the shape

memory cycle. At this temperature the elastic modulus was 11 WMFPa and the sample
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could be strained to the desired value of 75%. The required stress is close to 3 MPa,
as results from the curve at 55°C shown in Figure 3.9, a value that represents the
stress recovery of the SMP for the selected strain.

Shape memory properties were determined employing 4 thermo-mechanical
cycles (Figure 3.10), fixing 20°C and 55°C as the low and high temperatures of the
cycle and 75 % as the prescribed tensile strain. Figure 3.11 shows the stress-strain
curves at 55°C for the 4 cycles. There is a small difference between the first and
subsequent curves and almost no difference from the second to the fourth cycle. The
resulting values of shape fixity and shape recovery are shown in Table 3.3. They were
close to 98% and 96%, respectively, for the 4 cycles. A significant result is the
absence of a strain hysteresis in the first cycle with respect to subsequent cycles, as

reported for other shape memory epoxies.
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Figure 3.10 Scheme of the shape memory cycle (Leonardi et al., 2010).

Table 3.3 Shape fixity and shape recovery at various cycle

Cycle 1 2 3 4
Ry (%0) 98.0 98.5 98.1 982
R: (%0) 96.8 957 95.5 95.5
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Figure 3.11 Uniaxial stress-strain curves at 55°C during the 4 cyeles used to
determine shape memory properties (Leonardi et al., 2010).

Erden and Jana (2009) examined the properties of polyurethane-
polybenzoxazine based shape memory polymers by using many techniques such as
DSC, DMA, TGA, FTIR, AFM etc. In the experiment, he synthesized 3 samples
which are consist of 4,4-methylene diphenyl diisocyanate (MDI), Polytetramethylene
glycol (PTMG), 1, 4-butanediol (BD),and benzoxazine (B-a). The molar ratios of
each sample and hard segment percentage (HS%) are shown in Table 3.4.

Table 3.4 Corresponding molar ratios of raw materials

Sample MDI PTMG BD B-a HS%
1 5 1 4.0 0 71.2
2 5 1 3.5 0.5 73.4
3 5 1 3.0 1.0 733

The results from DMA test are shown in Table 3.5. There is strong evidence
on a result showing the improvement of shape memory properties and T,. The larger
the value of E'(T,-20 °C)/ E'(T+20 °C) mean the higher values of shape fixity and
rapid shape recovery. Also the increasing of T, is due to the increasing amount of

benzoxazine in the sample.
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E' E' (Troom) E' (To+20) E'(T,-20)/
Sample T.(°C)
(glassy)(Pa) (Pa) (Pa) E'(Tg1+20)
1 7.5x10° 4.1 x10° 5.3 x10° 11.3 51
2 5.3x10° 3.8x10° 3.4 x10 147 65
3 4.7 x10° 3.9 x10° 1.4 x10’ 271 91

Furthermore, he used Universal testing machine (tensile mode) to explore the

tensile properties of the samples. The results are shown in Table 3.6. With the
increasing of the amount of benzoxazine, the value of young’s modulus and the
ultimate stress is clearly rising. However, the elongation percentage at break and
toughness 1s reduced due to the presence of benzoxazine. Sample 1 and 2 showed the

yielding behavior but sample 3 showed brittle failure.

Table 3.6 Tensile properties of the samples

Young's Yield Ultimate
Elongation at Toughness
Sample | Modulus Stress Stress
break (%) (MPa)
(MPa) (MPa) (MPa)
1 228 478 41 50 216
2 258 95 4 35 36
3 475 32 N/A 160 6

Moreover, the stress recovery and shape recovery ratio had been observed. As
the results in Figure 3.12, sample 1 obtained the lowest stress recovery value, which is
around 6.8 MPa, while sample 2 and 3 are at 11.2 and 13 MPA respectively. Figure
3.13 implied the shape recovery (%) of each sample. Sample 1 can retain only 72% of
its length; on the other hands, sample 2 and 3 can recover up to 93% of their shapes.

In conclusion, many properties are affected by the presence of benzoxazine

especially the shape memory behavior and the increasing of T,.
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CHAPTER 4

EXPERIMENTAL

4.1 Raw Materials

Materials used in this research are benzoxazine resin, aromatic epoxy,
aliphatic epoxy and aliphatic curing agent. Benzoxazine resin is based on bisphenol-
A, aniline and formaldehyde. The bisphenol-A (polycarbonate grade) was supported
by Thai Polycarbonate Co.,Ltd. (TPCC). Para-formaldehyvde (AR grade) was
purchased from Merck Company and aniline (AR grade) was contributed by Panreac
Quimica S.A. Company. The diglycidyl ether of bisphenol A epoxy monomer (EPON
826) and Neopentyl diglycidyl ether (NGDE) were available from Aditva Birla
Chemical (Thailand). The curing agent polv(propylene glycol)bis(2-aminopropyl)
ether (Jeffamine D230) was purchased from Aldrich. All chemicals were used as

received.

4.2 Resin Preparation

4.2.1 Benzoxazine Resin Preparation

Benzoxazine resin @ (BA-a) was  synthesized from  bisphenol-A,
paraformaldehyde, and aniline at a mole ratio of 1:4:2. The mixture was heated to
110°C in an aluminum pan and was mixed until a homogeneous mixture was obtained
for 30 min to yield a light yellow solid monomer product, according to the patented
solventless method. The resulting benzoxazine monomer is solid at room temperature
with transparent vellow color. The as-synthesized monomer was ground into fine

powder and taken for material characterization.

4.2.2 Preparation of Benzoxazine-Epoxy Alloying Specimens
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The benzoxazine monomer was mixed with aromatic epoxy, flexible epoxy
and curing agent to provide epoxy-modified benzoxazine at the desirable mole ratio.
The mixture was heated to about 70°C in an aluminum pan for about ten minutes until
a homogeneous mixture. The molten resin was poured into the aluminum foil mold
and was thermally cured at 80°C for 4 hrs in vacuum oven, 100°C/2 hrs, 130°C/1 hr,
150°C/24 hrs, 170°C/1 hr, 190°C/1 hr and 200°C/2 hrs. The samples were demolded

and taken to characterization.

Table 4.1 Compositions of the benzoxazine-modified epoxy SMP

Saiiiples EPON 826 NGDE Jeffamine BA-a
(mol) (mol) D230 (mol) | (mol)
ENDB 1/1/1/0 1 1 1 -
ENDB 1/1/0.8/0.2 1 1 0.8 0.2
ENDB 1/1/0.6/0.4 1 1 0.6 0.4
ENDB 1/1/0.4/0.6 1 1 0.4 0.6
ENDB 1/1/0.2/0.8 1 1 0.2 0.8
ENDB 1/1/0/1 ) 1 - 1

In the nomenclature of the mixtures, the notation E, N, D and B stands for
EPON 826, NGDE, Jeffamine D230 and BA-a, respectively. The digits after the
notation are the molar ratio of the monomer in the same order i.e. ENDB 1/1/0/1
represents EPON 826, NGDE, Jeffamine D230 and BA-a mixture with the molar ratio
of 1:1:0:1, respectively.

4.3 Characterization Methods

4.3.1 Differential Scanning Calorimetry (DSC)

Curing behaviors of each resin and its mixture with epoxy were studied using
a differential scanning calorimeter (DSC) model 2910 from TA Instruments. Each
specimen with a mass in a range of 3—5 mg was sealed in an aluminum pan with lid.
The heating rate used was 10°C/min and the sample temperature was scanned from
room temperature to 300°C under nitrogen purging. The purge nitrogen gas flow rate

was maintained to be constant at 30 ml/min.
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The degree of conversion (a) of a sample was determined according to the

following relationship:
— H['X[l
a=1- (—Ho ) (4.1)

where Him = the heat of reaction of the partially cured specimen as determined
from the DSC experiment, mW/mg.

H, =the heat of reaction of the uncured resin, mW/mg.
4.3.2 Dynamic Mechanical Analysis (DMA)

A dynamic mechanical analyzer (NATZSH, model DMA 242) was used to
obtain a storage modulus (E'), loss modulus (E”) and loss tangent (tan 6) of the
polymeric specimens. The specimen, with a dimension of 10x50x3 mm’, was tested
using a three-point bending mode at the frequency of 1 Hz and heating rate of
2°C/min from room temperature to the temperature beyond the glass transition
temperatures (Tg) of each specimen. The glass transition temperature was taken as the

maximum point on the loss modulus.
4.3.3 Universal Testing Machine (Flexural Mode)

The mechanical properties of the polymers or polymer alloy were determined
using a universal testing machine (model 5567) from Instron Co., Ltd. The test
method was a three-point loading with the supporting span of 32 mm and tested at a
crosshead speed 1.0 mm/min. A dimension of a specimen is 10x50x2 mnr’. Flexural
properties were determined based on ISO 178:2001. The flexural strength, flexural

strain and the modulus were calculated by the following equations:

L3m

Fo = —
B 4pd?

(4.2)
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_3PL
= ﬁ (4.3)

Where Eg = Flexural modulus, GPa.
S = Flexural strength, MPa.
P =T.oad at a given point on the load-deflection curve, N.
L. = Support span, mm.
b = Width of beam tested, mm.
d = Depth of beam tested, mm.
m = Slope of the tangent to the initial straight-line portion of the load

deflection curve, N/mm.

4.3.4 Shape Recovery Performance

The shape recovery performance is essential important. Therefore, a
systematic shape recovery test of SMPs specimens depend on bending was performed.
The procedure for the thermo-mechanical bending cycling of the SMPs includes the
following steps (see Figure 4.1): First, the specimen in its permanent shape is kept in
an oil bath for 5 min at Ty+20°C; then the SMPs is bent to a storage angle 6, in a "U"
shape with the radius of 2 mm in the soft rubbery state, and then the SMPs is kept in
room temperature with the external constraint to freeze the elastic deformation energy
for 5 min; (3) the SMP specimen fixed on the apparatus is immersed into oven at an
elevated temperature, and then it recovers to an angle 6. Five specimens were used in
cach test. The method used to quantify the precision of deployment is illustrated in
Figure 4.1, where r denotes the radius of the mandrel, t represents the thickness of the
SMP specimen, 6 is the original storage angle of the specimen in the storage state
during the first bending cycle, and S(xo, vo) is a point selected to determine 6. By 1s
the residual angle in the recovery state during the N thermo-mechanical bending

cycle (N =1, 2, 3,...). R(xn, yn) 18 a testing point in order to calculate Oy:

By = ArcCot xy

(N=1,23,..,0<6y<180° (4.4)
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The value of the shape recovery ratio 15 calculated by

RF%xmn% N=12,3) @5

where Ry denotes the shape recovery ratio of the N™ thermo-rmechanical bendmg
cycle. B(n, vo) and By, yw) are measured by a vemiter caliper with a resolution of
001 mum. Finally, 8y and Ey are obtamed through equations (4.4) and (4.5). In the
following tests, the radius r of the mandrel and thickness t of 3P specimen 15 2 mm

and 3, respectively

3: Recovery ¥
R{xusynly~~ ' l
2: Storage L
= a
W &
£ Say
# T Ty
S(xo,¥o )% ™ A
o
X
= f RN e ]
t 1: Original Shape

Figure 4.1 Schematic illustration ofthe setup for the shape recovery performance test

(Lan et al , 2009,

4.3.5 Recovery Stress Test

The experimental procedure in the recovery stress test 15 schematically shown
in Figure 4 2.
(1) First, the mazimum deflection yp,=10 mm was applied at TA420°C. At the pomnt
Of Ve, force took the maximum value which was observed at TA420°C in the

deformation test at various temperatures.
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() The soecitnens was cooled down to room temperabure by keeping e cotstant.
atress decreased almost to zero during cooling

(31 Then the force was remowved perfectly at T A20°C. The deflection after unloading
wras measu ed.

(<) The specimen was heated up to T #20°C by keeping the fived deflection constard.
atress dharing heating was measwed ad the recovery stress was obtaned

Luading Cooling Unhading Heating
T, +2ArcC T,20rC T2 C T+AN C

Figure 4.2 Experimerntal procedires in the recovery st ess test (Tobusty, 20067,
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Effect of Benzoxazine and Jeffamine D230 Content on Curing

Behavior

Curing mechanisms of BA-a resin and BA-a alloved with epoxy were
investigated by a differential scanning calorimeter (DSC). Figure 5.1 shows the curing
exothermic peaks of BA-a and the binary mixtures i.e. BA-a/Jeffamine D230, epoxy
resing/Jeffamine D230, BA-a/aromatic epoxy (EPON 826) and BA-a/ aliphatic epoxy
(NGDE) mixture. From this graph, the exothermic peak of the neat benzoxazine resin
(Figure 5.1(a)) was located at 230°C while BA-a/Jeffamine D230 mixture (Figure
5.1(b)) revealed two exothermic peaks at 122°C and 229°C. This result suggested that
curing reaction of BA-a takes place by either with and without any curing agent. The
exothermic peaks of EPON 826/Jeffamine D230 and NGDE/Jeffamine D230
appeared at 133°C and 136°C as shown in Figures 5.1(c) and 3.1(d), respectively. It
can be seen that EPON 826 as aromatic epoxy was cured with Jeffamine D230 at
higher temperature than that of NGDE as aliphatic epoxy. The mixture of BA-
a/EPON 826 and BA-a/NGDE showed exothermic peaks at 252°C and 251°C,
respectively. This result implied that BA-a resin can also act as curing agent for
epoxy. It is due to the formation of phenolic moieties, which is well known as one
curing agent of epoxy resin, during polvmerization of BA-a resin (Jubsilp ¢t al.,
2010).

In this investigation, the effect of curing agent system comprised of BA-a
resin and Jeffamine D230 mixture on copxy resins system was also studied by DSC as
shown in Figure 5.2. The ratio of aromatic and aliphatic epoxy was fixed at 1:1 mole
ratio whereas the ratio of curing agents mixed between BA-a resin and Jeffamine
D230 was varied from 0 to 1 mole ratio. Figure 5.3(a) exhibits the exothermic peak of
ENDB 1/1/1/0 located at 134°C attributed to polymerization of epoxy by the

Jeffamine D230. In case of epoxv cured with mixture of curing agent between
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Jeffamine D230 and BA-a resin at various mole ratios exhibit two exothermic curing
peaks. The first peak was observed at about 120°C which corresponding to the peak of
epoxy cured by Jeffamine D230. The second peak showed overlapped exothermic
peaks or a shoulder beside the main peak at 201°C as clearly seen when 0.6 and 0.8
mole ratio of BA-a was added as shown in Figures 5.2(d) and 5.2(e), respectively. The
shoulder corresponded to the exothermic of BA-a/Jeffamine D230 mixture as seen in
Figure 5.1(b). The second peaks of the alloys were observed at temperature of 254°C
to 259°C which was assigned to the BA-a/epoxy curing, as mentioned in Figures
5.1(e) and 5.1(f). Furthermore, the thermogram also revealed a decrease of area under
the curve of the first peak when the amount of BA-a increased. On the other hand, the
area under the curve of second peak was observed to increase with increasing amount
of BA-a. It is due to the increase in the number of moles of reacted functional groups
between epoxy-benzoxazine and benzoxazine-benzoxazine itself. The curing
temperature of benzoxazine-modified epoxy resins at a fixed mole ratios of ENDB
1/1/0/1, which, in principle, required the highest curing temperature at 259°C among
the investigated resin mixtures, was depicted in Figure 5.2(f). Therefore, BA-a resin at
composition of 1.0 mole ratio (ENDB 1/1/0/1) was sclected for further study the
curing condition of the system.

The curing condition of the benzoxazine-modified epoxy mixtures was
determined from the disappearance of the area under the curve of the exothermic peak
in DSC experiment. Figure 5.3 illustrated the DSC thermogram of the epoxy modified
with benzoxazine at 1 mole ratio of BA-a content at various curing conditions. The
heat of reaction of the uncured ENDB 1/1/0/1 was 160.8 J/g corresponding to the 0%
conversion. After curing at 80°C for 4 hrs, the heat of reaction decreased to 81.42 J/g
(49% conversion) and decreased to 80.27 Jg (51% conversion), 70.99 J/g (56%
conversion), 20.45 J/g (87% conversion), 9.60 J/g (94% conversion) and 6.99 J/g
(96% conversion) after further curing at 100°C for 2 hrs, 130°C for 1 hr, 150°C for 24
hrs, 170°C for 1 hr and 190°C for 1 hr, respectively. After the curing temperature was
elevated to 200°C for 2 hrs, complete disappreance of exothermic peak was observed
indicating to 100% conversion of monomers to polymers which corresponded to the
fully cured stage of the alloys. The degree of conversion of each sample was

determined according to the following relationship:
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H
% conversion = (1 — f ) x 100 (5.1
where, Hrm = the heat of reaction of the partially cured specimen.
H, = the heat of reaction of the uncured resin.

As a consequence, the curing temperature at 80°C for 4 hrs, 100°C for 2 hrs,
130°C for 1 hr, 150°C for 24 hrs, 170°C for 1 hr, 190°C for 1 hr and 200°C for 2 hrs
was chosen as an optimum curing condition of all the benzoxazine-modified epoxy
SMP samples.

Glass transition temperature, T, is one of the major characteristic parameters
of thermomechanical deformation and shape recovery in SMP materials at which
polymers transform from a glassy state to a rubbery state. Polymer segments are
assumed to be locked into a glassy state when the polymer segmental motion is
limited greatly at temperatures below T, T of benzoxazine-modified epoxy SMP
samples at various BA-a mole ratio were evaluated from DSC as shown in Figure 5.4.
In this experiment, the T; values were taken as the mudpomt temperature of the
change in specific heat in the transition region.

The T, of the benzoxazmne-modified epoxy SMPs at BA-a content of 0, 0.2,
0.4, 0.6, 0.8 and 1.0 mole ratios were 47°C, 53°C, 59°C, 82°C, 84°C and 116°C,
respectively. It clearly seen that an increasing in BA-a mole ratio resulted in an
increasing in T, of epoxy-based SMP. The highest T,, 116°C, is demonstrated by the
material containing 1 mole ratio of BA-a resin. The T, of the benzoxazine-modified
epoxy SMPs can be altered substantially by controlling the amount of BA-a and
Jeffamine D230 content.

5.2 Effect of Benzoxazine-Modified Epoxv SMPs on_Dvnamic

Mechanical Properties

Dynamic mechanical analysis (DMA) is  useful to investigate
thermomechanical properties of polymeric materials, especially the transitions and

relaxations of the materials. Knowledge of the transitions and relaxations of the
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materials will lead to an understanding of how materials behave at different
temperatures and to an identification of a suitable service temperature. The change in
molecular mobility of the specimen when temperature changed was sensed by
dynamic mechanical analysis. The viscoelastic behaviors of benzoxazine-modified
epoxy SMPs at various compositions were characterized by DMA at temperature of
30-300°C and a heating rate of 2°C/min. The dynamic mechanical properties of the
system were presented in Figures 5.5-5.9.

The thermal events in polymers can be deseribed in terms of free volume. The
changes of free volume can be monitored as molecular changes or physical changes,
such as a volumetric change, internal movement of polymer molecules by the heat
adsorption or heat emission during that change, the decrecase of stiffness and the
increase of mobility by a change in relaxation time (Menard, 1999).

The plot of the loss modulus (MPa) as a function of temperature (°C) of the
benzoxazine-modified epoxy SMP samples was illustrated m Figure 5.5. T, of
benzoxazine-modified epoxy SMPs were 47°C in ENDB 1/1/1/0, 72°C in ENDB
1/1/0.8/0.2, 80°C in ENDB 1/1/0.6/0.4, 85°C in ENDB 1/1/0.4/0.6, 92°C in ENDB
1/1/0.2/0.8, and 119°C in ENDB 1/1/0/1. An incorporation of BA-a resin in the
epoxy-based SMP resulted in an increase of the Ty with increasing the BA-a fraction
in the alloys. This may be due to the more rigid molecular structure and possibly
much higher intramolecular and intermolecular forces in the polybenzoxazine
compared with the epoxy. This observation is in good agreement with prevoius work
reported by Rimdusit and Ishida (2000).

Figure 5.6 illustrates a plot of storage modulus (MPa), a material stiffness, as a
function of temperature (°C) of the benzoxazine-modified epoxy SMP samples. The
storage modulus of a solid polymer at its glassy state (35°C) was 3.18, 3.90, 4.34,
444, 4.62 and 4.70 GPa at BA-a content of 0, 0.2, 0.4, 0.6, 0.8 and 1 mole ratio,
respectively. The storage modulus tended to increase with increasing BA-a fraction in
the alloys as a result of the more rigid characteristics of the BA-a resin.

Effects of BA-a resin on the storage modulus in the rubbery plateau region of
the ploymer alloys are illustrated in Figure 5.7. The plateau moduli in the rubbery
plateau region were systematically increased from 21 MPa to 54 MPa with addition of

the BA-a mole ratio from 0 to 1 mole. This revealed that the increase in the BA-a
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content in the polymer alloys possibly resulted in an enhancement of the crosslink
density of the SMPs alloy which was closely related to the rubbery platueau modulus.
The crosslink density of each component may be estimated from the rubbery plateau
modulus of the specimen using equation from the statistical theory of rubber elasticity

i.e. Nielsen's equation (equation 5.2) (Rimdusit et al., 2011).
log (%) —6+293 (Mi) (5.2)

Where E' (Pa) is storage modulus in a rubbery plateau region, p (g/cm’) the
density of the material at room temperature, and M. (g/mol) is the molecular weight
between crosslink points. As displayed in Table 5.1, the crosslink density values of
benzoxazine-modified epoxy SMPs at BA-a content of 0, 0.2, 0.4, 0.6, 0.8 and 1 mole
were 2.90x107, 3.25x107, 3.62x107, 3.79x1072, 3.81x10” and 4.29x107 mol/cm’,
respectively. It was observed that the crosslink density tended to increase with an
increasing in BA-a content.

In addition, the effect of molecular weight between crosslinks (i.e., inversely
proportional to its crosslink density) on a T of a copolymer or a non-uniform polymer
network can be accounted for using the equation also proposed by Neilsen (Rimdusit

et al., 2011).

k
Ty - T 30 (5.3)

The number average molecular weight between crosslinks is Mc. Tg) is the
glass transition temperature of the uncrosslink polymer. Figure 5.8 exhibits the T,
from loss modulus and crosslink density of SMPs alloys at various compositions. As
shown in this Figure, the T; of the polymer network increased when its crosslink
density in the alloys increased which is in good agreement with our DMA results.

Tan delta (tan 0) or loss tangent curves relate to the ratio of energy loss or
viscous part (E") to storage energy or elastic part (E') of dynamic modulus of material.
Moreover, T, of system can be mvestigate from the maximum peak of tan & curve.

Tan 6 curve of benzoxazine-modified epoxy SMP samples at various mole ratios of
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BA-a were illustrated in Figure 53.9. The T, of the benzoxazine-modified epoxy SMP
samples at 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mole ratio BA-a content were found to be 57,
80, 88, 97, 105 and 129°C, respectively. Ty's of the alloys were observed to shift to
higher temperature with increasing the mole ratio of the BA-a. Furthermore, an inset
of Figure 5.9 also illustrated the magnitude of maximum peak, reflecting the large
scale mobility associated with a relaxation. The peak height of the tan 6 was found to
decrease when BA-a content increase. This confirmed the reduction in segmental
mobility of polymer chains with increasing crosslink density. In addition, the width at
half height of the maximum peak of tan & curve relates to the network homogeneity.
The width at half height of the tan 6 curves of our SMP alloys was observed to be
broadest at ENDB of 1/1/0.4/0.6. This behavior implied network heterogeneity to be

more pronounced with the presence of mixture of two curing agents.

5.3 Effect of BA-a Content of Benzoxazine-Modified Epoxyv SMPs on

Mechanical Properties

5.3.1 Mechanical Properties of Benzoxazine-Modified Epoxy SMP at
Glassy State

Mechanical properties of benzoxazine-modified epoxy SMPs play important
role on their effective utilization. In this work, the mechanical properties of the SMP
samples were investigated at glassy state (room temperature) and rubbery state
(Tg+20°C). Generally, SMPs were commonly used over these temperatures.

Figures 5.10(a) and 5.10(b) exhibit the plots of the flexural strength and
flexural modulus of benzoxazine-modified epoxy SMPs at room temperature as a
function of the BA-a content. The flexural strength values of the benzoxazine-
modified epoxy SMPs were 59.5 MPa in ENDB 1/1/1/0, 102.2 MPa in ENDB
1/1/0.8/0.2, 122.2 MPa in ENDB 1/1/0.6/0.4, 131.1 MPa in ENDB 1/1/0.4/0.6, 149.1
MPa in ENDB 1/1/0.2/0.8, and 164.3 MPa in ENDB 1/1/0/1. It can be observed that
the flexural strength of the benzoxazine-modified epoxy SMPs increased with an

increasing in the BA-a resin fraction. The flexural modulus values of benzoxazine-
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modified epoxy SMPs are 1.8 GPa in ENDB 1/1/1/0, 3.3 GPa in ENDB 1/1/0.8/0.2,
3.7 GPa in ENDB 1/1/0.6/0.4, 3.8 GPa in ENDB 1/1/0.4/0.6, 3.9 GPa in ENDB
1/1/0.2/0.8, and 4.4 GPa in ENDB 1/1/0/1. The addition of BA-a resin resulted in a
systematic increase of the modulus of the obtained SMP. This could be due to the
addition of the more rigid BA-a structure into the epoxy-based SMP increaseing the
stiffening of the resulting polymer alloys. The flexural strength of thermosetting resin
was influenced by a number of mterrelated parameters including T,, molecular weight
between crosslink, free volume, chemical structure, network regularity and perfection,

and many other contributing factors (Rimdusit et al., 2011).

5.3.2 Mechanical Properties of Benzoxazine-Modified Epoxy SMP at
Rubbery State

Mechanical properties of benzoxazine-modified epoxy SMPs at a rubbery
state are also important parameters that affect deploying ability of the SMP samples.
The flexural strength of the benzoxazine-modified epoxy SMPs was measured using
three-point bending tests with a Universal testing mechine, and a forced air
convective environmental chamber was used for elevated-temperature tests. The
dependence of flexural strength on BA-a content was investigated at a testing
temperature of 20°C above T,. Figure 5.11(a) exhibited the plot of the flexural
strength as a function of the BA-a content (mole ratio) of benzoxazine-modified
epoxy SMPs at T,+20°C. The flexural strength at rubbery state values of benzoxazine-
modified epoxy SMPs were 0.6 MPa in ENDB 1/1/1/0, 0.9 MPa in ENDB 1/1/0.8/0.2,
0.9 MPa in ENDB 1/1/0.6/0.4, 1.0 MPa in ENDB 1/1/0.4/0.6, 1.4 MPa m ENDB
1/1/0.2/0.8, and 2.5 MPa m ENDB 1/1/0/1. The flexural strength at rubbery state of
the benzoxazine-modified epoxy SMPs increased with increasing of the BA-a resin
fraction from 0 to 1 mol.

Figure 5.11(b) exhibited the plot of the flexural modulus as a function of the
BA-a content (mole ratio) of benzoxazine-modified epoxy SMPs at To+20°C. The
addition of BA-a resin also resulted in a systematic increase of the modulus in the
rubbery state with increasing amount of the BA-a resin. The flexural modulus values

of benzoxazine-modified epoxy SMPs were 5.9 MPa in ENDB 1/1/1/0, 9.5 MPa in
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ENDB 1/1/0.8/0.2, 10.3 MPa in ENDB 1/1/0.6/0.4, 10.2 MPa in ENDB 1/1/0.4/0.6,
14.5 MPa in ENDB 1/1/0.2/0.8, and 35.1 MPa in ENDB 1/1/0/1.

In the T,+20°C, the system with 1 mole of BA-a content without Jeffamine
D230, the flexural strength and flexural modulus rapidly increased. These results
suggested that BA-a showed a stronger positive effect on mechanical properties of
epoxy over Jeffamine D230. Furthermore, macromolecular chain motion of the
benzoxazine-modified epoxy SMP plays a critical role in mechanical resistive
loading. Therefore, the mechanical properties of the benzoxazine-modified epoxy
SMP would be dependent on the BA-a and Jeffamine D230 composition. The motion
of the macromolecular chains would be hindered by the network of the BA-a and
Jeffamine D230 and epoxy through friction interactions, helping the benzoxazine-
modified epoxy SMP to resist external loading, resulting in a significant improvement

in mechanical properties (Lu et al., 2010).

5.4 Shape Memorv Properties

5.4.1 Shape Memory Behavior of Benzoxazine-Modified Fpoxy-based
SMPs

The thermomechanical cyclic tests involve the use of special equipment. In
contrast, bending tests are much simpler and is easily approached by many
researchers. Liu et al., (2002); Lin and Chen (1998); Li and Larock (2000); Lan ¢t al.,
(2009) and Biju ¢t al., (2012) investigated the shape memory of SMPs by bending test
at temperature between 20°C above T, and room temperature. The obtained
benzoxazine-modified epoxy SMPs incorporating with 0, 0.2, 0.4, 0.6, 0.8 and 1 mole
ratio of BA-a resin are illustrated in Figures 5.12(a)—(f). The samples had the
appearence of transparence yellow colour which suggested that the blends of the
components were mixed well (Lu et al., 2008). The benzoxazine-modified epoxy
SMPs at ENDB 1/1/0/1 was used as representative sample to demonstrate the shape
memory behavior as shown in Figure 5.13. First, The original rectangular shape (a)
was heated at T > T, and deformed mto different shapes through bending and
twisting. Then, the deformed temporary shapes (b) were fixed by cooling under load.
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After re-heating above Ty, the sample recovered into its original rectangular shape (c).
The samples were then reheated to recover to their original shape. The recovered
shape was indistinguishable from the original shape, confirming the excellent shape

fixity and recovery.
5.4.2 Effect of BA-a Content on Shape Fixity

The shape fixity is one key parameter used to describe the extent of a
temporary shape being fixed during shape memorization. A high glassy state modulus
(E'y) provided the materials high shape fixity. It is due to the fact that high glassy
modulus is indicative of high cohesive energy (mostly highly cross linked) which
leads to minimized propensity for ereep related shape change. High glassy modulus is
not always mandatory for high shape fixity but i1s desirable, whereas the high rubbery
modulus (E'y) implied high elastic recovery at high temperature (Byung et al., 1996).
The modulus ratio (E';/EY) was taken as (E're 20°c /E'rg:20"c). Where, E're 20°c and
E'Tg+zo°c attributed to the storage modulus at temperature at 20°C below Ts and 20°C
above T,, as described in section 5.2. The modulus ratio was summarized in Table
5.2. The modulus ratio of benzoxazine-modified epoxy SMPs were 102 in ENDB
1/1/1/0, 86 in ENDB 1/1/0.8/0.2, 22 in ENDB 1/1/0.6/0.4, 14 m ENDB 1/1/0.4/0.6, 18
in ENDB 1/1/0.2/0.8, and 20 in ENDB 1/1/0/1. Tt can be observed that the storage
modulus increased with increasing in mole ratio of BA-a resin whereas E's/E'r ratio
decreased with increase in mole ratio of BA-a resin. The modulus ratio can be used to
represent the shape fixity of the samples. Since reversibility of the samples depend on
the modulus ratio. The relationship between shape fixity and modulus ratio was

described by the following mathematical equation 5.4 (Ratna and Kocsis, 2008).

Shape fixity (Rp) =1 - = (5.4)

g

Where E'; is the glassy modulus (T,—50°C), E'; is the rubbery modulus
(Tg+50°C). The shape fixity values of benzoxazine-modified epoxy SMPs are 99.5%
in ENDB 1/1/1/0, 99.3% m ENDB 1/1/0.8/0.2, 99.2% i ENDB 1/1/0.6/0.4, 99.2% in
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ENDB 1/1/0.4/0.6, 99.2% in ENDB 1/1/0.2/0.8, and 98.8% in ENDB 1/1/0/1, the
value was also summarized in Table 5.2. The samples showed excellent shape fixity
values of about 98-99%. These range of value corresponded to the publication of
Leonardi et al. (2011). The shape fixity of an epoxy (DGEBA type) network consisted
of n-dodecylamine (DA) units as physical crosslinks and m-xylylenediamine
(MXDA) units as chemical crosslinks. The prepared epoxy SMPs at molar ratio of
6:4:1 (DGEBA/DA/MXDA) was reported to be 98%.

5.4.3 Shape Recovery Ratio at Different Active Temperature

Shape recovery is used to reflect how well an original shape of the sample has
been memorized. The diverse and complex utilization of shape recovery performance
take place not only to notation but also to mathematical expressions of various
parameters.

In this study, the shape recovery process of the bent samples was recorded by
a video camera and their shape recovery angles were determined by measuring the
angle between the straight ends of the specimens (Lan et al., 2009; Leng et al., 2009
and Lu et al., 2010). The rectangular specimens were used to investigate the recovery
phonomenon. As shown in Figure 5.14, the ENDB 1/1/0.8/0.2 sample was heated up
to the transition temperature (T > Tg) n an oven and held for 20 min. Then, sample
became elastic and was bent into a u-shape of mandrel with a diameter of 4 mm. The
fixed sample was subsequently cooled to room temperature, and then held for 20 min
to ensure that the sample retained u-shape. In the next step, the bent sample was
placed in an oven at certain temperatures for further study on their shape recovery
performance. All of the SMP samples showed the similar shape recovery performance
as illustrated in Figure 5.14.

From the bending test as mention in 5.4.1, we investigate the shape recovery
ratio (Ry) of the SMP at different active temperatures, the samples were set at
different active temperatures as T,20°C, T 10°C, T,'C, T,+10°C and T,+20°C.
Shape recovery ratio was obtained through calculating the ratio of shape recovery

angle to 180°. The value of the shape recovery ratio is calculated by:
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800

Byg= % 100% (5.5)

=l

Where Ry denotes the shape recovery ratio of the Nth thermomechanical
bending cycle. 8y is the original storage angle of the specimen. 8y is the residual angle
in the recovery state during the N™ thermomechanical bending cycle (N = 1).

Figure 5.15 showed the plot of shape recovery ratio at Tg—20°C, T,—10°C,
T,"C, Tg+10°C and To+20°C. The experimental results demonstrated that the epoxy
modified with benzoxazine ranging from 0 to 1 mole ratio presented fast responsive
behaviors in response to temperature within 150 s. This observation indicated that the
shape recovered ratio did not depend on BA-a content and the value was observed to
be almost 100% at higher temperatures, e.g. Tp, Tet10°C, T+20°C. Whereas at
temperature below T, (Tg—20°C), the recovery ratio decreased with increasing BA-a
content. Morecover, the recovered ratio of 1 meolar ratio of BA-a content clearly
decreased with every temperature. However, the shape recovery ratio decreased with
increasing BA-a content. Therefore it appears that the shape recovery behavior can
also be observed within the range of T, 20°C and T, which is associated with the
partial glass transition. However, the shape recovery ratio dropped sharp when the
active temperature decreased to T, 20°C. The shape recovery effect cannot be
released below an active temperature of T,-20°C. The Ry values of all samples were
100%. The Ry values of all specimens were significantly higher compare to that of
shape memory polymers from polyurethane-benzoxazine systems (Erden et al., 2009)
which were reported to 72-84%. Ry value of some epoxy based SMPs was 99%
(Leng et al., 2011). Based on the results, active temperature at T, and Tg+20°C
provide recovery ratio about 90-100% within 150 s therefore these temperatures i.e.
T, and To+20°C are selected to be used as the condition for measurement recovery

time of benzoxazine-modified epoxy SMP samples.
5.4.4 Effect of BA-a Content on Shape Recovery Time

The shape recovering time for benzoxazine-modified epoxy at different active

temperatures i.e. T, and T,+20°C, are shown in Figures 5.16 and 5.17. According to
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the results, all samples need a few minutes to recover their original shape which
indicated a good shape memory performance.

Figure 5.16 illustrats the relationship between recovery angle and recovery
time of benzoxazine-modified epoxy SMP specimens at T,. The slope of curve in
Figure 5.16 keeps at a constant from 50° to 150°. Below and above this range, it was
observed to be slightly increase. It indicated that epoxy-based SMP has a relative low
recovery rate at the start and last stage. At incipient stage, the release of constrained
force was followed by heavy friction among molecules, so that the slope was found to
be a little high. Afier incipient stage, friction force reduced under the gradual
adjustment of segments. At terminal stage. shape recovery rate becomes slowly once
again because most of the constrained force has been released, with little left of the
force (Liu et al., 2010).

Figure 5.17 shows the plot of recovery angle as a function of recovery time for
benzoxazine-modified epoxy SMP specimens at Tz+20°C. As can be seen in Figure
5.17, the epoxy based SMP cured by mixture of curing between benzoxazin resin and
Jeffamine D230 at various mole ratios could deploy quickly within the initial 30 s,
and then deplovment velocity dropped quickly due to the termination of strain energy
dissipation. The similar observation was also reported in carbon fiber reinforced
styrene based SMPs (Lan et al., 2009). The shape recovery time of the benzoxazine-
modified epoxy SMPs having BA-a content of 0 to 1 mole ratio was observed to be
ranging from 40 s to 140 s. The shape recovery time was found to increase with
increasing amount of BA-a resin. Shape recovery depends on both the structures of
polymers and the thermomechanical conditions of shape memorization (Leng et al.,
2009). This result implied that the addition of BA-a can control the shape recovery
time, therefore broadening the applications of the epoxy based SMPs.

Shape recovery speed of the benzoxazine-modified epoxy SMP samples were
evaluated by the time period of their full recovery. Figure 5.18 showed the
relationship of the shape recovery time and BA-a content at the active temperature (T,
and T,+20°C). According to the results, all of the samples took only a few minutes to
completely recover to their original shape, suggesting the good shape recovery
performance. At T, the shape recovery time of the specimens increased with an

increasing amount of BA-a content. The benzoxazine-modified epoxy SMPs samples
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with 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mole ratio of BA-a spent 47, 74, 88, 112, 131 and 173
s, respectively, to fully recover. At T,+20°C, the shape recovery time also increased
with an increasing in BA-a content. The benzoxazine-modified epoxy SMPs samples
with 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mole ratio of BA-a spent 40, 57, 61, 72, 83 and 142 s,
respectively. This observation suggested that increasing of the active temperature, the
shape recovery time certainly decreased whereas the increasing amount of
benzoxazine affected to the increasing of recovery time at same temperature. This
could be due to the shape recovery of SMPs depended on the relaxation of chain
segments. At high temperature, the movement of chain segment became intense that
affected to the increasing of recovery force on the samples. Thus, the shape recovery
time of the specimens decreased with an increasing in active temperature. At the same
deformation condition of samples, the movement of chain segment would be expected
to be more restrictive because increasing of crosslink density which resulted in the
decrease of molecular weight between crosslink points, as shown in Table 5.1. Hence,
benzoxazine-modified epoxy SMP samples with higher BA-a content has a lower

shape recovery time.

5.4.5 Effect of BA-a Content on Recovery Stress

To obtain potential applications being in the area of actuators and
reconfigurable structures, two key merits of performance for an SMP-based device
were return force and response time (Xie, 2010). The return force quantified the
tendency of the SMP to return to its original shape. The test was conducted by
restricting the strain of a deformed SMP. Recovery stress from the elastic recovery
stress generated in the deformation process. When SMPs were heated and deformed,
the elastic stress was generated and the elastic stress was stored when SMPs were
cooled below T,. If the deformed and fixed SMPs were reheated above T,, the stress
stored in SMPs was released as shape recovery stress (Hu, 2007).

At first, maximum stress (o) was applied at 20°C above T,. The strain (ep) at
the maximun stress point was maintained by cooled down to room temperature. Note
that stress was reduced to zero at this stage and the sample was held at room

temperature under the unload condition for 15 min, then it was heated to 20°C above
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T, by maintaining the strain (em). Final stage, the sample was held at 20°C above T,
for 15 min (Tobushi et al., 2003).

Figure 5.19 shows photographs of bending in recovery stress process for
benzoxazine-modified epoxy SMPs at four stages. Initial stage showed the rectangular
original shape of ENDB 1/1/0/1 as depicted in Figure 5.19(a). The deformed state at
the maximum deflection (ymax)=10 mm was shown in Figure 5.19(b). The sample was
fixed by cooling to below T, at this stage. I'igure 5.19(c) exhibits the shape-fixed state
of sample afier cooling to room temperature and final stage, the bent shape of sample
recovered considerably, as can be seen in Figure 5.19(d). The recovery stress of SMPs
was measured from transition stage of the shape-fixed stage to recovery shape stage.
The benzoxazine-modified epoxy SMPs samples with 0, 0.2, 0.4, 0.6, 0.8 and 1.0
mole ratio of BA-a showed the recovery stress about 20.42+0.39, 23.36+2.39,
29.7740.87, 30.97+0.97, 33.70+3.01 and 38.18+2.82 kPa, respectively, as shown in
Figure 5.20. Based on the result, benzoxazine resin can improve recovery stress of
epoxy based SMP. It is due to that the BA-a may store elastic strain energy. When
reheating the specimen, this stored ¢lastic strain energy will release and BA-a/epoxy-
based SMP obtain higher recovery stress (Gall et al., 2002; Ni et al., 2007).

From the results, introduced BA-a resin in the epoxy-based SMP resulting in
an increase of the rubbery modulus from 21 to 54 MPa while maintaining acceptable
shape fixity and recovery (> 90%) after shape memory effect. Therefore, the obtained
SMPs were highly useful in some applications such ag actuator and temerature sensor

ete.

5.4.6 Mechanical Properties of the Samples after Repeated Recovery
Cycles

In order to evaluate the degradation of SMP based benzoxazine-modified
epoxy, the relationship between flexural strength and the number of bending cycles
was tested at To+20°C. The test results in the plots of flexural strength and number of
recovering 100 cycles was shown in Figure 5.21. All of the benzoxazine-modified
epoxy SMP samples can fully recover to their original shape at 100 cycles. However,

there is a small difference of flexural strength between the first and subsequent cycles.
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The SMP samples with 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mole ratio of BA-a showed the
flexural strength in 100 cycles about 0.60+0.03, 0.86+0.03, 0.91+0.01, 1.00+0.03,
1.39+£0.06 and 2.49+0.15 MPa, respectively. The little change of flexural strength
values was observed in Figure 5.21. This phenomenon can be explained by the fatigue
of material during repeated shape recovery process.

However, the benzoxazine-modified epoxy polymers maintained flexural
strength after testing at 100 cycles. It indicated the excellent cveling capability of the
SMP alloys due to the excellent thermal stability of benzoxazine-modified epoxy

polymers and its chemical crosslink nature.
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Figure 5.1 DSC thermograms of (e) benzoxazine monomer (BA-a), (m) BA-a/curing
agent (Jeffamine D230), (4) aromatic epoxy (EPON 826)/curing agent (Jeflamine
D230). (A) aliphatic epoxy (NGDE)/curing agent (Jeffamine D230), (V) BA-
a/aromatic epoxy (EPON 826) and (M)BA-a/aliphatic epoxy (NGDE).
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Figure 3.2 Curing behaviors of the benzoxazine-modified epoxy SMP samples at
various compositions: (e) ENDB 1/1/1/0, (m) ENDB 1/1/0.8/0.2, (¢) ENDB

1/1/0.6/0.4, (A ) ENDB 1/1/0.4/0.6, (¥) ENDB 1/1/0.2/0.8 and (™) ENDB 1/1/0/1.
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Figure 5.3 DSC thermograms the benzoxazine-modified epoxy SMP samples at
various compositions at a mole fraction of ENDB 1/1/0/1 at various curing conditions:

(e) uncured, () 80°C/4hrs, (¢) 80°C/dhrs + 100°C/2hrs, (A) 80°C/4hrs + 100°C/2hrs
+ 130°C/1hr, (V) 80°C/4hrs + 100°C/2hrs + 130°C/1hr + 150°C/1hr, (W) 80°C/4hrs +

100°C/2hrs + 130°C/1hr + 150°C/1hr + 170°C/1hr, (o) 80°C/4hrs + 100°C/2hrs +
130°C/1hr + 150°C/1hr + 170°C/1hr + 190°C/1hr, and (0) 80°C/4hrs + 100°C/2hrs +
130°C/1hr + 150°C/1hr + 170°C/1hr + 190°C/1hr + 200°C/2hrs.
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Figure 5.4 Glass transition temperature the benzoxazine-modified epoxy SMP
samples at various compositions samples from DSC thermograms at various

compositions: (¢) ENDB 1/1/1/0, (m) ENDB 1/1/0.8/0.2, (4) ENDB 1/1/0.6/0.4, (A)
ENDB 1/1/0.4/0.6, (V) ENDB 1/1/0.2/0.8 and (=) ENDB 1/1/0/1.
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Figure 5.5 Loss modulus as a function of temperature of the benzoxazine-modified
epoxy SMP samples at various compositions: (e) ENDB 1/1/1/0, (m) ENDB
1/1/0.8/0.2, (¢) ENDB 1/1/0.6/0.4, (A) ENDB 1/1/0.4/0.6, (¥) ENDB 1/1/0.2/0.8

and (») ENDB 1/1/0/1.
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Figure 5.6 Storage modulus of the benzoxazine-modified epoxy SMP samples at
various compositions: (e) ENDB 1/1/1/0, (m) ENDB 1/1/0.8/0.2, (¢) ENDB

1/1/0.6/0.4, (A) ENDB 1/1/0.4/0.6, (V) ENDB 1/1/0.2/0.8 and (™) ENDB 1/1/0/1.
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Figure 5.7 Plot of the room temperature storage modulus and rubbery plateau
modulus as a function of the BA-a content in the benzoxazine-modified epoxy SMP

samples: (®) room temperature modulus and (m) rubbery plateau modulus.
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Table 5.1 Properties of benzoxazine-modified epoxy SMP samples from DMA

analysis
T Molecular
modulus Crosslink welght Glitsf}
Samples (B at density between transition
_— (mol/cm:’) crosslink temperature,
(GPa) points, M, T, ("C)
(g/mol)
ENDB 1/1/1/0 3.18 2.90 x 107 394 47.15
ENDB 1/1/0.8/0.2 3.90 3.25x 107 354 71.93
ENDB 1/1/0.6/0.4 4.34 3.62 x 107 320 79.606
ENDB 1/1/0.4/0.6 4.44 3.79 x 107 310 85.07
ENDB 1/1/0.2/0.8 4.62 3.81 x 107 309 92.31
ENDB 1/1/0/1 4.70 4.29 x 10~ 277 119.55
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Figure 5.8 Glass transition temperature (®) and Crosslink density (m) and from loss

modulus of benzoxazine-modified epoxy SMP at various compositions.
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Figure 5.9 lLoss tangent as a function of temperature of the benzoxazine-modified
epoxy SMP samples at various compositions: (e) ENDB 1/1/1/0, (m) ENDB
1/1/0.8/0.2, (¢) ENDB 1/1/0.6/0.4, (A) ENDB 1/1/0.4/0.6, (V) ENDB 1/1/0.2/0.8

and (™) ENDB 1/1/0/1.
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Figure 5.10 Flexural strength (a) and flexural modulus (b) of the benzoxazine-

modified epoxy SMP samples at various compositions at room temperature.
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Figure 5.11 Flexural strength (a) and flexural modulus (b) of the benzoxazine-

modified epoxy SMP samples at various compositions at To+20°C.
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Figure 5.12 Photograph of transparent benzoxazine-modified epoxy SMP samples at
(a) ENDB 1/1/1/0, (b) ENDB 1/1/0.8/0.2, (¢) ENDB 1/1/0.6/0.4, (d) ENDB
1/1/0.4/0.6, (e) ENDB 1/1/0.2/0.8, (f) ENDB 1/1/0/1.
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(a) Original shape

(b) Temporary shape

(¢) Recovered shape

Figure 5.13 Shape memory behavior of benzoxazine-modified epoxy SMP sample at
ENDB 1/1/0/1 (a) original shape, (b) temporary shape and (c) recovered shapes at
Ty+20°C.
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Figure 5.14 Series of images showed the shape recovery of the benzoxazine-modified
epoxy SMP sample with ENDB 1/1/0.8/0.2 at Ty+20°C (91°C). The permanent and

temporary shape were rectangular and u-shape, respectively.
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Table 5.2 Shape fixity of benzoxazine-modified epoxy SMP samples.

Samples E's/E'; Shape fixity (%)
ENDB 1/1/1/0 102 99.5
ENDB 1/1/0.8/0.2 86 99.3
ENDB 1/1/0.6/0.4 22 992
ENDB 1/1/0.4/0.6 14 99:2
ENDB 1/1/0.2/0.8 18 992
ENDB 1/1/0/1 20 98.8
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Figure 5.15 Shape recovery ratio as a function of BA-a content at different active
temperatures. The original storage angle 0o is 180° in the storage state is selected at
the 150th second during the shape recovery cycle: (8) Tg—20°C, (m) Te—10°C, () T,
(A) T,+10°C, (W) Tgt20°C.
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Figure 5.16 Recovery angle as a function of recovery time during the shape recovery

process at Ty of the benzoxazine-modified epoxy SMP samples at various

compositions: (¢) ENDB 1/1/1/0, (m) ENDB 1/1/0.8/0.2, () ENDB 1/1/0.6/0.4, (A)
ENDB 1/1/0.4/0.6, (V) ENDB 1/1/0.2/0.8 and () ENDB 1/1/0/1.
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Figure 5.17 Recovery angle as a function of recovery time during the shape recovery
process at Ty +20°C of the benzoxazine-modified epoxy SMP samples at various

compositions: (e) ENDB 1/1/1/0, (m) ENDB 1/1/0.8/0.2, (¢) ENDB 1/1/0.6/0.4, (A)
ENDB 1/1/0.4/0.6, (W) ENDB 1/1/0.2/0.8 and (\) ENDB 1/1/0/1.
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Figure 5.18 Recovery time as a function of BA-a content of the benzoxazine-

modified epoxy SMP samples at various compositions: (e) Te, (m) To+20°C.
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Figure 5.19 Photographs showing various states of bending in recovery stress process
for benzoxazine-modified epoxy SMP sample: (a) original state of the sample, (b)
deformed state of yma=10 mm., (c) shape-fixed state after cooling and (d) shape-

recovered state after reheating.
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Figure 5.20 Recovery stress as a function of BA-a content of the benzoxazine-

modified epoxy SMP samples at various compositions.
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Figure 5.21 Flexural strength versus number of recovering cycle from consecutive
shape memory cycles of the benzoxazine-modified epoxy SMP samples at various

compositions: () ENDB 1/1/1/0, () ENDB 1/1/0.8/0.2, () ENDB 1/1/0.6/0.4, (A)
ENDB 1/1/0.4/0.6, (¥) ENDB 1/1/0.2/0.8 and () ENDB 1/1/0/1.
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CHAPTER 6

CONCLUSIONS

Polybenzoxazine alloving with epoxy-based shape memory polymer (SMP)
was developed to be used in wider range of shape memory application. In this thesis,
BA-a mixed with Jeffamine D230 at the mole fractions of Jeffamine D230/BA-a =
1/0, 0.8/0.2, 0.6/0.4, 0.4/0.6, 0.2/0.8 and 0/1 were used as curing system for shape
memory epoxy. Effect of addition of BA-a resin into epoxy-based SMP on thermal
stability, mechanical properties and shape memory performance were evaluated.

In DSC experiment, a heat treatment at 80°C for 4 hours, 100°C for 2 hours,
130°C for 1 hour, 150°C for 24 hours, 170°C for 1 hour, 190°C for 1 hour and 200°C
for 2 hours was chosen as an optimum curing condition of all benzoxazine-modified
epoxy SMP due to the complete disappearance of an exothermic under their curing
peak. From DMA experiment, glass transition temperature (Ty) values were obtamed
from the maximum peaks of loss moduli. An incorporation of BA-a resin in the
epoxy-based SMP resulted in an increase of the T, with increasing the BA-a mole
fraction in the alloys.

Enhanced thermo-mechanical performance epoxy SMPs was also achieved
by alloying with benzoxazine resin. The incorporation of the benzoxazine fraction
contributed to higher of storage modulus at a glassy state, higher crosslink density,
enhanced flexural strength and greater flexural modulus at room temperature than
those of the epoxy-based SMP cured solely by Jeffamine D230. In addition, the
flexural strength and flexural modulus at a rubbery state of the obtained SMPs also
provided a relatively high shape fixity value of 98—99%. The recovery stress of BA-
a/epoxy-based SMP was also found to be larger than that of epoxy-based SMP. The
shape recovering time for various compositions of benzoxazine-modified epoxy
SMP at different active temperatures ie. Ty and To+20°C. All samples need only
several minutes to fully recover their original shape. Interestingly, the obtained
SMPs also provided an outstanding shape recovery ratio value of about 99-100%,

indicative of a good shape memory performance. Finally, an addition of benzoxazine
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resin as a co-curing agent for epoxy enables the control of the shape recovery time
which made the obtained samples attractive as a good candidate for shape memory

material to be used in broader range of applications.
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APPENDIX

Characterization of Polybenzoxazine and Epoxy-based Shape Memory Polymer
Alloying Specimens

Appendix 1 Glass transition temperature of benzoxazine-modified epoxy SMP

samples at various compositions from DSC analysis

ENDB T from DSC (°C)
1/1/1/0 47
1/1/0.8/0.2 53
1/1/0.6/0.4 59
1/1/0.4/0.6 82
1/1/0.2/0.8 84
1/1/0/1 116

Appendix 2 Storage modulus and rubbery plateau modulus of benzoxazine-modified

epoxy SMP samples at various compositions

ENDB Storage modulus (E') at Rubbery Plateau Modulus
35°C (GPa) at T,+50°C (MPa)
1/1/1/0 3.18 21.27
1/1/0.8/0.2 3.90 26.96
1/1/0.6/0.4 4.34 34.50
1/1/0.4/0.6 4.44 38.73
1/1/0.2/0.8 4.62 39.25
1/1/0/1 4.70 54.17
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Appendix 3 Density of benzoxazine-modified epoxy SMPs

ENDB Density (g/cm?)
1/1/1/0 1.14+0.00328
1/1/0.8/0.2 1.15+0.00025
1/1/0.6/0.4 1.16+0.00144
1/1/0.4/0.6 1.17+0.00161
1/1/0.2/0.8 1.18+0.00591
1/1/0/1 1.19+0.00209

Appendix 4 Flexural strength and flexural modulus of benzoxazine-modified epoxy

SMP samples at various compositions at room temperature and To+20°C

At glassy state At rubbery state
(room temperature) (Tg+20°C)

ENDB Flexural Flexural Flexural Flexural
strength modulus strength modulus

(MPa) (GPa) (GPa) (MPa)

1/1/1/0 59.49+4.01 1.77+0.26 0.60+0.04 5.85+0.32
1/1/0.8/0.2 102.17+1.94 3.27+0.35 0.86+0.13 9.53+0.93
1/1/0.6/0.4 122.49+2.24 3.70+£0.31 0.94+0.11 10.29+1.31
1/1/0.4/0.6 131.11+4.15 3. 7540.21 0.98+0.21 10.234+1.49
1/1/0.2/0.8 149.09+6.53 3.90+0.92 1.38+0.04 14.524+0.59
1/1/0/1 164.34+3.99 4.42+0.42 2.53+£0.02 35.14+0.70
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Appendix S Shape recovery ratio at different active temperatures, the original
storage angle Og is 180° in the storage state is selected at the 150 second during the

shape recovery cycle

Recovery ratio, Ry (%) within 150 s
ENDB
T—20°C | T10°C T, T, +10°C Te+20°C
1/1/1/0 - 99.44 100 100 100
1/1/0.8/0.2 78.12 99.44 100 100 100
1/1/0.6/0.4 76.11 99.44 100 100 100
1/1/0.4/0.6 62.00 99.44 100 100 100
1/1/0.2/0.8 42.78 95.56 98.89 100 100
1/1/0/1 25.56 67.22 92.78 98.89 100

Appendix 6 Recovery time of the benzoxazine-modified epoxy SMP samples at

various compositions

Recovery time (s)
ENDB

Te (°C) To+20°C
1/1/1/0 47+5.60 40+5.70
1/1/0.8/0.2 74+10.13 57+4.79
1/1/0.6/0.4 88+4.57 61+6.04
1/1/0.4/0.6 112+0.71 F2+45.38
1/1/0.2/0.8 131+10.56 83+3.00
1/1/0/1 173+9.90 142+10.61
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Appendix 7 Recovery stress of benzoxazine-modified epoxy SMP samples

ENDB Recovery stress (kPa)
1/1/1/0 20.42+0.39
1/1/0.8/0.2 23.36+2.39
1/1/0.6/0.4 29.77+0.87
1/1/0.4/0.6 30.97+0.97
1/1/0.2/0.8 33.55+3.01
1/1/0/1 38.18+2.82
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