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Abstract

The aim of this work is to develop novel shape mempolymers (SMPs) and
nanocomposites for potential biological applicasioA kind of commercial SMP, shape
memory polyurethane (SMPU), was used to prepareawenposites by incorporating
nano-clay into the SMPU substrate. The mechaniebbwiour, thermal property and
shape memory efficiency were studied with vario@ndiiller loadings. Chemical
synthesis methods were also employed to preparettier designable SMP and its
nanocomposites, i.e. the shape memory polystyrenpolymer (SMPS). Multiple
technologies were adopted to enhance the SMPSxnsatth as modifying the chemical
components, introducing various functional nanaplag into the polymeric network
and improving the dispersion of the nanoparticlegferent methods were used to
characterize the overall performance of the obthimaterials. Mechanical tests were
performed at different dimensional scales with aiedh degree of localisation.
Nanoindentation was firstly applied to assess ti@aymechanical properties of shape
memory polymer nanocomposites at scales down taclgasize. The micro-mechanical
analysis provided the fundamental information om 8MPs and their nanocomposites
for bio-MEMS applications. Potential applicationser& also explored through
manufacturing different type of device models amdtihg their shape recovery
efficiencies. Finally, theoretical contributions neenade in two areas. The first one was
the theoretical analysis on the nanoparticles ertgraent to the soft polymeric matrix.
The other was in developing a constitutive modetiéscribe the thermo-viscoelastic
property and shape memory behaviour for SMP nanposites.
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IMPORTANT NOMENCLATURE AND ABBREVIATIONS

SMP
SMPU
SMPS
RR

R
T

Tirans
Tg

Tm
DMTA
DSC
TGA
AFM

shapenmory polymer
shape meypolyurethane
shapemoey polystyrene
shapeovery ratio
cyctitrain recovery ratio
teengture
transititemperature
glasmnsition temperature
megitemperature
dynamic of@nical thermal analysis
diffat@al scanning calorimetry
thermialvimetry analysis
atom ¢ermicroscopy
opticalcrosocy
dis#ijon energy
elastic modulus
hardness
phase angle, Tan (delta)
volume fraction
conductivity
complex permittivity
dielectric loss
aspect ratio
stress

strain
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Chapter 1

INTRODUCTION

The aim of the work presented in this thesis ist@stigate aspects of the fabrication
and properties of new functional materials, nansblgpe memory polymers (SMPs) and
their associated nanocomposites, made by reinfpritia polymer with nanoparticles.
The main objectives of this research are to revibal effects of nanoparticle
reinforcement on mechanical, thermal and thermoh@weical properties and also on the
shape memory effect, and to design and test dewiassed on these shape memory

materials as an exploration of potential applicatoeas.

1.1 Background of shape memory polymer and nanocompogis

Polymeric materials are capable of a shape memifegtealthough the mechanisms
responsible differ dramatically from those of shapemory alloys (SMAs). Current
opinion is thatSMPs achieve temporary strain fixing and recovargugh a variety of
physical means, with the underlying very large esieility being derived from the
intrinsic elasticity of polymeric networks. Earlistudies of SMPs were mainly into the
shape memory phenomenon itself and the main foas preparation of these new
materials for various applications. More recent kvoas focused on particular aspects,

11 (synthesis, functionalizing and biological appiica),

[10-15]

for example by Lendleiet al
Gall et al. [ (functionalizing and shape memory mechanisigbushiet al.
(SMP structure-property relationshjpsiu et al.**%3! (SMP synthesis and smart textile
fibers), Huanget al.’**?? (SMP and nanocomposite physical properties), Lesra. -

38! (functionalizing and SMP physical properties), @itet al.!***" (structure-property
relationships and bio-medical applications), ancuyém et al. 8 (modelling and
mechanisms)It is widely acknowledged that the particular pedies of SMPs can
fulfil important roles in many applications, andwnéchniques are continually sought
to modify their properties according to new corafis. Developments on theories and
mechanisms have revealed the internal changesgdilnenshape recovery, which offer a
better understanding and open up the possibilitmodelling shape memory behaviour

for different polymeric materials.



Although much work has already been done on SMRaItised above, several critical
iIssues remain unsolved as far as we know. For ebeartiyere are no detailed studies on
the enhancing mechanisms of nano-particles foreeitmechanical or electrical
properties which should be supported by clear &iragproperty explanations. There is
also, as yet, no constitutive model to predict #ipe memory behaviour of the

nanocomposite system.

1.2 Objectives

The overall aim of the work is to find a class B or nanocomposites with stable
chemical and physical properties, which meet tlhygirements for potential biological
applications. The work involves the application afrange of advanced chemical,
physical and mechanical testing techniques, sifee related materials synthesis
through the chemical reactions and the characterim demand extensive physical

structure-properties knowledge.

The approach was to use commercial SMPs as a metefer the mechanical, thermal
and shape memory properties, and then systemgtidall design SMPs and

nanocomposites using appropriate fabrication telcigyo Specific consideration was
given to the control of the chemical synthesisgeesdly on the dispersion treatment for
the nanocomposites. The chosen SMPs and nanocdeyp@gre characterised at the

macroscopic and microscopic scales and their dyeedlormance were assessed.

Mechanical properties were evaluated using a coatibim of uniaxial tensile testing,
Vickers micro-indentation and nanoindentation. Tengesting gives the bulk
mechanical property, whereas microhardness offardeégree of localisation and was
also used to obtain microhardness-transition teatpe relations. Nanoindentation was
used to provide further information for structumeperty relations allowing
measurement down to particle level. Other testsh 1 thermal analysis and electron
microscopy were used to provide microstructurabiimfation directly or indirectly to

support the development of structure-property i@tghips.

Shape memory behaviour was assessed using a rarigggering conditions. Some
ancillary measurements, such as conductivity aetediic tests were also carried out

to assess the material modification efficiency &l as to obtain the setting factors for
2



shape memory tests. Various demonstrations wereedarut and a thermal-mechanical
tensile test was used to quantify the shape memibegt. Finally, dynamical thermal
mechanical analysis (DMTA) was also used to proviggmo-mechanical information

for the specimen materials.

It was anticipated that novel SMPs or SMP-basedo@mposites would be identified
in this research, alongside the establishment wfethod for the evaluation of shape
memory efficiency for this type of SMP. Analysistbke data was expected to result in
the recognition of structure-property relationshipshese polymeric systems, as well as
a general understanding of shape memory behaviouBMPs. Advances in the
biological applications were also expected withperodesign and demonstration with

the specific materials.

The objectives of this thesis are listed as follows

a. To understand mechanical/thermal behaviours ofm@ftmeric systems and the
relationship between inorganic and organic phas$tes atroducing the nano
inorganic particles into a soft polymeric matrix;

b. To synthesise and characterize SMPs and nanocamegosiith designed
properties by incorporating nanoparticles, mainbcusing on mechanical
properties and shape memory performance;

c. To explore the different triggering methodologigsfonctionalising the matrix
with selected nano-particles and validate the sinag@ory effects;

d. To analyse theoretically the structure-propertyatiehships and the shape

memory mechanism.

1.3 Outline of thesis

Chapter 1 Introduction. A description of how the presentrievas inspired and its

contributions to the development of SMPs and itsocamposites will be given.

Chapter 2 Literature review. The origins of the shape mgmaihenomenon and the
history of SMPs are introduced. Classifications agcknt developments of SMPs are

explained in detail. The shape memory nanocompositeept is provided, with a brief



introduction on the different fabrication technakesgyfor nanocomposites. The potential

applications and related published work is higttiegh

Chapter 3 Materials and experimental methodology. This ¢hapdescribes the
experimental apparatus, materials and fabricaticimafacterization techniques used for

this research.

Chapter 4 Nanoclay reinforced polyurethane shape memoryoc@mposites. This
chapter compares the experimental results for shgmory polyurethane (SMPU) and

nanoclay/SMPU nanocmposites.

Chapter 5 Thermal triggering in polystyrene based shape argnmanocomposites

reinforced by different nanofillers. This chapteoyided an overall description on the
experimental results covering the important aspeetated to the shape memory
polystyrene copolymer (SMPS) and its nanocompasites

Chapter 6 Spherical carbon nanoparticle/polystyrene eleattive nanocomposites.
This chapter systematically studies the propertésSMPS nanocomposites with
conductive spherical carbon nano-particles, fogusiore on the electrical properties.
Other characterization results on mechanical, thkand shape memory properties are

also presented.

Chapter 7 Carbon nano fibre / carbon nanotube based pobrs¢y shape memory
nanocomposites. Further investigations on SMPS cmanposites containing carbon
nano fibres and nanotubes are discussed here. Measois at the micro/sub-micron
scales are used to reveal the structure-propetgtioeship. The shape recovery
efficiency evaluation which design different steatsvarious materials are provided to

forecast the potential applications in biologicadaa

Chapter 8 Discussion. The structure-property relationstup $MP nanocomposites is
discussed including the particle size effect andnuggrical aspect ratio effect.
Constitutive models describing the thermo-viscdedasehaviour and shape memory

effect are proposed and the modelling results angpared with the experimental ones.



Chapter 9 Conclusions. Major conclusions from this reseamcitk are summarized in

this section.

Chapter 10 Future work. Potential future work is outlinedée

Contribution to knowledge:

The author claims two contributions in this thesihe first contribution is the
clarification of the particle enhancing effects &WvIPs by fully analysing the tested data
of shape memory nanocomposites with different typesianoparticle. The second
contribution is to create a constitutive model $bape memory nanocomposites, which

predicts the thermal-mechanical behaviour and shegreory behaviour.



Chapter 2

LITERATURE REVIEW

A comprehensive literature survey is presentedhis thapter, covering the shape
memory phenomenon, SMP nanocomposites, simulataaeting of shape memory

nanocomposites and, finally, applications of SMR® @eir nanocomposites.

2.1 Shape memory polymer: phenomenon and effects

Shape memory materials (SMMs) are particular tygfematerials that can "remember”
their geometryi.e. after a sample of SMM has been deformed fromritsiral shape, it
recovers toward its original geometry by itself andn external stimulus, such as light,
temperature, or moisture, (often called shape mgratiect, SME), or simply during

unloading (superelasticity).

The SME was first reported in 1932 for a gold-casmialloy®". However, it was not
until 1951 that the phenomenon was explained dtggtaphically[szl. In the late of
1950s, two viable engineering materials, Cuzi#land CuAINi®¥ alloys, were found
to exhibit SME. In 1962, Buehlaat al. at the Naval Ordnance Laboratory discovered
that the nickel-titanium system (NiTi, also callditinol) shows the shape memory
effect®®. The martensitic transformation of NiTi was delsed fully in 1965, when the
term ‘memory’ was firstly used to describe the shapcovery behaviout®, so that
NiTi became the archetypal shape memory alloy (SM3)ape memory effects have
been already found in many materials, such as metatamics, and polymers. Among
all these materials, NiTi based alloys have beeensively studied and have found
many commercial applications, due to their distipciperties of shape memory effect,

super-elasticity, biocompatibility, corrosion reaisce and high damping capaciy®.

The SMPs have drawn increasing attention sinceartigglle of the 1980s because of

their scientific and technological significarlé€" °2 They haveextraordinary properties

such as high degree of deformation, good biocorifiti non-toxicity,

biodegradability, wide ranges of mechanical prapsytlow-cost, light weight and easy

processability®*%%, Compared with SMAs, the advantages of SMPs are bightic

deformation and high recoverable strain (up to 400%w cost for fabrication and
6



processing, lowdensity, excellent chemical properties, biocompiéiband potential
biodegradability®” ®®®. A variety of different stimulating methods caa applied
including heat (direct heating, Joule heating,ardd/radiation heating, laser hea,
etc), moisture or water, and ligtSuch flexibility ontriggering methds ensures great
potential application in making actuation, sensing and control deviwith SMPs.
They also have a broad range of application tenpes and stiffness, which can
tailoredthrough the molecular structure. The shape recoveryry fo SMPs originates
from the principle of phase/structure movementgrotied by an energy threshold a
frozen energy barrier. For instanthe shape of thermally responsive shape mel
polymers can be readily changed above the shapeorganansition terperature Tians
or Ts) and the deformation can be fixed below this tentpegea As a result, when the
are heated abov&.n, their original shape can be recovered autométicdhe Tians
can be either a glass transition temperatiTg) or the melting temperature of the
polymer (), which is required to remian the activation enefgy recovery.The
process is shown schematically Figure 2.1, and detailed mechanisms will t

presented specificalfor different types of SMP i&ection 2.1.1

There are a lot of polymer materials which showshape memory effect, for examg
epoxy 997 EVA (Ethylen-Vinyl Acetate copolymer}*®" polyurethane (PU)/PU

copolymer’>" andpolytetra methylene oxide/poly (acrylic agid-acrylonitrile) .

Applied stress

: ﬁApphed stress
|
’ | Above the Ts
S
Ap

Applied stress plied stress

Deforme

1
i
1
Heating . i Keeping thell¢ooling
e ' Deformatio
oomg ! Fixed

Below the Ts Ahove the Ts

____________________________________________

Shear deformation ~ Compress deformation

Figure 2.1Schematic of Shape memory effect triggered by teatpe

Mitsubishi Heavy Industries (MHIhave been engaged iesearch n SMPU since the
1980s, and havsuccessfull developed polyuretharteased thermoplastic polyme.™®..
The Ty values ofthe MHI shape memory polyurethane (SMP possess a broad

temperature range fro—30 to 65 °CThe shape memory of F has had an enormous
7



commercial effect, with successfully uses in sugpliaations as kitchen tools, textiles
and automotive engineering. A lot of research wuak been established on SMPUs
7% Baeret al investigated the thermomechanical properties efMlitsubishi SMPs
for potential application as medical devices, ushgrmal analysis methotf§. Hu and
co-workers in Hong Kong Polytechnic University haverked on the SMPUs and have
fabricated shape memory composites based on theubléhi SMPs. They also
synthesized a SMPU resin, which mainly aims fotikeapplications’ 8#2 Huang
et al. have studied intensively on the enhancement agdering mechanisms of the
SMP, etc[?* 2628838 Thay also discovered some special triggering ramisms, such
as a water-induced shape recovery efféct 8% The promising application fields of
SMPs are biological applications, MEMS, and mediagblications® 8% for
example in minimally invasive surgef§ " % |n some cases, another benefit of
using SMPs is that there is a possibility to usgra@able SMP if the biological device

is not intended to be permanétit®’: % 971

2.1.1 Mechanisms and classification in SMPs

SMPs achieve temporary strain fixing and recovdmpugh a variety of physical
processes, the underlying extraordinary extensibideing derived from the intrinsic
elasticity of polymeric structures. SMPs can besgifeed in a number of different
categories. With their different thermal processimmgperties, they can be divided into
thermoplastic and thermoset polymers. The SMPsatsmbe divided according to the
different chemical compositions of the macromolacuhatrix, such as shape memory
alkenes, shape memory polyurethane and shape meobygster. In the following
sections, the SMPs will be discussed based on@atation according to the molecular

chain structure, amorphous or covalently crosselihk

2.1.2 Amorphous shape memory polymers

In the amorphous phase switching mechanism, chystadr rigid amorphous domains
in thermoplastics may serve as physical crossdAmipoints affording the elasticity
required for shape memory to be developed, mamlyhe form of phase-separated
block copolymers. When the temperature exceedd her Ty (Thign) Of these discrete

physical domains, the material can be reshaped.cohgnuous phase, having a lower
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Tm or Ty (Tiow), Often exists in a rubbery state Béw<T<Thign and fixes a secondary
shape on cooling td<T,w. As shown in some research work on block copolgnaead
polyurethanes, the soft domains show a sharp g¢lassition which could be
considered as a symbol for shape memory propestiethe frozen internal energy
releases® 2% %l |n this system, the crystalline phase functionsphgsical cross-
linking joints (or hard segments), and thgeof the amorphous region functions&agns
(the transition temperature). This kind of SMP ua#s some polymers with low
crystallinity or semicrystalline homopolymers, meliscible polymer blends which are
compatible in the molten and amorphous stateshhué at least one semi-crystalline
component®. For these miscible blends, tfig of the amorphous phase during shape
recovery can be easily changed by modifying thepmmsition.

In some block copolymers, the soft segments ciiztadnd the shape memory property
are determined by the crystallizatiohy, of the crystalline phase, which functions as
Tuans 0% 23 Polycaprolactone (PCL) has been extensively dsedynthesis of PU
with a crystalline soft phase, which performs tlypidal crystallization switching
recovery. The recovery temperature, at which fasbvery takes place, can vary from
40°C to 60°C depending on the soft phase/hard plasgosition and molecular
weight of PCLP 102 193] The relation between the shape memory effectnasiécular
structure has been investigated and it was condltitkg high crystallinity of the soft-
segment-region at room temperature was a necegsagquisite for segmented PUs to
demonstrate shape-memory behavibff. The recent research focuses on such PU
based SMPs are to achieve maximum crystallizatrwhsdable-hard segment domains.
Many modifications have been made to achieve nptrase separation, such as
incorporation of new segments and new grolfis’® % 195 18l 7l et al. [
synthesised the SMPU cationomers composed of PEthylene diphenyl diisocyanate
(MDI), 1,4-Butanediol (1,4-BDO), and N-methyl-D-aspc acid (NMDA) or N,N-
bis(2-hydroxyethyl) isonicotinamide (BIN). The rédsushowed that the stress at 100%
elongation was reduced with increasing ionic graoptent. Shape recovery testing
indicated that the NMDA series can be improved by simultaneous insertion of
cationic groups within hard segments, althoughfoothe BIN series. Thermal analysis
with DSC and DMA suggests that the crystallisapilitf soft segments in SMPU
cationomers is enhanced by incorporation of iomaugs into hard segments, leading to
a relatively high degree of soft segment crystation. Compared with the
corresponding nonionomers, incorporation of chargedic groups within hard

9



segments can enhance the cohesion force amongskgrdents particularly at high
ionic group content. This indicates that the congerd category of cationic groups have
a significant influence on the shape memory prigeiof PU.Gouheret al. 107109
fabricated a number of segmented copolymers with &G ariousMn (2000, 3000 and
4000 g/mol). Promising shape-memory properties wbserved for two polymers that
contained comparatively short, semicrystalline POt segments of molecular weight
3000 g/mol and either terephthalamide or 2,6-nagdbtiedicarboxyamide hard
segments. Loading could be conveniently achieved coyd-drawing at room
temperature and strain recovery took place upotirfgeabove the melting temperature
of the soft segment (35°C). Film elasticity testispowed uniform deformation
properties with strain recovery rates as high & @8d strain fixity values of 78% after

passing through only one or two training cycles.

2.1.3 Cross-linked shape memory polymers

Creep and the scale of irreversible deformatiorit lihe application of physically cross-
linked shape memory polymers. Generation of sonvaleat forces between the long
molecular chains can not only enhance the polymeéralso improve the shape memory
property. Some research work based on polymerdeodb such as polyethylene (PE)
and PU/PVC has been reporf&t'*'? and the results showed that the polymers have
a shape memory property when they are cross-linkda et al. investigated the
properties of cross-linked PCL with different malr weight usingy-radiation**?.
The shape-memory testing results indicated thatit be stretched and deformed at
about 60°C and, after cooling to room temperattire,deformation can be maintained
effectively. The PCL based SMP was characterizetisbipw recovery temperature and

large recovery deformation that results from thehaltic polyester chain of PCL.

There are also two kinds of covalently cross-linkédpe memory polymer. One is the
covalently cross-linked glassy thermoset polymbe other is the covalently cross-
linked semi-crystalline SMP. The covalently crosdéd glassy polymer has a shdip
at the temperature of interest and rubbery el&gtaibove T, derived from covalent
cross-links. An example of this class is a chenycatoss-linked vinylidene random
copolymer consisting of two vinylidene monomers imye methacrylate and butyl

methacrylate) whose homopolymers show two veryedgfitTy values of 110 °C and
10



20 °C, respectively*'®. The work capacity, dictated by the rubbery moduliss,
precisely adjustable to accommodate each partiaplglication by varying the extent of
crosslinking. This is achieved by copolymerizatiovith a tetraethylene glycol
dimethacrylate. This thermoset polymer shows cotaghape fixing and fast, complete
shape recovery in hot water at the stress-freeesthgrock et al worked on
copolymerization and chemical cross-linking of neable natural oils, which have a
high degree of unsaturation, with styrene and gibenzene (DVB) to obtain random
copolymer network&8®. These networks showed flexible glass transitiam rubbery

properties upon varying the monomer ratio.

The covalently cross-linked semi-crystalline SMR& te employed to trigger shape
recovery, typically giving a large recovery. Conmgzhmwith glassy materials, this class
of materials is generally more compliant below thiéical temperature, with a stiffness
that is sensitive to the degree of crystallinityd ahus indirectly to the extent of cross-
linking. Shape recovery speeds are faster for fhi-order transition than the
amorphous ones. The chemically cross-linked trargigpprene (TIP), one typical
material in this kind, has a melting poift,j of 67 °C and crystallinity degree around
40%, giving a stiffness of about 100 MPa at roomgeraturé*'®. Lendlein and co-
workers have developed biodegradable SMPs by ssiaihg and copolymerizing a
narrowly dispersed, oligomeric potyCaprolactone) dimethacrylate with n-butyl
acrylate under UV radiation to yield a multiblockusture™. The materials showed
excellent shape-memory properties, with a totalistrecovery rate between 92% and
97% and average recovery ratio between 86% andd&#¥five cycles. The materials
were adjustable with respect Tgans from 30 to 50 °C via the molecular weight of the
macro-dimethacrylates used in the synthesis, aadctistallization process could be

controlled for new applications.

2.1.4 Current research problemsin SMPs

As previously mentioned, the basic advantages ®fSKIPs over other shape memory
materials, such as SMAs, are their inherently magoverable strain of several hundred
percentsand much lower density. In addition, SMPs possesweaniently adjustable

material properties and can be easily producedsiiaghed by conventional polymer

processing techniques. However, in many casesndahanical strength of SMPs under
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ambient conditions or thermo-mechanical service noainfully meet application
demands, which increases the uncertainty as toed@onse of devices because of the
soft nature of these materiafor instance, SMPs have relatively low recovergssty
which is usually 1-3 MPa compared to 0.5-1 GPasfape memory metal allo}fs’.
The relatively low recovery stress becomes a Ingitfactor in many applications
especially in cases where SMP devices need to over@ large resisting load during
shape recovery.

Many attempts at enhancing the soft SMPs have bemorted by either trimming the
molecular structure internally or incorporating anbers to the system externally, both
of which have proven to be effective solutionshaligh the latter one has gained more
academic concentration with lower operation riskl dmgher enhancement. Various
fillers with dimensions in the nano/micrometer scahve been considergd *** **lin
shape memory polymer composites in efforts to augmechanical properties and to
obtain multiple functionalities. It has been obsehthat there is a trade-off between
enhancement of elastic modulus and reduction afves@able strain ratio. Generally,
fillers have a negative impact on recoverable stohie to their size, and substantially
higher stiffness compared to the matrix polymersdme cases, they even disturb the
polymer networks responsible for shape memory fanst especially at high loading
levels. As will be apparent below, research effddsstrike a balance between the
recovery stress and the recovery strain with tleeafidillers are still evolving. Gunest

al M8 have presented a systematic review of recent essgnade on SMPs and their
nanocomposites. Developments in allied fields walso presented in an effort to
identify the current and future trends in this ar€he physical mechanisms of shape
memory actions, polymer-nanofiller interactionsdahe resultant properties of SMP
nanocomposites were discussed. Examples were pedsenhighlight the influence of
processing conditions, filler geometry and fillerface characteristics, and the nature of

matrix polymers on shape memory properties.

Leaving aside the above-mentioned mechanical liroita arising from the recent
appearance of SMPs to which solutions are gradbeligg found, there is one crucial
issue that makes it impossible on many occasionseahese polymers to replace other
active materials. As shape memory recovery is bswathermally induced process,
their triggering conditions or controlling methodeanot so practical since thermal
triggering shape memory is not the best controhwe@in most applications. Also, there
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exist many uncertainties in the thermal triggenprgcedure such as stress relaxation,
stress reduction with increasing temperature aititarapplication condition§® 4% 44!
These shortcomings on triggering conditions coutdsgbly be changed by adding

nanoparticles with different functionalizing mecksms.

2.2 Shape memory polymer nanocomposites

2.2.1 Why shape memory polymer nanocomposites?

The term “Composites” originally arose in enginegrio describe the situation when
two or more materials are combined in order to ryotlie shortcomings of a single
specific component. Polymer nanocomposites are ammyniefined as the combination
of a polymer matrix and additives that have attlesse dimension in the nanometre
range. The additives can be one-dimensional (farmgte, nanotubes and fibres), two-
dimensional (such as layered minerals of clay)thwee-dimensional (for example,
spherical particles). Over the past decade, polynmarocomposites have attracted
considerable interests in both academia and ingustwing to their outstanding
importance in mechanical properties such as elastidulus and strength with only a
small amount of the nanoscale additives. This issed by the large surface area to
volume ratio of nanoadditives when compared tontih@o- and macro-additives. Other
superior properties of polymer nanocomposite ingludarrier resistance, flame
retardancy, scratch/wear resistance, as well asabpthagnetic and electrical properties.
The incorporation of reinforcing fillers has beewastigated in order to improve the
mechanical properties, fulfill the practical trigog conditions and to diversify the
applications of SMPg?: 3% 39 119-121]

2.2.2 Nano particles and their enhancement in SMP

These materials are characterized by at least onendion in the nanometre range.
Nanostructures constitute a bridge between molecated bulk systems. Individual

nanostructures include clusters, quantum dots, naystals, nanowires, and nanotubes,
while multi-nanostructures involve arrays, asseeshliand super lattices of the

123]

individual nanostructurest*?* The physical and chemical properties of

nanomaterials can differ significantly from thodetlme atomic-molecular or the bulk
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materials of the same composition. Size effectsraportant in nanomaterials, and this
has two aspects: one is concerned with specife aitects (numbers of atoms in metal
clusters, quantum mechanical effects at small siaed the other with size-scaling
applicable to relatively larger nanostructures feste and interface effects, volume
effects) Table 2.1& 2.2).

Shapes of nanoparticles also play an importantiroldetermining properties, such as
reactivity and electronic spectra. Since the discpwf carbon nanotubes (CNTs) by
lijima in 199124 tremendous efforts have been expended to cotedl production
and properties. Recent theoretical and experimesitalies suggest that CNTs have
remarkable mechanical and electrical propeii&s?"! The construction of ordered
arrays of nanostructures by employing techniquesrghlnic self-assembly provides
alternative strategies for nanodevices. 2D and 3iaya of nanocrystals of
semiconductors, metals, and magnetic materials haga assembled by using suitable
organic reagents. The rest of this section wilieevthe ecent developments in shape
memory nanocomposites according to the effects of the fillaro shape on

enhancement of the matrix.

Table 2.1 Relationship between nano-particles amkthe amount of surface atoms

Nano particles dimension Atom Surface atom
(nm) No. percentage(%)

10 3x1d 20

4 4x10 40

2 2.5x10 80

1 30 96

Table 2.2 Nanostructures and classifications

Nanostructure Dimension Material
Clusters, quantum . Insulators, semiconductors, metals,
Radius,1-10nm . .
dots magnetical materials
Nano particles Radius,1-100nm Ceramic oxide
Nano tubes Diameter, 1-100nm Carbon, BN, GaN
Nano wires Diameter. 1_lOOnmsgemlconductors, metals, oxides, sulfides,
nitrides
Nano rods Diameter, 5 nm DNA
Two dimensional Nano scale to . . .
: : semiconductors, metals, magneti materials
nano particles micron scale
Thin films Thickness,1-100nm Insulators, semicorndis; metals, DNA
Three dimensional Nano scale in threesemiconductors, metals,  magnetical
nano particles dimensions materials
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2.2.2.1  Spherical inorganic nanofillers

Silica as a widely used spherical inorganic nantiga, as has been claimed as a
reinforcing agent in SMPs. Studies have shown tikatconstrained bending recovery
force of SMPs can be dramatical with the additibsilica as low as 2 wt.9%*" 1?8 |n
another study, PU block copolymer was synthesitalthwed by a sol-gel reaction
with tetraethoxysilane (TEOS) to prepare high penfmnce PU-silica hybrids with
shape memory function. An improvement in the met@nproperties and shape
recovery force of PU was achieved without any detation in shape recovery effect
by silica hybridization®®®.. Similar enhancements have also been reportedtfamr

spherical nanofiller§3°132

2.2.2.2 Rod likeinorganic nanofillers

Rod like nanofillers, normally include two differtiealassifications, carbon fibre/tubes
and the other inorganic nano-rods or fibres. Thdara series will be dealt with in
Section 2.2.3 As reported by réf¥, attapulgite (playgorskite), a kind of nanosized
fibrous clay mineral, may provide a simple and ghadternative of some existing
expensive rod nanofillers such like carbon fibreés, to improve the stiffness and
actuation stress of SMPs. Thig of a SMPU reinforced with treated/non-treated
attapulgite was monitored in both of wet and drpditons, and the results revealed
that non-treated clay significantly reduckgsof the composites, while the influence of
treated clay onTy is limited B4 Organic fibre has also been used to enhance the

mechanical and shape memory properties of a SMPixmauad et al. >3

prepared
composites by casting stable nanocellulose/segmgaiyurethane suspensions. These
composites showed higher tensile modulus and dgtretigan unfilled films (53 %
modulus increase at 1 wt.% nanocellulose), witthéigelongation at break. And creep
deformation decreased as the cellulose concemnirataeased (36 % decreasing in 60-
minute creep by addition of 1 wt.% nanocelluloselle nanocomposites displayed
shape memory properties equivalent to those oh#da polyurethane, with recoveries

of the order of 95 % (referred to second and furdyeles).
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2.2.2.3 Plateetsor layer type nanofillers

Layered clayj.e. sodium montmorillonite (MMT), is the most commoarficle used in
reinforcing polymers. Cao and Jah¥! reported that clay particles exfoliated well in
the polymer, decreased the crystallinity of the sefjment phase, and promoted phase
mixing between the hard and soft segment phasegerifeless, the soft segment
crystallinity was enough and, in some cases, ise@adue to stretching to exhibit
excellent shape fixity and shape recovery rati20A% increment in the magnitude of
shape recovery stress was obtained with the additidl wi% nanoclay. Tensile tests
indicated that the strength was highly dependenthercompeting influences of reduced
soft segment crystallinity and the clay contentwdwer, the tensile modulus measured
at temperatures above the melting point of the sefiment crystals showed continued
increases with clay content. A different macromolac system containing a
poly(ethylene glycol) (PEG) segment was studiedKiny et al.!**® through introducing
Na-MMT into matrix. The X-ray diffraction pattermd the morphology observed with
a transmission electron microscope showed that INBFMntercalated with a PEG
segment was heterogeneously dispersed in the polymagix %, Thus Na-MMT
intercalated with a PEG segment effectively enhdnit® mechanical properties of
PEMA. Shape memory behaviour and rheological ptesershowed that Na-MMT
intercalated with a PEG segment performed its asla physical crosslinker effectively
even with 1.2 wt% of Na-MMT°.

Despite the fact that clay is physically incorpethinto polymer systems, Rezanejad
and Kokabi!**® illustrated the effect of adding clay in chemigaktross-linking
composite system. The resulting nanocomposite sthdwgher modulus/strength at
small clay loading levels (0-10 wt.%), and also daestrated higher recovery force,
which is required to if it is act as an actuatoheTeffect of modified MMT on
mechanical and shape memory properties as welhegorce generation of a shape
memory cross-linked low density polyethylene wetsoainvestigated. The results
showed that the modulus of elasticity, the recovengperature, the recovery force and
force recovery rate increase with increasing omgatreated clay content in

nanocomposites, but the final recovery strain des@e slightly.
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2.2.3 Electro-active SMP nanocomposites

Carbon fillers have been extensively applied tongfarm the organic matrix from
electrical insulation into conductor. In this seati recent developments in applying
different types carbon filler in SMPs will be ligtvith respect to the different geometry

effects.
2.2.3.1 Spherical carbon nanoparticlesfilled SMP nanocomposites

Li et al.**") reported the strain recovery of spherical nanigest filled SMPs. These
PU composites with conducting carbon nanoparti¢léslP) were prepared by a
solution-precipitation process, which was followleg melt compression molding. It
was found that the CNP filler exists in the formagiregates. The percolation threshold
was reached at a CNP concentration of 20 wt %.presence of CNP fillers decreased
the degree of crystallinity of soft PCL segmentstiué polyurethane. However, the
composites still have enough soft-segmented PUtalsydo fulfil the necessary
condition for shape memory properties. Dynamic raedal data showed that CNP is a
kind of effective filler for the reinforcement dfié¢ PU matrix without deteriorating the
stable physical cross-linking structure of the poéthane, which is necessary to store
the elastic energy. The addition of CNP reinforcetm® PU influenced the strain
recovery properties, especially for those samplégs ®NP concentrations above the
percolation threshold. The response temperaturdeofshape memory effect was not
affected too much. The final recovery rates andirstrecovery speeds of the shape
memory measurements, however, decreased obviolblg. was expected and was
ascribed to the increased bulk viscosity as welth&s impeding effect of the inter-

connective structure of CNP fillers in the polymer.

Leng et al. %8 138 1% demonstrated multiple progress in conductive SMitis added
CNPs. They provided approaches to reduce significdine electrical resistivity in a
SMPU filled with randomly distributed CNP and anddidnal small amount of
randomly distributed Ni microparticles (0.5 vol.%) the SMP/CNP composite. The
electrical resistivity was only reduced slightlyowever, if these Ni particles were
aligned into chains (by applying a low straight meijc field to the SMP/CNP/Ni
solution before curing), the significant drop iretklectrical resistivity was detected.
d138, 139].

The related electro-triggering efficiency was aisporte
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2.2.3.2  Carbon nano-fiber (CNF) filled SMP nanocomposites

Guneset al. 'Yl fabricated CNF/SMPU composites by melt mixing aftee chain
extension of &, (melting transition temperature as the switch terafure) type SMPU.
CNFs with a diameter of 60—-200 nm and length oflB@-mm were introduced into the
SMPU synthesized from MDI, 1,4-BDO, and PCL didlee composites were prepared
by melt mixing of extended chain PU with the naille/s. Results showed that the
CNFs diminished the shape memory function of SMRéch was ascribed to the
interference of CNFs on the crystallization of thaft segment. Koerneet al. 4%
fabricated CNF/SMPU composites by solution miximga polar solvent, and slow
evaporation of the solvent. The CNFs had an avedsgmeter of 100 nm and length
above 10 micron. Shape recovery ratio was improsee to the enhanced strain-
induced crystallization. In comparison with pure B/ shape memory composites with
a uniform dispersion of 1—- 5 vol.% CNFs producedap0% more recovery stress.

Lan et al. ™ investigated the shape recovery behaviour of theemetyrene-based
shape-memory polymer composites (SMPCs) reinfortsd carbon fiber, and
demonstrated the feasibility of using an SMPC hiage deployable structure. Results
revealed that the SMPC exhibits a higher storagdutog than that of a pure SMP.
At/aboveTg, the shape recovery ratio of the SMPC upon bendias above 90%. The
shape recovery properties of the SMPC become velgti stable after some
packaging/deployment cycles. Additionally, fibre cnobuckling was the primary
mechanism for obtaining a large strain in the begdf the SMPC. Moreover, an
SMPC hinge was fabricated, and a prototype of arsairay actuated by the SMPC
hinge was successfully deploy&tf.

2.2.3.3 CNTsfilled SMP nanocomposites

Miaudetet al.**? reported on the properties of composite nanotitives that exhibit
the particular feature of aspect ratio. It was obs@ that these composites can generate
a stress upon shape recovery up to two orders ghitugle greater than that generated
by conventional polymers. In addition, the nandpke$ induced a broadening of the
glass transition and a temperature memory with ak pef recovery stress at the
temperature of their initial deformation. Meeg al. **! studied a multi-walled carbon

nanotube (MWNT) filled SMPU system prepared withsitu polymerization and melt
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spinning. It was found that in the SMPU matrix, tNBVNTs were preferentially

aligned in the fiber axial direction. The shapeokexy ratio and recovery force were
distinctly improved by the aligned MWNTSs. The réswduggest that aligned MWNTSs
could help storing and releasing the internal alashergy during stretching and
relaxation. Besides, it was found that the selfredd MWNT fibers caused the shape

recovering of composite to original length quickér

Parket al.®™ developed conducting shape memory polyurethand @9 actuators
with better electrical characteristics, fabricatading in situ polymerization. The
electrical resistance and specific resistance vaér®st constant up to the transition
temperature. The electrical resistance increasedaiput 100% as the elongation
increased up to 100%. This initial elongation foomuld be stabilized after a time,
which was a kind of ‘break-in procedure’. The atitwa displacement decreased
linearly as the actuation force increased. €hal.**® synthesized electro-active shape-
memory composites using conducting PU and MWNTsfa8a modification of the
MWNTSs (by acid treatment) improved the mechanicapprties of the composites. The
modulus and stress at 100% elongation increased widreasing surface-modified
MWNT content, while elongation at break decread®d/NT surface modification also
resulted in a decrease in the electrical condugtnfi the composites. However, as the
surface modified MWNT content increased, the cotiditg increased. Electro-active
shape recovery was observed for the surface-mdd¥M&/NT composites with an

energy conversion efficiency of 10.4%.
2.2.34  Graphenefilled SMP nanocomposites

Graphene was discovered in 2004 by Geinal, which has been suggested as a “next
generation material’. Its remarkable optical, eleuic, and thermal properties,
chemical and mechanical stability, and extraordirmysical surface feature have been
widely studied, potential applications fields suab transistors, sensors, polymer
nanocomposites and energy devices have also bemosgad™*4*¢ So far, few
publications have found on SMP/graphene nanocongsdiut it can be expected that
their extraordinary physical properties will bene®iMPs and offer more advantages

according to the applications than the existingopanticles.
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2.2.4 SMP nanocomposite fabrication methods

From the fabrication side, shape memory polymeronamposites is similar to the
other nanocomposites. According to the differenysvaf incorporating nanoparticles,
different kinds of methods can be classified: meats& melting processing using
specifically designed equipment, the wet chemicdlt®on method, molecular level

mixing technique with chemical reaction, andsitu polymerization.
2.24.1 Mechanical melting processing method

Most nanocomposites based on SMPU from MHI areidated using this technique.
Investigations by Tobuslt al®>*> 24lon SMPs composites were based on fabricating
composites with melt SMPU and nano-filler. Many om@ant phenomena were found
and several models on the shape recovery mechamese proposed and validated in
practical experiments.

Yang et al. %8 148]

produced electrically conductive polymers by fiig)i the polymeric
matrix with conductive powders and investigated ¢iffects of moisture on the glass
transition temperature of a SMPU filled with narastion powders. It was found that
the SMP composites before immersion in water hawdightly lower Ty, and the
moisture fraction at the saturation point upon imsiw is also lower. Another
interesting point was that the moisture can sigaiftly reduce th&; of the composites,

which also led to the idea that the water actuatingvery of SMP composité&s 1481
2.24.2 Wet chemical processing solution

Wet chemical processing usually performed by pedtedng nanoparticles in a solvent,
and adding surfactant to reduce the high surfaeseggnof nanofillers, to modify the
surface to improve the compatibility and protecé thanostructure from the outer
environment. Ultrasonic processing techniques hsamllzeen used to achieve the lowest
level aggregation of particles. lat al.®® fabricated SMP composites by incorporating
various nanofillers into a styrene-based SMP wéhsing and actuating capabilities.
Static mechanical results of the SMP compositesaiming various filler concentrations
of hybrid filler reinforcement were studied and ioned that the mechanical properties
were significantly improved by adding chopped shoarbon fibers (SCF). The
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excellent electrical outcomes and sensing dataM® $omposites filled with 5 wt.%
CNP and 2wt.% SCF proved that temperature or mmechla loads could be
significantly affected. The actuating capability ®MP composites was also validated
and demonstrated. Dynamic mechanical analysis ieddhat the output strength of

SMP composites is improved by an increase in SQeoo.

Guneset al. ™9 used this method as the second step to achievecomposites by

mixing nanofillers and synthesized SMPU. A redutiio soft segment crystallinity was
observed in the presence of CNP, CNF and treateld; @ reduction was smaller in
the case of treated CNF. Only the composites with? Ghowed pronounced positive
temperature coefficient (PTC) effects. The obserfAAdC effects exhibited a close
relationship with non-linear thermal expansion dgrheating. Composites of CNF and
treated CNF did not show PTC effects due to lovelewf soft segment crystallinity.

The resistivity of composites with CNP significanihcreased by several orders of
magnitude after imposing a tensile strain while posites of CNF and treated CNF

showed weak dependence on strain.
2243 Molecular level mixing

Molecular level mixing can be achieved via eithemalting process or wet chemical
mixing. The critical issue is the technique cordgrahd composition design, as it needs
the assistance from other chemicals. Physical ptisarhelps the polymer molecular
chain or monomer attached the particles and thgnpaization causes the patrticles to
be embedded. Armest al. °* Y reported surfactant-free synthesis of colloidal
dispersions of vinyl polymer-silica hanocompositetigles in aqueous media using a
batch emulsion polymerization protocol using 4-Yyyidine as an auxiliary in the
synthesis. The strong interaction of this basic omoer with the acidic surface of the
silica particles is essential for successful nangoosite particle formation. Depending
on the synthesis conditions, the mean particle diamof the hybrid particles varied
from 100 to 300 nm. Chet al.[*?® 3 synthesized SMPU based composites using silica
and MWNTs through this method. As well as the inwe mechanical properties, the

conductivity was also dramatically elevated by addViWNTSs.
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2244 Insitu polymerization

This is the most common method to obtain SMPs hait hanocomposites. The major
advantage is that the modifications can be made fooin organic molecular trimming
or composition design and adding the nanopartiolgh proper pre-treatment. The
disadvantage is that in-situ polymerization needsstable system with precise
composition control. Nanoparticles are generalhyctionalized first and then added as a
monomer in synthesis to obtain the hybrid compesi®ahooet al. **? obtained
electroactive SMPU based nanocomposites thraughu polymerization with different
components, MWNTs, polypyrrole (PPy) and PPy-coatelVNTs. A clear
enhancement of mechanical properties was obseWhdn this composite was slightly
coated with PPy (2.5 wt.%), its conductivity wagher than the other composites. This
composite also showed good electroactive shapeeec@roperties when an electrical
voltage was applied. Metal oxide nanoparticlestehsshave attracted more and more
attention recently. Behkt al. @ reviewed different concepts for the creation of
multifunctionality derived from the various polymeetwork architectures of thermally-
induced SMP and summarized ftinesitu polymerization classifications as well as the

multifunction for each nanocomposites.

Ranaet al.™® synthesised hyperbranched polyurethane (HBPU)cmmposites with
MWNTs by in situ polymerization on the basis of pay¢aprolactone)diol as the soft
segment, 4,4'-methylene bis(phenylisocyanate)@abdhd segment, and castor oil as the
multifunctional group for the hyperbranched struetutA marked improvement in the
dispersion of MWNTSs in the HBPU matrix was founddagood solubility of HBPU—
MWNT nanocomposites in organic solvents was sholde to the well-dispersed
MWNTSs, the nanocomposites resulted in excellenpstraemory properties as well as
enhanced mechanical properties compared to purdJiBP

2.2.5 Other functional SMP nanocompsoites

There have been many different types of SMP nanposites. Some recent
developments of these nanocomposites will be ioired here according to the
different triggering methods. Lendleiet al®® reported that polymers containing

cinnamic groups can be deformed and fixed intodatermined shapes, such as (but not
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exclusively) elongated films and tubes, arches pirals, by ultraviolet light
illumination. These new shapes were stable for kimg periods, even when heated to
50 °C, and they can recover their original shapanabient temperatures when exposed
to ultraviolet light of a different wavelength. Lget al.?% *¥ announced the successful
actuation of shape memory behaviour by infraretitlighough the direct triggering
factor was a thermal stimulus, their attempts destrating the possibility of remote
control. Vialleet al.*?! studied the remote activation of nanocompositésgugmote
induction of magnetic particles dispersed in therrtoset foam matrix. Material
properties and foam performance were character@et compared over a range of
fillers, induction parameters, and packaging canfjons. This investigation indicated
an improvement in heating performance for increagsight percentage of filler
without sacrifice in foam thermo-mechanical projartup to 10 wt% filler. Detailed
analysis of the results implied that the primartda in improving heating performance
was heat transfer between the filler nanopartieled the bulk foam.Another type of
functional SMP composites, magnetically sensitiv¢PScomposites, can be obtained
by embedding ferromagnetic fillers. Schmédtal. *>, Buckleyet al.®®, Hosodaet al.
(5% and Smalket al. % explored this area with success although the étieat model
was not attempted. A typical magnetically induceES of the composite is
demonstrated irFigure 2.2, in which a shape change from a corkscrew-likeaspi

temporary shape to a plane permanent shape is shiagirect magnetic actuation has

also been realized by the incorporation of Ni—Zmrite particles into thermoset
1.3,

polyurethane by Bucklegt a

Figure 2.2 The magnetically responsive shape-memibegt of SMPU composite with
10 wt.% particle conteri®.
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2.3 Simulation and modelling of shape memory nanocompass

This section introduces two aspects of the recaveldpment of shape memory
nanocomposites theories, particle enhancing yhegoolymer nanocomposite system,
and constitutive modelling of the shape memoryesystThe particle enhancing theory

includes a patrticle size effect and a geometryceffe

2.3.1 Theoretical model in nanoparticles enhancement

Generally, when nanofillers with high modulus adeled into a much lower-modulus
polymer matrix, the modulus and strength of theocamposites will be enhanced
through an improved load transfer from the matwixhte filler.Figure 2.3illustrates the
microstructure of nanofillers with different geomes in a polymer matrix. When the
aspect ratio of the particles equals unity (splaéricanoparticles), the composite
modulus is dependent on a number of particle chenatics such as modulus, density,
the particle geometry factors such as size andcasato, the volume fraction and the
nature of the interface between organic and inacgaimase.
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Figure 2.3 3-D schematic of nanocomposite systémasvith spherical fillers (such as
Al,O3, SiO,, CNP), (b) with rod-like fillers (such as clay, ENCNTS)

Successiveattempts have been made in the past decades toogevieEoretical
frameworks to predict mechanical properties of cosite materials based on the
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physical/chemical properties of the polymer matradditives and the composites
microstructuré™®®. Suprapakorret al. **"! investigated nanoparticle size effect on the
enhancement, and described that there existsieatnalue for a given particle, below
which the particulate composite modulus increasiéis @ecreasing of nanopatrticle size
and above which it was relatively increases. €hal.™*® investigated the effect of the
particle size on the mechanical properties of pelfon composites reinforced with
spherical particles. The size of particles variemht macro (500 pm) to nano (15 nm)
scale. It was found that particle sizes at the omicscale have little influence on the
Young’'s modulus of the composite and that Young&duoius increases as the size of
particles decreases at the nano-scale. It wahakserved that the tensile strength of the
composite is strongly dependent on particle sizea Aanoparticle loading of 1 vol.%,
the tensile strength increased as the particle déoeeased. However, the trend for a
composite with alumina nanoparticles of 3 % volufraction was found to be the
opposite™®®. Finite element analyses has been employed torstade the effect of the
particle size at the micron scale on the failurecpss, and the results have shown that
total strain energy release rate for particle/mattebonding growth decreases as
particle size decreases and that the sliding fractuwode becomes dominant during the
growth of debonding®?.

Unlike the limited attempts on particle size effgahany empirical or semi-empirical
equations have been proposed to predict the modiile®mposites considering that
most of the fillers are irregular in geometry aradied in specific aspect ratio. A simple
equation was generated based on Einstein’s equéfidnto predict the Young's
modulus of composites reinforced with rigid partif®®.

Ec

=1+ 25¢, 2.1)

m
whereE; andE,, are the modulus of composite and matrix, respelgtivandg; is the

volume fraction of filler.Equation (2.1) is applicable only at low concentrations of
filler and assumes perfect interface contact betwidéer and matrix, as well as a
uniform dispersion of individual filler particlé$®. A number of attempts have been
made to incorporate interactions between neighbgoarticles to allow for predictions
also at higher volume fractions. Most of these n®deld one or more terms to a
polynomial series expansion of the amplificatioctéa. One of the most cited models of
this class is the Guth mod&i 63
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E. = E, 1+ 25¢, +14.1¢7f2)
(2.2)
In addition to these simple models specifically eleped for filled polymers, a number
of general composite theory models can be used.ekample, the traditional Voigt

upper bound™®” for a linear elastic isotropic material is given b

Ec = Ef¢f +Em(1_¢f)

wherekE; is the filler modulus.

The elastic theories, which are most widely usedisguss nanoparticle enhancement,
are based on two major models. The first was prepdy Halpin and Ts&i®> ! with

a similar analytical equation, which has been asthgor a variety of reinforcement
geometries, including discontinuous filler reinfencent. Halpin and Kardo§*®®
modified the Halpin and Tsai model by introducihg shape parameter based on aspect
ratio, which was considered to be dependent oriltee geometry. This change made

this model more effective in some conditions.

The other model is the Mori and Tanaka mdiél **® which considered the effect of
an volume fraction of inclusions in an aligned s$Hidore composite. Tandon and Weng
(%8 have derived comprehensive analytical expressionshe elastic modulus of an
isotropic matrix filled with spheroidal and uniditeonally aligned non-spherical
inclusions. The longitudinal (along the inclusioligmament direction) and transverse
elastic modulus can be generated through examthmgnfluence of aspect ratio, from
zero to infinity, on the load transfer in a transety isotropic composit&ﬁg]. The
evolved Mori and Tanaka model accounts of the efféfiller shape, for example, rod-
like, plate-like, or disc-like. Given that nanodits are rarely aligned, Fornes and Paul
(169 suggested equations for random orientation ithaéle orthogonal directions, with
focus on rod filler and disc filled composites. @glly, the elastic theory concentrates
on filler geometry effects, especially on the hagpect ratio, and the evolved equations
treat disc fillers as rods with consideration df taree orthogonal directions. The
Halpin & Tsai model and the Mori & Tanaka modellviié applied here to analyze the
composite properties with different fillers, anck ttletailed equations will be presented
in the discussion part.
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2.3.2 Condtitutive models for thermo-mechanical behaviour and shape memory

recovery

As constitutive models for shape memory recovery wvéth triggering conditions, the
models will mainly involve thermal triggering reay in amorphous systems, which is
the most common type. It is considered that in @dito heat transfer, the important
molecular mechanisms determining the time-deperaehthe shape memory response
of amorphous SMPs are structural relaxation inglass transition region, and stress
relaxation in the form of viscoelasticity in theghi temperature (rubbery) and glass
transition regions and viscoplasticity in the loswmiperature (glassy) region. Structural
relaxation describes the time-dependent respontentperature and pressure changes,
while stress relaxation describes the time-dependesponse to a change in the
mechanical, particularly deviatoric, loading. Combg the structural and stress
relaxation mechanisms, constitutive models are atlyndeveloped for the finite-
deformation, time-dependent thermo-mechanical hebav of thermally active
amorphous SMPs that include structural relaxationthe glass transition region,
viscoelasticity in the rubbery and transition rewiocand viscoplasticity in the glassy

region.

Tobushiet al.*#1"%1”®Imade significant contributions to constitutive ratlidg of the
amorphous SMPU system. Detailed experimental iesultvarious thermo-mechanical
conditions provided an essential guideline on howdllect the fundamental data and
how to divide the modelling regimes for amorphoystems, Tobushi also proposed a
one-dimensional constitutive model for amorphousP&Mand simulated the thermo-
mechanical behaviour at small strains, which wameged and applied to larger strains
by Liu et al.*"® and Dianiet al *"".. The work of Diani assumed a thermoviscoelastic
approach that applied a phenomenological temperaiependence of the viscosity,

which extended the work of Liet al.*"®

A three dimensional finite-deformation model wawva@leped by Qiet al 48 This
model applied a phenomenological, first-order, ph@ansition approach that models
the SMP as a continuum mixture of a glassy andenjpphase. Constitutive relations
were proposed for the temperature evolution of Wiedume fractions. The main
disadvantage of this approach was that it was eptesentative of the physical
processes of the glass transition and thus reisutisnphysical parameters, such as the
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volume fractions of the glassy and rubbery phabisiyenet al. “° %% summarized
earlier constitutive model and viscoelastic prapsrtby a thermo-mechanical
investigation, linked with more kinematic relatioasd proposed a complicated model

with three stages, and successfully simulatedhhperecovery of amorphous SMPs.

So far, the constitutive models that have been Idped are all on pure amorphous
SMPs, and a constitutive model on SMP nanocomosi&s not explored.

2.4 Applications of SMPs and their nanocomposites

Conventional applications of SMPs include the wplead areas of the packaging
industry and construction industry, which can ey accessed by a hot hair dryer
(1121 Also many applications in memory storage, sensord actuators have been
explored for SMP$'"818 Hy et al. introduced SMPs into the textile industry using
three main kinds of materials: linear polymer-pagvornene, segmented polyurethane
and graft copolymer—polyethylene/nylon®!. The applications of SMPs in textiles

include breathable textiles and surgical protegtato.

Currently, SMP applications in biotechnology anddmme have received much
attention. For example, recent approaches for intjplg medical devices often require
complex surgery followed by device implantation,damwith the development of
minimally invasive surgery, it is possible to plasreall devices inside the body. These
types of surgical advances may create new oppaoigario enable a micro-device to be
implanted into the human body. Relevant reseangtlies mainly focus on two areas:
the first is the application of industrial polymessich as the biodegradable properties of
materials, polymer drug delivery systems and polym@ogical construction. Lendlein
and Langer®® manufactured a group of degradable thermoplastitynpers for
biomedicine, which are able to change their shdfee an increase in temperature (see
Figure 2.4). Their shape-memory capability enables bulky anpd to be placed in the
body through small incisions or to perform complexechanical deformations
automatically. An impressive force of 1.6 N coukel denerated upon shape recovery as
the sample stretched to 200%. The second areanitidnal materials based on

biomaterials, such as proteins.
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Figure 2.4 A fiber of a thermoplastic SMP was stietl and formed a loose knot, both
ends of the suture were fixed. The photos showsthewknot tightened in 20 s when
heated to 40°¢*!,

Rodriguez-Cabellet al. explored the protein-based polym&fé, which display many
different properties including smart behaviour @gwvity to certain stimuli), self-
assembly and biocompatibility, as well as two meplications such as drug delivery

systems and tissue engineering.

t=100sec

Figure 2.5 Recovery of a 20 wt.% crosslinked SMfatsivithT,=52 °C delivered via an
18 Fr. catheter into a 22 mm ID glass tube comaibiody temperature water at 37 °C.
Black rings were drawn to facilitate deploymentuitization!*®,

SMPs also offer advantages in MEMS applicationgsimg to the challenge of creating
transduction at small scales. The advantage of eshgmory polymer-based
microactuators (pumps and valves) is that they banintegrated into the soft-
lithography fabrication methodology with minimal ggess modificatior'®3. This

alternative to traditional microactuators may betipalarly useful for disposable on-
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chip microfluidic laboratories. Polymer based miliglic applications represent a
rapidly evolving technology for chemical and bidizaj processing and sensifigf" *&°!
Yakackiet al. synthesized SMP networks via photopolymerizatibted-butyl acrylate
and poly(ethylene glycol) dimethacrylate to provigeecise control over the
thermomechanical response of the systéfh As shown inFigure 2.5, this polymer
system exhibits a wide range of shape-memory ardnbmechanical responses to

meet the specific needs of minimally invasive cavescular devices.

2.5 Summary

SMPs and their nanocomposites have received exgeasiention in recent years. The
shape recovery behaviour of the SMPs have been rshmwbe an important

phenomenon with wide potential application, patady when the SMPs can act as
instrumental parts in bio-MEMS devices. Meanwhilke limitations such as low

strength and lack of effective controlling metholds the pure SMPs have been
identified. Nanoparticles are known to be effecwdnancers and functionalizing agents
in soft polymeric matrices. Various attempts atrddticing nanoparticles into the
polymeric matrix have been made but the theoryrop@rty enhancement has not yet

been systematically explored.
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Chapter 3

MATERIALS AND EXPERIMENTAL METHODOLOGY

This chapter describes the selection of the ravenads$, the material synthesis and the

characterization methods which were used in tlssamch work.

3.1 Materials selection

In this project, two different shape memory polyme&rere chosen for investigation.
One was SMPU, and the other was a shape memorstpaype (SMPS) based
copolymer. The specific features of the SMPU, athponents for the SMPS and some

relative auxiliary chemical reagents are listedable 3.1.

Table 3.1 Chemicals as received

. Technical
Name Formula Type Supplier specifics usage Ref.
Polyurethane N/A MMs520 VAL See ref Matrix 87189
Japan
. ®
Styrene based veriflex™  op6 us See ref Matrix 190193
precursor part A
. ®
Curing agent N/A Vggilteé CRG,US See ref Catalyst 199193
SIGMA, anhydrous, 194
Toluene GHs N/A UK 99 8% Solvent
Sodium Technical
dodecylbenze CgHaoN N/A SIGMA, grade surface 194
aGsS UK treatment
nesulfonate
50 wt. % in
Benzoyl Luperox  SIGMA, . 190-193
peroxide C14H1004 ATC50 UK tricresylpho Catalyst
sphate
diviy CiHiCH  80%  SIGMA, o Cross 190409
benzene =CH,),  (Aldrich) UK 9 linker
Fisher ACS
Acetone C3H60 UK reagent, Solvent %
>99.5%

The SMPU used in this study is a thermoplasticnrasi pellet form (MM5520,
DIAPLEX Ltd, MHI), reported to be a segmented PUhn& nominal glass transition

temperature of 55C [*3. The MM5520 has an ether-based soft segment, whose
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composition can be approximately inferred from literature 18728 19! gpecifically,
this SMPU should consist of the soft segments dinly adipic acid/polytetramethylene
glycol (main part), bisphenol, ethylene or propgemxide, and bis (2-hydroxyethyl)
hydroquinone, as well as MDI dominated hard segmenhe detailed segment
distribution and molecule chain structure of therthalplastic SMPU have been studied

in the literaturé!®® **"as illustrated irFigure 3.1

@ &
hﬁ.’-ﬁ g
c, b,
B L

Hard Segment

Figure 3.1 Molecular structure schematic for thdptaatic linear SMPU with
functional segments classification

Unlike the commercial SMPU, the SMPS in this studws obtained through
polymerization via thermal curing the prepolymeefairsor and catalyst (curing agent).
For the VerifleR precursor (96 wt.%) , although the precise conmmrsiwas not
provided by the manufacturer, the patent literatit® °% suggested that the 2-
component precursor consists of a mixture of pgheste (PS, 30 wt.%), styrene (St,
55.2 wt.%), divinyl benzene (DVB, 0.8 wt.%) and ylimeodecanoate (10 wt.%). The

curing agent (4 wt.%) include benzoyl peroxide (BRQvt.%) and ester plasticizers (2
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wt.%). Hereafter, all the composition ratios ar@ressed as weight percentage by the

final polymer mass otherwise indicatéyf’ ***!

H,C., *

0 00U

Styrene (molecular structure) polystyrene

X
0 CHs
/U\/\/\)<CH3
HZC/\O CH, e,
Vinyl neodecanoate (molecular structure) Divinyl benzene

Benzoyl peroxide (molecular structure) Benzoyl peroxide (Ball-stick model)

Figure 3.2Formulation and ball-stick structure illustratidos the chemicals used

Various types of nanoparticles were used to preffa@egolymer nanocomposites. The
specific features for the selected nanoparticlestha related references describing the

application of these nano fillers are listedimble 3.2.
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Table 3.2Nanopatrticles features as received

Name Type Supplier Technical specifics Ref.
Attapulgite clay N/A Denoted  Non-treated Fibre, D=20 nm ,**
=3 um; treated bundled
platelets Thickness =20 nm ,
=3 pm;
Al ;05 N/A Denoted  D=30~100 nm 198, 19
SiO, AEROSIL  Evonik- D=7~50 nm 20t
200 Degussa
Carbon nanoparticlesVXC72R Cabot D=15~60 nm 201, 20.
(CNP)
Carbon  nanofibre PR-19-XT-  Pyrograf D x L 70-200 x 10-20Qum  *%%*
(CNF) LHT-OX
Multi-wall ~ carbon Product No. ¢ ~\1a i 90% carbon, D x L 70-170 x 119,149
nanotube (MWCNT) 659258 ’ 5-9um 206
Single-wall  carbon Product No. SIGMA. UK 40-60 wt. % carbon basis, DZ27 152

nanotube (SWNT) 6 98695

x L 2-20 nm x 1-5m

3.2 Shape memory nanocomposite fabrication and synthesi

3.2.1 Meélting processing for PU/clay composites

Attapulgite clay, with chemical composition (Mg,A$),010(OH).4(H,0), was heat-
treated in an oven (in air) at 883G for 2 hours, then both the treated clay and heat-
treated clay powders were put in an oven at 120PW@clay nanocomposites were
fabricated by melting and mixing the commercial SMpallets with treated or non-
treated clay powders. A Haake Rheocord 90 TorqueeiMivas used for the melting
fabrication procedure at 200 °C, and, subsequettiy, SMP nanocomposite sample
sheets (thickness of ~1 mm) were prepared via aphets method. The composite
samples were stored in a standard air-conditiolme@dnrwith controlled atmosphere,
where the ambient temperature was 20 °C and thévelhumidity was 50968, All

samples in this study were kept in this same seocagdition.

3.2.2 Thermo curing SMPS and its composites

3.22.1 Thermal curing fabrication of pure SMPS
Styrene based prepolymer (28.8 g) was mixed witinguwagent (1.2 g), i.e. with a fixed
weight ratio (prepolymers/cure agent= 24/1). Themaaical stirring was operated for

45 min at a constant rotation speed of 1000 rpne. @tperimental set-up is illustrated
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in Figure 3.3 with a sum of experimental parts. Samples werpgrexl by casting the
mixture into PTFE moulds and baked in an oven &7 %or 36 hours.

Parts specifications:

1. Equipment and parts specifications:

1. Overhead high
speed stirrer

2. Hotplate with 4. Glass condenser
thermal thermocouple with cold water inlet
control (red pipe) and water
out (green pipe)

3. Three neck round
bottom glass flask
acted as mixing

container

Figure 3.3 Mixing equipment set-up illustration

3.2.2.2 Non-aqueous solution dispersing techniques of nanoparticles

Considering that the main composition of the prsots is styrene and polystyrene,
toluene was selected as solvent for the solutigpedsing techniques, because of its
wide applications in polystyrene or styrene basegaymer synthesi§*®210211 A
surfactant, sodium dodecyl benzosulfonate (SDB8) was employed in the dispersing
system. The structure of SDBS is showrfigure 3.4 The nonpolar tails (lipophilic
group) became attached to the non polar phases,asuthe solvent, while the polar or
ionic ends (hydrophilic group) attach to the nambpla surfaces with ionic gathering or
hydro bonds. Surfactants with concentration abdnee dritical micelle concentration
formed micelles around the individual nanoparticles small bundles when the
aggregated nanoparticle bundles were disunitednbycbmbined effects of the high
speed mechanical stirring and ultrasonic energy.
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Hydrophilic group

Figure 3.4 Molecular structure of SDBS

All the nanofillers were dried in an oven at 120 fo€ at least 48 hours to remove the
moisture. Toluene (90 ml), nano particles (0.1~1agyl SDBS (0.01~0.5 g) were
precisely weighed and put in a four neck round diottflask. The amount of each
chemical was suggested in refereffé€. The mixture was stirred ultrasonically at a
speed of 1000-1200 rpm for 6 hours.

3.2.2.3 Synthesis of nanocomposites

Styrene-based precursor (Veriffegart A) was added to the particle dispersing smiut
and the mixture was agitated ultrasonically for @uds at a rotational speed of
1000 rpm?*3l. Benzoyl peroxide based curing agent was addedttamdnixture was
stirred ultrasonically at 1000 rpm for another dreur. Film samples of SMP and
nanocomposites with a thickness of 0.1-0.3 mm wast into PTFE moulds and baked
at 75-78 °C for 36 hours. Sample concentrationscamgersion from weight percentage

to volume fraction are presentedTiable 3.2

Table 3.2 Nanocomposites fabrication recipe amer fdoncentrations

Nano fillers vol.‘\’,/\;t.% V\(/:')[.E/o 1wt% 2wWi% 3wt% 4 wt%
Attapulgite clay 0.74 1.26 2.54 3.97 5.34
AlLOs 058 116 233 348 464

Sio, 039 078 156  2.35 3.14
CNP 501 959 17.65 2451 3044
CNF 173 342 667 977 13.34
MWCNT 234 46 887 12.86  17.02
SWNT 334 6.6 125  17.78  eceeee

36



3.3 Characterizations

Different techniques have been used to charactegheeSMP and nanocomposites

which will be introduced in this section.

3.3.1 Microstructure and morphology studies

3.3.1.1 Fourier transform infrared spectrum (FTIR)

FTIR was used to identify the chemical group infation as a check for the chemical

structure 2142191

A Fourier transform infrared spectrometer (SaeellFTIR
Spectrometer, Mattson) was used to detect the jpiisorpeaks of untreated and
thermally treated attapulgite powders. The clay gamwere prepared using a KBr

pellet technique and scanned in the range of 400-461".

An optical microscope (OM, Nikon, with N50 monochre camera) with various
magnifications was employed to examine the sur&gcture, indentation marks, and
shape recovery of samples. Its resolution reachésnaas Jum. The computer assisted

OM system is shown iRigure 3.5

Figure 3.5 Computer assisted OM system (a), mamgiéin of the observation stage (b),
where polymer sample was placed on the Pieter dewider the lens.

Electron microscopy is able to characterize theridigtion of nanofillers inside the
composite samples, as well as showing the micrastre of the materials. Scanning
electron microscopy (SEM, Tescan Lyra FIB/SEM-FE@Ghd high resolution
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transmission electron microscopy (HR-TEM, JEOL Z0Xperating at 200 kV) were
used to study the microstructure of the samples. gdwder samples were dispersed in
isopropanol in an ultrasonic bath for 10 min bef@EM and TEM observations.
Selected area electron diffraction patterns werso abbtained to reveal the
nanocrystalline nature of the nanofillers. The tinee surface morphology of the
nanocomposites was studied using SEM by breakirg ritanocomposites after

immersing them in liquid Nfor 2 minutes.

3.3.1.2 Metrological measurement of surface structure: Profilometer and Atomic

Force Microscopy (AFM)

The profilometer operates by lightly dragging arphstylus over the surface of the
substrate and recording the vertical profile of sheface. This can be used to measure
the height or width of a feature of the sample axaf For this worka profilometer
(DEKTAK 3) was used to record the shape recoveryiokers indentation marks on
the sample surface. Samples were put on a Pe#aimly device which was connected
to a DC power supply. Multiple profiles scannedtiba indents were carried out during

shape recovery, so that the morphology changesl d@utecordeth situ

Atomic force microscopy (AFM) with its unique ‘c@ut’ probe can provide the surface
morphology of samples using point to point dataugstions. 3D images and statistical
profiling are also achievable through data proeegsiln this research, an AFM was
employed to measure the surface morphology of #am@indentation area, providing the
surface topology and the deformation of the ind#mtamarks. The AFM system was
integrated with the Tribolndenfér(Triboscope, Hysitron Inc., Minneapolis, USA)
hardware system. Two basic operating modes ardahlai Contact Mode and Wave
Mode. The Contact Mode was selected in this stumlyreveal the real surface
morphology. Series scans were performed with arsoegrrate of 1 Hz as soon as the

nanoindentation finished.

3.3.2 Thermal analysistechniques

Thermal analysis comprises a group of techniquesl ue investigate the physical

behaviour of a substance as a function of temperathile the substance is subjected
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to a controlled temperature cycle. Three thermalyais techniques were applied in this
project, thermogravimetry (TGA), differential scama calorimetry (DSC) and dynamic
mechanical thermal analysis (DMTA).

TGA is commonly used to characterize the decomipwosiand thermal stability of
materials during a variety of applied conditionsdao detect the physicochemical
processes occurring in specimens by measuring thghtvchanges as a function of
temperatureln this project, TGA was used to investigate thessnehange of attapulgite
powder during controlled temperature ramping, ideorto evaluate the clay structure
condition by comparing the TGA results of non-tegshtand treated sample3GA
characterization was carried out using a TA InseotT GA 2950, and a 5 mg sample
was heated in an alumina crucible with a heating @& 10 °C /min from room
temperature to 900 °C undep Btmosphere.

DSC, as a comman thermal testing method for mademular systems, was used to
characterize the glass transition temperatlige (melting temperature and crystallinity,

and it can reveal the mobility of molecular chadiysspecific thermal energy variation.

DSC was used in this project to identify fhgof each sample, which indicates material
structural modification at a molecular level. Th&® test was performed with a

Thermal Advantage DSC 2010 (heat flux DSC) at d@ihgaate of 10 °C / min under a

constant nitrogen flow.

‘ ~ Referencing

Sl
"

."\arget sample

Figure 3.6 Images of DSC 1010 with highlightingdtianal parts, (a) overview, (b)
side view, (c) core part with referencing/targehpée positions
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The thermal-mechanical behaviour was investigateditierential mechanical thermal
analysis (DMTA), and specimens were subject tonassidal tensile stress of frequency
(w) while the programmed temperature ramp, load asplatement were measured.

Three parameters from DMTA which were used in stigly:

o
Storage modulug'= 5_00085 (3.1)

0

w_ Oy .
Loss modulust" = £—S|n5 (3.2)
0
EII

The phase angléand = = (3.3)

whereay is the maximum stress amplitude and the stresegdes the strain by a phase
angled, ¢ isthemaximum strain amplitudef-or a viscoelastic polyméeg' characterizes
the ability of the polymer to store energy (eladtighaviour), whileE" reveals the
tendency of the material to dissipate energy (wiscbehaviour). DMTA is also a
sensitive method to measufgof polymers. In this project, DMTA tests were cadi
out in tensile mode with a TA Instruments DMA 29&0gure 3.7) at a frequency of 1
Hz, a heating rate of 2 °C/min and a temperatungearom 25 to 120°C. Constant
nitrogen flow was provided to ensure atmospheriotgmtion. Thermal expansion
coefficients were also obtained using DMY&“®. The length, width, and thickness of
the test samples was 10 mm, 6 mm and 0.2 mm résggciThe length/thickness ratio
was bigger than 10 in order to eliminate the sigpethdence on the Poisson’s ratio of
the materials.

Figure 3.7 Images of DMTA 2980 with highlightingnittional parts, (a) overview, (b)
core parts, (c) tension mode images from TA Co’Ltd.
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3.3.3 Mechanical properties

Various techniques were used to characterize tlelhamécal properties on the SMP and
nanocomposites, including tensile tests, Vickedemation and nano-indentation tests.

3.3.3.1 Uniaxial tensiletest

A conventional macroscopic tensile test was useabtain the mechanical strength of
the materials. Tensile samples were cut into stwph length 50 mm x 6 mm, and
thickness 0.1 to 0.2 mm. Tensile tests were cawigdusing an Instron universal test
machine (Instron 5567), at a constant crossheastispie5 mm/min at room temperature
(~20 °C). The experimental set-up and dimensionghef specimens followed the
British Standard¥'%2*! At least 5 specimens were tested for each sanaple,a

statistical average was made based on the batghsres

3.3.3.2 Vickers micro-indentation

The Vickers indentation test measures micro-halbgspushing a square (equilateral)
pyramid indenter into the sample with a fixed l@adl then measuring the size of the
indent using a microscope, as showifrigure 3.8

I Imzgs
d

Fickars Indentar v

Lenz

Image focussing rangs

Max Penstrating depth § |8

Vicksrs
indentation mark

Figure 3.8 Schematic of measurement theory (agntadion mark and experimental
set-up image (b).
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Various loads are achievable from 10 g to 1000imceSthe fabricated sample normally
has a fine surface, for a better comparison with rttacroscale hardness values, only
those samples with rough surface were polished.ekperimental settings followed the
standard$??® 2?2 The Vickers microhardness tests were performéagues calibrated
Mitutoyo, MVK-H1 machine. The averaged hardness gaserated from at least five
indentations. The indentation load was fixed at 8% (or 250 g), and a holding time
of 20 s was set for each test. Hardnébg) (was calculated from:

HV = 1.854E
A

(3.4)
where F is the applied load in N, A is the indeftera in mrhy

3.3.3.3 Nanoindentation test

Instrumented nanoindentation is employed to analyme micro-mechanics of soft
materials, such as static strength and visco-eldsthaviour.Nanoindentation was

carried out using a TI 900 Triboindenter system ilf@scope, Hysitron Inc.,

Minneapolis, USA) with a Berkovich tip.e. a three-sided flat pyramidal diamond flat
tip with an angle of 104%°3Integrated system is illustratedfigure 3.9.

Testing

= ‘l chamber 1‘ = I-'

l -f ‘IILEEE'IHE'
head

I
acoustic enclosure v
-  §

C)L*

Dual axis
PZT controller and 3 automated
amplifier modules precision stage

Figure 3.9 lllustration of Hysitron T1 900 Triboladter system, (a) overview, (b)
function distribution and parts descriptions.
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The measurement was taken at room temperature®G2@®n acoustic enclosure was
adopted to prevent acoustic interference from theirenment. The indentation
procedure followed with three stages ($e@gure 3.10. Here, hnaxis the maximum
penetration depthPmnaxis the maximum indentation force; the stiffnessuafoading
curve S is the slope of a linear fit to the initial point$ the unloading stagd),
represents the permanent degthis the contact depth, and the inlet shows theasarf

mechanical deformation with possible pile-up effaceéach stage.

S,:Holding

N _
max ﬂ {_|

Dissipation .
Energy \”i & Elactic energy

S :Loadingf,f
Y
/

Load, P

-‘T}
g
E‘z
7
J?—-

|
S |
Sinking-in h. [ Piling-up

1A
h*:—:_l__i:y _________________ S SR

Figure 3.10 Schematic of typical load-displacen@emve for nanoindentation on shape
memory polymer. The elastic-plastic energy distidns are also labelled.

The first stage is to increase the load to a maxinvalue with a fixed loading rate,
followed by a holding stage at the maximum loade Third stage is to retract the
indenter tip from the sample with a fixed unloadiage. Two X2 arrays of indents

were performed on each sample. Various peak loagte wpplied. The fixed load
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holding segment was applied to minimize the effe€¢taterial creep on the estimated
values of modulus and hardn&S8.. A typical load P) vs penetration deptln) curve is
shown in Figure 3.1Q as well as typical material deformation after anthtion
[2%22%4 According to Oliver and Phal#®®%**?%! the various parameters from

nanoindentation with a Berkovich tip are obtainehf:

h.=h .~ 0.75h
Contact depth; S (3.5
— Pmax
Hardness, A (3.6)
_dp
Stiffness of unloading curve, dh (3.7)
Contact Ared = 24.5h? (3.8)
£ - SNUs
Reduced modulusr, 24/ A (3.9
i — 1- USzamP|e + 1- Uir21dent0r
Er Esample Eindentor (310)

where hyaxis the maximum penetrating deptyaxthe max indentation forcéy. the
contact depthA the contact ared&; the residual modulus. StiffneSsis the slope of a
linear fit to the initial points at the unloadingge. As indicated by thEriboindentef
User Manual(Hysitron Inc., Minneapolis, USA), the elastic nuubk Ejgenter iS 1140
GPa and Poisson’s rati@ngeneer IS 0.07. For the nanocomposites used in this study
vsampleWas fallen to be 0.31. According ¢guation 3.10 the elastic modulus of sample

can be derived from:

E

Elastic modulugs,mpe = O—Sr)l (3.11)

The dissipation energy (DE) is defined as the eserlcarea of load-displacement curve
226l\which represents the energy absorbed by the miatanid the elastic energy is the
area beneath the unloading curve which represdrgsrécoverable energy. The
dissipation energy and elastic-plastic energy ibistions were calculated from the load-

depth curves of samples using MATLABoftware.

For hardness measurements, various loads wereedgpdm 100 puN to 5000 puN, with
a contact loading/unloading rate of 200 uN/s, ahdlding time of 5 s. Dynamic elastic
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behaviour or the viscoelastic properties of the amvere characterized by changing
the loading/unloading rate and holding time, stiati$ analysis was carried out on the

batch data to evaluate the sample response toahtfioading conditions.

3.3.4 Electrical properties

Hybrid composites obtained by embedding conductinerganic nanoparticles into
polymers have huge potential applications in mictoation and microsurgery applications.
The electrical characterizations used in this mtojacluded conductivity, dielectric and
electro-thermal test&lectrical conductivity and electric thermal effeetere tested with
a specifically designed experimental set-up, arel dielectric property was obtained

using a dielectric testing machine.
3.34.1 Redistivity/conductivity test

The resistivity was measured by a simple |-V testup consisting of a power supply, a
multi-meter, and a digital thermomet&quare sample films were trimmed to 2 cm x 2

cm, and the thickness was 0.1 to 0.2 mm. The setagsshown irFigure 3.11

Currency reading

e BN frommulti-meter

Temperature reading
fromthe thenno
couple

Violtage controlled by
lah power supply

Figure 3.11 lllustration of resistivity/conductiyitesting equipments

The tests were performed in a controlled atmospheth a constant ambient
temperature of 26C and humidity of 50 %. The conductivity was cadtatl from the
measured resistance using the following equation:

Z =L/(TWR) (3.12)
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where = is the conductivity, sample dimension lendth, thicknessT) and width (V)

are pre-measured in cm, aRds the measured resistance of the specimen in.ohms
3.34.2 Didectrictest

The dielectric properties of SMPs and nanocompesii® important parameters for
MEMS/ bio-device application. In this project, dietric properties of square samples of
2cm x 2 cm x 0.1 to 0.2 mm were measured. Theectid¢ measurements of the
composites were performed in a frequency range fif to 1¢ Hz using a

Schlumberger Solartron 1250 Frequency ResponseygearalTesting was programmed

from room temperature to 100 °C in ambient air.

3.3.5 Shape memory recovery characterization
3.3.5.1 Thermo-active shape recovery observation

Various patterns were designed to show shape recperformance of the materials.
Micro-patterns were ablated with a high power lagatem (512 nm, 90 mWY". An
optical microscope and a digital camera (Canon A%dre used to record the real-time

response to the thermal or electrical stimulushdéimed device.

3.3.5.2 Cycling thermal tensile test

Figure 3.12a show the thermo-mechanical cycling test set-uxli@y tests (shown
schematically irFigure 3.12 and c) were used to investigate the shape regoago

of the SMP and nanocomposites under certain camgitiThere are four steps in each
cycle: (1) stretching tem at Thign; (2) cooling toTew with holding strain; (3) Unloading
and keeping shape &bw; (4) heating up tdhgn then start of next cycle. These tests
consisted of loading the specimen to a strai) &t a constant crosshead speed of 5
mm/min at a temperatufB,gn (Stage 1), and then cooling down to the tempeediigy;
while holding the same straim{ (stage 2)). After 5 min at the temperatiig,, the
specimen was unloaded (stage 3) and reached a strdihe unloaded specimen was
immediately heated froffiow t0 Thigh In 5 Min (stage 4), which left a permanent strain
gp. This four-stage thermo-mechanical cycle was nepeéo a total of 4 cycles. The
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fixed conditions of the cyclic test werg,=100%; Thigh=60 °C, Tiow=20 °C, anc. (the

strain after unloading) and, (the permanent strain) were both recorded for each
specimen.

b 2. Coolinging from I - e
Trigh 10 7o with halding strain i, R e
in . E
1. Loading at 7, % § 5
— — :
© s} =
o oL 73]
= .
e
1 A2
ﬂ Gﬂlc\:\ccﬂun
L= .
o / 3. Unloading
o under 7,_. :
! !
{ 4, Shape recovery with . Shape recovery
Heating from 7 to T, o + with heating
[ I i L
= z -
P r '
Strain (%)

Figure 3.12 Thermal cycling tensile experimentalige (a) photography of set-up, (b)
2-D and (c) 3-D schematic drawings of cyclic temsdsting.

3.35.3 Electro-active shape recovery test

Microcantilevers made from the conductive nanocasitpqwith dimensions shown in
Figure 3.139 for electrical actuating shape recovery testirgyavfabricated through
laser cutting. The electro-active recovery setsughiown irFigure 3.13c
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a 2.0 mm b

Recovering
state

Deformed state

Puarts specifications:

1. Laboratory DC power supply
2. Four point probe station

3. Piezo pulser {1 volt input
corresponds to 100 volt output)

4 Digital multimeter

Figure 3.13 Schematic of (a) sample dimensiontgbdvery stages with marked angle
and (c) the electro-active set-up

Recovery tests were performed using different gtadt powers, and the sample
temperatures were measured using an IR thermomBter.shape memory recovery
rates RR) were calculated based on the following equation:
6,-6
RR:(lg—Z)X100)/o (3.13)

1

whered); is the initial bending angle of the cantilever #hdhe residual bending angle
after shape recovery, as shownFigure 3.13. Lager samples with a similar shape in
Figure 3.13 were also tested as showrFigure 3.14a, the recovery was evaluated by
pre-deforming the cantileveFigure 3.140). The shape memory recovery ratBR)(

were calculated based on the following equation:
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RR:%MOO% (3.14)

1

In particularize, theﬁ_{ was be very close to 360

a
@ Amm
S
30 mm
¥
il i
b .. Recovering state
i
Deformed state i
SRR
| @) Original state 4, my,
— h

Figure 3.14 (a) Millimetre scale cantilever samglilmension and (b) recovery
demonstration with each state as well as the maahkgte
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Chapter 4

NANOCLAY REINFORCED POLYURETHANE SHAPE MEMORY
NANOCOMPOSITES

As mentioned irChapter 2, one major disadvantage of SMPs is their lowrst$s and
strength compared to shape-memory alloys or cemmibich dramatically limits the
application of the SMPs. Accordingly, a great d#aturrent work focuses on searching
for nano-size fillers to enhance the mechanical strepe-memory recovery properties
of the SMPdH8 711361341281y this chapter, attapulgite clay is studied vitte purpose
to enhance the mechanical properties of SMPU. TME$ was chosen because of its
availability and linear amorphous structure whidlova correlating with available
theoretical analysé®®'® 149! Nanocomposites based on the attapulgite claySAMBU
were fabricated through mechanical melting/mixieghiniques. The main objectives
were to examine how the clay enhances the streafjtthe polymer matrix, and
understand the changes of physical/chemical priegerduring conditioned shape

conversion.

4.1 Nano-clay powder characterization

Figure 4.1shows an SEM image of the commercial attapuldég powder revealing a
loose fibre bundle structure. The length of eabnefivaries from sub-micrometre to a
few micrometres and the diameter is in the ordes & nanometres. The TEM images
in Figure 4.2a show that the commercial attapulgite particles laighly dispersed
individual rods, without much aggregation. Selecéeea electron diffraction (SAED,
not shown) reveals its amorphous nature, confirmethe HR-TEM images ifrigure
4.2b andc. The diameter of individual fibres is about 20+50, whereas the average
length is a few microns. The mean value of the asfios of the fibresl/d) is in the
range of 40-100.

After heat treatment at 85C for 2 hours, the attapulgite fibres reconstard combine

together to form a bundled structure (8&gure 4.39, which could no longer be broken

even by ultrasonication for an extended time.
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Figure 4.1 SEM observation of the commercial cyealing a loose fibre bundle
structure, with the length of fibres varying frombsnicrometre to few micrometers and
the diameter about tens of nanometres.

Figure 4.2 TEM observation of non-treated clay pew¢a) overview, (b) and (c) HR-
TEM micrographs taken at the end and body of tag fibre indicated in the inset.

The ring-like scattered diffraction spots revea tlanocrystalline feature as shown by

the inset SAED pattern d¢figure 4.3a The corresponding HR-TEM imageshigure
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4.3b and 4.3c confirm this new feature. Individual crystallitese embedded in the

amorphous matrix with a separation of around 5 nm.

Figure 4.3 TEM observation of heat-treated clay genwv(a) overview and electron
diffraction pattern, (b) and (c) HR-TEM micrographg&en at the indicated position of a
clay cluster.

Figure 4.4 shows the FTIR results of the commercial and hesdted attapulgite
powders. There are two types of molecules contgihiydroxyl groups associated with
the natural attapulgite. The peak at 3430"crnrresponds to the hydroxyl stretching
vibrations of the absorbed moistufé”. The absorbance peak at 3552 'cman be
attributed to the anti-symmetric stretching modésnolecular water coordinated with
the magnesium at the edges of the chaiffél The peak at 1654 chis associated with
the hydroxyl deformation mode of zeolitic water,dathe peak at 984 chis the
bending vibration of the OH grouff§.

In comparison with the spectrum of the commercighpalgite powder, the FTIR
spectrum of the heat-treated clay revealed a broageof the peak at 3436 €
whereas the 1654 ¢mmode was lost. This suggests that heat treatmahtrémoved

most inter-fibrillar water, and reduced most of #@H group content in the attapulgite.
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Figure 4.4 FTIR results for the commercial and Hesdted clay powders.

As shown inFigure 4.4, the decrease in —OH group content led torabsce peaks at
1074 cmi and 984 cnt which can be attributed to the symmetric and ayrtisetric
Si-O-Si stretching vibration$¥**J. The peak at 800 chindicates the presence of Si-
O-Al and O-Al bondd?®*?., It should be pointed out that the peak at 3436 esnstill
pronounced but shifted from 3430 ¢rafter the heat treatment. This is due to the O-H

bond being stretched after removing the interfibrivater®3%,

The TGA result of the commercial powder is showifrigure 4.5 and reveals a three-
stage change during heating. The first stage, denaperature of about 100°C,
corresponds to the loss of moisture which may enisttapulgite powder as free water.
The second stage occurs at about 200°C when thiédzade is destroyed, coinciding
with the loss of hygroscopic water and zeolitic ev&>. The third stage, beyond 450
°C, is when the hydroxyl group is gradually reduc€de total weight loss is close to
15.84% for the untreated clay, whereas the heatedeclay did not show a significant
drop in weight (seeFigure 4.5 and re-absorption of water molecules after heat

treatment was negligible.

In summary, thermal treatment removes water and makoxyl groups for the natural
clay powders based on the thermal analysis ance$Rlts. The treated clay powders
become crystallized and exhibit a bundled struchisreesvealed by TEM.
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Figure 4.5 TGA analysis of clay powders showingwlegght loss during heating for
both the commercial and heat-treated clay powders.

4.2 Vickers microindentation and instrumented nanoindertation

Hardness measurements were carried out to sampieg Vickers indentation and
nanoindentation-igure 4.6 presents the microhardness data of the pure Batett and
untreated clay reinforced composites as a funaifaspplied normal load. Hardness of
the PU-based shape memory materials decreasesfuascteon of indentation load,
especially at small loads. For ductile materialehsas metals, hardness normally
decreases with increasing indentation load, whichommonly called the indentation
size effect (ISE)¥9.

Several explanations have been offered for theroafjthe ISE, including limitations in

experimental conditions (low resolution of the ahje lens, work hardening or
softening generated during the surface preparatiatr)nsic structural factors of the
material such as work hardening during indentatindentation elastic recovery, and
grain size effect**%*72% The pure PU sample shows the most significantedse in

hardness as a function of normal load (Begire 4.6). This might be explained by the
apparent elastic recovery of PU, which could “anitilly” enhance the microhardness
value at a low load due to shrinkage of the ind@ma. At a higher load, this artificial

enhancing effect is not significant as the indenteoquite large.
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Figure 4.6 Hardness of pure PU and PU-based shap®rng composites reinforced
with (a) treated and (b) untreated clay powders.

Figure 4.7 summarizes the averaged hardness of the PU-bdsage smemory
composites as a function of the content of heatéie and untreated clay, measured at
different indentation loads as indicatedHigure 4.6. Both Figure 4.6 and4.7 clearly
show that, with addition of the heat-treated claywger, the hardness of the composites
significantly increases with the clay content. At\Bt.% treated clay, the microhardness

reaches a maximum value of about 160 MPa, whicte@sly a 60% improvement over
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the pure PU. On the contrary, adding untreated playder results in a tremendous

decrease in hardness of the nanocomposites of mgaity 85% at 30 wt.% clay.
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Figure 4.7Averaged hardness of PU-based shape memory compasita function of
the content of untreated and treated clay powders.

Figure 4.8 generalizes the nanoindentation outcomes with AlRMges. Typical
loading—unloading curves for the nanoindentatiorPbf and its hanocomposites with
treated clay are shown Figure 4.8a The indentation depth under a fixed load (400
mN) gradually decreases with increasing clay cdntewlicating an increase in the
resistance to plastic deformation. A reductionted strain recovery during unloading
with the addition of nanofiller is also observedchuse incorporating the nanofillers in
the microstructure hampers the movement of molecctains during deformation.
Figure 4.8billustrates the hardness profiles for the PU sanapld its nanocomposites
with treated clay as a function of indentation tep¥ith a shallow indentation depth,
the hardness seems very high because of the indens&ze effect (ISE), and this effect
fades continuously with the penetration depth. @lieraged hardness value increases
by about 90 %, from 89 MPa to 166 MPa when therfilontent is increased from O to
30 wt.%. The nanoindentation results also showightsincrease in improvement in
yield stress with increasing filler contefigure 4.8c-d show the surface morphology
of indentation marks for the pure PU and nanocompdwith 30 wt.% clay) from the
nanoindentation test. For the pure PU, a pile-umaterial can be observed indicating
its soft nature, whereas, for the 30 wt.% nanodamposite, the pile-up is severely

restricted because of the increase in the mecHastreagth of the nanocomposites.
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Figure 4.8(a) Typical nanoindentation results of samplesh@yness versus
indentation depth derived from nanoindentationstgsf) AFM images for pile-up of
materials for the pure PU sample; (d) AFM imagemdéntation mark on 30 wt.%

treated clay/PU.

A comparison of hardness values from the nanoirdiemt and Vicker's

microindentation is presentedfigure 4.9,
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Figure 4.9 Comparison of hardness results from inaeatation and Vickers micro-
indentation tests.
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The two measurements are comparable and indicatg sieilar trends in the
relationship between the hardness and the contemyfibers in the nanocomposites.
Meanwhile, the results from nanoindentation ard&ighan vicker’s indentation for the
composites samples, because of the different te8tepry and characterization location.
This result is useful for industrial applications & implies that the Vickers micro-
indentation test can be used with equal effectaimomdentation in evaluating polymer
composites.

4.3 Thermal analysis and MicrohardnessTy relations

The DSC traces of the pure PU and the PU-basedcompmosites are listed frigure
4.10 The glass transition temperatufg)(is evident as a step in the DSC curves. The
of the nanocomposites decreases on addition afritreated clay powder, but not when
the heat-treated clay is incorporated. This deer@a$, is attributed to the presence of
moisture and excessive hydroxyl and other orgamoums which exist in the non-
treated clay powders and make it harder to obtamdgnterfacial bonding between
polymer and nano-filler. Moisture also acts as fptamer for the PU polymer causing a
decrease in both th&, and the strength of the polymé?®! Because thd, of the
nanocomposites with the non-treated clay powderedses below room temperature,

the material becomes very soft during testing.

40.7°C~_

30% Tr-clay [ PY °
20% Tr-clay/PU
10% Tr-clay [PU

Pure PU

Heatt Flow

-25 0 25 50 75
Temperature (°C)

Figure 4.10 DSC analysis results of PU-based shrgreory composites with the
glassing temperature indicated for each composite.
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In contrast, addition of the heat-treated nano-téayls to an increase in tfig of the
nanocomposites by 5 °C compared to the pure Plthdrabsence of a plasticizer, the
addition of the nanofiller leads to restricted segml motion of the polymer chains

which raises th@, 239240

Figure 4.11 shows the hardness results for PU and treatedndagcomposites as a
function of temperature. Here the logarithm of mi@ardness, Ii,, is plotted against
the temperaturé@ to show the changes more conservatively. The leaglwas found to
decrease with temperature in the hybrid composiileviing a published exponential

law 144242 for the semi-crystalline or amorphous polymers:

H, :Hvoxexp(—ﬁT) (4.1)

whereH,o is the hardness of the material at 0 K #hi$ the coefficient of thermal

softening.Equation (4.1)can be changed into:

In HV:In HVO—,BT 4.2)

Statistical analysis on the relation between miardhess andy was performed and
the results are describedfigure 4.11, i.e. InH,) decreases linearly with temperature

for all the samples.
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Figure 4.11 Microhardness of PU-based shape meowomposites versus temperature.
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However, there is an apparent discontinuity intttermal expansion coefficient around
Ty, although it becomes less apparent with increasiag content. This implies that
microhardness tests at different temperatures earsed as a tool to determine Tyeof
the polymer and its nanocomposites. A continuoasemse inly with filler content is

also evident fronfrigure 4.11, which supports the DSC resultsHigure 4.10Q

Figure 4.12ashows the storage modulug’) from the DMTA tests for the composites

with different clay contents.
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Figure 4.12 DMTA characterization dig of nanoclay based SMP composites (a)

Storage modulus versus temperature curvesighy versus temperature results.
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The storage modulus has a maximum value for the 88Mfdcomposite with 30 wt.%
clay, indicating that the stiffness of 30 wt.% ¢R$ nanocomposite is the highest
among all the tested samples. A sharp drop in nusdisl observed abovi, within a
narrow temperature range due to the softening tetie¢he polymer nanocomposite,
which has already been reporté®. Thetan § curves shown irFigure 4.12b reveal
that the transition temperatures of the nanocongmsncrease with clay content. The
nanocomposite with 30 wt.% clay also shows the dsgan 6 value, which reveals its
best energy absorption capacity among these saffifflest has been reported that the
damping effect of the polymer depends strongly be tard segment content,
crystallization of the soft segment and cross-ligkiate!®*>2?! In this study, the best
damping effect was achieved for the nanocomposits30 wt.% clay, because of the

significant increase in the content of hard segment

In brief, improvement in the thermal propertieshwihe addition of nano-clay has been
proved based on thg, results based on the DSC tests and modulus rdsoiits the
DMTA tests.

4.4 Shape recovery demonstration and thermal-mechanicalycling tests

Shape recovery speeds were measured by recordingdbvery of an indentation mark
using a Peltier heater with a maximum temperattiraround 50°C Figure 4.13 and
Figure 4.14show the fading of the indentations after tempeeaincrease for the pure
PU and PU nanocomposites containing 20 wt.% treatleg, respectively. The
indentations gradually disappear upon heating, catdig a good self-healing
performanceFigure 4.13eand4.14ealso show the surface profiles of the indentations
of these two samples. Prior to heating, pile-upuadothe indentations can be clearly
observed, indicating the significant plastic defation of the SMP and nanocomposites
247 The real-time images indicate that the full remyvof pure PU took about 120
seconds while the same level of recovery in the pmsites sample took about 240
seconds. The nanocomposite samples are found ® &alower recovery speed than
those of the PU at the same temperature, whiclolsably due to the increasing energy

consumption in overcoming the clay barriers.
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Figure 4.13 OM micrographs showing the evolutiomhef indentation on pure PU
during heating at 50 °C for different time: (a) (), 60s, (c) 90s and (d) 120s. (e)
Profile evolution of the indentation heated forfeliént duration times indicated.
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Figure 4.14 OM micrographs showing the evolutiomhaf indentation on 20% treated
clay/PU composite during heating at 50 °C for défg time: (a) 0s, (b) 60s, (c) 120s
and (d) 240s. (e) Profile evolution of the indeistatheated for different times

indicated.

In order to compare directly the shape memory iefficy of PU and clay/PU
composites, two thin beams of the pure PU and 3%wtay/PU composites, with a
cross section area of 22 mnf, were bent after heating to 80 °C, and the shag®e w
fixed while cooling to room temperature (20 °C).eT$hape recovery was demonstrated

on a hotplate with a surface temperature of 80wWhich was designed to illustrate
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remote recovery at a higher triggering temperatitee pure PU sample exhibited a
prompt response, recovering its original shape iwi0 s (seeFigure 4.159. The
nanocomposite beam with the 30 wt.% clay showed|aliape memory recovery after

60 s (sed-igure 4.150.

30 wit% clay/PU a
' Pure PU

Figure 4.15 Recoveries of shape memory samplesdheata hotplate with a surface
temperature of 80 °C.
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Figure 4.16 Typical thermal cyclic tensile reswfs30 wt.% clay SMP nanocomposite.

The slow recovery of the nanocomposite sampletrthated to the incorporation of
nano-fillers that hamper the movement of molecualains, so that the shape memory

effect is slightly delayedrigure 4.16 presents the thermal-mechanical cycling test of
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the 30 wt.% clay composite. A good shape recoveay vbserved: the shape recovery
rate is 99.2% in the first tensile cycle and 97%the second. The maximum stress
decreased by 8%, probably because some defectsgeaerated and creep occurred

during continuous loading at an air temperaturéQfC.

4.5 Summary

Mechanical properties of the attapulgite clay reioéd polyurethane shape memory
nanocomposites are strongly dependent on the @aétent of the nanopowders. The
untreated commercial attapulgite clay resulted irsignificant decrease in glass
transition temperature and hardness of the nanoosibepdue to the presence of
moisture as well as the clay's amorphous struauark surface hydroxyl groups. The
Vickers hardness of the nanocomposites compos#tkdieat treated clay powder was
dramatically increased as a function of clay contemhich is attributed to the

homogeneous dispersion of the nano-fillers in tbmer matrix and strong filler—

polymer interactions. Following heat treatment bk tnano-powders, the loss of

moisture and surface hydroxyl groups provided atatlized and bundled structure.

Nanoindentation results showed that the averagignkas value increased by about 90
%, from 89 MPa to 166 MPa when the content of nkyofller reached 30 wt.%.
Improved interfacial bonding between the polymed difler interface enhanced the
mechanical properties of the nanocomposites. In peoison, untreated PU-clay
nanocomposites showed a decrease in both Theand the strength of the
nanocomposites. DMTA also showed an improvementthia thermo-mechanical
properties of the nanocomposites by adding the wémpofillers. Good shape memory
effect was observed in the nano-composites: néafl9o recovery was obtained after
two cyclic tensile tests. PU-based composites cong 30 wt.% treated clay
nanoparticles exhibited the same capability of shegrovery as pure PU although
recovery speed was slightly slower.Although a digant mechanical enhancement was
observed in the composites examined in this chaptenust be pointed out that the
filler content is up to 30 wt.%. The concentratiohthe fillers is so high that there
inevitably exist particle aggregations inside tleenposites. In the following chapter, a
polystyrene based shape memory polymer with a rasfgéow concentrations of
nanofillers was used to study the effects of nartag@s in matrix for the reinforcement

of the mechanical properties and shape memoryteffec
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Chapter 5

THERMAL TRIGGERING OF POLYSTYRENE BASED SHAPE
MEMORY NANOCOMPOSITES REINFORCED BY DIFFERENT
NANOFILLERS

Apart from PU, Polystyrene (PS) based copolymeestlhe most commonly used for
designing nanocomposites for good different purppsecause of their lower cost
compared to the other polymers such as PMMA, PUpaigcarbonate. Some studies
have been carried out on the shape memory propeti®S-based SMPS!:248:249.250]

but the underpinning physical and mechanical erdraeat mechanisms of the PS-
based shape memory nanocomposites have not yet dednated. The chemical

composition and molecular structure of the PS basgalymer used in this work are
illustrated inFigure 5.1

BSPAPSESER

oss-link

QOO OoU OO QN

~ O 0000000000000 00 Q0

a

Il
S
5858666640 000000000 %

Figure 5.1 Schematic of chemical composition antemdar chain structure for shape
memory PS-copolymer, (a) hard segment (crosslinkiegwork with addressed
functional groups, (b) The ball-stick model on alogking molecular structure

Investigations of the thermal triggering of PS-llhshape memory nanocomposites
were performed using various nanofillers such ksasiAl,O3 and clay. The aims were
to compare and study the factors which influence tlanopaticle enhancement
efficiency on the matrix, as well as to examinedigpersion status of the particles.
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5.1 Nanoparticle characterization

The geometries and dimensions of the nanofillersevetudied in detail using TEM
observationFigure 5.2 shows spherical AD3 particles of diameters ranging from 25
nm to 120 nm. According to supplier’s informaticaisp assessed in TENY?, the
Al;O5 particles used in this study had a small diametérl5 nm or less. The silica
particles tend to aggregate due to their highaserfenergy (smaller average particle
size) and surface hydroxyl groups, according tostigplier.

Figure 5.2 TEM micrograph showing the morphologyAtiO; nanoparticles.

By noting the agglomeration states of the abovedplwerical inorganic nanopatrticles, it
was concluded that specific dispersing techniquesildv needed to ensure the
separation of the nanoparticles clusters, espgdail the silica.Figure 5.3 presents
TEM images of the as-received and heat treated miayder. The nano-clay powder
exhibits a fibre-like amorphous structure in therexseived state and becomes a 3-D
bundled rod-structure after heat treatment at 85@ot 2 hours®®*. The diffraction
spots of selected area electron diffraction patteweal the nanocrystalline nature of the
heat-treated clay as shown by the insdigure 5.3.
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Figure 5.3 TEM images of (a) as-received, and éaYitreated clay powders, with
selected area diffraction pattern shown in thetinse

Nano-particle identification by TEM offers a visuabmparison between the different
nanofillers which were employed in this work. Besidthe direct geometry and
dimension evaluation, the ‘internal’ state of thartigles were also revealed, which
could lead to a better understanding of the effetshe fillers on the mechanical
properties of composites.

5.2 Macroscopic mechanical properties

Three kinds of nano-particles, as previously idedj were selected to fabricate the
nanocomposites at different concentrations. Vickadentation and uniaxial tensile
testing were used to characterize the macroscopichamical propertiedzigure 5.4
shows the Vickers hardness readings for the thes®composites as a function of
nano-filler content. A significant increase in haeds can be attributed to the addition of
the nanoparticles. With the addition of 4 wit% ofe tmanoclay powder, the
microhardness reaches a maximum value of about P&, Mhich is nearly a 400%
improvement over the pure PS. The @4 nanoparticles show a similar hardness
enhancement to that displayed in the nano-clayedfillcomposites. The SjO
nanoparticles demonstrate the weakest enhanceiffiectt éhe hardness is only doubled
when the Si@content reaches 4 wt.%. It is also apparent thathdrdening effect is
much more pronounced with the first 0.5 wt.% additand the improvement is less for
all three reinforcement materials thereatfter.
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Figure 5.4 Vicker’s hardness results for SMP nanguusite operated with 25 g load
and 20 s loading time.

The composites with 1 wt% of each of the nanofilere selected for uniaxial tensile
tests to compare their stress-strain behaviouo@inrtemperature (~20 °C), with the
typical stress-strain curves shownkigure 5.5b From the results of the maximum
stress and strain shown kgure 5.5¢ the SiGQ/PS composites show a nearly 16%
increase in the maximum strength, and theOA4PS and clay/PS composites present
much better enhancements of 100 % and 120 %, riaggc The Young’'s modulus
values (shown ifrigure 5.5b) measured from the tensile tests confirm thatcthg/PS
composites show the best enhancement, nearly 3 tifrthat of the pure PS.

Figure 5.6 shows the stress-strain relationships for the/Bldynanocomposite as a
function of clay content at room temperature. Ténsile stress increases significantly
with increasing clay content up to 1 wt.%, and tdenreases dramatically upon further
addition of nano-clay. For example, incorporatidnoaly 1 wt.% clay results in a

modulus that is almost three times that of the R8e
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Figure 5.5 Uniaxial tensile results for SMP nanoposite at room temperature: (a)
Stress-strain curves; (b) typical Young’s moduhasf tensile test; (c) breaking strain
and maximum stress.

Considering the geometry and dimensions indicatethé TEM images, such obvious
enhancement could be attributed to the higher asp&o of rod fillers. This has been
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explained by the effective load transfer alongfthee rod®*22°3 The decrease in this
enhancement after adding more than 1 wt.% claykedyl to be due to an imperfect
organic-inorganic interface and agglomeration ohaparticles?®**?**! The current

dispersion technique using ultrasonic stirring hiested efficiency for nanoparticle
scattering inside the matrix when the concentratibthe nanofiller is higher than 1

wt.%.
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Figure 5.6 Tensile results for nanocomposites @y/€lS: (a) typical stress-strain curve;
(b) breaking strain and maximum stress; (c) Youmgdglulus as a function of clay
content.

Nanofillers dispersed in the polymer matrix reimiithe soft matrix through effective
load capacity and transferability. When the aspatib of the particles equals unity
(spherical nanopatrticles), the composite moduluge@endent on a number of particle
characteristics such as their modulus, density ptréicle size and shape, the volume
fraction and the nature of the interface. As thedutes and density of ADs is larger
than that of SiQ the enhancement effect for the@YPS sample is more significant as

shown inFigure 5.4 andFigure 5.5 The rod-like nanofillers may bridge more polymer
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chains and afford more effective load transferdileg to an improvement in strength.
Upon adding a critical volume fraction of nano-r¢dach as nano-clay), the nano-rods
stretch and perturb the polymer matrix, and the/mpelr blend confines the nanorods,
generating elongated domains that are reinforcethése fillers®>®. Nanofillers with
rod-like structures, as compared with sphericabparticles, have been predicted to be
better in homopolymer systems because the stresectation is reduced and the load
is transferred with more efficiency by the high esratio and specific geometry of the

fillers [256:2571

5.3 Thermal properties

The DSC results shown iRigure 5.7 reveal that, with the addition of nanoparticles
from 1 wt.% to 3 wt.%, the glass transition tempamas decrease slightly (less than 3

°C) for all specimens, which is acceptable givee tmprovement in mechanical

strength.
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Figure 5.7 DSC monitoring ofy of SMP nanocomposites

The ideal nanocomposite system assumes that thedhproperty should be improved
significantly with minor loading of nanoparticlesut passive influences such as filler
aggregation, chain transfer, exceptional termimatibchain growth, would result into a
decrease iy Similar explanations have been reported thatradgenous dispersion

of nanoparticles in the polymer matrix is diffictdt achieve without additional method
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such as pre-dispersing solutions or surface tregtofethe fillers by surfactar®®202%
Aggregation of the nanofillers in the nanocompasitas been reported as a major
factor leading to a decrease in the transition tmatpre®®. The clay/PS composites
show the smallest decrease in the transition temtyper of the nanocomposites studied,
which could indicate that the clay/PS compositetesysachieves the most uniform
disperson of nanofiller. The DMTA results for theky/PS nanocomposite&igure
5.8a) show the storage modulug’) to have a maximum value at 1 wt.% clay, with the
stiffness of 1 wt.% clay/PS nanocomposite beinghilgaest of all the samples tested. A
sharp drop in modulus is observed abdyever a narrow temperature range, which has

been frequently reportégf>261:262

The tan ¢ curves inFigure 5.8b reveal that the transition temperatures of the
nanocomposites increase slightly with additionlafcontent, which matches what was
observed in the DSC analysis. The nanocomposite Witvt.% clay also shows the
highesttan ¢ value, which gives it the best energy absorptiapacity among these
samples®4. The best damping effect was achieved with 1 wthy, as the
incorporation of nanofillers maximizes the hardreegt content and creates numerous
physical cross-linking points, which directly leadls higher energy consumption
because molecular chain movement needs to overdbwse obstructing effects.
However, with 2 wt.% clay, probably due to the palspersion of nanofillers, the
energy absorption during deformation is reduceds tleading to a reduction in the
damping effect. However, there are usually multifdetors which influence the
mechanical properties and constitutive models efgblymer and its nanocomposites,

which will be discussed i@hapter 8.

5.4 Thermal-mechanical cycling measurements

Cyclic tensile measurement was used quantify tlapememory effect for the clay/PS
specimens, and the results are showRigure 5.9 When an external stress is applied
to the SMP, soft/flexible segments will be prefeiaty extended in the stress direction
compared with the hard/fixed segments. Both thesztimking of the PS and nanofiller

particles will act as hard/fixed segments.

73



QD
[ERN
o
(]
o

) 1 wt% clay/PS
< 100-
E 0.5 wi% clay/PS
g
GEJ 104 pure PS
S
5 2 wt.% clay/PS
n 1
| | | |
40 60 80 100
Temperature (°C)

b

1.4

1.24 0.5 wt% clay/PS

Pure PS

1.0- .
o 2 wt% clay/PS 1 wt% clay/PS
& 084

0.6

0.4

0.2

40 60 80 100 120
Temperature °C

Figure 5.8 DMTA investigation on nanoclay based Stédmposites (a) storage
modulus versus temperature curves;T@no versus temperature results.

As shown inFigure 5.9, the maximum stress of the pure PS (1.45 MPaPatG®is
about half of that at room temperaturféigure 5.5g. Similar behaviour was also
repeatedly observed in all the nanocomposites. Ehisecause the chains of shape
memory polymers become flexible above the transit@mperature, which results in a
reduction of the maximum stress. The maximum stresshe 1 wt.% clay/PS
nanocomposite is the highest among all samplesyisgca good enhancement even at
temperatures abov&uans As the cyclic tensile fast proceeds, the residstedin g,

increases (sdeigure 5.9), which could be attributed to such possibilitess (1) random
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breaking of covalent cross-link bonds, (2) energyagye by the fillerd®®®, or (3) a

blocking effect by incorporated nanofilléfs”.

Figure 5.9 Thermal mechanical cyclic testing resu#) pure PS; (b) 0.5 wt.% clay/PS
composites; (c) 1 wt.% clay/PS composites; (d) 2endlay/PS composites.

The shape memory effect can be quantified usingtitaén recovery ratio as a function

of cycle numbeN, defined byEquation (5.1)!%°%:

£.(N)—£,(N)
E(N)-¢€,(N-1)

R(N) = (5.1)
whereR(N) is the strain recovery ratio in the cycle numbek(N) is the unloading
strain atTiow in the cycle numbeN, andey(N) andep(N-1) are residual strains at cycle
numberN and N-1, respectively. All information can be directlyptained from the
results of the cyclic tensile testing at a fixethperature Thigs is identified with theT,

of the polymer, andj,, normally is room temperature (~20 °C).
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Figure 5.10 summarizes the recovery ratio of the clay/PS caipdESMPs from the
thermal cycling tests. It has been found that #eovery rates of all the samples are
above 85%, which represents good retention of sheqmvery.
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Figure 5.10 Recovery ratersuscycle number of pure PS and clay/PS samples

The recovery ratio for the 2 wt.% clay nanocompmostnearly 15% lower than that of
the pure PS, and this can be attributed to mantofacsuch as increased energy
consumption, the agglomeration of nanofillershia polymer, and random breaking of
the covalent cross-link bonds. There seems to $l@glat decrease in the recovery rate
with cycle number, but then a slight increase atter or three cycles, which is a typical
"learning phase" seen in many SMPY. After the first tensile cycle, some of the cross-
link points will be broken in the SMP and compositevhich could freeze the free
movement of the molecular chains, thus causingatésiuin the recovery rate in next
cycle. Then the recovery strain becomes stable @& mmolecular chains function as

flexible soft segments once they have been he&teded y, thus gradually leading to an

increase in the reversible recovery rate.

5.5 Shape recovery property

The PS and nanocomposite samples with a thickne86anm and width of 10 mm

were rolled after being heated to 90 °C, and tlapsikept fixed during cooling to room
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temperature (20 °C). The shape recovery test waedaut in hot water at 60 °C. The

pure PS sample (séggure 5.11) exhibited a prompt response in hot water andheadc
almost 90 % recovery within 20 s.

Figure 5.11 Recovery of a pure SMPS sheet in 6BdtQvater.

The 0.5 wt% clay/PS nanocomposites ftigure 5.12 also showed good shape
memory recovery but with a faster recovery speedofrering within 16 s) than that of
the pure PS. The reason could be thatTihgs of the nanocomposite SMPs decreases
with addition of nanoclay filler. On the other hartde 1 wt.% clay/PS sample (in
Figure 5.13 shows a full recovery within 25 s, which is fadtean that of the pure PS.

Figure 5.12 Recovery of 0.5 wt% clay/PS sheet in@bot water.
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Figure 5.13 Recovery of 1 wt% clay/PS sheet inGh6t water.

In Figure 5.14 demonstration of the shape recovery of the dy@dch&nrocomposites
with “h w u” characters was made on a hotplateGat®. A full recovery was achieved
in 2 min for the various degrees of deformation.

Figure 5.14 Demonstration of shape recovery witlv“t” characters designs on a
hotplate surface of 80 °C

As a further assessment of the capacity of the naétea micro-gripper based on the
pure PS was manufactured using laser micromachiasmnghown inFigure 5.15 A
good shape recovery of the gripper at 80 °C wasodstrated. The edge of pence coin
is used as an indicator of scale showing its pa@kfdr biomedical or micro-assembly
applications.
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Figure 5.15 Shape recovery of a micro-gripper based pure PS copolymer (the edge
of a five pence coin is also shown for comparison)

5.6 Summary

Shape memory nanocomposites were fabricated udmegnically cross-linked PS
copolymer as a matrix and different nanofillersclimling alumina, silica and clay) as
the reinforcing agents. Their mechanical and thernpnaperties and shape memory
effects have been characterized. Nanofillers eklahi effective enhancement in the
strength and modulus of composite SMPs. Among lineet types of nanofiller, the
heat-treated nanoclay achieved the best improvenrerdétrength. DMTA results
indicated that the 1 wt% clay composites had tlyhédst storage modulus and the best
energy absorption capacity. Thermal cycling testlicated that the recovery rates of all
nanocomposite SMPs were above 85%, and good skapeery ability was achieved.
Shape recovery was demonstrated using differentplesmand designs. In brief,
nanofillers provide significant reinforcement t@tRS, and the nanocomposites exhibit
better thermal and mechanical properties, includingpe memory properties, than the
unreinforced PS. Clay/PS composites showed a hgtésrmance than the other fillers.
However, the shape memory was triggered here hyntilestimulus, which would be
difficult to do in many biological applications duas bio-medical devices because the
temperature of human body could trigger the recovdiherefore, the following
chapters will explore new methods of triggering gf@ape memory effect with high

efficiency, enhancing the strength, and realizingarm dispersion of nanoparticles.
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Chapter 6

SPHERICAL CARBON NANOPARTICLE /POLYSTYRENE
ELECTRO-ACTIVE NANOCOMPOSITES

Recently, various electrically actuated compositesPs) using addition of CNPs,
CNFs, or CNTs into the polymer matrix have receigedat attention because these
nanofillers improve both the mechanical and eleatrpropertied®®*?%! SMP-based
EAPs 12642561 with good dielectric permittivity could be apprae materials for

[268] " and/or orthotic prosthetic assistance

actuation in bio-robot€®” mini-pumps
utilities ?92’° as they can change their shape in response tdeafri@l stimulus
[(271.272.273] The SMP-based EAPs have many advantages suowamst, light weight,
high actuation strain (up to 200%) and controllaieieovery timé*Y. For current SMP
systems, two methods are generally used to impnogehanical and shape recovery
properties: i) trimming polystyrene molecular chefi®***?with functional groups or ii)
incorporating rigid micro- or nano-fillers into @lgmer matrix'***. Lenget al.*? and
Koerneret al. ™% investigated the electro-triggering shape memdfgce for shape
memory nanocomposites with carbon nano-fillers. f&9 systematic studies on the
dielectric permittivity and thermo-electrical propeof PS-based SMP composites have
rarely been reported, although results are crumalMEMS applications such as
actuators and sensofg22"4275:276 Therefore, this chapter will focus on the macro-
/micro-mechanical properties, the dielectric andriio-electric properties of CNP/PS

nanocomposites, as well as the electro-active simgpeory effects.

6.1 Microstructure and thermal properties

Figure 6.1 shows the fracture surface morphologies of conessvith different CNP
concentrations. The average size of individual CH&sw 100 nm, and the CNPs are
uniformly distributed throughout the SMP matrixah samples. The vein-type fracture
patterns of the polymer matrix indicate a certagrée of plasticity in the matrix when
fractured at the temperature of liquid nitrogennbdksized shallow dimples or voids are
frequently observed between the vein-type featwbsgre the CNPs are more exposed.
Accordingly, it is considered that the CNPs sersettee source of nanovoid/dimple

nucleation. The uniform dispersion of the nanosiZ&tPs in the styrene-based polymer
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matrix was achieved via mechanical stirring in #nmagonic bath, which forms a basis

for better enhancement of mechanical propertigketomposites.

1am

Figure 6.1 SEM images of the shape memory nanocsitgsaevealing the distribution
of CNPs inside the PS matrix: (a) 1 wt.% CNP/PSZhyt.% CNP/PS,(c) 3.5 wt.%
CNP/PS, (d) 5.5 wt.% CNP/PS.

Thermo-mechanical properties of the CNP/PS nanoositgs were characterized by
DMTA. The storage modulus-temperature plots for [@as with different nanofiller
concentrations are shownhingure 6.2 The storage modulus of the composites at room
temperature increases continuously as more CNP&@wgporated into the PS matrix.
However, in every case, the storage modulus drbpsea50 °C which is close to the
glass transition temperaturg,, of the shape memory composités!. The measured
glass transition temperatures of the compositedatween 60 and 75 °C. Than o
curves presented iRigure 6.2 reveal that the glass transition temperaturethef
composites increase substantially upon additio@NP. The composite with 3.5 wt.%
CNP has the highegain J value, which is the best energy absorption capamit
damping effect among all these samples. The damgfiiegt is strongly dependent on
the hard segments content, crystallization of s&fyments, cross-linking rate and

interface between fillers and matf*?**?’") The damping effect of the composites
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with 3.5 wt.% CNP content is more obvious than ¢hasth lower CNP contents. This
can be explained by the significant enhancing effeficthe CNP, and significant
increase in interfacial boundaries over other p@yoomposites. Further increase in the
CNP content might result in the particle agglomergtwhich would reduce the energy

absorption and damping.
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Figure 6.2Plots of (a) the storage modulus and (b)das a function of temperature
for all the nanocomposites.

6.2 Macro/nano-scale mechanical properties

Uniaxial tensile tests were performed to evalulagenhacroscopic mechanical properties.

Figure 6.3 presents the typical stress-strain curves for/@SRomposites.
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Figure 6.3 Uniaxial tension results for CNP/PS:sta¢ss-strain curves, (b) Young’s
modulus and (c) max stress/breaking strain as @iumof CNP concentrations

An increase in maximum stress and rapid decreasieeainaximum strain can directly
be seen associated with the addition of CNP. Maeathe curves show an obvious
drop after the peak stress while increase as lliee ¢oncentration increases, indicating
more internal failure. Analysis of the stress-straurve provides the Young’s modulus
(Figure 6.3b, maximum stress and strain as a function of CNRcentration. The
results show that Young’'s modulus continues to eéase as more CNPs are
incorporated into matrix and the composites with wt.% CNP achieve the highest
Young’s modulus, at nearly 8 times of that of ptr®. Detailed analysis results from
stress-strain curves is presentedrigure 6.3¢c As the CNP concentration increases to
5.5 wt.%, a significant improvement in the maximatress is obtained and the value at
5.5 wt% CNP/PS is 4 times that of pure PS. Meareytifie breaking strain shows a
continuous decrease from 300% to 30%.

Comparing with the tensile results @hapter 5 for various nanopatrticles (at 1 wt.%),

the Young’s modulus and maximum stress of all #weoparticles studied can be ranked
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according to the following sequence: Clay/PS> AlaAPS> CNP/PS> Silica/PS,
whereas the breaking strains show a similar valuaround 250 %. The maximum
stress of the 1 wt.% clay/PS all show is the sam#hat of the 2 wt.% CNP/PS. The
Young's modulus of the 1 wt.% clay/PS is same ag tf the 4.5 wt.% CNP/PS.
Considering the geometry differences between tag ahd CNP, it can be concluded,
that although the spherical CNPs achieved reinftocthe soft matrix because of its
higher modulus and uniform dispersion, the enhaecgrns not as significant as that
from the clay due to its lower capacity and loaainsfer. A detailed discussion is

included inChapter 8.

Typical force P)-displacementh) curves of the CNP/PS nanocomposites from the
nanoindentation tests are presentedrigure 6.4a A larger slope of E/dh in the
loading stages and a lower maximum penetrationhdéigplacement is clearly obtained
with the addition of carbon nano-particl€sgure 6.4 shows that the elastic modulus
and hardness values derived from nanoindentatiorease with CNP concentration.
The nanocomposite of 5.5 wt.% CNP/PS showed adB#wrease in hardness and a 4-
fold increase in modulus compared over those of pee PS. Although the
enhancement is evident, the values of elastic nusdinbm nanoindentaiton (1-6 GPa)
are dramatically different from those obtained frtime tensile tests (100-600 MPa).
This could be explained by the different geometaokthe two test methods. The tensile
tests examine the uniaxial tensile deformation (ps modulus) of the bulk material,
whereas the nanoindentation is an approach torotiai residual elastic modulus on a
nano/micro meter scale under compressive loadirme€ally, a material of this type

will appear much harder in compression than imaite.

The dissipation energy (DE) and dissipation enema@jo reveal the distribution of
elastic-plastic regions in composites, and can bpleyed to study the dynamic
response in composites. In this chapter, the vabid3E and DE ratio were used to
investigate the nanoparticle effect on elastic tjsascos (hard) regiong-igure 6.5
summarizes the calculated values of DE and DE fatidhe CNP/PS samples under
various experimental conditions. As illustratedrigure 6.5a the DE value gradually
increases with increasing load. It actually deasagp to 2 wt.% of CNPs, but increases
dramatically up to 3 wt.%, which indicates thagrhis a marked increase in energy
consumption at 3 wt.% CNP. As a reduction of DHssally considered to be due to a

reduction in plastic regions, it can be concludedt tthe incorporation of the CNPs
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enhances the elastic regions and reduces thecptagfion up to a concentration of 2
wt.%, i.e. that the material becomes brittle. Tippasite situation was observed when
the CNP concentration reaches 3 wt.%, which matdhesenhancement analysis

(Figure 6.4) for the change in elastic modulus.
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Figure 6.4 Nanoindentation results of PS and CNPéomposites as a function of
CNP concentrations: (a) load-displacement curveganhardness and elastic modulus

The results inFigure 6.5b indicate that the DE ratio tends to beome constahie
when the applied load is above 1 miNgure 6.5¢f show the results for specimens
tested with different holding times and loadingesaat the max load of 1 mN. As seen
in Figure 6.5c and 6.5d, both DE and DE ratios increase when the holdinget
increases, however, the composites show smallaesalf DE than those of the pure PS,
indicating their better energy capacity with addi@§iP. These phenomena can be

understood as the longer the time, the more ensrdigsipated in the composite system.
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Multiple molecular-level processes take place dutims period, including debonding
of the inorganic-organic interface, polymer reléoat and creep. It should be noted that
the 2 wt.% CNP/PS sample shows the lowest DE daddio, which imply the best
load/energy capacity of all samplésgure 6.5eand 6.5f show the values of DE and
DE ratio as a function of loading rate. The pureh@S a gradually ascending trend with
the loading rates, although the loading rate hte kffect on the DE and DE ratio for
the composites at loading rates above 10 uN/s.uktrbe pointed out that extremely
low values for both DE and DE ratio were obtainédhe loading rate of 1 uN/s, for
each curve. The reason for this could be thatethstic regions absorb and store the
greater part of the input energy at loading rate$oa as 1 uN/s with conformational
changes of the flexible molecular chains in elagtgion?’®, and so release all (or most
of) this reversible energy during the retrievirfgtlee indentor. This result reveals the

visco-elastic properties and energy capacity daftelaegions in thesis materials.

In summary, the nanoindentation results provideeghanical assessment at the nano-
/micro- scale. The modulus values for the compssite much larger than those of pure
PS. Further analysis on the DE and DE ratio ilatstrthe dynamic energy

absorption/conversion of the materials and theicaglastic properties.

6.3 Conductivity and dielectric properties

Figure 6.6 displays the measured conductivigrsus CNP concentration at room
temperature. As the CNP contenicip) increases from 1 wt.% to ~3.5 wt.%, the
measured conductivity dramatically increases from0I® to 102 S/cm, and then the
rate of increase drops as the CNP concentratioeeelsc3.5 wt.%. The conductivity at
ocne > 3.5 wt.% is large enough for electrical conduetfor general microactuator
usage.The observed conducting behaviour can beiarpl by the percolation which
treats a polymer-based inorgani€;¥-organic E, =,<< E;) conducting system as a
random mixture of resistors and capacitors, or ootats and insulatoré’®%° At a
low concentration of conductive (CNP) phase, cotidacis dominated by hopping
conduction among the nanofillers with an electricahductivity closer to that of an

r 279281 The SMP composite becomes more conductive as fitles

insulato
concentration is increased up to a critical vathe, percolation thresholdd), which

depends on the filler and its dispersion in therin&t?.
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Figure 6.6 Conductivity of PS and nanocomposites famction of CNP content; the
insets show a 3-D illustration of the composited e linear curve fitting needed for
determining the threshold value.

Figure 6.6 clearly shows two regimes with different slope®rresponding to
“insulating behaviour” abcne < 3.5 Wt.% and “conductive behaviour” @gne > 3.5
wt.%. To determine the threshold valug of the SMP composites, the experimental

conductivityc was fitted based on the following power 147828
E(pce) < (9 - 9ce)” for pene< gc (6.1)

E(pcs) o (9cs '(oc)t for pcne> @c (6.2)

Wheret and s are the critical exponents in the conducting amslulating regions,
respectively. Linear curve-fitting using the ab@aations gave.= 3.5,t = 1.75, and
s = 2.70 (see the inset charts in Figure 6f8kvious work?®+?%were reported that a
higher critical value ot > 2 for polymer/CNP systems and was explained byrC
aggregation and cluster-cluster structure causi#sg conductive efficiency. A better
conductive efficiency was achieved in this workhwthet value of 1.75, which is
probably due to the better mixing of nanopartiees result of the additional ultrasonic
agitation. Another explanation could be due to Calyregation at the interfaces
between hard and soft segmef¥. The formation of aggregates and irregular

dispersion of CNPs in the two-phase polymer systeoneases the conductivity.
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Figure 6.7 DC conductivity of CNP/PS nanocomposie$unctions of temperature and
CNP concentrations

Composites with different CNP contents were chdse®\C electrical testing, and the
AC conductivity results are presentedHigure 6.7 as a function of temperature. With
increase in temperature, the measured conductgridglually increases because the
thermal energy increases the hopping conductinitihe composite[§87]. As shown in
Figure 6.7, the conductivity of the sample with 2 wt.% CNRagaches the percolation
limit of an insulator-dominated state, and a furtimerease in temperature significantly
increases the conductivity through enhanced hoppigen the CNP content is above
¢, the CNP particles or clusters are almost linkétth wach other to a certain degree,

forming a continuously distributed CNP network lie tmatrix.

6.4 Dielectric properties

The complex permittivity @ represents the abilifytioe system to store charge at the
interface under an applied electric field. Insuigtpolymers do not have an interface for
charge storage and their dielectric constant isefbee small. With the addition of
conductive particles, the interface between theyrpels and conductive particles
increases dramatically, leading to a higher dieleconstant for the composites. The
dielectric permittivity and real part of the comyplpermittivity (&) as a function of
frequency for different CNP contents at room terapee are displayed iRigure 6.8

The dielectric constant increases from a valuerofired 2.75 for the pure PS® to
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nearly 16 for the 3.5 wt.% CNP composite. The dielectricstantse ande’ increase as
the CNP concentration changes from 2 wt.% to 3.8owiand then decreases as the
CNP concentration further increases to 5.5 wt.%thVguch a high content of CNPs
(>3.5 wt.%), the composite becomes a “metallic’etgonductor which effectively loses

its ability to store charge at the interfaces betwihne CNP particles and polymer.
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Figure 6.8 (a) Complex permittivity @ and (b) realt of complex permittivity &or
CNP/PS nanocomposites as a function of frequenayoat temperature.

At CNP concentrations below, the relatively large distance between the condelct
particles/clusters makes the composite behave assatator at low frequencies. The
complex permittivitye of the composite with 3.5 wt.% CNPs varies fronx 10° to

around 3 as the frequency is increased to 100 I&imilarly, the composites with 2 and
3.5 wt.% CNPs showed a similar decrease in @ witheiasing frequency up to around

100 Hz. As the frequency increases further, thelevadf @ gradually approaches a
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constant value of 2.75, the dielectric constarthefpure polystyrene. Since the charges
on the interfaces are unable to follow the chamjedectrical field, the polymer matrix
acts as a pure insulator. On the other hand, factmposites with 5.5 wt.% CNP, the
CNP concentration is beyond the percolation thriestend they are conductive due to
an efficiency continuous electric path. The incesas frequency does not change the
dielectric constant significantly with values of @<and @ nearly equal O efficiently,
l.e. not much capability to store charge but adgpmetallic conductor. The results
show that the dielectric properties of these cont@®hange significantly with the
operational frequency, and this information is uk&r microactuators which may be

manipulated with various frequencies.

The temperature-dependence of the complex periyttof PS/CNP composites is

shown inFigure 6.9aat a fixed frequency of 1 kHz.
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Figure 6.9 (a) Complex permittivity @ and (b) dihec loss, tarD, of the CNP/PS
nanocomposites as a function of temperature (witkea frequency of 1 kHz)

91



The increase in complex permittivityof the composites with 2 wt.% and 3.5 wt.%
CNP contents with temperature is attributed to itftiweased hopping effect at high
temperatures. In contrast, the complex permittigitthe composite with 5.5 wt.% CNP
remains almost constant. The dielectric loss,3aftan 3 = &'/&', where the @ is
imaginary part of the complex permittivity) is redd to the material conductivity, in
that a material with a high value of t&nis more conductive with less resistive loss.
Therefore, the SMP with 5.5wt.% CNP, above the gaton threshold value, shows a
higher tar® than that with 2 wt.% (as shown kiigure 6.9b). On the other hand, as the
temperature increases, both the content of comtyecegimes (through the hopping
effect) and the conductivity of the composites @ase as shown Figure 6.9h At the
same time, the electron tunnelling effect beconigsificant ®%, and also the tap

value increases with temperature.

6.5 Electro-active recovery

In this section, the shape recovery and actuatidhedCNP/PS nanocomposites will be
examined. The composite with 3.5 wt.% CNP was seteto investigate the electro-
active shape memory property using laser-cut eamik.Figure 6.10shows a typical

recovery of a micro-cantilever at an applied vadtagf 30 V, where the deformed

cantilever showed a full recovery within 40 seconds

Figure 6.11compares the shape recovery ratio under variopiseapvoltages using the
method discussed iBection 3.3.5.3With increasing voltage, time for full recovery o
the deformed cantilever was reduced significarttlye to the higher input energy. The
time for 95% recovery at 40 V is around 12 secomd®ereas 86 seconds are needed at
25 V for a similar recovery. Additionally, the maxim amount of recovery of the
cantilever at 20 V is only 90%, indicating thatsthroltage of 20 V generated in
sufficient power to achieve full recovery. In thigork, the high electrical recovery
efficiency was achieved when the voltage was edqoabr above 25 V. Moreover,
electrically triggering recovery seems to be masatollable because there is a good
relationship between recovery time and recovelp rahen the voltage is 25V or 30 V.

For the higher voltages of 35 V and 40 V, the recgvs too fast to be controllable.
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Figure 6.10 Electro-active shape recovery for dileaver made of 3.5 wt.% CNP/PS
nanocomposite applied with a voltage of 30 V, (@)geformed shape, (b) after 50%
recovery shape, (c) after 90% recovery, and (d &ftll recovery.
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Figure 6.11 Electro-active shape recovery time fametion of voltage applied for the
composites with 3.5 wt.% CNP.

Figure 6.12apresents results of the measured surface temper@uwersus timetj at
different applied voltages, exhibiting a typicalrdb-stage change. The first stage
corresponds to the onset of the temperature ineyemsd the lower the power, the
longer the time required for this onset. In theosecstage, the temperature increases

significantly with voltage, due to Joule heatingitMfurther increase in holding time at
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different voltages, there is a point of inflectionthe curve and the gradient decreases,
which can be attributed to the change of Columbricds in the percolation conductive
path across the polymer matHX® and thermal fluctuations due to the nonlinearity i
Joule heatind®. For the relationship of the current versus tirmeshown inFigure
6.12h the electrical current does not show a largeatian with changes in the applied
voltage. However, the current increases signifigamtween 20 and 30 V, which is due
to the decrease in sample resistivity caused byadbe heating.
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Figure 6.12 Electro-active shape recovery of miantitiever at different applied
voltages: (a) temperature and (b) current of tmepdes as a function of time

Energy conversion during the electro-active recpvean be split into two parts,

expressed in the following equation:

Ee = Erec + Qt (63)
whereE. is the applied electrical power during testingd &y and Q; are the recovery

energy and heat generation, respectively. In &stharging process (i.e. the cantilever
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is not bent, and no shape recovery occurs duriagehkbctrical charging process), there
IS NO recovery energy consumption, so Eaeés equal to that o). Due to the recovery
of the deformed cantilever during the “shape recgvprocess, part of the electrical
energy will be consumed for shape recovery, alsdhéat generation effect will not be
as significant as in the static charging proceéggure 6.13shows the measured sample
temperature as a function of the applied electrpmlver. In the situation of static
charging, the sample temperature increases signtficas a function of power, due to
the Joule heating at the applied electrical poWbe increase in thermal energy causes
changes into paths through the conductive netwgr&diumbic forces and the polymer
network structure density in the matfX* >°? so leading to a nonlinear heat transfer
between the matrix and surroundings. For the meeaeicovery test, the surface
temperatures of the cantilever vary with electrigalver but are much lower than the
static ones, clearly indicating that part of thgpunh energy has been consumed in

actuation.
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Figure 6.13 Temperature versus electrical powendstatic charging process (the
cantilever was not deformed, and thus no shapeveegdaken place during the
charging process) and shape recovery charging gsdtiee cantilever was bent and
there was shape recovery of the structure duriegtiarging process).
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6.6 Summary

In conclusion, ultrasonic mechanical stirring waedl in nanocomposite fabrication,
and electro-active PS-based nanocomposites wereessfally synthesised through
incorporation of CNPs into the PS matrix. The medatel and thermo-mechanical

enhancements have been verified with the resudta the tensile test, nanoindentation
and DMTA tests, respectively. The electrical téistBcated that a two-phase conductive
system was formed with a percolation thresholdeai3.5 wt%. The conductivity and

dielectric constants changed dramatically as atiommf frequency, temperature and
CNP concentration. Measurement of dielectric coriséad dielectric loss as a function
of temperature and frequency manifested a stalelenid electrical performance from
room temperature to 100 °C. Shape recovery resolicated that these smart
nanocomposites could be potentially useful for pactuation applications. However,
the enhancement to the SMP matrix using the CNRBswhas expected compared with
the other nanoparticle filled composites invesedain Chapter 5. In the next chapter,

the use of rod-type nanofillers, i.e. CNFs and CNibsimprove both electrical and

mechanical properties will be discussed.
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Chapter 7

CARBON NANO FIBER/CARBON NANOTUBE - POLYSTYRENE
SHAPE MEMORY NANOCOMPOSITES

Incorporating CNFs or CNTs into an SMP matrix hexeived great attention in the last
few decades as it can effectively improve bothrtteehanical and functional properties
of the polymer matrix. For example, Lereg al. ®? reported the novel infrared
activating ability of shape memory nanocompositéh warious carbon nano-fillers. Ni
et al. % investigated the macroscopic mechanical enhandeareh shape recovery
ability for the CNF/CNT SMPU system by tensile iegt Gunet al.***! synthesized
the SMPU based nanocomposites with CNP and CNF, samdied their electrical
properties and electrical-active recovery. Detatadies of the phenomenology and
theory of remote triggering shape recovery in CNNFfilled thermoplastic elastomer

have been made by Koerretral.!*4%.

Nanoindentation, as an adveanced surface micro/maechanical characterization
technique, has been applied on SMPs for differasearch aims. For example,
Wornyoet al.??®! used nanoindentation to investigate the deformakiehaviour of

diethylene glycol dimethacrylate and polyethylehggl dimethacrylate shape memory

1. 2% provided a

copolymer networks with various organic componehRtdcheret a
detailed approach to the thermo-mechanical charaat®n on a thermosetting epoxy
based SMPs using nanoindentation at different teatpes. Nelsoet al. ¥ reported

the temperature-dependent nano-scale recoveryeahtiset epoxy based SMPs using
the tip of an AFM. So far, a lot of effort has beato the nanomechanics of polymer
based nanocomposites, but few studies are availab®MP nanocomposites. In this
chapter, PS based nanocomposites with well-dispetd-s and CNTs were prepared,
and their nanomechanics and thermomechanics wededtusing nanoindentation and

cyclic thermo-mechanical tests.

7.1 Microstructure and thermal properties

SEM was used to study the distribution of the fllanside the matrix-igure 7.1shows

the morphologies of the nanocomposites with 2 wif%arbon nano-fillers.

97



500 nm

Figure 7.1 SEM images of the shape memory nanocsitegsaevealing the distribution of

carbon nanofillers in the matrix (a) irregular distition of 2 wt.% CNF/PS,(b) CNF knots

and interlocks in a selected area,(c) Uniform sciaty of MWCNT in 2 wt.% MWNT/PS,

(d) Magnified image of selected area of fig.4c,ajform scattering of curly SWNT in 2
wt.% SWNT/PS, (f) SWNTSs bridging a micro crack.

CNF rods with high values dfd (above 100) are observed as irregular bundles (in
Figure 7.1b) in the composites. Generally, rod like nanofgléend to bundle together
and cannot be easily separated due to surface gadaps and non-uniform growth as
reported®®. Such bundling of the CNF in the polymer matrixulcb dramatically
reduce its effect by lowing the effective scattgnmlume of the nanofillers, leading to
defect in microstructure (non-uniform organic-inangc phase) and improving the load
transfer efficiency. The SEM images of the MWNT/R®mposites reveal a
homogeneous dispersion of the MWNTSs in the PS mé&rgure 7.19. Most CNTs are

presented as separate single tubesidare 7.1d, the MWNT rods can be seen to have
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smaller diameters than the CNFs, and are randondyuaiformly distributed inside the
polymer substrate. The good dispersion ensuresfarnncomposite structure with an
effective load transfer. For the SWNT/PS composittse SEM image of
nanocomposite sample surfacaigure 7.1leindicate that the SWNTSs exist as random
curly wires in the matrix, with much smaller dimams but scattering volume
percentage compared with the CNFs and MWNTs. TheN®&are distributed
uniformly inside the matrix and they tend to fornt@ntinuous pattern as most of the
SWNTs attach to each other. The magnified image ftbe fracture surfacd~igure
7.1f) reveals clearly the bridging of several SWNTsdasa micro-crack, indicating a
better stress distribution in the PS matrix, enivanthe load transfer from the matrix to
the SWNTs during fracture, and limiting the propagaof micro-crack.

The DMTA results for all the samples are summarisgéigure 7.2 which shows the
variation of storage modulus andn o as functions of nanofiller loading and
temperature. The storage modulds of the nanocomposites at room temperature
increases with nano-filler concentration, and a imar storage modulus of 1.2 GPa is
obtained for the 3 wt.% SWNT/PS nanocompositesvéver, the storage modulus
decreases rapidly over the glass transition tenyerd, due to the softening effect of
the polymer {*. The curves also show an increasing trendrpfvith nano-filler
content, and the peak valuetah dand the highesty are achieved at the composites
with 2 wt% CNF/PSKigure 7.20) and 2 wt% SWNT/P3gure 7.2), whereas for the
MWNT/PS (Figure 7.2), these best values are at 3 wt.% of the naadfill The
measured glass transition temperatures of all #im@composites are between 60 and 75
°C, higher than that for the pure PS, which showsitiprovement of thermal properties
using nanofillers. For the CNF/PS and SWNT/PS namgosites, the transition
temperature decreases with increase in the filatent up to 3 wt.%. As indicated from
the SEM observations, more irregular dispersioragglomeration of the CNF will
cause more defects in the microstructure, thugidedting load transfer and restricting
of the mobility of macromolecule chains in the syst The decrease af in 3 wt%
SWNT/PS can be attributed to the fact that therfilegins to aggregate as the volume
concentration reaches the dispersion threshold with currently used dispersion

techniques.
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Figure 7.2 DMTA results for the nanocomposites \@thF and CNTs: (a) storage
modulus for CNF/PS composites, (b) taresults for CNF/PS composites (c) storage

modulus for MWNT/PS composites, (d) tamesults for MWNT/PS composites (e)
storage modulus for SWNT/PS composites, (fidtaesults for SWNT/PS composites

Figures 7.2, d and f reveal that the transition temperatwkeshe nanocomposites
increase substantially with addition of the namefd. For the CNF/PS and SWNT/PS,
both theTy andtan Jvalues of the nanocomposites keep increasing @owa%. This
can be attributed to the increased physical crod€eng points out filler-polymer
interfaces and increased dissipation energy irsyseem at a higher filler concentration.
In contrast, the values dan J decrease for the 3 wt.% CNF/PS and SWNT/PS
nanocomposites, accompanied by a decreadg, iwhich is reflected in the values of
storage modulus. The damping effect in the MWNTiBSower than that in the
CNF/PS or SWNT/PS. This can be explained by theems@nificant effect of MWNTSs

100



than CNF at lower volume fraction€lfapter 3) of MWNTSs than that of SWNT, both

of which could lead to the less internal interfdegects and decreased value$aofd.

The storage modulus in the rubbery state is arcatidin of interfacial strength between
the organic phase and nanofillers. The interactmnes among the macromolecular
chains become weak with increased temperature easntilecular chains have been
thermo-activated and the strength of the polymedfiber interface dominates the
mechanical properties at a high temperature. Adogrth rubber elasticity theory, the

storage modulus in the rubbery state can be desteg?*®":

E, = 3KTv, (7.1)

where k is Boltzmann’s constanfl is the temperature corresponding to the DMA
rubbery modulus, and is the crosslink density. As shownkigures 7.2a c ande, the
incorporation of the nano-fillers increases the olosl of the nanocomposites. For
instance, the storage modulus is 1.2 MPa for thwe.% CNF/PS, 1.9 MPa for the 3 wt.%
MWNT/PS and 3.4 MPa for the 3 wt.% SWNT/PS. The SMBE nanocomposite
exhibits a largerEgr, 180% higher than that of the CNF/PS at the saregghw
percentage. Calculations of values of thef all the nanocomposites were made and
the results are plotted Figure 7.3 as a function of filler concentration.

The value ofv; consists of two parts, one due to chemical cliogsg (known as
covalent bond) and one due to the physical crodsa %%, Since the chemical cross-
linking points contributed by the curing agent amere or less the same for all the
samples, the physical cross linking points are gibbpbthe dominant factor in changes
to the storage modulus in the composites seriegsi€dl cross-linking points can be
generated by macromolecular chain knots, interffgotdar effects and hydro-bond.
Normally, the physical cross linking points are sidered weaker than covalent cross
linking bond. However, in the nanocomposites, tgdr areas of inorganic—organic
interface offer many more positions for physicalss-linking points, which affects the
material properties significantli#*®. The cross-linking rate in a macromolecular-
nanofiller system is related to concentrations suniace properties of the nanofiller and
degree of dispersidff®.
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Figure 7.3 indicates that the values af gradually increases with adding more fillers,
and the SWNT/PS nanocomposite exhibits the highasies and rates of increase of
the three concentrations, whereas for the MWNT/PS nanocomposite shows a
relatively linear increase with filler content. Fdre SWNT/PS samples, the smallest
size and hence highest volume fraction (given #rmeesweight fraction, as indicated in
Chapter 3) increase the contact interfacial area betweemanefillers and the polymer
matrix dramatically. The limited performance of lG&IF/SMPS composites shown in
Figure 7.3 is attributed to the aggregation of the CNFs drarally reducing the
effective dispersion volumE®® and load capacit{?®”, which significantly limit the

inorganic-organic contact area and directly leadti¢ lowest values of.
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Figure 7.3 The calculation results\gfas function of fillers concentration

7.2 Tensile testing results

Figures 7.4a-cpresent the typical stress-strain curves for athgosites. The derived
values of Young’s modulus, maximum stress andrswathe specimens with different
filler concentrations are shown fgures 7.4d-f The results indicate that the peak
stress increases significantly with increasing fidao content, whereas the maximum
strain decreases significantly. The SWNT/PS nanpusites show the best
improvement in modulus and maximum strength, andngés modulus reaching nearly
800 MPa and the peak stress reaching 15 MPa wiee®WHNT concentration is 3 wt.%.

However, the SWNT/PS nanocomposites also show tbst mapid decrease in the
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maximum strain, and the maximum strain is less @@&f&6 when the filler fraction is 2
wt.%. This shows that the toughness of the SWNT#R8&latively poor. Compared with
the SWNT/PS, the CNF and MWNT filled compositesvghmoderate improvement of
Young's modulus and the peak stress. As to the maxi strain, the MWNT/PS
maintains a reasonable maximum strain of 50 % imthease in the filler fraction up to
3 wt.%.
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Figure 7.4 Uniaxial tensile results for CNF and GNilled composites: stress-strain
curves for (a) CNF/PS composites, (b) MWNT/PSSWNT/PS; derived results as a
function of filler concentration (d) Young’'s modslue) peak stress and (f) maximum

strain.
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The cross section of samples after tensile testiag) examined using SEM and images
were shown inFigure 7.5. All the samples are very close to breaking, but yeit
completely breaking. The PS fracture imagesFigure 7.5a display a typical

viscoelastic failure with polymer threads bridggnicro gap>*®.

Figure 7.5 SEM images of cross-section for specgamost broken revealing the
material failure and filler effects, (a) Pure P$Zwt.% CNF/PS,(c) 2 wt.%
MWNT/PS, (d) The magnified image of selected are@), (e) 2 wt.% SWNT/PS, (f)

stretched SWNTSs bridging the nano-scale crack.
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For the CNF/PS nanocomposites showrFigure 7.5b, some threads can be seen in
cracks, and CNF rods can be traced clearly. At deformation strain (close to the
breaking point), the CNFs don’t contribute much pmeventing fracture, as most of
them are still embedded inside polymer which hastéid load bearing capacity. For the
MWNT/PS nanocomposite, an indication of brittlelligoreaking of polymer can be
observed on its surfac&igure 7.59, indicating that it has already fractured. MWNTSs
pulled out from the polymeric matrices are visiahel it can be assumed that most parts
of the MWNT effectively contribute to the load tedar from matrix when cracks form.
This assumption is confirmed by the higher magatfan image shown ifigure 7.5¢
which shows that two MWNTSs bridging the micro-craEkr the SWNT/PS sample, the
SEM images shown ifigures 7.5e-freveal that the SWNT coil are fully extended to
straight rodsKigures 7.1e-J. This clearly indicates that the stretching SWsTrengly
enhance the fracture resistance of the polymerebaar, the stretched SWNT rods are
oriented along the best direction to prevent traelcrgrowth. InFigure 7.5f, the inset
image shows the end of a pulled-out SWNT. Cledriey$SWNT was well bonded to the
polymer, and has been pulled out from the polymaitrimm showing an effective

contribution of the SWNTs in preventing the fraet@ailure of the polymer.

Many articles have reported the prediction and mnessent of rod like fibre
enhancement of polymeric substrates during tensgiting!?°*=°" The flexibility and
higher modulus of SWNTs will ensure that they hheéter performance on enhancing
and toughening the polymers. The enhancement has werified with partly of the
stretching of coiled SWNTSs.

7.3 Nano-indentation results

Figure 7.6 shows typical load-displacement curves of the fRR8eand nanocomposites
with 1 wt.% CNFs and CNTs obtained from the naneiridtion tests. Considering the
radius of curvature of about 150 nm for the Berkbviip, relatively smooth curves
were obtained which would indicate there is no ificgnt porosity or filler aggregation
in the sample area test€d?. The load-displacement curves for the CNT/PS sampl
show higher slopes Rddh) in the loading regime and lowhy,ax than those for the PS
and CNF/PS, which indicates that the CNTs offetdnehechanical enhancement of the
soft polymer matrix than the CNFs do. The curvenfithe SWNT/PS displays the best
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micro-mechanical enhancement as the smallest peioetrdepth was obtained with
equivalent operational conditions. This could belaxed by the fact that the SWNT
has a much smaller diameter, larger surface ar@a@nme fraction, offering superior
load transfer and an effective enhancement in nmechlaproperties. Frorfigure 7.6,

the dissipation energy can be calculated, and alsigomparison shows that the area
beneath the CNT/PS curve is less than those gfulePS and the CNF/PS.
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Figure 7.6 Representative load-displacement cusf/feamples with a peak load of 1
mN

Figures 7.7and7.8 summarise the calculated elastic modulus and kasdmalues for
all the composites with the different concentragiah carbon filler as functions of load
and holding time. The results shownhkigure 7.7 indicate that the composites show
improved micromechanical properties, either as tielasiodulus or hardness. The
indentation size effect is also clearly visiblelagh the hardness and modulus values
decrease with increasing indentation load (or itateon depth), before reaching a
plateau value. In order to avoid this ISE effecthoodulus and hardness values, the data
at the plateau stage were used for comparing. @heindentation results demonstrate
that the enhancement is significantly dependennamofiller content as well as the
specific filler type. As shown irFigure 7.7, the peak values for the CNF/PS and
SWNT/PS samples were at about 2 wt.%. MeanwhieeMBVNT/PS sample achieve a
maximum value at 1 wt.%, then shows a decreaseoth the elastic modulus and
hardness values. The sample with 2 wt.% SWNT/PSahasodulus of 4 GPa and

hardness of 280 MPa, exhibiting the maximum recgarent of all the specimens.
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Figure 7.7 Elastic modulus and hardness results franoindentation tests as a function
of maximum load: (a) elastic modulus and (b) hasdre& PS and CNF/PS; (c) elastic
modulus and (d) hardness of MWNT/PS; (e) elastiduhgs and (f) hardness of

SWNT/PS.

The 2 wt.% SWNT/PS sample was the most consisterigth as the modulus remains
at 2.5 GPa even at the filler concentrations up wat.%, which is more than four times
of that of pure PS. The values were scattered asfilter concentration is varied, as
shown in the error bars. It should be noted thatethis a sharp decrease in the modulus
when the filler content increases from 2% to 3 wttbke value at 3 wt% being even
lower than 1 wt.% with a large error range. This ba explained by the non-uniformity
of the material and significant loss of efficiermythe aggregation of fibres as indicated
in the SEM image shown ifigure 7.1 As explained before, the elastic modulus

measured from the nanoindentation tests is mudehitgpan that from the tensile tests.
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This is because the testing methods are differentiension VS compression. Tensile

tests should be more meaningful in comparing thehaweical properties, as most

applications of composites involve tensile loadifipe nanoindentation modulus are

normally higher than those from the tensile teatsthese materials appear stronger in

compression than that in tension since the intexfgeeling force are less prominent.

Meanwhile, for most applications in MEMS and bioncadl fields, there is a need to

study functional properties of thin-flms or structs in one dimension or at sub-

micrometre scale. In those cases, nanoindentatasiawole in measuring mechanical

properties.
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Figure 7.8 Elastic modulus and hardness resulis franoindentation tests as function
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The creep resistance of the nanocomposites wassaskby increasing the holding time
at the maximum load during indentation, and theltesare summarized iRigure 7.8
For the pure PS, both the modulus and hardnesss/ghadually decrease, which is due
to the creep of the soft molecular chains. Forciaposites, a decreasing trend can be
observed irFigure 7.8 which is highly dependent on the nanocompositapmsition
and interface conditions. The significant decreiasenodulus at higher loads for the
composites can be explained by complete or paitedking of the physical cross-link
points between the inorganic-organic interfacegeay large applied forces. As shown
in Figures 7.8ab, e andf, the curves with larger variations in the modHasdness are
those with higher values of strength. The mostifiant change occurs for the 2 wt.%
SWNT/PS nancomposite, which has the highest vatidsardness and modulus. In
principle, the CNF should have large variationttes indenter might be located on, or
partly on, a CNF fibre due to its large size. Tlaadfor the MWNT/PS composites
shown inFigures 7.8candd display a similar pattern to that of the pure B®] show
more stable values than those of the CNF/PS. Thiddcbe explained by a better
distribution of MWNT inside the PS substrate thhattof the CNF. The SWNT/PS
composites irFigures 7.8eandf show very large variation which can be explaingd a

illustrated inFigure 7.9

Tensile testing with SWNT flexibility Nanoindentation with SWNT
—— flexibility
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Figure 7.9 Schematic of SWNT behaviours in tensiod indentation. The SWNT
cords carry the load directly as the cracks rehemtin the tensile test, while they can
change the conformation with the first touch of ith@enter tip leading to a load transfer.
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The coiled CNTs in the PS matrix show a complicgiedormance under indentation,
and its deformation can be accommodated by thempiyalthough the load might not
be easily transferred to the individual CNTs. Tisigjuite different to the situation in
tensile testing when cracking has started, whexe€CiNTs can provide bridging effect at
the fracture surface as shownHigure 7.9 Figure 7.10shows the calculated values of
the dissipation energy (DE) and dissipation eneadjp (dissipation energy/total energy)
for all the samples at different loads. The DEhs# pure PS shows the highest value in

all the DE charts as a function of load, whichug do the soft nature of the polymer.
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Figure 7.10 Energy analysis on the nanoindentagironess as a function of maximum
applied load: (a) Dissipation energy and (b) Diasgn energy ratio of PS and CNF/PS;

(c) Dissipation energy and (d) Dissipation eneigjorof MWNT/PS composites; (e)
Dissipation energy and (f) Dissipation energy rafi® WNT/PS composites
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For all the samples, as load increases, the DEltseaghieve to increase as the
displacement increases. Meanwhile, the DE trendgate some relationship to the
elastic modulus as the DE decreases (correspondiag increase in modulus). This
can easily be understood because the material lescetronger to resist the external
force. The higher DE values in the lower load raginight be caused by ISE as the
calculation of DE ratio needs to consider the naslidlepth, which was not considered
in the analysis. The DE ratio shows a decreaskdnnitial loading (< 1 mN) and then
reaches a plateau when the applied load is abawdl,las shown ifrigures 7.10h d
andf. Concerning the average value above 1 mN in thbaes, the changes of the DE
ratio show similar trends with modulus and hardrteshose inFigure 7.7. Compared
with the other two composites, the SWNT/PS presstable and low DE values and
DE ratios even when the filler concentration i as 3 wt.%, where the DE and DE
ratios of CNF/PS and MWNT/PS are lower than thds2wit%. The results show that
the SWNT/PS has the largest effect in strengthuegoblymer.

The validation of the DE value and DE ratio as mcfion of holding time is shown in
Figure 7.11 Both the DE and DE ratio increase with holdingdi The composites
show smaller values of DE than those of the pureiitcating a better performance of
the nanocomposite to resist external forddsere are two different slopes for modulus
against holding time for the pure PS as illustrateffigure 7.113 and the knee is at
around 5 s. Pure PS has hard segments and sofestgyrand theoretically, when the
holding time is short, the load or stress is maagplied to the soft segments which is
manifest as a low DE. As the holding time increagbée molecular chains and
structures extend under the applied force. Moreowemporary alignment of
nanoparticles, small area aggregation and pantedking of the physical cross linking
points in the composite system could lead to aifsegmt increase in the DE and DE

ratio.

The DE ratios irFigures 7.11b d andf reveal a similarly ascending trend with holding
time to those of the DE results. The DE ratios heacstable region when the holding
time is longer than 10 seconds for all the samplas. trend of changing DE ratio with
holding time is similar to those for hardness/maduh Figure 7.8 which implies that
the DE ratio is related to the enhancement effelcich might need more work to verify.
The SWNT/PS also exhibits the most stable and I&/OE ratio of all samples as
indicated inFigures7.8e-f
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Figure 7.11 Energy analysis of the nanoindentgtimcess as a function of holding
time at maximum load: (a) Dissipation energy andissipation energy ratio of PS
and CNF/PS; (c) Dissipation energy and (d) Dissypa¢nergy ratio of MWNT/PS
composites; (e) Dissipation energy and (f) Dissgraénergy ratio of SWNT/PS
composites

The results for the DE and DE ratio with holdinméi are useful as they reveal the
viscoelastic properties of the material as infllehby the hard segment (plastic) to soft
segment (elastic) composition. Analysis on the D& BE ratio with changing holding

time can reveal the dynamic energy absorption dérreds under external applied force.
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Results for the DE as a function of loading rate sinown inFigure 7.12 The DE

values for the pure PS have been discussé&dhapter 6.
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Figure 7.12 Energy analysis of the nanoindentatimcess as a function of loading rate:
(a) Dissipation energy and (b) Dissipation eneggiorof PS and CNF/PS; (c)
Dissipation energy and (d) Dissipation energy rafiMWNT/PS composites; (e)
Dissipation energy and (f) Dissipation energy rafi®WNT/PS composites

For the composites, a similar trend can be seethahthe DE values increase with
loading rate, for example, an increase of 200%-3%@2the CNF/PS with increase of
the loading rates is shown Figure 7.12a For the MWNT/PS and SWNT/PS, its
loading rate was a minor influence on the DE andr@tio, and the increase of the DE
is as little as 100%, however, for the SWNT/PS. BWENT/PS samples behave more
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stably with loading rate, and also show the lowstvalues compared with the other
nanofillers. For the DE ratios shown figures 7.12h d andf, the results indicate a
similar trend when the loading rate is higher ti@nuN/s. A narrow range of 0.7-0.8
for the DE values was obtained for all the samptEsvever, the DE ratios at the lowest
loading rate did vary which suggests the differsnicethe viscoelastic properties and

energy capacity of elastic regions.

In summary, the analysis of the DE and DE ratiovgle detailed information of the

sample responses to the external forces undemtpesed conditions. The DE values
are affected dramatically by the applied load whictreases the energy input. The
addition of nanoparticles made the materials mbte t resist the external force, and
the relationship follows the same trend as thathef elastic modulus. The DE ratio
reaches a plateau when the applied load is abowd,1lin a similar way to the hardness
value. The dependency of DE/DE ratio on the holdinge/loading rates reveal the
viscoelastic behaviour of the materials. The DEugalindicate the viscous component
of the matrix, and DE ratios fall in the range o7-0.9, which is considered as an

indication of the viscous/elastic ratio.

7.4. AFM profiling

The AFM was employed to identify the morphologidstite nano-indentations and
deformed surfaces of the samplEgyure 7.13shows AFM images of the pure PS and
nanocomposites with 1 wt.% carbon nanofillers aft@noindentation. A smaller
indentation mark was observed for the nanocompasiteples compared with that of
the pure PS, and the SWNT/PS nanocomposite prebenssnallest permanent depth of
all three samples. 3-D AFM images are also showsigare 7.13 which clearly reveal
the pile-up at the edges of the indentation markhemanocomposite surfaces, whereas
pile up was not observed on the pure PS sampldanBentation deformation of elastic—
plastic materials, there are two typical phenomgila;up and sink-in, both of which
can affect the indentation results dramatically.
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240 nm

Figure 7.13 2D and 3D AFM surface deformation moipgies with nanoindentation
marks: (a) pure PS, (b) 1 wt.% CNF/PS,(c) 1 wt.% NWPS,(d) 1 wt.% SWNT/PS

The effect normally depends on the mechanical ptiggge namely the elastic modulus,
yield stress and strain-hardening exponent of taterals®% The strain-hardening
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exponent or the plastic ratio of the pure polymemormally too small to show an
apparent pile-up. Similar experimental work hasnbpeeviously carried out based on
the nanoindentaion of polymer substrdf&s*°%3%"! Two key parameters derived from
the nanoindentation results are normally usedgoudis the pile-up or sink-in effects on
indentation modulus and hardné¥82°! The first one is the threshold valuekséy =
90 %! which determines the material deformatidi=°"! The materials will pile-up
after indentation if th&/oy ratio is greater than this critical value, othessyimaterials
will show ‘sink-in’ after indentation. Above theitical E/oy ratio, the pile-up effect is
dependent on the strain-hardening exponent and stpeificance of pile-up is
considered to increase By increase$’?*3%! For nanoindentation of polymer based
composites with a Berkovich tip, corrected equatifor the yield strengthy and pile-

up effect ard??*308:309]

o, =025P _c™ (7.2)
In( h, j:—bln(£j+a (7.3)
hmax UY
he = hmax - hp (74)

wherec is the plastic zone size as seeffrigure 7.14h a andb are constants related to

the strain-hardening exponent, dnds the elastic recovery depth.

A second widely used parameter is thg¢hnax ratio, which is a convenient and
experimentally measurable quantity for identifyithg expected indentation behaviour
of a given material*®®. The hy/hy.x ratio is related to the work-hardening during
nanoindentation by a Berkovich tip. Oliver and P! showed that significant pile-
up was detected whely/hmax is close to 1, and also suggested that pile-upots
significant if thehy/hmax ratio is below 0.7 which is expected to be a camtstegardless
of penetration depth. They also suggested thas itmpossible to predict if work-
hardening of a material is based solely on the -ldegplacement data from an
experimental point of vieW?”. Therefore, in an indentation experiment, caretrbes
taken wherhy/hmax> 0.7, as the use bf/hmax can lead to large errors in the contact area.
On the other hand, when the pile-up is small (xfhmax < 0.7), as suggested by other
researchel!, the contact area given by the methbgh(.,) matches very well with
the true contact area obtained from finite elensrdlyses, independent of the work-

hardening characteristics.
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Figure 7.14 (a) AFM topographical image of a 2 artay of indents created on a
SMPS surface at a load of 2 mN, (b) Surface prafilevo indents along the line drawn

in the topographical image shown in (a) with thesgit deformation zone on one of the
indents.

Figure 7.15a statistically summarises the calculatédoy values under different
indentation loads for all the samples. A highlyfarm distribution ofE/cy results is
observed and only a few data points are out othheshold range. The points beyond
the range are the 2 wt.% CNF/PS composites undepMN) and 3 wt.% CNF/PS under
5 mN. Meanwhile, thé,/hmax ratio results (inFigure 7.150 showed that the pile-up
effect does not affect most of the nanoindentatesults, because the calculated results
are in the range below 0.7, The hy/hmax of 3 wt.% CNF/PS composites at all loads
are close to or beyound the boundahy/lna=0.7), as are the 2 wt.% CNF/PS
composites under 100 puN. Similar results are sedfigures 7.16aandc, where the
analysis was carried out on tBésy values with variation both of the holding time and
loading rate. Investigation of thg/hmax values versu$. indicates a similarity of the

calculated data as all of these data fall in raoig8.5, which implies that the pile-up
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effect would not affect validation of the modulusdahardness in nanoindentation

measurement?.
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Figure 7.15 Statistical diagrams of the calculatsallts distribution with various
maximum loads: (alf/c, versus load, (y/hmaxas a function ofic

In summary, the analysis of the values Bfoy and hyhmax from both the
nanoindentation and AFM results show that nearyo&lthe results fall within the
reference region (marked figures 7.15and 7.16. Considering the microstructural
analysis results from SEM and DMTA, the hibg¥ihmax ratio for the 3 wt.% CNF/PS
can be explained by the increase in local CNF aligmt as indicated iSection 7.1
which could act as work hardening components amdféilure of the knots during
nanoindentation when higher content of CNF fillerswused. The anomalous results for

2 wt.% CNF/PS composites could be due to tip seiftarity under low load®*?.

118



Holding time (s)

0.01 0.1 1 10 100 1000
. S P N
45-; !‘ "‘ 'x ° .;: .I- 10.4
[ ) ! o8 ] 1 ""..
3. d S bt Vetn
90 s> eat 1= Yvi05
2 AL A x
2 W Pue PS
125 . g jumoues los
o~ Z?Lerfanncgeed s a|b W 3 Wt% CNF/PS —
W 180 ’ e Llwi% MwWNE7PS O/ =
120 ' [ € 2wt% MWNT/PS|, - 3
¢ @ > 3 Wi0 MW NT7Ps]0-7 8
A V ® 1 wt.% SWNT/PS
] y & - * 2 wt.% SWNT/Ps{0.6
90 = .
° ° Referenced @& 3wt.% SWNT/PS
- . 3 ; m ® h/h, . range los
60- ® ’ : > <4 A g )
IR TIN5 2
] 2 ¥ 3 v * N v 10.4
301 ¥ > viee YU ‘*‘u* e M
1 10 100 1000 80 160 240 320
Loading rates (s) h_(nm)

Figure 7.16 Statistical analysis of the calculat=ilt distribution of: (alz/cy versus load under controlling of holding time, fhmax as a function of
hc under controlling of holding time, (&/c, versus load with different loading rates, (@hmaxas a function ofi; with different loading rates.

119



7.5 Conductivity and the percolation threshold

Figure 7.17 displays the measured conductivitgrsusconcentration for the nano-
carbon fillers at room temperature. Reasonable orgiments in conductivity are
exhibited by all the samples, and the conductidigmatically increases from 1x10

to 102 S/cm when the filler content is increased fromt®%6 to around 5 wt.%.

¢SWNT/PS:1 '

(S/cm)

2 cnpps— 29
=
S Duwnrps=1-99
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S m CNF/PS
® MWNT/PS
A SWNT/PS
1077 T
1 2 3 4 5

Nanofiller concentrations (wt.%)

Figure 7.17 Conductivity results for nanocomposaes function of nano-carbon filler
concentration; the linear curve fitting determities percolation threshold values for the
composite samples.

The dependent of a percolation network is obsefeedeach curve as discussed in
Chapter 6. The results indicate that the ranking for therease in conductivity is as
follows: SWNT/PS>MWNT/PS>CNF/PS, which is very diamito the ranking for the
mechanical enhancement. As previously address&hapter 6, the two regions with
different slopes irfFigure 7.17 correspond to an “insulating region” and a “cortoiec
region”. Linear fitting of the data iRigure 7.17reveals common threshold value for all
composites, i.epcnr IS 2.9 Wt.%, opmwnt IS 1.95 wt.% andswnr is 1.05 wt.%. This
means that the SWNT shows the highest conductiverernng capability with the
lowest threshold value. One possible reason far ¢buld be the good dispersion and
higher volume fraction for the SWNT with the sameigiht concentration as seen in the

SEM images, which facilitates for formation of coieting networks.
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7.6 Thermal-mechanical properties

Figures 7.18a-d summarize the cyclic tensile curves for the pui®, Rnd the
nanocomposites with 1 wt.% of CNF, MWNT, and SWKaspectively. The values of
yield/peak stresses decrease dramatically comparddthose at room temperature
which is due to the activation of molecular chdnysthe thermal stimulus. The initial
strain for each curve increases with tensile cycleber Figures 7.18a-d. This can be
explained by: (1) random breaking of covalent ciossng bonds, (2) energy storage

by the fillers?Y, (3) a blocking effect by incorporated nanofill&r4.

Figures 7.18a-dalso indicate that the pure polymer achieves #wt bepeatability of
the stress-strain curves, whereas the nanocompdsiee much larger variation in the
yield/peak strength and strain. This can be exptaioy the physical cross linking points

in the inorganic-organic interfaces breaking doventle composites are stretched.
Those physical cross linking point&'®**” which are formed during fabrication,
provide an enhancement of the matrix to supplerakeemical cross-linking. There are
various physical forces involved in this processghsas Van de Waals forces, hydrogen
bonds, and electrostatic forcddowever, these forces are weaker than the covalent
chemical ones, and can be destroyed easily and bevestored during the tensile tests.

The recovery ratios for all the samples tested samamarized inFigure 7.19 The
recovery rates of the pure PS are above 95% forthall cyclic tests. The CNF
composites exhibit a rapid decrease in the recovatip as the nanofiller loading
increases, with only 55% strain recovered in thet.86 CNF/PS. This is probably due
to microstructural failure, brought about by thettle nature of the CNFs, as the
interlocking bundled structure breaks down durirygliag tensile loading leading to
unrecovered strain and permanent defects in therostracture. The MWNT
nanocomposites perform better than the CNF onetheatsrecovery rates are above 90%
for concentrations of 1 wt.% and 2 wt.%, and att34y a recovery rate above 80% is
maintained. The cyclic tensile tests identify tttee MWNT/PS composites have better
shape recovery than the CNF ones due to theirrdetid transfer. Similar results, with
high recovery rates, are exhibited by the SWNT/B®posites irFigure 7.19¢ Rates
above 80% were achieved after 4 cycles with goqueatability at different filler

concentrations.
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Moreover, the SWNT/PS composites show a typicarfieng’ behaviour as explained
previously. This seems to start at a low recovarte,rbut then slightly increase after
two or three cycles which is very common in shapsrory polymeré“'sl. It turns out
that the SWMT/PS composites have stable recovéeg during cyclic testing.
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Figure 7.19 Recovery rate dependence with tengdke number for (a) Pure PS and
CNF/PS composites, (b) MWNT/PS composites, (¢c) SWASTcomposites
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7.7 Shape recovery demonstration

In this section, demonstration of the shape regowvefr the nano-carbon filled
composites will be designed under thermal and mbetttriggering. Specimens of
thickness 0.2 mm, width 10 mm and length 50 mm welled after heating to 90 °C,
and their shapes were kept fixed during coolingptam temperature (20 °C). The shape
recovery test was carried out on a hot plate wigudace temperature of 80 °C. The
composites tested had 2 wt.% and 3 wt.% filler eoti@tions, as the conductivity
results indicated that the percolation threshol® wathis region, making it a practical
range for shape recovery comparison or applicaliesign. The shape recovery during
heating is shown ifigures 7.20and7.21

The 2 wt.% SWNT exhibited a prompt response onhbiplate surface and almost
reached 100% recovery within 20 s, which is hadf time for the CNF/PS. The 2 wt%
MWNT/PS nanocomposites also showed good shape egcavith a faster recovery
speed (recovering within 26 s). Meanwhile, furtadditions of the nanofiller up to 3 wt%
reduced the shape recovery efficiency as indicatelfigure 7.21 All the 3 wt%
samples presented slower recovery speeds thaarhaes with 2 wt.% filler, but the 3
wt.% SWNT/PS nanocomposite still behaved best ashieves the fastest full recovery
speed. Several reasons could be responsible foadbeleration of recovery time by
adding nanofillers. Firstly, it could be that theédéion of the nanofillers improves the
thermal conductivity and leads to a faster thermmahsfer in composites, which
effectively accelerates the recovery especiallfigh volume fractions of the SWNT.
Secondly, the introduction of nanofiller inducesaich transfer and decreases the
molecular weight. This could significantly redudeetactivation energy for chain

movement and so increase the recovery speed urglsaime thermal conditions.
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Figure 7.20 Recovery of 2 wt.% nano-carbon base&® 8dnposite sheet on a hotplate with surface testyrer of 20 °C above specimefg

Figure 7.21 Recovery of 3 wt.% nano-carbon base& $dnposite sheet on a hotplate with surface testyrer of 20 °C above specimefg
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To demonstrate electrically triggered recovery, shenple dimension was enlarged. A
composite film of thickness 0.2 mm, width 10 mm dagth 40 mm was trimmed into
a ‘U’ shape. Pre-deformation of the sample wasgoeréd by rolling it at 90 °C and
then keeping the shape fixed during cooling dowmomm temperature (20 °C). The
shape recovery test was performed using a DC pswaply at voltages up to 30 V.

Two different pre-deformations, A and Bigures 7.22aandb), were adopted to reveal
the recovery efficiency under levels of deformatidine results are summarized in
Figures 7.23and7.24 The 2 wt.% SWNT/PS sample showed a full recoverf5s s
for the deformation A, whereas it took 35 secorafsfdll recovery of deformation B.
As it is presented, the recovery speed did notghaignificantly as there were only 10-
second variations between deformation stages ABarichis is probably attributable to
the differences in the length of the deformed ffaghlighted inFigure 7.22.

Figure 7.22 Schematic diagram of sample pre-dedttan and shape recovery under
electrical triggering.

Figure 7.23 Electrically triggered recovery of 2%tSWNT/PS with applied voltage of
30 V for deformation A.
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Figure 7.24 Electrically triggered recovery of 2%tSWNT/PS with applied voltage of
30 V for deformation B.
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Figure 7.25 Calculated results of electrical tedgg recovery ratio for 2 wt.%
SWNT/PS with applied voltage of 30 V with differedgformation levels

For deformation A, the deformed part is only 1/4hef whole specimen, whereas nearly
the whole specimen contributes to the recovery tfege deformation B. Using
Equation (3.14) the calculated results of recovery ratio aretptbtin Figure 7.25
Similar trends can be observed for deformation A 8 and the initial recovery of
deformation B seems slower than that of deformatiomhe reason is that a longer time

is needed to accumulate enough electrical energgctwver from the larger deformation.
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7.8 Demonstration of the shape recovery of a stent

The previous results have significant ramificatidosvard the understanding of the
recovery behaviour of SMPS and CNT/PS nanocomgositeler electro-actuation and

cycling tensile. Although a number of previous $tsd have examined the

unconstrained strain recovery behaviour of SMP# has been explored in literature

review chapter, many applications require recowsgrger stress or strain constraint due
to external conditions. Moreover, the key pointsuldodepend more on the practical
application condition and specific design. The lssherein provide a foundation for

understanding the recovery behaviour of SMPs an® 8hocomposites as a function
of constraint with a design of biological stent.

The SMPS and 2 wt.% SWNT/PS were used to fabricaieus designs of stent having
different tube diameters with and without uniforndigtributed holes of diameter 2 mm
(Figures 7.26a-§. The fabricated stents were deformed as showgare 7.26d and
were then put into hot water at a temperature of°@0to demonstrate the shape
recovery effect. The recovery records are showRignres 7.26e-g The SMPS stent
with the holes showed faster recovery and largeowery rate than the solid one, and
the stents made from the 2 wt.% SWNT/PS compokidelsthe fastest recovery of all
the three devices tested. It achieved nearly theesa@covery ratio as the pure SMPS
stent within 10 s. The reasons for the faster reppgpeed of composites could be the
introduction of inorganic fillers improves the theal conductive of the substrate. This
prelimary work has shown the potential applicatiasfs SMP nanocomposites in
microsurgery applications, and future work will becused on the effects of the

diameter and wall thickness of the stent on itgsthracovery expansion.
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Deformed

Figure 7.26 Design and recovery of stent in hoewat a temperature of 20 °C above the specimigni®) stent (diameter=10 mm) of pure SMPS
without holes, (b) stents of SMPS and 2 wt.% SWNSIWAth perforations,(c) stent of 2 wt.% SWNT/PShaiit holes, (d) deformed shape of stent,(e)
recovery of stent for SMPS without holes, (d) reexgvof SMPS stent with perforations of diameter=riif, (e) recovery of 2 wt.% SWNT/PS with

perforations of diameter=1.5 mm.
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7.9 Summary

Mechanical and thermal property enhancements haee berified from the DMTA
tests, and the CNT/PS composites showed superom#i properties. The SWNT/PS
sample displayed the highest storage modulusTgné&lastic modulus and hardness
results from the nanoindentation tests showed tirarecement of carbon nano-fillers,
and the 2 wt.% SWNT/PS composites achieved the mesbmechanical properties
among all the samples. The AFM images and surfaoélgs on nanoindentations
showed the existing of pile-ups for some samplés. dalculatedt/cy andhy/hmax ratios
showed that the pile-up effect would not signifitamaffect the nanoindentation results.
Thermal cycling results indicated that the recoveaye was reduced by adding
nanofillers to the polymer. The SWNT/PS nanocontessiexhibited the highest
recovery rate and peak strength, which indicatasdtbetter organic-inorganic interface
and uniformity were achieved. The SWNT/PS samplesgmts the fastest recovery
speed and a good recovery for different pre-deftionaconditions. Stents were made
using the SMPS and the nanocomposites to demansraticrosurgical application.
The stent made from the 2 wt.% SWNT/PS composttesved a fast recovery speed
and good recovery ratio.
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Chapter 8

DISCUSSION

This chapter discusses the experimental resultsvenboard areas. The first area is
about the effect of nanoparticle on soft polymerntrioas. A number of models are
introduced and modified to fit the SMP nancomposiystems studied, indicating a
consideration of size effects and geometry of dueoparticles. The second area focuses
on the shape memory mechanisms and constitutiveelsaef the SMPs and SMP

nanocomposites.

8.1 Dimensional effects of nanofillers on mechanical é&lancement

8.1.1 Composite system and model selection
8.1.1.1 Composite system validation

As described irChapters 5and6, the macroscopic tensile tests on the compositis w
the spherical nanofillers of AD;, SiO, and CNP showed that the enhancement effect
was dominated by the characteristics of the emlzb@deticles, such as their modulus
and density, as well as their mass fraction. ThaoNal,Os/polymer gave a higher
Young’s modulus than composites using the otheesgdl particles.

For a given mass fraction, rod-like nanofillers damdge more polymer chains and
provide more effective load transfer, leading toimproved strength. Upon adding a
critical volume fraction of the nano-rods (suchnaso-clay, CNF or CNTs), the nano-
rods are stretched and thus perturb the polymerixmand the polymer blends confine
the nanorods, generating elongated domains thateiméorced by these filler§**,
Nanofillers with rod-like structures, have beendicted to be better than spherical
nano-particles at reinforcing homopolymer systerasabise the stress concentrations
are reduced and the stress is transferred by gredspect ratio and specific geometry
of the fillers ®°®. For instance, there is a remarkable improvemaentméchanical
properties of SMPs reinforced with 1 wt.% clay Bewen inChapter 5, compared with
the spherical fillers. In this work, no specificimiques was adopted to improve the
interface between inorganic and organic phaseshowayh only low particle

concentrations were introduced into the polymeratrir (less than 4 wt.%). In the
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following, it is assumed that there is an ‘ideahtawt’ at the interfaces between the

polymer and nanopatrticles.
8.1.1.2 Model selection for size effect

A refined Takayanagitwo-phase model consideration of the interface wsesd to
predict the particle size effett'®. The equations in the Takayanagi model were
modified to suit the different particle geometrgsch as spherical fillersEfjuation
(8.1) and rod fillers Equation (8.2)] 1**.

_1-yr )iy J(r+D) 1o~ o

= +

1
E. En A-Jr+ DI P YE, +[(r + D) /1P, (k-D E, /Ink

Jo

' (8.1)
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whereE. and E, represent the Young's modulus of the compositeraattix, r is the
radius for spherical and rod fillers,is the interface thickness, is the interfacial

constant (1<k< (E#/En)), and ¢, is the volume fraction of filler (vol%), which was

calculated from:

1
¢ =
f 1+(Mm/pm)x(pf/Mf) (8.3)

whereM  andp,, denote the mass and bulk density of matkix, and p, represent the

mass and density of fillers.

For the current system, the valuerafasset at 6 nm ani=4 as indicated in the work
of other researchets'?. The Takayanagimodel has proved effective in predicting the
particle size effect, especially for those fillevigh regular geometry such as spherical

and rod fillerd®*?,
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8.1.1.3 Elastic modelsfor fibre aspect ratio effect

Both the Halpin and Tsai model and the Mori andakanmodel will be applied in this
work. The modified Halpin and Ts&f* **® model is expressed as:
E. _1+dng.

8.4)
Em 1_,7¢f

where { is a shape parameter, determined by filler gegnaetd loading direction, and
n is givenl!® ¢lpy
_ B /E, -1

“EE s (8.5)

n

where E; is the Young’s modulus of the filler. Followingettwork from Halpin and

Kardos*®® a shape parameter §f=2(/d) will be used in this study, art is aspect

ratio.

The Mori and Tanaka model refined by Tandon and §¥&f **®Ican be expressed as:

E, A+g (A+2,A) (8.9
E, 2A
8.7)

E 2A+q (-20,A+A-0) A +1+0) AA)

m

where Ej; is the longitudinal modulus anBl, is the transverse modulus, is the

Poisson’s ratio of the matrixA;, Ay, As, A4, As, andA are functions of the Eshelby’s
tensor, related to the properties of the filler anel matrix'*®*. Equations (8.6)-(8.9)

account for the effect of filler shape, for examptal-like, plate-like or disc-like.

The Mori and Tanaka model was modified by Forned Baul**® who suggested
equations for random orientation of fibres in hlee orthogonal directions:

Ebers ) = 0.184E, + 0.816E,, 88)
ERaels= 049E,, + 051E,, 80)

In the following section, the Halpin & Tsai modé&duations (8.4) ~ (8.9)and Mori &
Tanaka modelgquations (8.6) ~ (8.9)will be applied to the composites modulus with

different fillers.
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8.1.2 Modelling inputs

For the theoretical analysis in this section, trerim and filler materials were assumed
to be linear elastic and isotropidable 8.1 lists the physical details of all the
nanoparticles, which will be used as the input datahe models. The values for the
polystyrene modulus were taken from the experimatdta listed inChapter 5. Some

of the input data infable 8.1 are assumed as average values based on the tdchnic
information from the supplier, with consideratiof the non-uniformity of particle

dimensions and aggregation.

Table 8.1 Polymer matrix and nanopatrticles feattwe computational modelling

Name Bulk Poisson’s  Young's Average size, nm
density, ratio modulus,
glent® GPa
Polystyrene 1.05 0.35 0.09 N/A
Al,05 0.9 0.2 300 ~80
Silica 1.35 0.2 70 ~25 nm
CNP 0.1 0.2 100 ~50 nm
CNF 0.3 0.2 200 @=100 nm, I=5 pm
MWCNT 0.22 0.2 400 ®=80 nm, |=8 um
SWNT 0.15 0.16 600 @=10 nm, I=1 um
Attapulgite clay 0.65 0.2 150 Non-treated Fibh#e=20 nm,

=3 um; treated platelets
Thickness=20 nm, 1=3 um;

8.1.3 Theoretical modelling

8.1.3.1 Particlesize effect

Particle size effect was predicted by the modifraditi-phase enhancement model
[Equation (8.1)], considering the matrix properties, rigid fill@roperties, and the
interface connectiorkigure 8.1displays the calculated values for the polymeesichl

filler composite.
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Figure 8.1 Multi-phase modelling for polymer nanogmsites reinforced with spherical
fillers, () particle size effect and (b) effectfiler modulus.

The predicted modulus increases as the volumeidraaticreases for both the particle
size effect Figure 8.19 and filler modulus effectHigure 8.1b). As indicated irFigure

8.13 the smaller the filler particle, the higher thedulus increment for a given volume
fraction, although, there is a turning pointa 50 nm. A clear trend for the calculated
modulus of composites can be observed with thdcpestsize above 50 nm, which
agrees with the data reported in referedtés™® and the particle size of 50 nm is the

threshold value for this composite system.
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Figure 8.2 Multi-phase modelling for polymer nanogmsites reinforced with rod fibre,
(a) particle size effect and (b) effect of filleodulus.

The effect of the filler's modulus on enhancementriesented ifigure 8.1b, and there

is no dramatic effect of filler modulus betweenrld 000 GPa. Considering the rate of
increase of composite modulus with volume fractibigure 8.1b), the filler modulus
has a rather weaker effect. The same model wasgedppl the rod filler/PS system and
the results are presented Figure 8.2 A similar trend is observed for the effect of
particle size, and the plot shows a lower increntdrthe modulus compared with the
spherical filler for the same volume fraction beltve percolation valudzigure 8.2b

reveals the same phenomenon for the changes oflasoduth filler content to that
shown inFigure 8.2h.
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8.1.3.2 Effect of aspect ratio on composite modulus

The modelling results with the Halpin—Tsai and Mdianaka theories are shown in
Figure 8.3,which predicts the reinforcement on the soft polymatrix as a function of
volume fraction of filler. Using the input paramestdisted inFigure 8.3 rod fillers are
predicted to have a more significant enhancemet #ipherical ones, and the modulus
is expected to increase with aspect ratio from ghedictions of both the theories.
However, the Haplin-Tsai model predicts a smaherease of the modulus with the rod
filler aspect ratio, especially at a high aspetibrarhe modelling Mori-Tanaka theory
shows higher values of modulus than those fronHidlpin-Tsai theory. This is because
the Mori-Tanaka model considers the load transfebd improved due to the aspect

ratio of fillers*67: 1681641

51 a Halpin and Tsai model I
Em:86 MPa,vm:0.35,Ef:100 GPa,vf:O.z
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Figure 8.3 Calculated modulusrsusfiller content for SMPS nanocomposites
reinforced with spheres and rods, (a) Halpin— €saiations and (b) Mori-Tanaka
theory.
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The effects of filler modulus and aspect ratio @inforcement are exhibited in
Figures 8.4a-b The combination of both high modulus and higheaspatio leads to
different levels of reinforcement. As expectedraasing the aspect ratio results in good
reinforcement for a given filler modulus and cortcation. Likewise, increasing the
filler modulus also improves the reinforcement esgdey when the aspect ratios are
larger than 20-30.
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Figure 8.4 Modelling results from (a) Halpin— Teguations and (b) Mori—-Tanaka
theory as functions of aspect ratio and filler madu

It is important to note that the Halpin—Tsai eqoiasi do not predict much on effect of
filler geometry becaus&quations (8.5) and (8.6)do not reflect the aspect ratio
particularly strongly. The Mori-Tanaka theory, dmetother hand, gives different
reinforcement trends, as shown kigure 8.4h and the predicted enhancements are

much higher than those from the Halpin—Tsai equadithe same aspect ratio.
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The theoretical modelling results suggest thaheffiller modulus is high, it will have a
pronounced effect in improving the nanocompositinsss as demonstrated kigure
8.3 The Halpin—Tsai equation calculates less of ancefb¢ aspect ratio whereas, the
Mori—-Tanaka theory seems to be more sensitive lter fgeometry as indicated in
Figures 8.3and 8.4. For a given filler modulus and aspect ratio, Meri—Tanaka
model predicts considerably greater unidirectioeaiforcement than does the Halpin—
Tsai equation. Each theory, however, conveys tauteeof mixtures for very high filler
aspect ratios. Overall, the trends kigure 8.3 and 8.4 demonstrate considerable
potential for improvement in nanocomposite stiffiéy increasing the aspect ratio of
the fillers, whether from improvements in individiddler dispersion, or from adding

high aspect ratio filler.

8.1.4 Comparison of experimental and theoretical results

In this section, a comparison is made between #tieal data and the experimental

from the tensile tests shown@hapters 5to 7
8.14.1 Sizeeffect of nanoparticles

The particle size effect for the spherical fillers Young’s modulus of the composites is
shown inFigure 8.5 which compares the predictions of the multi-phaselel with the
experimental results. It is clearly that the exmemtal data exhibit a similar trend to the
modelling results. The model predicts that all esrghould have a similar rate increase
as the particle size is in a range of 50 nm-80 anttie three spherical fillers used. A
slight change in the particle size would not toelpected to cause a marked variation
on the composite modulus until the particle sizéess than 25 nm, below which a
dramatic influence is expected. Smaller particlageha larger total surface area for a
given patrticle loading, so that the strength of toenposite increases through more
efficient load transfer. Although the experimerdata matched the prediction in trend,
most of the measured data are below the theoretrezd. The reason for this is that the
theoretical analysis assumes ideal dispersion \pihfect surface contact for the
reinforcement, which is hard to achieve in practitden the filler loading is above 0.1
vol.%, the dispersion of filler cannot be considete be perfect'®. For most of the

composites tested, the particles tend to aggrefyegdo their high surface energy.
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Figure 8.5 Modelling and experimental results famposites with different spherical
fillers, (a) Silica/SMPS composites, (b),8/SMPS composites and (c) CNP/SMPS
composites.

However, it is noting that, for the AD; particles at, or below 3 vol.%, the composite
modulus is comparable to the theoretical one. TINPL were the highest surface
energy because of their smaller size. When thenvelfraction is increased above 15

vol.%, the composite strength increases only sl@slyhe particles tend to agglomerate.

Figure 8.6 summarizes the modelling and experimental resuftghe rod filler

reinforced composites. The experimental data detredashigher values than predicted,
contrary to what was found for spherical parti@aforcement. For the rod fillers with
larger diameters, CNF and MWNT, there is no obviaasrelation between the
experimental data and the theoretical predictidfm. the smaller sized rod fillers,
SWNT and clay, the theoretical curves reveal alamirend but the values are much

smaller than the measured ones. This could béuiitd to neglecting the rod filler
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orientation in the multi-phase model, which effptdys a more important role in rod

filler reinforcement in composites than the paetisize or filler modulus.
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Figure 8.6 Theoretical modelling and experimergalitts for composites with rod
fillers, (&) CNF/PS composites, (b) MWNT/PS, (c) SWPS and (d) Clay/PS.

The modified multi-phase model was used to pratietparticle effect on the composite
modulus. For the spherical fillers, the modellirgults clearly show that the particle
size has a significant effect on the strength ati@aate-filled polymer composites,
which generally increases with decreasing sizee Sihe effect plays a more important
role than the filler modulus in reinforcement. Meduile, the experimental results
proved that the modified multi-phase model is ieefive when applied to predict the
modulus if rod particle filled system, becausekes less account of on the filler aspect

ratio.
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8.1.4.2 Effect of filler aspect ratio

Figure 8.7 compares the calculated and measured modulus lier $MP
nanocomposites studied at 1 wt.% filler. Both thepth-Tsai and Mori-Tanaka models
make a reasonable estimate of the nanoparticléoreement for all of the applied
spherical fillers, except for silica. For the sllPS system, the considerable difference
between the calculated and measured Young's modcéus be attributed to the
agglomeration of the nanofiller caused by hydrodgsoon the particle surface, and this

effect has been reported by other researcfiers™®!

1000 — -
7///) Experimental data
< | XYY Mori-Tanaka
%/500 | ] Halpin-Tsai SWNT/PS
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2 Silica/PS. MW%T’ &\
8 ClaylPS CNF/PS
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Figure 8.7 Comparison of predicted Young’'s moduhis experimentally measured
data for 1 wt.% filler/SMPS nanocomposite.

As to the rod filler/polymer composite system, tderi-Tanaka model predicts the
observed filler enhancements, but considerably-esgémates the modulus values. The
Halpin-Tsai model mostly showed a significant urdstimate of the modulus. The
better prediction of the Mori-Tanaka model is atited to its consideration of the
aspect ratio and the effect of volume fraction. e MWNT filled composites, the
experimental results are dramatically differentnirahe prediction from the Mori-
Tanaka model, which could be due to the low efiectvolume fraction due to
aggregation or impurity of the MWNTS. It is alsdaresting to compare experimental
data to the model predictions based on particleegggion morphology, since the actual
composites contain a certain amount of aggregffdtedas a result of limitations of the

dispersing technique and higher particle surfaszgn
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Figure 8.8 compares the modelling and experimental datanfiemtodulus of the nano
carbon filled composites at different concentragioand reveals how effective the two

theories are in predicting the effects of geomeagpect ratio and modulus of the

nanofillers.
0.8
-m- Experimental results
0.25/ -@ Mori-Tanaka model
-A-Halpin-Tsai model o 10.6
0.20
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Figure 8.8 Comparison of predicted Young’'s modditwusomposites with carbon
nanofillers with experimentally measured data.

The models predict the observed changes of the coammosite stiffness and
demonstrate that significant reinforcement coulgbleieved by using fillers either with
higher volume fractions, or with larger aspectaaliowever, the Halpin—Tsai equation
slightly underestimates the measured data with ééfest of aspect ratio. The Mori—
Tanaka theory matches the experimental values avethe filler contents less than 1
wt.%, and then tends to over-estimates the modtduspared with experiment which
could be attributed to the filler distribution, raniformity of geometry, or aggregation.
Any of these could dramatically reduce the loadgfer capability of the filler, and lead
to internal defects (such as stress concentratimd crack) and decrease the
macroscopic modulus. The SWNT/PS composites shdvigiter measured modulus
than the other fillers for the same weight percgatand more stable increase of
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modulus with filler content, which could be attribd to the high modulus of SWNT,
higher aspect ratid/@ ~ 100), and higher volume fraction (lower bulk si¢y). The
TEM observation of the treated cldyigure 4.3 indicates that the rod-like clay form a
plate-like structure after heat treatment. Accogtlinthe modified Mori—-Tanaka model
suggested by Fornes and Pauwqgiation (8.9]) was adopted to predict the
reinforcement by the treated clakfigure 8.9 shows the calculated results of the
Young’s modulus of composites with different shapksller based orEquations (8.8)
and B8.9) (Mori-Tanaka model).
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Figure 8.9 Predicted of Young’'s modulus of treatkyy nanocomposite SMPs
compared with experimental data

Of the three forms considered, platelet filler with=200 fit the initial increment of
modulus best. These platelet filler show good foeoement because of their high
aspect ratio and multi-directional load transi&r **”! The deviation from the predicted
curve at higher filler contents (beyond 1 wt.%) mbg due to the increased

agglomeration for their higher volume fractions.

Using the Halpin—Tsai and Mori—Tanaka models, thé&uwated outputs shown in
Figure 8.1-8.4 reveal that the composite modulus can be sigmifigaaffected by

physical factors such as filler modulus, aspedbrateometry, and volume fraction of
the filler. Those results also reflect how the sigeometry, stiffness, or dispersion of
the particles influence the composite, modulusdaylltransfer from the matrix to filler.

Rigid fillers are naturally resistant to strain doeheir high modulus. When a relatively
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softer macromolecular matrix is reinforced with dbetypes of fillers, the polymer,

particularly that adjacent to the filler particlé®comes highly restrained mechanically.
This enables a significant proportion of an appliedd to be carried by the filler,

assuming that the contact between the two phasesléquate without any specific
treatment. Logically, the higher the filler modulus is, the egter the restraint

encountered by the matrix and, thus, the greatersthess transfer. However, some
unavoidable phenomena often occur with passiveienites such as filler aggregation
and significant phase separation of the large cbntaterface. On the other hand,
introducing fillers with high aspect ratio can redtthis effect by increasing the amount
of stress transferred to the filler geometricalyhich was shown by the theoretical
results. Furthermore, the enhancement of a laypleelet shape was also confirmed
from the results of the treated clay compositese @bpect ratio and geometry of the
nanofillers play a more important role in reinforgithe polymer matrices than the

particle size and stiffness of the individual paets.

8.2 Thermally triggered shape memory mechanism and viselastic constitutive

model

The constitutive model presented in this sectiothés incorporation of the nonlinear
Adam-Gibbs model of structural relaxation into ataauum finite-deformation thermal
visco-elastic modéf*® 31°! To convey this model simply, the effects of hemtduction
and pressure on the structural relaxation and aajastic behaviour of the material
have been neglected. Descriptions and identifinatiof the current SMP system are
presented in the first part of this section, anénththe model and parameter
determination are introduced in details. Thirdhgdretical modelling of the viscoelastic
and shape recovery behaviour of SMPS and nanocatepads carried out. Finally, the

simulation and experimental results are compared.

8.2.1 SMP system identification and model approaches

As scoped in the literature revie@lapter 2), the thermally activated shape recovery
of amorphous SMPs is dramatically dependent onctie@n mobility induced by the

glass transition (i.€Tyans = Tg), Which is considered to be the threshold factorthe
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free movement of molecular chains. This chain nitybik the ability of the chain
segments to rearrange locally to bring the macremuwér structure and stress response
to equilibrium. Generally, most amorphous polymeesnonstrate a certain degree of
shape memory behaviour which can be explained isysdtgmental movement theory
[261. 3203211 cross-linking methods are adopted to achieveebatechanical properties,
higher recoverability and more programmable shapaversion as described in
Chapter 2. The defined cross-linking includes not only theemical cross-linking
network, but also physical crosslinking joints, gmaction forces from macromolecular

chain entanglement&® 118322

Improving cross-linking leads to a higher strengilt less flexibility as the large
number of cross-linking points limits the moleculgrain mobility permanently. In
cross-linking SMP systems, the cross-linking denststrictly limited and the shape
memory effect is caused by the transition of a stoking polymer from a state
dominated by entropic energy (rubbery state) toéatesdominated by internal energy
(glassy state) as the temperature decref8&¥°! At temperatures above tHR,
individual macromolecular chains undergo large candconformational changes,
which are constrained by the cross-linking sitesnfed during material processifg*
3281 Deforming the material reduces the possible goméitions and hence the
configurational entropy of the macromolecular cbkaiteading to the well-known
entropic behaviour of elastomers. After the rem@fdhe external load at a temperature
above Ty, the tendency of the material to increase its opytrwill recover the
undeformed (processed) shape defined by the spatebgement of crosslinking sites
3261 However, this shape recovery can be interruptedolvering the temperature
belowTg. Therefore, the mobility of macromolecular chamsignificantly reduced by
the reduction in free volume, and the conformatiomhange of individual
macromolecules becomes increasingly difficult. éast, cooperative conformational
change of neighboring chains becomes dominantdafmmation thus requires much
higher energy®?” 328! Therefore, the removal of the mechanical loateratperatures
below Ty only induces a small amount of shape recovery,tmpags of deformation
incurred at the temperature abolkgs restored. The shape memory effect is invoked as
the temperature increases abolig where the individual macromolecular chains
become active again and the shape recovery mechat@scribed above is permitted.

In this sense, shape memory effect is simply a ezatpre-delayed recovef§f *2°!
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Also, it is necessary to identify the polymer systbefore modelling as there is

dramatic variation in the recovery mechanisms ftiexént types of SMPs.

In this project, the amorphous PS system consiétsrass-linked network (hard
segments) and amorphous long PS chains (soft segjrenexplained ihapter 5.
Shape recovery mechanism with hard and soft segmentlustrated inFigure 8.10
and8.11

- € >
a | b &1 | &y
-+ »le pe »
£ eSly
Spring, K L ™ |
g Dazhpot. D ni= s

Figure 8.1Qa) 1-D viscoelastic model, (b) viscoelastic moaih thermal component
and mechanical component.

| Thermal deforming

Figure 8.11 lllustrations of SMP structures andtkécal models, (a) 3-D schematic of
hard-soft segment movement during the shape reg@vecedure, (b) cell of hard
segment with cross-link point.
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The function of each part is shown in 3D alongsiggical 1-D multi-component
models which were widely used to model amorphouPS®#**%. In contrast to the
above theory on cross-linking SMPs as presentdéigare 8.11, the shape change of
cross-linked PS is almost entirely achieved by ¢hain mobility of soft segments
which changes more almost instantaneously with ésaipre. Below thely, the
structure is changed by the elimination of the wchaiobility and reduced thermal
energy from relaxation to equilibrium. This effeetly freezes the structure in a
nonequilibrium configuration and allows the matet@store a deformed shafé®®.
Reheating to abovg, restores the mobility and allows the structurestax again to an

equilibrium configuration and the material to reepits permanent shape.

A kinematic and constitutive model for pure amogh&MP has been explored by
Nguyenet al. “® % generated from a constitutive model of the lasyin time-

dependent behaviour of elastomefé® 3% The finite-deformation continuum
constitutive model is proposed for the thermovisastec behaviour of the current
amorphous SMP system, incorporating the Adam—Gibbsry of structural relaxation
in the glass transition region, and is based on dbeeral reported constitutive

models*%331

8.2.2 Kinematic model

The model inFigure 8.11c describes thermoviscoelastic behaviour in a pofigne

1 % The assumptions were made by a series of

system with finite deformatio
multiplicative decompositions of the deformationadjent, first into thermal and
mechanical components, then into elastic and vsaoechanical components. The
sequence of deformation maps produced by the ssigeeslecompositions of the

deformation gradient is illustrated kigure 8.12

The constitutive relations for the mechanical strasd thermal deformation were split
into equilibrium and nonequilibrium parts. The awdus scheme irrigure 8.12

describes the various componerni; (the thermodynamic equilibrium configuration)
with the assumption that it restricts the inititdte of the material to be in the rubbery

state 2’ 1), where relaxation events occur nearly instantaskgo
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Figure 8.12 An analogous decomposition schemehdeformation gradient to define
the heatedQ ’ 1, and the stress-fre€ ’ y, intermediate configuration®" .

The relevant definitions and mathematical derivegtiare summarized as follof&>%:

0x
The deformation gradient tensort- = Gradx = X (8.10)

F=F,F (8.11)

Where Grad xs a continuous one-to-one mapping of the refergrosgtion X to the

deformed position ifEquation (8.10) Equation (8.11)reflects the multiplicative split
of the deformation gradient into thermalt(Fand mechanical ¢(§ components
[332.333.334] There is also an assumption that the thermalroheftion is isotropic, which

allows the thermal deformation gradient to be esped as:

F =07° (8.12)
where@r=det(F) is the thermal volumetric deformation. To model streess relaxation
response, fr is split further multiplicatively into elastic K, ) and viscous E, )
components:

FM = F'\j F'\\/II (8.13)

where K, is a mapping fronf2'r to a stress-free intermediate configurati@h,. As
explained®™®®, such nonequilibrium processes could consist sherous states, and
also Equation (8.12)can be described practically as

I:M = I:I\sll I:I\\/III ’ i=1!2)314"'q (814)

Even so, it is considered helpful only to have etress relaxation process to simplify

the model. Since amorphous polymers exhibit extensiarious volumetric and
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deviatoric behaviour, \Jris also multiplicatively decomposed into volumetf&, and

deviatoric components,, **¢3%7]

Fy = 0,"°F, (8.15)

where Oy =det(Ry) is the mechanical component volumetric deformatibine total
volumetric deformation is fallen a8= @@y, There is an assumption that the stress
relaxation response is purely deviatoric such thatvolumetric response caused by
mechanical deformation is time-independBfit This can be easily understood and a
good approximation for most polymers can be achiesiace these exhibit only small
changes in the bulk modulus, usually about a fastdwo, over a wide range of time
and frequency. Meanwhile, the shear modulus can bgrorders of magnitudes over

the same time and frequency range. This assumgtitiis the isochoric flow

assumption results foF5, and R, in the following relatiod®®:

e’ =1,6, =6% ,F, =F, F. 8.06)

The left and right Cauchy-Green deformation tengGxs andby) are defined for the
mechanical deformation and its componenté°a8:

Cyu = FMFI\-/II- ’CEM = Fl\(lel\(/eIT’C\l\l/l = FB\ZF,\\//.T,
b, =F,Fy.by =FiF by, =Ry Ry (8.17)
CombiningEquations (8.15)and .17}

C, =6;2°C,,, Cu =029C | b, =0,2°b,,, bu =6 b:,  (8.18)
Finally, the rate of the viscous deformation ten€{jr in , can be expressed as an
objective rate in the spatial configuratidi]

£ bs =F, (C\HF,; (8.19)

where the operatof , () is the Lie time derivative.

8.2.3 Constitutive relations

The modelling of thermo-viscoelastic behaviour d@adhperature dependence of the
stress relaxation response of SMPs are based ahebgical model irFigure 8.11c
and the analogous decomposition illustration digadain Figure 8.12 When the

temperature is much larger thag the viscosity is so small that the effects ofcuis
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elasticity are negligible. Consequently, the rhgaal model can be reduced to the
equilibrium spring in series with the temperatulereent. This situation corresponds to
the mobile rubbery state, where stress relaxat@m accur quickly to prevent the
development of large non-equilibrium stres§&8, As the temperature is lowered and
the material begins to enter the glass transitegion, the dashpot in the Maxwell
element stiffens and the non-equilibrium springdmes progressively engaged in the
mechanical respons&3! j.e. viscoelastic stress relaxation becomes dantin
Decreasing the temperature to below Theauses the dashpot to stiffen further and the
material to build up more non-equilibrium stresfieTability to build up large non-
equilibrium stress allows the glassy material tdibit a dramatically stiffer stress
response than the rubbery mateftaf 3 34% This process continues until the non-
equilibrium stress exceeds the yield strength ef rlon-equilibrium spring, then the
resulting viscous flow causes the dashpot to softdnIn the following sections,
detailed relations will be presented with each eg@alis decomposition part according
to Figure 8.12

8.23.1 Thermal strainsand structural relaxation (thermal spring part)

An internal variable approack®*® was adopted to describe the non-equilibrium
structure of the polymer in the formulation of tfree energy density. The internal
variable fictive temperaturd;, was introduced as it is already used in modeltimg
annealing of glass, is such that the non-equilibratructure afl is in equilibrium. In
the current polymer systerf; is T, **!3%?] as illustrated ifFigure 8.13 The evolution
towards the equilibrium state consists of multipten-equilibrium states, and can be

described by the following nonlinear rate equatimspired by the Kovacs-Aklonis-

Hutchinson-Ramos (KAHR) model for structural relgom 24334%
-neq
20 L (5" -na(T-T,),
ot Iy (T,0)
5,(0T)=0,0a =a,-a,,0=, 3 ,i=0,1,23...p (8.20)

where 0™%is the stress in the non-equilibrium statg, is a temperature/structure
dependent characteristic know as structural relexatime, andAo; is a parameter
characterizing the structural relaxation spectramandog are the thermal expansion

coefficients for the rubbery and glass states, aesgely. To simplify the model, we
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considered only one non-equilibrium state is com®d. The fictive temperatuile can
be expressed &8°:
1

T, =
a, - a

I+T, (8.21)

To describe the temperature and structure depeadeanthe characteristic structural
relaxation time, the Hodge-Scherer nonlinear extensf the Adam-Gibbs model in

terms of the equivalent Williams—Landel-Ferry (WLF) constants was

introduced?®:347:348l

C, {Cz (T -T;)+ (T, _Tgref)J}

(T, T.) =1, exp -
R( f) R { |Oge T(C2 _|_-|-f _Tgl'ef)

(8.22)
WhereTgref is theTy measured from coefficient of thermal expansioreeixpents with a

specific cooling rateC, and C, are the WLF parameters obtained from DMTA tests.

Similarly, only one of the non-equilibrium statesconsidered to simplify the model.

o (Ty)

Thermal strain (1-L/b)x100%

v

Figure 8.13 lllustration of the volumetric deformaat dependency with temperature

from To to Ty, Ty is determined by the intersection of the high terafure line, with
slope a ,, and low temperature line, with slopey;. The determination of fictive

temperatureT) at T; is also demonstrated, and the limiting valug@;d$ T, 41 342

8.2.3.2 Stress-strain relationsfor pure SMP (mechanical part)

Constitutive relationships between the stress &maghsfor the equilibrium behaviour of

elastomeric materials are often expressed in t@fsgrain energy density), which is
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expressed as a function of deformation and matgriaperties®!8: 319 349, 350 Ag

introduced in $ction 8.1.2 the deformation gradient will now be consideret a
further developed using stretch invariant basegirstenergy density functions and the
Mullins—Tobinconcept of hard/soft domains will also be uS&dThe stretch invariants

are given a&§® 5%

L= A+ A+ A5, L, = AN+ A, 1y = A0A5A, (8.23)
Where the 4 are the principal stretches. This investigationyardnsiderd; since it is
the strongesPSl]. The stress-strain relationship under uniaxiakitam in the rubbery

stateof the SMP (TX) can be represented by the Arruda and Boyce nktwadel

with Langevin chain statisti¢g'® 30352

_H AN o A 2 _ 31 A*+227
o == L e A2 = A7) AL =w/—[] 8.24
f 3 Achain ( N ( ) " 3 ( )

This model is based on the statistics of the ugdeylmacromolecular network where

N is the number of “rigid links” between two crdsging points (and/or strong physical
entanglements),l is the macroscopic axial stretch, is the true stress{ chain is the
stretch on each chain in the eight chain netwprls the modulus of the materiahe
function L' is the inverse Langevin function, constant reltio the energy of the

undeformed chain. The effective chain stretchvegiby™®

L (B =coth3-p5" (8.25)

For SMP composites, the stress-strain relationskhapg considering the different aspect
ratios of fillers and reinforcing theories as dssed inChapter 2. The stress-strain
equation can be expressed incorporating filler sobment (i.e.Equations (8.4)-
(8.9)) %% ®1 as:

g

filers @ XU VN L-l(Achain j(/]z _/]-l), (8.26)

r 3 4 JN

where theg, is the volume fraction of soft segmenis,is the applied stretch (the

chain

average stretch in the matrix), aKds a amplification factor which depends on filler

volume fraction and distribution. The detailed difons are given a&>

X =1+ 35(1- ¢ )+181-@. ), A, = J% (12 +201-3)+1 (8.27)

The hard and soft segment domains within the polygr@aterial during the shape
deformation/recovery cycle stretch the hard/sofndm configuratiorf'® 31% 351 The
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volume fraction of the soft domaingg is changed by adding the nanofillers, and the

soft segment contact evolves with deformation asaily occluded regions of soft
domains are gradually release&quation (8.26) takes the filler effects into
consideration with including the amplification factand amplified stretch which

involve the volume fraction.
8.2.3.3 Viscodadtic relations (mechanical dashpot part)

The molecular processes of viscoelastic flow foitdi strain rates and temperatures
below Ty in glassy polymers have been attributed to thallodermolecular resistance
to segmental rotation and the network resistancenatecular alignmenf>3*¢! The
Eyring relationshig®?! **" *®has been used to describe the temperature-depteamten

stress-activated nature of the viscoelastic floacess.

. . _ E =
V' =V, eXF{ kTO [1—(SLBJ (8.28)
y

where y¥ represents the viscoelastic shear strain yatis a pre-exponential constant,

is the equivalent shear stresg,is the yield (activation) stress, which represethie
resistance to viscoplastic shear deformation in rttegerial, andEg is an activation
energy. Further modifications to the equation wpreposed, introducing a Taylor
expansion, an Arrhenius temperature dependence tlamdSchere-Hodge relations
(Equation (8.22), so that, the viscoelastic flow for the glasssition and rubbery
temperature regions can be expressétf'as

v C, C,(T-T) + (T, _Tgref) 3 r
V' =Yoo Ioge[ T(C, +T, -T,") (1 (s_m (8.29)

y

To model the dashpot softening response, the phemological evolution equation

used by the referencing mod&f’ was proposed for the vield strength,

) Sy .v
s=hy| 1=y s, (t=0)=s, (8.30)

yss
Wheres, is the steady-state yield strengyis the initial yield strength, ang <

S, - When the temperature is raised in the sampldigiinstage of recovery), the

viscoelastic stress is low and tends to resistltdve as the polymer sample responds to
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the internal recovery stress to restore the satoglards its original shape. The stress-

strain response can be expressééfas

o'=o0, +og, =0, (8.31)
lu V chain 2 -1
For Pure SMP g=0=npTM)yt+= A=A 8.32
,7( )y 3 /‘chaln (\/ﬁ J( ) ( )

@Xu VN hai 2 1
For SMP teso'=0= t+ = can HAc - A 8.33
or nanocomposites /7(|')y 3 (NJ( ) (8.33)

chain

wherey is the viscosity which can be expresset{®s

refQ_s _C C,(T-T,)+(T, —Tgref) - %i -1
M0)=05 35 exr{ Ioge£ T(C, +T, -T%) MSW{T syﬂ (834

where /7“Ef is the characteristic shear viscosity,is the flow stress, an@s is an

activation constants. Consideririgjuation (8.29) then

Vo owQs (o (Ca-T)+@ =TT [ s)|
1Y =his X{Ioge{ T(C, +T, -1, sz]{sm}{TsH (8:33)

y

Then, theEquation (8.34)can be written:
For Pure SMP

-1
C T_T + _Tref =
anzo:tyoﬂéZfQ S g S| ST T+ . M sin &2
Ts, '|logel T(C,+T, -T;) s, Ts, (8.36)

e

For SMP nanocomposites

-1
C _T + -I-ref =
= —tVoUéZfQ S oxg S T -T)* (T f M i =
T s, loge( T(C,+T, -T,%) Sy Ts, (8.37)

+ ¢SX/'I \/ﬁ L—l Achain (AZ _/1—1)
3 4 JN

chain

chain

8.2.4 Modd inputs

All the relevant definitions and data sources aieery in Table 8.2 along with

references. are also attached. A complete lish@fmiodelling input values is given in

155



Table 8.3 Some data entries have been simplified accortiinthe references and

sources inrable 8.2to fit the often purpose constitutive model.

Table 8.2 Parameters of the preliminary thermasatastic constitutive model

Parameters Keynotes Resources or references

Tg'ef Referenced glass transition temperature DSC/DMTA

a, Thermal expansion coefficients of Fit result from DSC/DMTA data
rubber state

a, Thermal expansion coefficients of Fit result from DSC/DMTA data
glassy state

C WLF parameters Fit result from DSC/DMTA data

C WLF parameters Fit result from DSC/DMTA data

¢ Soft segment volume content Nanoindentation

M Shear modulus Calculation from experimental

N Number of statistical link Calculation from expedantal

r the equivalent shear stress=o/+/3 Tensile

= Glass state modulus Tensile/DMTA

ho Rubber state modulus Tensile/DMTA

' Material constant As indicated in R&f

Yo

ne! Material constant As indicated in R&.

Qd s, Ratio of the activation constants and th@alculation as indicated in Réf!
yielding strength

Syss/ Syo The ratio of steady-state yielded and uniaxial and thermal cyclic tensile

initial yielding strength of the material

8.2.5 Comparison of constitutive modelling and experimental results

The constitutive relations were determined using dhata listed infable 8.3 and the
algorithm described byquations (8.20)(8.37) in section 8.2.3 and then used to

simulate the dynamic thermal-mechanical responsg@e@hanocompositeE€uations

(8.32)and (8.33). The thermo-viscoelastic model was also use@pooduce the shape

memory behaviour of the nanocompositegyations (8.36)and 8.37) in a condition

of isothermal recovery with a fixed pre-stretchastrand at a constant temperature.
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Table 8.3

Input values for the constitutive middr different samples

Parameters
(Unit)

ref
T °C)

ar (x10—4oc-l)
ag (x10—4oc-1)
C
C2(°C)
N
r (MPa)
Ey (MPa)
W (MPa)
ho (MPa)
Yo (5-1)
ns (MPas)
Qd Sy (KIMPa)
Syss/ SyO

Pure CNP CNF MWNT SWNT

SMP Iwt% 2wt% 3wt% Iwt% 2wt% 3wt% Iwt% 2wt% 3wt% 1Iwt% 2wt% 3wt%

53 59.5 61.5 63 65 72 70 69 68 72 67 72.5 70
6.84 6.62 6.24 5.92 5.73 5.34 5.43 5.62 541 521 .695 5.23 517
2.92 2.98 3.12 3.2 3.35 3.76 3.61 3.43 3.71 3.89 253. 3.92 4.01
12.7 10.6 10.2 10.1 9.7 9.6 9.7 9.7 9.6 9.3 97 8 9. 7.6
49.8 31.3 32.1 31.7 27.7 25.3 25.5 27.5 25.9 26.27.3 24.4 19.6
13 26 34 36 14 21 26 19 24 30 27 32 40
1.7 2.9 3.6 4.7 3.5 4.6 6.4 3.5 4.6 6.9 4.8 7.1 8.5

3 5 6.2 8.1 6 8 11 6 8 12 8.4 12.3 14.7
330 330 330 330 330 330 330 330 330 330 330 330 330

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
1.7 14.1 33.6 97.6 30. 89.5 335.5 30.0 89.5 4531B06.1 508.2 1044.0
15000 15000 15000 15000 15000 15000 1505000 15000 15000 15000 15000 15000
100 100 100 100 100 100 100 100 100 100 100 100 100
0.6 0.4 0.34 0.35 0.31 0.29 0.22 0.33 0.26 0.2 0.440.34 0.29
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8.25.1 Thermal visco-elastic properties

Figure 8.14 plots the storage modulus obtained from both theeemental data and
simulation results for the pure PS.

1000 -

Pure SMP

[ERN

o

o
|

—=— Experimental
—O— Simulation

Storage modulus (MPa)
=
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1
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P |
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Figure 8.14 Storage modulus comparison for pure SEi&m simulation and
experiment.

The storage modulus (~300 MPa) measured by the DN&TA value between the
Young’s modulus (88 MPa from uniaxial tensile expemts) and nanoindentation
elastic modulus (~1 GPa). These differences caattbuted to the different testing
methods and their related theories. In this sectiba glassy/rubbery storage moduli
were used to compare with the theoretical anahgsislts, as they showed a consistent
change with temperature, especially when the teatpex is aroundy. The changes in
modulus when the temperature crossiggbtained from experimental results are much
lower than those from the theoretical analysis bseahe model considered an ideal
system without internal defects and other imperd@st The practical system is much
more complicated, and many possible factors coedd ko a reduction of the modulus
when the temperature increases, such as highbdison of molecular weight and non-
uniformity of cross-linking points.

Theoretical analysis was also carried out for tlwleoacarbon filled composites, by inputting
data for the composite materials inEguations (8.32)(8.33) and the comparisons
between the simulation and experiment are madiégure 8.15 Apart from the similar
phenomena ifrigure 8.14 as explained before, it is also observed thatdifferences

between simulation and experiment are not as sogmif for the CNT filled composites,
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especially for the CNT/PS with filler concentratiahove 1 wt.%. This is because the
model considers thenhancemeneffect from the nanofillers as shown EHguations
(8.6) and 8.9), and also the multiple effects of the filler agpeatio and the filler
volume fractionFrom Figure 8.15 it can be seen that the theoretical results Simvad
consistency with the experimental results for thmposites with rod like nano-carbon
fillers (b, bs, ¢ and d series), especially when the temperaturkigher thanT,
(viscoelastic state).

8.2.5.2  Shape recovery behaviour

The shape memory behaviour of the materials waslated usingequations (8.36)
(8.37) which describe the time-dependent thermoviscteigs of SMPs and
nanocomposites. The analysis of shape recoveryresbsthe conditions of 100% pre-
deformation strain and a constant heating tempexatiu80°C. All relevant parameters
are shown inTable 8.3 and some numerical conversions were processedighr
Equations (8.20)-(8.30Q)Figure 8.16 compares the theoretical and experimental strain
recovery ratios of pure SMPS. Frdfigure 8.1§ it is observed that about 97% of the
pure polymer strain can be recovered within 22 sdspwhile a complete recovery
fallen as long as 26 sec

The curves of the recovery ratios vs. time exhddmilar patterns, showing a good
match between the simulation results and the exmerial ones. However, the
experimental results show a consistently longeovery time. The discrepancy may be
due to stress relaxation of the sample during regowhich could slow down the
recovery process$’d, and this has not been considered in the theatetiwalysis. It has
been reported®® that samples stretched at a higher temperature shhigher onset
temperature for recovery, because the shape rgcasea complicated procedure

containing different chain movements with differenergy levels.

The agreement between the theoretical and expetanegsults presented iRigure
8.16is qualitatively adequate for the pure SMP, butswudficiently good to explain the
recovery behaviour of the composites with diffeneatticles. The same assumption was
made with the conditions of 100% pre-deformatiaistunder heating to a constant
temperature of 80C.
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Figure 8.16 Comparison of recovery results fromeexpental and simulation for pure
SMPS. The pre-deformation ratio is 100 % and te#dienulation temperature is 80 °C.

The theoretical simulation inputs were either aledi directly fromTable 8.3 or
numerically generated blquations (8.20)-(8.30) and thenimported intoEquation
(8.36) The selected samples were the composites with% @NP, CNF, MWNT and
SWNT, respectively, and the results are showigure 8.17. Figure 8.17shows quite
different information for different samples. Reasble agreements between the
theoretical and experimental results was obtained the 2 wt.% CNP/PS and
MWNT/PS samples. When the deformation occurs edny,composite needs absorb
enough thermal energy to resist the recoverablgielantropic force of the network
elements. Afterwards, the recovery accelerates @apidly relieves most strains.
Towards the end of the process, recovery becomiés sjow as the internal stress has
been completely released. In this case, the expetatly measured non-isothermal
recovery and the values from the theoretical ptemticare in good agreement. There are
always some minor unrecoverable strains in the raxjatal results generated during
the pre-deformation such as unrecoverable chagtckirchain breaking and movement
of hard segments.

Theoretical predictions show that the higher théuw fraction of filler that the

composite contains, the longer the time is neededaffull recovery. However, the
experimental results showed a much faster recotreag the theory predicts for the
2 wt.% CNP/PS, MWNT/PS, SWNT/PS composites. Thears are unclear and need

to be investigated in future work.
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Figure 8.17 Comparison of recovery results fromeexpent and simulation for shape

memory nanocomposites with 2 wt.% nanofillers,ghe-deformation ratio is 100 %
and test/simulation temperature is 80 °C.

8.3 Summary

Theoretical analyses based on the experimentaltsesere presented in this chapter.
Size effect and geometry factors were considerdsvasiominant factors in predicting
the efficiency of nanofiller enhancement. A modifieakayanagi two-phase model with
taking in account the interface effect was modifiednvestigate the nanopatrticle size
effect. The elastic theories based on the Halpiai-aad Mori— Tanaka models were
employed to understand better on the reinforcerbemight about by the high aspect
ratio nanoparticles. Theoretical modelling of thepect ratio effect on the particle
enhancement efficiency revealed a significant ¢ffledmproving the nanocomposite
stiffness.The Halpin—Tsai equation proved less effective th@ Mori-Tanaka one

when calculating the reinforcement for fibres withrious aspect ratios. With fixed
modulus and aspect ratio of the nanofillers, theriMianaka model predicted that
unidirectional reinforcement was considerably geedghan that by the Halpin—Tsai
model. Each theory, however, does converse to &neesvalue for very high filler

aspect ratios, corresponding to the rule of migufverall, both the theoretical and
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experimental results demonstrate considerable paterfor improvement in
nanocomposite stiffness by increasing the aspdict odthe nanofillers, whether from
improvements in individual filler dispersion, omdgliesis of higher aspect ratio fillers.

The constitutive relationships of the amorphous SMdhd nanocomposites were
derived based on the literature survey and detdiieématic equations. A multi-

component model was adopted and modified to fit 8dPs studied and their

nanocomposite systems. Moreover, elastic theoryemaisedded in the relationship to
improve the modelling of thermoviscoelastic andpgheecovery behaviour of the SMP
nanocomposites. For both the SMP and its nanocateppshe numerical simulation

results for thermoviscoelastic behaviour agreedhwihe experimental ones. A
significant decrease in modulus was indicated kg shmulation results, due to its
assumption of the transformation of the moleculaains. Thermally triggered shape
recovery simulations were also performed by catoujathe recovery time. A good

match between the simulation results and the exygsial ones was obtained. The
experimental results showed longer recovery time thurelaxation as that was not
taken into account in the theoretical equations. ianocomposites, the simulation of
shape recovery sometimes give contradictory resgtsnst the experimental results,
which show faster recovery than the simulated ofés. reasons for this are unclear
and need to be investigated in future work.
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Chapter 9

CONCLUSIONS

Since the project contents cover a range of acadelmsciplines including polymer
chemistry, mechanical engineering and chemicalr&gging, the main conclusions are

classified into four categories.

For smart shape memory polymer/nanocompositesdation

1. SMPs and their nanocomposites were fabricayedabymerization, which offers a
better chance to fulfil the best properties suchh@gher strength and conductivity,

through adding functional nanoparticles into thérma

2. The nanoparticles affect the material propertiesmatically according to their
physical properties such as modulus, particle shdipgensional size, surface features.
Moreover, the reinforcing effects of nanoparticlase highly dependent on the
fabrication technique, as the dispersion stateamioparticles will affect the particles

enhancement of the matrix more than the particlesiphl properties.

3. The wet-chemical synthesis method was idedtiéie an effective way of achieving
the uniform distribution of nanofillers in the SMP&trix.

For the physical performance of the fabricated mats:

1. Mechanical and thermal properties of SMPU vatrengly reinforced by the treated
attapulgite clay. The hardness-temperature analysilsowed that Vickers

microindentation could be used to detect Tgef SMPs or composites empirically. A
good shape memory effect was observed in the nampasites. PU-based composites
containing 30 wt.% treated clay nanoparticles eixdibthe same capability of shape

recovery as pure PU although the recovery speedlhgdly slower.

2. Improvements of mechanical and thermal propertresshhape memory effects were
observed by introducing three different nanofilléatumina, silica and clay) into the

SMPS matrix. The nanocomposites with heat-treatadoday achieved the best

164



improvement of all aspects tested. Thermal cyctiegts indicated that the recovery
rates of all nanocomposite SMPs were above 85%gaad shape recovery ability was
achieved.

3. The mechanical and thermo-mechanical results tiee tensile, nanoindentation and
DMTA tests revealed enhancements of electro-add®ebased nanocomposites with
incorporation of CNPs into the PS matrix. The eleat tests indicated that a two-phase
conductive system was formed with a percolatioreghold value of 3.5 wt%. The
conductivity and dielectric constants changed ditaraldy as a function of frequency,
temperature and CNP concentration. Shape recoesnjts indicated that these smart
nanocomposites had potential application in midngeton.

4. The SWNT/PS sample displayed the highest storagdulus and Tg. Elastic
modulus and hardness results from the nanoindenttgsts proved the enhancement by
carbon nano-fillers. The 2 wt.% SWNT/PS composdekieved the best mechanical
properties among all the samples with nanometralikation. Thermal cycling results
indicated that the recovery rate of the polymer waduced with the addition of
nanofillers. Shape recovery demonstrations weréopaed under different triggering
conditions, thermal stimulus and electro-activehe SWNT/PS sample presented the
fastest recovery speed and a good recovery atrelitfepre-deformation conditions.
Stent demonstrations were performed with speciéisighs on pure SMPS and 2 wt.%
SWNT/PS samples, and all the devices exhibitedvergounder the test conditions. The
stents made from the composites gave the fastesvery speed as well as the best
recovery ratio, which implied the possibility of@ping these materials in such designs

for various purposes, with an effective expansiorcfion.

For the shape memory effect and demonstration i@l applications

1. Embedding nanoparticles could decrease the siapeory efficiency on the same
time as bringing strong enhancement to the softirat

2. The shape recovery demonstrations were caaigdon various designs such as

grippers, stents and cantilevers, showing the piisgiof applying the shape memory
nanocomposites in some fields. Biological stent e®dvere manufactured with pure
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SMPs and nanocomposites, and the expansion behawaused by the shape recovery

action of the materials were demonstrated and atedu

3. Electrical triggering shape recovery was dertrated with CNP/PS cantilevers, and

successful electro-shape recovery was achieved.

For the theoretical analysis

1. A modified multi-phase model was used to prethe composite modulus as a
function of particle size. The modelling resultearly showed that the particle size
played a more important role than the filler modui reinforcement for the spherical
particulate-filled polymer composites. For the casife system based on the rod
particles, the modified multi-phase modelling réswlid not show consistency with the
experimental results because of its limited expngsen the filler aspect ratio effect.
Discussion of the aspect ratio effect on nanofibmhancement was based on the
Halpin—Tsai and Mori—Tanaka models. The calculateticomes revealed that the
composite modulus could be significantly affectgdpbysical factors such as modulus,
aspect ratio, geometry, and volume fraction of tiler. Both the modelling and
experimental results showed that introducing Sledth high aspect ratio lead to more
effective enhancement by increasing the amountress transferred to the filler. The
enhancement from the layered platelet particles al&s modelled and compared with
results from the treated-clays to expand the dsounsof geometrical effects 3-D. The
aspect ratio and geometry of the nanofillers plapae important role in reinforcing

the polymers than the particle size and stiffnégheindividual particles.

2. Constitutive models for the thermo-viscoeladtiehaviour and shape memory
recovery were built for the nanocomposites based onlti-component model and the
composite elastic theory. The numerical simulatioesults for thermo-viscoelastic
property agreed with the experimental ones. A §icant decrease in modulus was seen
from the simulation results, due to its assumptainideal transformation of the
molecular chains. Thermal triggering of the shagemvery was simulated through the
calculation of the recovery time under the givemditons. The experimental results
showed longer recovery time than the simulationr Hwe nanocomposites, the
simulation of shape recovery time revealed confysiasults compared with the
experimental ones, a matter which needs to be tigated in future work.
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Chapter 10

FUTURE WORK

This research work has shown that the SMP materiglerties can be modified through
incorporating functional nanoparticles to meetrbguirements of a specific application.
Successful demonstrations of micro-devices and tabrication under various external
triggering conditions have been performed. Howewbere are some remaining

guestions:

a. Two way recovery is still unavailable as triggerfagtors such as thermal could

only start recovery in a one-way cycle.

b. The precise control of multi step recovery needbdamproved as there was a

poor relationship between the control input andréw®very level.

c. The available current control methods (thermal lecteical) both have great
limitations, especially in some critical applicat® such as in human body.

Advanced remote triggering methods need be propasédalidated.

For future work, the investigation of SMPs or i@ncomposites would be continued
for application in the related areas of Bio-MEMS mo-medical devices. Aiming to
work out commercial application in the biologicalél, some further efforts needs to be

made in the following directions:

* Novel shape memory polymer systems should be dpedlasing biocompatible
polymers especially biocompatible SMPU or its cgpaérs.

* New functional nanoparticles should be applied ritoduce new triggering
possibilities for the nanocomposites, for examplagnetic nanofillers, UV
sensitive fillers, fillers with chemical groups witesponding to pH values.

» Other application fields should be explored withwnmodels and integrated
systems, such as bio-robotic parts.

« The constitutive model should be used and impartedthe materials database
of Finite Element Analysis (FEA) software and test@s the properties of SMPs
and their nanocomposites have not been developdeEia yet.
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